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Article
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Abstract

Background: Epilepsy is network disorder and network-based approaches to its diagnostics and
therapies attract growing attention. Identification of prognostic markers of epilepsy, allowing
selecting patients with risk of epilepsy development, is urgent unresolved problem. We examined
whether intracortical connectivity patterns reflect early epileptogenic changes in the cortex. Methods:
We used audiogenic kindling model, in which cortical epileptogenesis is initiated by repetition of
reflex subcortically-driven seizures. Two measures of functional connectivity - mutual information
and mean phase coherence — were applied to electrocorticographic recordings obtained from
homotopical sites of parietal cortex in awake rats during interictal and immediate postictal periods.
Interhemispheric connectivity and synchrony in non-kindled and slightly kindled rats were
compared. Cortical spreading depolarization (SD), the first manifestation of growing cortical
excitability in the model, was used as electrographic marker of earliest kindling stage. Results: In
kindled animals, baseline levels of hemispheric connectivity and gamma band synchrony were
significantly lower compared to seizure-naive rats. Before kindling, subcortical seizures were
followed by mild postictal depression of cortical gamma oscillations without changes in
interhemispheric functional connectivity. Early in kindling, seizures produced wideband depression
of cortical activity and striking drop of hemispheric connectivity. Conclusion: Thus, primary
network alterations during epileptogenesis are reduced synchronization and decoupling of
hemispheres, both sustained (between seizures) and transient (postictal). Breakdown of long-range
communication may reflect homeostatic plastic changes and active attempt to restrict epileptogenic
reorganization of neural networks early in epileptogenesis. We think that resting-state hemispheric
disconnection may be used as an early marker of epileptogenesis. Seizure-induced SD contributes to
generation of postictal events.

Keywords: functional connectivity; spreading depolarization; seizure; electrophysiology; mutual
information; phase synchronization; epilepsy; epileptogenesis

1. Introduction

Identification of reliable biomarkers of epileptogenesis, a dynamic process leading to
transformation of the healthy brain to epileptic one, remains an urgent task. Search for early
predictors of epileptogenesis, allowing to select patients with high risk of epilepsydevelopment after
acute brain insults and to start preventive treatment, attracts growing attention. Network markers
are a promising instrument for the purpose (Kramer 2012; Tracy, Doucet, 2015; Lam, Noebels, 2020).
Pathophysiological mechanisms of epileptogenesis include widespread modification of inter-area
functional interactions with recruitment of remote brain regions in the epileptic network. Pronounced
network alterations have been reported during epileptogenesis in experimental animals (Lee et al.,
2017; Bertoglio et al., 2019) and patients with epilepsy (Morgan et al., 2015; Haneef et al., 2015;Courtiol
etal., 2020). However, very littleis known about network changes at the early stage of epileptogenesis
having no obvious clinical correlates.
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Preclinical studies have shown that spreading depolarization (SD), a wave of transient
neuroglial depolarization (Somjen, 2001), appears as the earliest cortical event at the initial subclinical
stage of epileptogenesis when other signs of cortical hyperexcitability are subtle or absent (Hatcher
et al., 2020; Vinogradova et al., 2009). In the model of human glioma, spontaneous episodes of cortical
SD appear at the earliest stage of tumor-related epileptogenesis before the emergence of epileptiform
activity in the cortex (Hatcher et al., 2020). Cortical SD is reliably detected following repeated ictal
episodes at the initial stage of chemical and audiogenic kindling (Koroleva et al. 1993; Vinogradova,
2015). Close association of seizures with cortical SD has been reported in clinical (Fabricius et al.,
2008; Dreier e al., 2012) and preclinical (Tamim et al., 2021; Koroleva et al., 1993; Vinogradova, 2015)
studies. However, inability of conventional EEG to detect SD makes it difficult to study a role of SD
in epileptogenesis and the seizure-SD association in humans.

