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Abstract In complex systems like neural circuits,
transient dynamics can stay of a large interest, being a
promising explanation of the observed biological phe-
nomena. In particular, spike-wave discharges (SWDs,
the main encephalographic manifestation of absence
seizures) were recently considered as possible long
transient processes, since signal analysis showed no
special mechanism of their termination while a num-
ber of initiation mechanisms were described in the
literature. Here, we construct the ensemble of eight
mesoscalemodels (electronic circuits) different by con-
nectivity matrix and show that they indeed demon-
strate long quasiregular transient dynamics in a rea-
sonable area of parameters. All models from the
ensemble were networks consisting of 14 electronic
FitzHugh–Nagumo neuron oscillators connected based
on anatomical laws for thalamocortical system. Most
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of networks were able to demonstrate epiletiform-like
activity of reasonable duration in response to short in
time external driving which is one of known mecha-
nisms for absence epilepsy. The distribution of model
SWDs by length was comparable with what is known
for animal models. The proposed models are of funda-
mental interest being first known electronic model of
absence seizures. They can be also used for testing and
validating approaches for directed connectivity analy-
sis which are very essential in brain study.

Keywords Electrical neuron-like circuit · Thala-
mocortical brain network · Epileptiform activity ·
FitzHugh–Nagumo model

1 Introduction

Traditionally, study of biological systems takes a num-
ber of steps: the first observation of a phenomenon,
setting an experiment to detect and reproduce it with
reasonable confidence, measurement of experimental
data and data analysis to study the phenomenon quan-
titatively, synthesis of mathematical models. For spike-
wave discharges (encephalographic manifestation of
absence epilepsy see [1]), all these steps have been
mostly performed for today; the main results are avail-
able in the reviews [1–5] and some others.

Constructing models in a form of electronic cir-
cuits is a next significant step, when testing the ideas
and outcomes achieved from experimental data anal-
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ysis and mathematical modeling for validity. First of
all, radioengineering experiment allows to test models
for robustness, to detect whether the models are not
fragile, whether the desired regimes modeling experi-
mental data exist not in a very narrow, experimentally
inaccessible area of parameters or cannot be destroyed
due to imperfect and unequal elements or due to noise.
Electronic circuits were multiple used previously for
modeling biological systems including single neurons
and their ensembles [6–8].

The work [9] showed that spike-wave discharges
can be modeled as long transient processes in large
(about 500 of elements) networks ofmathematical neu-
rons. The transient process initiated by an short in time
external stimulus terminates by itselfwithout any exter-
nal control system, which matches the modern ideas
[10]. During a transient process, the system demon-
strates quasiregular oscillations with mostly constant
frequency and shape. This can be explained if the sys-
tem exhibits motion near a unstable periodic orbit with
very slow repulsion.

To test this hypothesis, the detailed study of a simpli-
fied version of the above constructed thalamocortical
system model was performed in [11]. The simplified
models consisted of 14 model neurons. This investiga-
tion showed that the observed behavior can be obtained
due to another mechanism: the motion takes place in
the condensation of trajectories, preceding by parame-
ter the cycle saddle-node bifurcation, when two cycles
of nonzero size: one stable and one unstable appear
together from this condensation [12,13]. The electronic
circuit was developed for this 14-neuron model in [14]
using SPICE simulation software. The simulations pro-
vided a hope that the transient dynamics observed in
the mathematical model can be seen experimentally.

If the modeled behavior is typical, it should preserve
at least for small variations in coupling strength and
connectivity architecture. In the population of genetic
animal models of absence epilepsy (WAG/Rij [1] and
GAERS [2] rats), there is a large diversity in frequency
and length of spike-wave discharges (SWDs) [15]—
the main encephalographic manifestation of absence
epilepsy. The connectivity in different animals also
varies a lot [16]. Similarly, there should exist a popula-
tion of network models which differ in details of cou-
plings architecture, being able to reproduce the epilep-
tic regimes with different appearance rate and longi-
tude. Such a population variability for small changes
in connectivity matrix can be achieved in SPICE simu-

lation, as it was shown in [17]. Additionally, the depen-
dency ofmodel SWDlength on the driving duration and
final phase was considered. So, the works [11,14,17]
provided a basis for observation of long transients in
radioengineering experiment in application to model-
ing SWDs.