Our previous study in the audiogenic kindling model has reported significant changes in
interhemispheric functional connectivity during the middle and late periods of cortical
epileptogenesis (Medvedeva et al., 2023). In has been shown that bilateralization of cortical seizures
at the final kindling stage was accompanied by an increase in hemispheric connectivity and the
parietal cortex was very sensitive to the network changes (Medvedeva et al., 2023). Here, using the
same experimental model, we focused on the connectivity changes in the parietal cortex at the early
stage of kindling-related epileptogenesis. Well-known neuroanatomical substrates of audiogenic
kindling and use of only sensory (sound) stimulation for seizure initiation makes the model especially
valuable for studying network mechanisms of epileptogenesis. Primary epileptic focus (seizure-onset
zone) of audiogenic seizures locates in the brainstem and repetition of the subcortically-driven
seizures leads to gradual recruitment of the cerebral cortex in the epileptic network (Faingold, 2012:
Marescaux et al., 1987). The model mimics epileptogenic changes associated with hypothalamic
hamartoma, in which seizures are generated by subcortical lesion (hamartoma) and secondary spread
to the cerebral cortex (Kerrigan et al., 2005; Scholly et al. 2017; Vinogradova, Grinenko, 2016).

The mild version of audiogenic kindling used in our studies produces slow stepwise progression
of epileptogenic changes in the cortex. In the paradigm, a brief sound stimulation of susceptible rats
induces a focal brainstem seizure behaviorally expressed as a brief episode of hyperkinetic seizure
(unidirectional running). With repetition of subcortical seizures, the cortex is recruited in the epileptic
network that manifests in appearance and gradual intensification of cortical seizures following
brainstem seizure episodes (Vinogradova, 2015; Medvedeva et al., 2023). At the early kindling stage
before development of the kindled cortical seizures, unilateral SD is reliably detected the cortex
(Vinogradova, 2015). We suggested that interhemispheric functional connectivity starts to change
early in kindling. To test the hypothesis, we compared long-term (interictal, resting state) and short-
term (postictal) dynamics of hemispheric coupling before kindling and at the early kindling stage,
using cortical SD as its electrographic marker. Time-related changes in functional connectivity were
estimated by two measures - the mutual information (MI) function (Kraskov et al., 2004) and index
of phase synchronization (PS) (Mormann et al., 2000) applied to LFP recordings from homotopic sites
of the parietal cortex. We found that interhemispheric hypoconnectivity is a reliable manifestation of
early epileptogenic changes in the cortex.

2. Materials and Methods

2.1. Animals

Adult male Wistar rats susceptible to audiogenic seizures (3-5 months, 350-450 g) (Stolbovaya
breeding center, Russia) were used for the experiments. Rats were housed in individual cages under
controlled environmental conditions (a 12-h light-dark cycle, lights on at 7:00 A.M., 20-23C) with free
access to food and water. All experimental procedures were conducted in accordance with the
ARRIVE guidelines and Council Directive 2010/63EU of the European Parliament and the Council of
22 September 2010 on the protection of animals used for scientific purposes. The study protocol was
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approved by the Institutional Animal Care Committee (protocol N1, 01.02.2022). Every effort was
made to minimize animal suffering.

2.2. Surgery

Electrodes for recording of wideband cortical activity (screws/glass pipette with inner carbon
fiber) were implanted bilaterally in symmetrical points of the parietal cortex under chloral hydrate
(360 mg/kg, i.p.) anesthesia. Coordinates of implantation were (mm from bregma): posterior 2.0 and
lateral 3.0 (Paxinos, Watson, 2005). A stainless-steel screw positioned over the cerebellum was used
as reference electrode. All electrodes were soldered to a pin connector and secured with acrylic
cement. The experiment began two weeks after surgery.

2.3. Experimental Design

Experiments were performed in awake freely moving rats with simultaneous video-monitoring
of behavior and wideband monopolar recording of local field potentials (LFP). Each rat was
individually placed in a shielded experimental chamber (60x40x40 cm) and the implanted connector
was attached to the recording cable. After a 5-min period of habituation in the chamber and a 10-min
period of baseline recording of cortical activity, an episode of hyperkinetic seizure was induced by
broadband sound stimulation (50-60 dB, 13-85 kHz) lasting until the seizure onset. Electrical activity
of the cortex (1 kHz sampling rate) was recorded with a four-channel, high-input impedance (1G) DC
amplifier and A/D converter (E14-440, L-Card, Russia) and stored on the computer for offline
analysis.