This work aims to present a first hardware realiza-
tion of SWDmodel in a form of electronic circuit. The
circuit constructed based on principles of real brain
thalamocortical system is able to reproduce epilepti-
form activity. We also show that implementing dif-
ferent connectivity architectures with small difference
between them it is possible to affect the model SWD
duration and appearance rate, reproducing variability
known from biological studies.

2 Model

2.1 Mathematical model of the thalamocortical
network

The simplified version [19] of FitzHugh–Nagumo neu-
ron model [20,21] was used for individual element of
the network. There were two reasons for this. First, this
version was previously realized as a electronic circuit
[8] (actually, another earlier realization is also known
[22], but we did not have enough elements of necessary
quality to construct 14 generators of this type). Second,
it is simpler to analyze. The element was linked with a
simple linear coupling:

εu̇i (t) = ui (t) − u3i (t)

3
− vi (t) +

∑

j �=i

ki, j u j ,

v̇i = ui (t) + ai , (1)

where u(t) and v(t) are variables qualitatively corre-
sponding to transmembrane potential and activation
current; ε is a time scale parameter characterizing rel-
ative rate of ion current activation/deactivation; ki, j
are coupling coefficients; a is a bifurcation parame-
ter determining a regime of activity of individual ele-
ment, a ∈ [0; 2]. For a separate element, the excitable
(fixed point) regime is achieved for a > 1 and the
self-oscillating regime is achieved for a < 1 (sta-
ble limit cycle). The cycle appears due to supercritical
Andronov–Hopf bifurcation at acr = 1 [23].

123



Transient dynamics in electronic neuron-like circuits in 4233

When choosing the cell types included into the
model, we follow the previously formulated principles
[24,25]. Further, we also follow the notation used in
[9,11], introducing brief designations for each type of
cells participating in the model: cortical interneuron—
IN (1 element), cortical pyramid cells—PY (4 ele-
ments), thalamocortical cells—TC (4 elements), retic-
ular cells of thalamus—RE (4 elements), and the exter-
nal input (nervus trigeminus) neuron—NT (1 element).
NT neuron can excite (positive coupling, i. e. ki, j > 0)
one TC cell, TC cells excite all other types of cells
except themselves and NT. PY cells can excite cells
of all other types except NT, but including cells of the
same type. RE cells inhibit (negative coupling, i. e.,
ki, j < 0) some cells of all other types except NT, and
IN cells can inhibit only PY cells. Schematic represen-
tation of one of the model coupling matrices is shown
in Fig. 1.

2.2 Electrical circuit of the thalamocortical network

The principal electrical scheme of the simplified
FitzHugh–Nagumo oscillator was developed in [8]; the
circuit diagramof its versionwe used is shown in Fig. 2.
The circuit contains two analog multipliers U1 and U2
and two dual operational amplifiers U3 and U4. Ele-
ments U4B and U3A are integrators, element U4A is
a inverter, and element U3B is a follower. Ra is poten-
tiometer that allowyou to change the value of parameter
a.

In contrast with themathematicalmodel, see Eq. (1),
the parameters of the radioengineering circuit have
dimensions. The time-scale parameters have the values
E = R10C1 and T = R6C2. Parameter ε from (Eq.1)
is calculated as ε = E/T . The parameter a is set by the
voltage at the “+” clamp of the amplifier U3B. The total
voltage drop on a series-connected resistor R9 = 5 k�
and potentiometer Ra = 1 k� is Ua = 15V , i. e.,
the voltage drop on the entire potentiometer is 2.5 V.
In particular, if the potentiometer is set to A = 0%,
the voltage 2.5 V is set to “+” input of U3B, and if
the potentiometer is set to A = 100%, this voltage is
zero. So, the parameter a can be calculated using A
measured in percents of potentiometer use as follows:
a = 2.5(1 − A

100% ). It is set in volts as variables u and
v actually do in the scheme (let their dimensional val-
ues be denoted as U and V ). The cubic transformation
is provided by the amplifiers U1 and U2. Integrators

U4B and U3A allow to obtain U and V , respectively.
Inverter U4A allows to obtain −U . Follower U3B is
used for connection to the circuit of potentiometer Ra .
Input I1 receives signal from the other neuron.