2.4. Audiogenic Kindling Procedure

To induce epileptogenesis (kindling), each rat was subjected to repeated sound stimulations
once a day at 3-4-day intervals. Sound triggered a single episode of hyperkinetic seizure (paroxysmal
running). The seizure was the only response to acoustic stimulation before kindling and at the early
kindling stage. At the middle and final stages of kindling, the sound-induced hyperkinetic seizure
was followed by limbic clonus (facial automatisms, ears/vibrissae clonus, head nodding) of growing
duration and intensity. Data for the late kindling stages have been reported in our previous paper
(Medvedeva et al., 2023). Here, we studied dynamics of functional connectivity at the early stage of
kindling before development of limbic seizures. We used cortical SD as a marker of growing cortical
excitability during audiogenic kindling. Two types of audiogenic seizures were analyzed - (1) non-
kindled subcortical seizures (an episode of running) induced by the first and second sound
stimulation, (2) slightly kindled subcortical seizures induced by repeated sound stimulation and
accompanied by cortical SD. The seizure types were classified by two experienced observers who
marked the onset and termination of hyperkinetic seizure and SD based on the LFP recording verified
with video data. The LFP recordings in each group were analyzed by a person, blinded to the group.
SD was identified by a characteristic high-amplitude negative DC potential shift. Latency of SD was
determined by the time that elapsed between the termination of a hyperkinetic seizure and the onset
of negative DC shift.

2.5. Data Processing

The segments were filtered with a highpass (1 Hz highcut) and bandstop (48 Hz lowcut and 52
Hz highcut) Butterworth digital filters. Recordings filtered with a lowpass (0-48 Hz) filter were used
for identification of SD. Further, the 300-s epochs were divided into 10-s length intervals and the
mean power for each interval in each frequency band was evaluated without overlapping. Spectral
power was computed using a Fast Fourier Transform (FFT) routine for five frequency bands: delta
(1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-25 Hz) and gamma (25-50 Hz). Spectrograms were
obtained with 2048 data points (approximately 2 s) used in each block for the FFT and overlapping
of 90%.
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2.6. Functional Connectivity Analysis

Artifact-free 300-s epochs of baseline and post-seizure electrographic recordings from the
homotopic sites of the parietal cortex before kindling and at the early kindling stage were selected by
a trained member of the study who was blinded to the groups. The segments were band-pass filtered
(1-100 Hz, Fourier transform, no phase shift) and analyzed off-line. The LFP recordings immediately
following the hyperkinetic seizure offset were used to calculate connectivity levels for the postictal
period. The LFP recordings during the quiet period before seizure induction were selected to
calculate baseline level of connectivity. Further, these epochs were divided into 10-s length intervals
and the connectivity measures were evaluated for each interval independently without overlapping.
To analyze the coupling dynamics between the left and right hemispheres, the mutual information
function (Kraskov et al., 2004) and the index of phase synchronization (Kreuz et al., 2007) were used.

Mutual information is a statistical function measuring mutual dependence between two (random)
variables X and Y. Its dimension is the same as for information entropy (Shannon entropy) and
practically it determines the amount of information. Here, we used a technique based on a number
of nearest neighbors on the (X,Y) proposed by Kraskov et al., 2004. X-Y plane is a plane at which
analytical signal is plotted, with X-axis corresponding to original series and Y-axis corresponding to
conjugate signal constructed via Hilbert’s transform. This technique uses so called Kozachenko-
Leonenko entropy (Kozachenko & Leonenko, 1987), just another definition of Shannon’s entropy. We
used the calculation formula (2):

MI(x,y) = p(N) + (1) — YD + D +y(n, D + 1)), _, (1)

.....

where Nis a length of time window in points, n,(i) and n,(i) are the number of neighbors of the
i-th data point (x;,y;) on the plane (X,Y) such that the distance to them along either x or y-axis
is less than the distance to the nearest neighbor of i-th point, (n) is digamma function. The
formula (1) provides asymptotically unbiased estimates, which for N > 1000 are very precise.