Then, an ensemble of 14 such neurons was con-
structed in [14] using SPICE emulator. The experimen-
tal device constructed in this paper follows the previ-
ously developed setup [14] with some minor changes
reasonable due to hardware realization. It consists of
14 analog electronic circuits constructed using standard
analog elements with the following nominal values: R1
= R3 = 1 k�, R2 = 9.1 k�, R4 = 2.4 k�, potentiometer
Ra = 1 k�, R9 = 5 k�, R5 = R6 = R7 = R8 = R10 =
R11 =R12 = 100 k�, R13–R17 determine the coupling
strength k (each circuit can be linked with up to 5 oth-
ers), C1 = 1 nF, C2 = 0.01 μF, U1, U2 are amplifiers of
the type AD633, and U3, U4 are amplifiers of the type
AD822. All generators were installed on a large sheet
of one-side foil fiberglass. The individual generators
were fixed to a common plate using brass PCB column
and steel PCB screws, so it became possible to use the
plate as a grounding for the entire installation. Bipo-
lar power was supplied to all neurons from a common
power source through a screw terminal block installed
on each generator.

The principal scheme of experimental device is
shown in Fig. 3. It consists of two main blocks: TCN
is an ensemble of 14 FitzHugh–Nagumo circuits mod-
eling thalamocortical system and external input, and
NI PXI is a platform by National Instruments used for
coupling organization and data acquisition. National
Instruments PXI includes PXIe-8840 controller, with
an integrated Intel Core i5-4400E dual-core proces-
sor with an operating frequency of 2.7 GHz, chas-
sis PXIe-1075 for extension modules, multifunctional
input/output modules PXIe-6361, PXIe-6355 based
on parallel analogue-digital converters (ADC), digital-
analogue converters (DAC), chassis for extensionmod-
ules,multi-channel parallel analogue-digital converters
(ADC), and digital-analogue converters (DAC).

Arrows in Fig. 3 show directions of signal propa-
gation between blocks in the scheme. Each arrow cor-
responds to all channels together. The generators are
connected via PXI using ADC and DAC. In particu-
lar, ADC receive signals from all nodes, the micropro-
cessor forms the coupling terms in formula (1) using
LabVIEW software and sends them to corresponding
generators via DAC. So, if multiple generators drive
one another, superposition of driving signals is orga-
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Fig. 1 Connectivity graph
for the thalamocortical
network with external input.
Blue lines indicate negative
couplings; red lines indicate
positive couplings.
PY—cortical pyramidal
cells, IN—cortical
interneuron, RE—reticular
thalamic cells, NT—nervus
trigeminus
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nized in microprocessor in real time. Since the cou-
pling matrix is also stored in the microprocessor, this
makes the device much simpler to reset, e. g., to change
couplings. The sampling frequency of ADC and DAC
was equal to fs = 10 kHz per channel, which was
considered to be enough because the main oscillation
frequency of electronic generators was about 200 Hz.
The physical representation of the built circuit is shown
in Fig. 4.

The parameters were mostly chosen to be near the
first cycle birth bifurcation, but in the excitable (not
oscillatory) regime. Such a choice provided the pos-
sibility for long transients as it was shown theoreti-
cally in the most simple two dimensional case [12].
For the mathematical model (1), the bifurcation value
of parameter a is acr = 1, if a single neuron is consid-
ered. For the electronic circuits, this valuewas a little bit
different both due to nonideality of elements (the non-
linear cubic function in (1) was approximated impre-
cisely), and due to lack of element with exact nominal
values, for instance, the necessary 2.2 � resistors were
replaced by standard 2.0 � ones. All these factors led
to a mean value acr ≈ 1.057, but it was slightly dif-

ferent for different generators. For the coupled genera-
tors, transition to oscillatory regime is possible for even
larger values of a [11,14].