MI is a classical measure for detection of nonlinear similarities of the signals if actual
mechanisms of coupling are not clear or cannot be revealed on the existing level of experimental
technique. Since MI is the information measure of entropy, it reflects the overall intensity of
information transfers between the considered objects in all frequency bands including mediated
interactions and nonlinear interactions when the objects use different frequency bands for crosstalk.
It has been shown to offer significant advantages compared to the correlation-based measures
(Pregowska et al., 2015; Grishchenko et al., 2017).

Mean phase synchronization index is a numerical indicator quantitatively characterizing
simultaneity of phase changes of two signals proposed by Mormann et al., 2000, see Eq. (3).

PS(r,y) = 2 [Shrew (j (peem) - 0y 6 m))|, @

where ¢, and ¢, are phases of the signals {x;}}.; and {y;}}_; respectively and A, = ¢, —
@y is the phase difference. The phase was calculated for the signal rather than for different harmonics
separately; therefore, such a phase is called “a mean phase”. Analytical signal was calculated via
Hilbert’s transform, then the phase was found as arc tangent in the complex plane. There was a center
of rotation in the complex plane for the analytical signal after filtration and Hilbert’s transform, which
provides sufficient evidence that the phase can be established properly. Band separation provided
the possibility to establish a single mean phase for each band. Mean phase occurred to be correct for
almost all-time segments for both signals for the delta and theta ranges, with some errors in the beta
and gamma bands.

In this study the signals were filtered by band-pass filter using Fourier transform in five
frequency bands: delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-25 Hz) and gamma (25-50
Hz) as for spectral analysis.

2.7. Statistical Analysis
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The durations of electrographic epileptic discharges were expressed as mean + S.EM. To
establish changes in time we calculated the median value and its interquartile range over all
considered recordings. The statistical hypothesis was that the median values of a measure at some
point did not differ from baseline values. So, we tried to refute this hypothesis at some reasonable
probability p.

Then, we performed statistical evaluation to correct the results for multiple testing using an
algorithm proposed in (Maris &Oostenveld, 2007). The idea of this approach was to consider multiple
significances for MI and PS corresponding to some longer time interval. If n points significantly
differed from the baseline at the level of P, this mean that at least one of them was significant at the
level of

p=p"L 4)
where L was the number of points in the entire interval (L = 30 in our case). This approach reduces
the temporal resolution but provides high reliability. Since n = 2 provided < 0.3 , which was not
enough, we used n = 3 that provided p < 0.003 (marked by color in figures).We referred
connectivity changes to be significant in the corresponding time interval if we had at least three points
significantly differed from the baseline at the p < 0.1 of MI or PS. Cases of n =4 provided the
level of p < 0.0005.

Baseline and ictal connectivity levels for different seizure types were compared by Mann-
Whytney test.

2.8. Software and Algorithms

The data analysis was conducted utilizing custom-developed scripts in Python, incorporating
the following scientific libraries: Matplotlib (Hunter, 2007) and NumPy (Harris et al.) and SciPy
(Virtanen et al., 2020).

3. Results

3.1. Electrographic Characteristics of Audiogenic Seizures at the Early Kindling Stage

In susceptible freely behaving rats, sound elicited a single hyperkinetic seizure — a brief (3-9 s)
episode of self-sustained unidirectional running. In repeated tests, the direction of repeated running
seizures remained consistent. After 9.0+1.4 (range 6-15) repetitions, hyperkinetic seizures began to be
followed by a unilateral SD detected in the cortex ipsilateral to the direction of running. In the parietal
cortex, SD appeared 92.5+4.7 s (n=12) after termination of hyperkinetic seizures. Behavioral
phenotype, intensity and duration of seizures with and without cortical SD were identical — 6.7+0.6 s
vs 6.8#0.4 s, respectively (n=12 per group). Hyperkinetic seizures terminated abruptly and were
followed by postictal behavioral immobility. Its duration did not differ for seizures without SD
(243£27 s, n=12) and with cortical SD (208421 s, n=12, p=0.3013, Mann-Whytney test).