Since the generators occurred to be different by
design due to nonideality of elements from which they
were constructed, they were also upset by the param-
eter a even when the same value was expected. Fur-
ther we operate with a mean for all generators (except
NT) expected value of a denoted as abr (“br” means
“brain”). For all presented further examples, this value
was set equally abr = 1.2. The coupling coefficients for
all existing couplings were also set equally kbr = 0.05.
These values were set based on the previous consider-
ation and bifurcation analysis of SPICE-simulated cir-
cuits done in [14,17,18] with some additional fitting to
experimental device.

The external inputwasmodeledusing14-thFitzHugh–
Nagumo generator. The signal from this generator was
sent to one of TC generators (in particular, TC1), as it
is shown in Fig. 1. So, the coupling coefficient kTC1,NT
was responsible for the external driving. The coupling
from TC was zero at first 10000 samplings of ADC
(1 s). Then, the coupling was increased from 0 to 0.2
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Fig. 2 Electrical circuit diagram of a single generator. R1 = R3
= 1 k�, R2 = 9.1 k�, R4 = 2.4 k�, potentiometer Ra = 1 k�,
R9 = 5 k�, R5 = R6 = R7 = R8 = R10 = R11 = R12 = 100 k�,

R13–R17 determine the coupling strength k, C1 = 1 nF, C2 =
0.01 μF, U1, U2 are multipliers of the type AD633, and U3, U4
are amplifiers of the type AD822

at a short time interval about 0.013–0.018 s length (we
tried different duration since the dependence of regime
on driving length and termination phase was shown in
for both mathematical model [11] and SPICE emulator
[17]), being set back to 0 after this interval finished. By
itself, the NT neuron-generator was always in oscilla-
tory mode with aNT = 0.9. To check the dependence
of the duration of the discharges on the duration of the
external driving w, the time moment of coupling coef-
ficient kTC1,NT change was set at a peak of the NT
generator signal. However, such an organization had
a disadvantage: since the sampling frequency of the
signals is not a multiple of the main frequency of the
driving signal, the slightly different phasewas achieved
in each new experiment.

Fig. 3 Block diagram of entire electronic circuit modeling the
thalamocortical network with external input. TCN is an ensem-
ble of 14 FitzHugh–Nagumo circuits modeling thalamocortical
system and external input, and NI PXI is a platform by National
Instruments used for coupling organization and data acquisition

3 Results

3.1 Time–frequency characteristics

One of known scenarios of absence seizure initiation
is a response to a relatively short in time sequence of
pulses incoming into thalamus from peripheral exter-
nal input (usually, nervus trigeminus). This sequence
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Fig. 4 Photograph of the
physical representation of
the built electrical circuit

starts oscillations in the network. The mechanism was
known both from experiment [10] and from modeling
[24,26]. In our device, the TC1 generatorwas a primary
target of this external driving. The network switches to
nonautonomous high amplitude oscillatorymodewhen
the driving is applied. This process takes some time, as
shown in Fig. 5a between to dashed vertical gray lines.
The existence of the nonautonomous oscillations in the
circuit is mostly trivial.

The main and most interesting outcome here is that
the network continues to oscillate with approximately
the same shape, frequency, and amplitude after the
external driving terminates—see Fig. 5a, the oscilla-
tions to the right from the right dashed gray line. Fur-
ther, we call such oscillations residual and denote their
number as Q due to an analogy with a quality fac-
tor. Such oscillations can last much longer than nonau-
tonomous regime, with terminating spontaneously, so
they are not oscillations on some attractor. Therefore,
we have to decide that short external input causes a
long transient process rather than switching between
two attractors: stable point and limit cycle as it was in
the models [24–26]. It is typical that all cortical neu-
rons (including the interneuron) in the setup oscillate
mostly periodically in phase or with small phase shift,
while thalamic neurons can be synchronized with large
phase shifts, see Fig. 5a. The frequency fbr ∼ 214 Hz
of all 13 model neurons in the thalamocortical network
is the same, as it is shown in Fig. 5b, with the second
harmonic being of the similar amplitude as the first one
(the 3rd to 5th harmonics were also well detectable).
The frequency fNT ∼ 224 Hz of the external input is

usually somewhat higher. The combinational harmon-
ics with the frequencies fbr ± fbr/3; 2 fbr ± fbr/3; etc.
can be seen in the spectrum of RE4 neuron in 84%
of studied cases. The same combinational harmonics
appear in the spectra of TC1 neuron in 53% of cases
and of PY2 neuron in 16% of cases.