Figure 1 shows representative DC/AC recordings of hyperkinetic seizures induced by the first
sound stimulation in a seizure-naive rat (A) and by the ninth acoustic stimulation in the same rat (B).
The recordings were obtained in the homotopic regions of the parietal cortex of the two hemispheres
during peri-ictal period. High-amplitude artefacts mark period of hyperkinetic seizure. After the
ninth seizure (early kindling), a large negative DC potential shift (a signature of SD) appeared in the
left cortex at about 90 s (Figure 1B). As seen in spectrogram, non-kindled hyperkinetic seizure did
not induce significant postictal changes in cortical activity (Figure 1A) but slightly kindled seizures
associated with cortical SD produced transient depression of electrical activity, mainly in the left
cortex affected by SD.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Electrographic pattern of sound-induced seizures before kindling and at the early kindling stage. (A-
B) Representative DC (upper fragments) and AC recordings (middle fragments) obtained in homotopical sites
of the parietal cortex of the left (L) and right (R) hemispheres of the same freely-behaving rat before kindling (A)
and at the early kindling stage (B). Respective spectrograms are shown below. Sound stimulation induced a brief
episode of hyperkinetic seizure (HS) accompanied by high-amplitude artefacts (marked by horizontal line).
Early in kindling, spreading depolarization (large negative DC potential shift) appeared in the left parietal cortex
90 s after the end of the ictal episode (B). Ordinate is LFP amplitude in mV, abscissa is time in seconds (the “0”
point marks the inset of postictal period).

3.2. Postictal Depression of Cortical Activity at the Early Kindling Stage
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Spectral analysis showed that non-kindled subcortical seizures produced mild postictal
depression of high-frequency gamma oscillations without changes in other frequency bands (Figure
2A). The gamma depression lasted longer in the cortex of one hemisphere (90 s in total) than in
another (20 s). The asymmetry of the gamma depression corresponded to motor asymmetry of
hyperkinetic seizures - depression was longer in the cortex ipsilateral to direction of running and
homolateral to the brainstem seizure focus. This was the cortex where SD and kindled seizure
appeared first during kindling.
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Figure 2. Spectral characteristics of postictal depression before kindling (A) and at the early kindling stage (B).
Temporal dynamics of cortical oscillation power during immediate postictal period (300 s). Graphs show mean
power of delta (A, 1-4 Hz), theta (0, 4-8 Hz), alpha (a, 8-12 Hz), beta (8, 12-25 Hz) and gamma (y, 25-50 Hz)
oscillations (the right Y-axis) in the parietal cortex ipsilateral (ipsi) and contralateral (contra) to run direction/SD
(n=12). Within each band, horizontal lines with shadows show baseline activity power (mean+SEM). Circles
mark power for each 10-s interval of postictal period, dark circles indicate intervals significantly differed from
the baseline level (p<0.05, one-way ANOVA for repeated measures). Zero point corresponds to seizure
termination and the onset of postictal period. Gray vertical areas in B marks duration of depolarization phase of
SD..

At the early kindling stage when unilateral SD appeared in the cortex, the postictal depression
became strong and wideband. Fast (beta-gamma) cortical oscillations showed longer (230-280 s) and
stronger depression compared to slow cortical activity. It the cortex affected by SD, beta-gamma
depression started long before SD arrival to the recording site and subsided after SD termination.
Power of the slowest delta activity reduced only during SD and only in the cortex affected by SD. In
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the contralateral cortex unaffected by SD, cortical oscillations in all frequency bands except delta were
also depressed though milder than in the SD-affected cortex.

3.3. Homotopic Functional Connectivity During Postictal and Interictal (Baseline) Periods Before Kindling
and at the Early Kindling Stage

3.3.1. Mutual Information

Temporal dynamics of mutual information (MI) values during 300-s immediate postictal period
compared to baseline preictal levels for non-kindled and slightly kindled seizures are shown in
Figure 3. Before kindling, hyperkinetic seizures did not change baseline level of MI (Figure 3A). At
the early kindling stage, audiogenic seizures produced an abrupt twofold decrease in connectivity
strength for several minutes (Figure 3B). The MI drop had two-wave pattern with the first wave (30
-140 s) starting before SD arrival to the recording site and the second wave (170 — 230 s) developing
after termination of cortical SD. Baseline MI level was significantly lower in slightly kindled animals
compared to seizure-naive ones (p<0.05, p=0.03791;Mann-Whytney test, Figure 3). Thus, MI analysis
shows that the early stage of epileptogenesis is associated with pronounced decrease in
interhemispheric functional connectivity both during interictal and postictal periods.

A no kindling B early kindling

w0 1.0

0.8 L Lt bbb b 0.8
_06 0.6 Vé? 7” iIrs
= 1Y -t

0.4 0.4 M#ﬁ#ﬁ+i+@}
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00 10 100 200 300 %0 10 100 200 300
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Figure 3. Temporal dynamics of interhemispheric functional connectivity quantified by the mutual information
(MI) analysis during postictal period before kindling (A) and at the early kindling stage (B). The connectivity
between homotopic sites of the parietal during immediate 300-s postictal period (circles) as compared to pre-

seizure baseline period (horizontal lines). Ordinate is the MI level. Other abbreviations as in Figure 3.

3.3.2. Phase Synchronization

Interhemispheric phase synchronization (PS) showed no changes following non-kindled
subcortically-driven seizures (Fi. 4A). With recruitment of the cortex in the epileptic network and
appearance of cortical SD, hyperkinetic seizures started to induce transient wideband loss of
interhemispheric synchronization during postictal period (Figure 4B). The hemispheric
desynchronization started very soon after seizure termination — immediately in the alpha band and
a bit later (since 20-40 s) in other frequency bands. The drop of interhemispheric synchronization
lasted till 220-270 s.
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Figure 4. Temporal dynamics of interhemispheric phase synchronization (PS) during postictal period before
kindling (A) and at the early kindling stage (B). Phase synchronization between homotopic sites of the parietal
cortex quantified for five frequency bands (delta, theta, alpha, beta, gamma) during 300-s postictal periods as
compared to pre-seizure baselines. Ordinate is the PS level. Other abbreviations as in Figures 2 and 3.

Comparison of baseline levels of interhemispheric synchronization in seizure-naive and slightly
kindled animals showed no significant difference in the delta (p=0.178), theta (p=0.307), and alpha
(p=0.307) frequency bands but a tendency to lowering in the beta band (p=0.066) and a significant
reduction in the gamma band (p=0.004) at the early kindling stage.

4. Discussion

4.1. Reduced Resting-State Hemispheric Connectivity at the Early Stage of Epileptogenesis

Our previous study in the audiogenic kindling model has shown that resting-state hemispheric
connectivity significantly changes during late-stage kindling associated with development of cortical
seizures (Medvedeva et al., 2023). The present findings demonstrate very early onset of the network
reorganization - long before the epileptic activation of the cortex, baseline interhemispheric

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0851.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 January 2026 d0i:10.20944/preprints202601.0851.v1

10 of 14

connectivityreduces compared to its pre-kindling level. Given the data, we can trace evolution of the
resting-state connectivity over the duration of kindling-related epileptogenesis. Baseline MI level
reduces early in kindling (present study) and remains to be reduced later (Medvedeva et al., 2023)
that indicates persistent functional decoupling the two cortices during epileptogenesis. The result is
in line with clinical data from resting-state fMRI studies showing reduced functional connectivity
between homologous temporal lobes of the two hemispheres in patients with temporal lobe epilepsy
as compared to healthy controls (Maccotta et al., 2013; Morgan et al., 2014; Sirin et al., 2020).