In biological experiments, the activity of single neu-
rons can be recorded during absence seizures [27]. But
generally, the local field potentials (LFPs) which are
summary (integral) signals of relatively small brain
areas, but large number of neurons (∼ 104 − 105) are
available for measurement [28]. Most known models
aim to reproduce series and spectra of LFPs [9,24–
26] rather than those of single neurons. Therefore, here
the integral signals of all considered brain structures
were calculated by summing the signals of individual
neurons and are plotted in Fig. 6a, b. In spectra of the
summary signals, the main frequency is not expressed
so well as it is in the spectra of individual cells; espe-
cially, large decreasewas for thalamus. This takes place
due to phase shift between the oscillations of thalamic
neurons of the same type. However, the oscillations in
model LFPs still do have a main time scale, see Fig. 6a,
and the main pick with its second harmonic is still well
seen, see Fig. 6b.

3.2 Variability

Thebrain of rats—animalmodels of absence epilepsy—
has the approximately equal number of neurons and
connections between themfor each animal [29], because
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(a) (b)

Fig. 5 Time series (a) and amplitude spectra (b) for individual
neurons. PY—cortical pyramidal cells, IN—cortical interneuron,
RE—reticular thalamic cells, TC—thalamocortical cells, NT—

nervus trigeminus. The black lines indicate the beginning and the
end of the external driving. Results are obtained at abr = 1.2,
kbr = 0.05, aNT = 0.9, kNT = 0.2

(a) (b) (c)

Fig. 6 Time series (a), amplitude spectra (b) and phase plots
(c) for integral signals. The upper part is the primary somatosen-
sory cortex (S1), which includes PY and IN cells; it is followed
below by the reticular thalamic nucleus (RTN), consisting of RE-
cells; the next part is the ventral posteromedial thalamic nucleus

(VPM), consisting of TC-cells; the lowest part is the trigemi-
nal neuron (NT). The black lines indicate the beginning and the
end of the external driving. Results are obtained at abr = 1.2,
kbr = 0.05, aNT = 0.9, kNT = 0.2
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the absence epilepsy is not neurodegenerative disease
[30]. At the same time, a large divergence in number
and duration of SWDs over population was experimen-
tally shown [15], as well as difference in location of
involved in seizure cortical areas [31] and connectivity
between them [16,32,33]. The similar diversity is also
known for human patients [34]. Real epileptic seizures
can largely vary their longitude: from 2 s to 12 s and
more for human patients with mean length of 6 s and
mean frequency ≈ 3.5 Hz [35], given averagely about
20 oscillations per seizure. For rat genetic models of
GAERS and WAG/Rij strains the mean seizure length
is 15 and 6 s, respectively, with main frequency about
7 Hz and 8Hz, respectively [36], given themean length
calculated in number of oscillations equal to ∼ 105 for
GAERSand∼ 48 forWAG/Rij rats. The commonpoint
is that not only variability over population exists (pop-
ulation variability), but for the same animal seizures
have different length (individual variability).

To detect how much our setup corresponds to bio-
logical phenomenon, we calculated the statistics of
model SWD length, obtained in our experiments. In the
device, the main frequency of residual oscillations was
about 214 Hz, which is determined by details of real-
ization including specifics of used components. Since
switching to frequencies similar to those in biologi-
cal experiments is impractical, and since humans and
different animals have different frequency [37,38], it
was decided not to try to reproduce the frequency by
itself, but to reproduce a number of oscillations in a
seizure (only residual oscillationswere accounted). For
the experiments lasting for 10 s were performed, the
driving was applied in 1 s after the experiment starts. If
oscillations stopped just after switching off the external
driving (Q = 0) or oscillations did not stop at the end
of experiment, such realizations were not counted into
statistics.

The population variability was modeled using eight
different coupling matrices with the same number of
generators D = 14 and equal number of couplings
K = 34: K+ = 23 positive ones and K− = 11 nega-
tive ones. All the matrices were constructed following
the general rules formulated in [24,26] and belonged to
the class proposed in [39]. To provide individual vari-
ability, i. e., to obtain different SWDs for the same cou-
pling matrix, the different duration of external driving
w was considered, setting different termination phase
ϕNT. It should be noted that numerical experiments,
in which the initial phase of the driving was varied at

a fixed termination phase, have shown that the initial
phase does not significantly affect the duration of the
transient process, unless the driving length isminimally
sufficient (about 3 oscillations or more).

In [11], the dependency of Q(ϕNT) was shown
to have well expresses periodical structure for the
mathematical model. The similar, but less expressed
dependency Q(ϕNT) was shown for the simulation
using SPICE software models in [17]; in particular,
the longest transients were obtained for ϕNT at which
UNT ≈ 0. Here, the driving duration was varied from
3 to 4 oscillations of external driving (approximately
13.4–17.8 ms) with a step of 1/4 of oscillation length
(about 1.1 ms), providing 5 different phases ϕNT. For
each of the 8matrices and for each of 5 driving termina-
tion phases, the experiment was performed ten times,
given 400 experimental time series U (t). For each
series, we automatically selected a transient process,
using a time point of driving termination as a beginning
time point and detecting a last high amplitude pick as a
final time point. For achieved transients, the Hilbert’s
transform was performed, providing a supplementary
signal Û (t). The obtained phase plots for summary sig-
nals are shown in Fig. 6c. Then, the Poincare’s section
by the lineU = 0was done, and Qwas calculated auto-
matically as number of crossing this line in the direction
of increase in U . The value U = 0 was chosen mostly
from the physiological reasons since only oscillations
for which U > 0 are accounted as real spikes. Unfor-
tunately, a periodic structure of Q(ϕNT) dependency
could not be reliably detected for experimental data.

To classify the obtained transients (model seizures),
the bar plots of their duration were constructed, see
Fig. 7. All seizures were split into four groups accord-
ing to physiological views: ultrashort (1 � Q < 8),
short (8 � Q < 64), long (64 � Q < 1050), and
status (Q � 1050). This splitting was done accord-
ing to general rules, declared in multiple physiological
papers [1,2,28,40,41]. In particular, 8 oscillations are
1 s for rat models and 2.5 s for humans. Such SWDs
are counted as SWDs of minimal length. 64 s is near
mean/median length for WAG/Rij and GAERS ani-
mals, and seizures of larger length are usually consid-
ered as long ones.

Status epilepticus is a single seizure lasting more
than 5 minutes or two or more seizures within a five-
minute period without the person returning to normal
behavior between them [42] (Q = 1050 at the fre-
quency of 3.4 Hz). Previous definitions used a 30-
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(a) (b) (c) (d)

Fig. 7 Bar plots for the distribution of seizure duration. The
matrix number is shown on the abscissa; number of seizures of
each type for each matrix is shown on the ordinate. Seizure type:
a ultrashort seizures are seizures with a length of less than 8

oscillations; b short seizures have a length from 8 to 64 oscilla-
tions; c long seizures have a length from 64 to 1050 oscillations;
d status is seizures with a length of more than 1050 oscillations

minute time limit [43]. Status epilepticus occurs in up
to 40 per 100,000 people per year [43]. Those with sta-
tus epilepticus make up about 1% of people who visit
the emergency department [42]. In our electricalmodel,
Q = 1050 corresponded to 4.9 s if the main frequency
was 214 Hz.

The same connectivity matrices were able to pro-
vide the transients of widely varying length. This took
place not only due to different ϕNT, but also due to
nonideality of the device, including the dependence of
its characteristics on temperature. Since the observed
dynamics took place near the bifurcation, when small
perturbations of parameters could lead to significant
changes of dynamical regime, and since all generators
slightly differed one from another, such a behavior has
to be considered as normal, providing a valid model for
individual variability.