Our analysis of phase synchronization has shown that the hemispheric synchrony in gamma
frequency band is the most sensitive marker of epileptogenesis compared to other bands. As shown
in our previous study, baseline gamma connectivity between the hemispheres increases at the final
stages of kindling, when cortical seizures became bilateral,that suggests a role of the gamma
hypercoupling in facilitated spread of epileptic activity between the cortex of the two hemispheres
(Medvedeva et al., 2023). The present study demonstrates reduced gamma synchronization of the
hemispheres at the early kindling stage. Therefore, the data from our present and previous studies
show that kindling progression is associated with early hemispheric gamma-band hyposynchrony
followed by gamma hypersynchronization. Similar alterations of resting-state fMRI connectivity with
transformation from hyposynchrony to hypersynchrony has been described during epileptogenesis
in post-status animal models (Bertoglio et al., 2019). The interhemispheric synchronization in the
gamma frequency band may be a very sensitive marker of epileptogenic changes in the cortex. Given
that cortical gamma activity plays the critical role in cognition, the alterations of gamma synchrony
may underlie cognitive dysfunction in epileptic patients.

Alterations in baseline hemispheric connectivity reflect long-term plasticity of neural networks
that can either promote or prevent expansion of the epileptic network. We suggest an adaptive role
of the early functional disconnection of the hemispheres. The sustained decrease in hemispheric
communication early in epileptogenesis is likely to represent homeostatic network mechanism
preventing or hindering seizure spread within the brain. This is in line with clinical studies reported
reduced LFP synchrony between seizure-onset zone and surrounding brain regions (Warren et al,,
2010). Authors suggested that the hyposynchrony produces functional isolation of the epileptic focus
from other brain regions.

4.2. Postictal Dynamics of Interhemispheric Connectivity at the Early Stage of Epileptogenesis

At the early kindling stage, in addition to the sustained interhemispheric hypoconnectivity,
seizures began to be followed by transient postictal drop of hemispheric coupling. In non-kindled
animals, brainstem seizures do not change interhemispheric connectivity during the postictal period.
In slightly kindled rats, similar seizures are followed by a two-fold drop of hemispheric connectivity
(both MI and PS) for several minutes. Given our previous findings (Medvedeva et al., 2023), we
observe dynamic modification of postictal connectivity patterns during epileptogenesis. Postictal MI
drop appears at the early stage of kindling, disappears at the middle stage (no changes after focal
cortical seizures) and is replaced by postictal hyperconnectivity at the final kindling stage (increased
MI after bilateral cortical seizures). Postictal PS levels show similar dynamics during epileptogenesis
— wideband drop early in kindling, which becomes milder or disappears later and progresses to delta
hypercoupling at the final stage of kindling (Medvedeva et al., 2023). Thus, postictal changes in
interhemispheric connectivity evolve from hypo- to hyperconnectivity during epileptogenesis.
Postictal alterations in brain activity are thought to reflect reversible seizure-induced changes in
network activity that may include adaptive mechanisms of short-term plasticity directed at
restoration of brain function. We suggest that the homeostatic mechanisms are activated early during
kindling in relatively normal brain but exhaust with recurrent seizures and finally convert to
maladaptive changes promoting seizure propagation in the hyperexcitable brain. The post-seizure
breakdown of hemispheric connectivity and disruption of functional integrity of brain networks may
underlie reversible deficits in perceptual, executive and cognitive function during postictal period.
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4.3. Postictal Depression of Cortical Activity Before Kindling and at the Early Kindling Stage

Transient neurological deficit and EEG depression are well-recognized postictal events in
epileptic patients. In our study, subcortically-driven seizures are followed by mild depression of
cortical gamma oscillations before kindling and by strong wideband depression early in kindling.
For both non-kindled and kindled seizures, maximal postictal depression was found in high-
frequency gamma band. Cortical gamma activity plays the crucial role in higher brain function,
including perception and arousal. Suppression of gamma oscillations in the cortex is associated with
a decrease in arousal (Garcia-Rill et al., 2019). As shown in the present study, audiogenic seizures
werealways followed by postictal behavioral immobility. Behavioral arrest in rodents is thought
toreflect dysfunction of brainstem mechanisms controlling movement initiation (Klemm,
2001).Maintenance of gamma activity in the cortex is related to cortical networks and ascending drive
from the pedunculopontine nucleus (Garcia-Rill et al., 2016, 2019). The brainstem nucleus is a part of
the reticular activating system and mesencephalic locomotor regions, that playing a role in regulation
of arousal state and locomotion (Faingold, 2012; Garcia-Rill et al., 2019). Deficient cortical gamma
activity during postictal period found in our study may reflect abnormalities in the rhythm-
generating networks. An important role of the networks in control of arousal and movement
initiation may explain association of the gamma depression with the decrement in arousal levels and
behavioral arrest during postictal period.