Though all eight matrices were of the same size and
the same number of connections (24 of 34 connec-
tions were completely the same), the achieved models
demonstrated different distributions of SWD length,
see Fig. 7. One can see that models with matrices No. 5
and No. 8 do not demonstrate transients of appropri-
ate duration and can be considered as models of nor-
mal activity (healthy persons or ordinary Wistar rats,
from which WAG/Rij rats were obtained by selection).
In opposite, the matrices No. 1 (this is matrix used in
[11,14]) andNo. 6 correspond tomost epileptic patients
with predilection to status epilepticus. The model with

the matrix No. 7 can produce only short seizures sim-
ilar to some animals for which the same behavior was
shown [15]. The matrices No. 2–4 and 6 show both
short and long seizures like typical ordinary patients or
rat animal models.

4 Discussion and conclusion

In the current paper, we propose a new electronicmodel
of neural circuit. This model is as network of 14 elec-
tronic FitzHugh–Nagumo neurons, and it is organized
in accordance to modern knowledge about brain thala-
mocortical system. The model is able to generate long,
quasiregular transient processes in response to short
(3–4 pulses) driving from external input—an electronic
neuron, modeling nervus trigeminus. These transients
are similar to real spike-wave discharges in humans and
genetic animal models (rats of WAG/Rij and GAERS
strains). In particular, our circuit reproduces the fol-
lowing characteristics of real SWDs:

1. initiation due to an external input, as it was shown
in [10] for experimental animals;

2. self-terminationwithout any control signal or param-
eter change, as it was proposed in [44] based on
results of coupling analysis of experimental local
field potentials;
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3. highly nonlinear oscillations, with the second har-
monic being close to the first one, as it is for real
SWDs [40];

4. close to regular, but not completely regular, syn-
chronous oscillations of different neurons in both
cortex and thalamus, with cortical oscillations being
large and more synchronized, as it was multiply
mentioned in literature for different animal models
[1,2,28];

5. duration calculated in number of oscillations per
SWDsimilar to experimentallymeasured for humans
and animals;

6. variability of SWD duration for the same model
(individual variability), which cannot be reproduced
in mathematical model unless noise is applied;

7. population variability, i. e. different distribution of
transients by length for different connectivity matri-
ces, composedwithminor rearrangement of connec-
tions and constant number of couplings, as it takes
place for genetic models (population variability).

We suppose that the proposedmodel is rather unique
among existing models of spike-wave discharges. In
particular, population variability cannot be modeled in
neuron-mass models like [24,25]. Individual variabil-
ity cannot be naturally modeled in network mathemat-
ical models like [9] unless the noise is applied as in
[26]. But if the noise is included, the bifurcation mech-
anisms leading to SWD generation become unclear
and dynamics (especially ability to switch between
regimes) becomes determined mostly by noise rather
than by connectivity as in [25], while epilepsy is con-
sidered as disease caused by relatively small pathology
in brain connectivity.

From the point of view of nonlinear dynamics, the
model provides new and promising type of behavior—
the long regular transients. The transient dynamics is
of particular interest for last years in application to
real world biological system modeling. It was previ-
ously observed in some mathematical models of neu-
ral networks [45,46], but only recently was considered
to be suitable [47] for description of experimentally
observed phenomena. Here, use of transient processes
gives two significant advantages matching the prop-
erties of experimental data: first, self-termination of
SWDs, and second, close to regular, but not completely
periodic dynamics during the SWD. These effects are
hardly to be achieved using traditional models with
dynamics on the attractor. From the signal analysis

point of view, the proposed system can be very use-
ful for testing connectivity detection approaches for
specificity and sensitivity, since it provides measure-
ment procedure and individual node imperfectionmuch
closer to biological experiment than in any computa-
tional study, but allows to set connections manually,
which is not possible in cell biology yet.

As a limitation of the current study,we have to notice
that the proposed model is only for epileptic subnet-
work of thalamocortical system, i. e., it does not pro-
duce normal activity. Normal dynamics can be also
implemented if the number of generators is signifi-
cantly increased, as it was demonstrated formathemati-
cal models previously [9]. Scaling of observed dynam-
ics by increasing number of generators in the setup
was also not demonstrated here, though in mathemat-
ical models [26] and in SPICE simulation [17] it was
already done. In experiment, this demands much more
of hard labor because we have to construct more gener-
ators and to implement more complex, but still robust
connectivity scheme. So, we hope to target this issue
in future.
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