4.4. Cortical SD is an Electrographic Marker of Early Epileptogenic Changes and Acontributing Factor in
Postictal Alterations of Cortical Activity

Cortical spreading depolarization (SD) develops in response to different brain insults, including
epileptic seizures (Somjen, 2001; Drier et al., 2012; Tamim et al., 2021; Koroleva et al., 1993; Samotaeva
et al., 2013). Co-occurrence of cortical SD and seizures has been reported in clinical (Fabricius et al,,
2008; Dreier e al., 2012) and preclinical (Tamim et al., 2021; Koroleva et al., 1993; Vinogradova, 2015)
studies. It is suggested that SD triggered by focal cortical seizures can act as endogenous anti-seizure
mechanism (Tamim et al., 2021). In preclinical models of epileptogenesis, cortical SD starts to develop
at the initial subclinical stage of epileptogenesis before the emergence of pronounced epileptiform
activity in the cortex (Hatcher et al., 2020; Vinogradova et al., 2009).

In audiogenic kindling, cortical SD can be triggered either by ascending drive from the brainstem
seizure focus or by mild epileptic activation of the cortex during brainstem seizures. In either case,
triggering cortical SD indicates hyperexcitable state of the cortex. In audiogenic kindling, cortical SD
appears with the large time lag (90-100 s) after terminationof a brainstem-driven seizure. It looks as
if SD arises in a remote circumscribed regionof the cortex and slowly propagates to the parietal cortex
(velocity of SD propagation over the cortex is 3-6 mm/min). Unilateral pattern of cortical SD confirms
the focal triggering cortical SD and suggests non-symmetric growing excitability of the cortex of the
two hemispheres during audiogenic kindling.

Postictal changes in cortical activity at the early kindling stage seem to represent interference of
depressive effects of seizures and seizure-induced SD. Pattern of postictal depression after slightly
kindled seizures - strong silencing fast (beta-gamma) activity and mild suppression of slow cortical
oscillations - is similar to that induced by cortical SD in healthy awake rats (Medvedeva et al., 2024).
A role of SD in postictal depression is also supported by the longer and stronger suppression of
spontaneous electrical activity in the cortex affected by SD. On the other hand, rapid onset of postictal
depression and involvement of the cortex unaffected by SD also indicates contribution of ictal
activity. Both seizure and seizure-induced SD are likely to contribute to postictal hemispheric
disconnection. It has two-wave pattern. The first wave develops before SD arrival to the recording
point and seems to result from ictal excitation of the cortex. Timing of the second wave corresponds
well to a network signature of unilateral cortical SD - transient (100 s) interhemispheric decoupling
which starts after termination of SD (Vinogradova et al., 2021, Lachinova et al., 2024).

5. Conclusions
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Traditionally, epilepsy is considered as a disorder of excessive synchronization and
hyperconnectivity. Our findings have revealed that the earliest phase of epileptogenesis is associated
with reduced synchronization and breakdown of normal long-range communication (decoupling of
the hemispheres) during interictal and postictal periods. The initial reduction in hemispheric
communication may reflect homeostatic long- and short-term plastic alterations within brain
networks and an active attempt of the brain to restrict epileptogenic process and to isolate
functionally the cortical regions experiencing seizure or subcortical drive at the initial stage of
epileptogenesis. Enhanced synchronization and hypercoupling might be local or develop later during
epileptogenic process. Our findings suggest that seizure-induced SD (spreading depolarization)
contributes to hemispheric decoupling and depression of cortical activity during postictal period.
This indicates that postictal changes reflect not just neural exhaustion but result from active events
triggered by seizures. We think that hemispheric hypoconnectivity (resting-state and postictal) may
be an early marker of epileptogenesis.
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