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Abstract Here we examine the intracortical synchronization pattern in freely moving WAG/Rij rats (valid
animal model of absence epilepsy). In all rats, electrocorticograms were recorded at the age 5 and 9
months (i.e., preclinical and clinical stages of absence epilepsy in epileptic subjects). To assess intracorti-
cal synchronization pattern, we measured wavelet bicoherence in unilateral (fronto-frontal) and bilateral
(fronto-occipital) electrode pairs in five non-overlapping frequency bands (“1-4 Hz”; “5-9 Hz”; “9-12 Hz";
“12-14 Hz”; “14-20 Hz”) and two additional bands “0.5-1.5 Hz”; “10-14 Hz” bands. Bilateral fronto-
frontal synchronization in epileptic subjects was lower than in non-epileptic ones only on the clinical stage
of absence epilepsy. Unilateral fronto-occipital synchronization in epileptic rats was lower (“5-9 Hz” and
“10-14 Hz”) than in non-epileptic ones only on preclinical stage. This finding may be interpreted as a
marker of thalamo-cortical impairment associated with epileptogenic processes underlying long-term pro-
gression of absence epilepsy. We construct plots of synchronization patterns or diagnostic maps, which can

be used for early diagnosis of absence epilepsy in predisposed subjects.

1 Introduction

Absence epilepsy is a genetic (idiopathic) general-
ized epilepsy [1]. Absence seizures are non-convulsive,
and they are accompanied by bilaterally synchronous
spike-wave discharges (SWDs) in electroencephalogram
(EEG) [2-5]. Tt is well accepted that SWDs are orig-
inated from thalamo-cortical neuronal network [6-14].
Some reports proved the intuitively clear notion: hyper-
synchronous SWDs are linked to a high synchroniza-
tion within the thalamo-cortical circuitry [15, 16].
Low attention was paid to periods between seizures
(interictal periods), as long as in accordance to the
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classical point of view SWDs occurred “on a nor-
mal background activity” (Commission on Classifi-
cation and Terminology of the International League
Against Epilepsy, 1989), suggesting that the baseline
EEG in absence epilepsy was almost healthy. More
recently, several types of advanced brain networks anal-
ysis have been performed in patients with absence
epilepsy demonstrating altered functional brain connec-
tivity during resting state [8, 17, 18]. Analysis of brain
connectivity may help to extract valuable informa-
tion about hidden processes during “healthy” periods
intricately linked to absence epilepsy. Advanced tech-
niques of EEG-fMRI studies led to controversial con-
clusions about functional connectivity, likely because of
inconsistent epileptic sub-syndromes, influences of age
and medications, and physiological changes and tech-
nical errors [17]. The abovementioned reasons seem to
impede further analysis of functional brain connectiv-
ity in patients with absence epilepsy. Here we examined
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electrocorticograms (ECoG) in genetically prone drug-
naive WAG /Rij rats with the same genetic background,
but different epileptic phenotypes (see below).

Her we study functional associations between brain
regions using a nonlinear analysis of intracortical syn-
chronization, which was based on a multiscale calcu-
lation of wavelet bicoherence. Nonlinear estimates of
oscillatory processes are in high demand for biologi-
cal and medical research, because these are appropri-
ate methods for analyzing complex and non-stationary
signals. On the contrary, the classical Fourier transform
method that is often used for frequency and phase anal-
ysis provides correct outcomes under condition that
analyzed signal is stationary and lasts significantly
longer [19-21]. In this sense, the nonlinear wavelet
transform provides ample opportunities for studying
non-stationary and noisy electroencephalographic sig-
nals, as demonstrated, for example, in [22-25].

WAG/Rij rats is a well-recognized valid model
of absence epilepsy, in which SWDs spontaneously
appear in the ECoG [26-29]. Our Institution has the
own breeding colony of WAG/Rij rats derived from
Nijmegen University (Netherlands) in the middle of
90th. The THNA’s colony of WAG/Rij rats showed a
high variety of SWD number and duration; moreover,
some rats do not develop spike-wave seizures through-
out the entire life [30]. All WAG/R]j rats in IHNA’s
colony have a genetic predisposition to absence epilepsy,
but only some of them develop seizures. In subjects
with the typical epileptic phenotype, the first imma-
ture SWDs appear at the age of 5 months (i.e., later
than in the original colony in Nijmegen University), and
the fully blown SWDs appears at the age of 9 months
[31-34]. Considering that the presence of SWDs in
EEG/ECoG is the main diagnostic evidence of absence
epilepsy, the age of 5 months ‘epileptic’ WAG/Rij rats
is considered as a preclinical stage of absence epilepsy.

It is well known that sleep—wake states regulation
mechanisms effectively control the incidence of SWDs,
and SWDs readily appear during passive waking state
(restless immobility), drowsiness and non-rapid eye
movement sleep (NREM sleep) [10, 35-40]. In con-
trast, active waking and rapid eye movement sleep
(REM sleep) are much less favorable for the occurrence
of SWDs. Here we recorded ECoG in freely moving
epileptic and non-epileptic rats and analysed “healthy”
interictal periods in search of intracortical synchroniza-
tion patterns features specific to absence epilepsy. We
automatically recognized two states: NREM sleep and
Wake/REM sleep, and examined intracortical synchro-
nization for these states separately (due to methodolog-
ical restrictions we were not able to distinguish between
wakefulness and REM sleep).

By comparing brain activity in rats of epileptic and
non-epileptic phenotypes at two ages using wavelet
bicoherence analysis, we could (1) evaluate special fea-
tures of brain activity that accompany mature absence
epilepsy in rats; (2) check for hallmarks of forthcoming
absence epilepsy development.
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2 Methods

2.1 Animals

Rats were obtained from a breeding colony of the Insti-
tute of Higher Nervous Activity and Neurophysiol-
ogy RAS (Moscow, Russia). Ten adult male WAG/Rij
rats were used in this study. Experiments were per-
formed in accordance with EU Directive 2010/63/EU
and approved by our institution’s animal ethics com-
mittee (Protocol 4 from 26 October 2021). Rats were
kept in standard conditions with a 12:12 light/dark
cycle with lights on at 8 a.m. and had free access to
rat chow and tap water.

2.2 ECoG recording and analysis

All rats were implanted with epidural screw elec-
trodes at the age of 4.5 months (body weight 250-300
g). Stereotactic surgery was performed under chloral
hydrate anesthesia (i.p. injections 325 mg/kg, 4% solu-
tion in 0.9% NaCl). ECoG was recorded in freely mov-
ing WAG/RIj rats. Three active electrodes (stainless
steel screws with shaft length = 2.0 mm, head diameter
= 2.0 mm, shaft diameter = 0.8 mm) were implanted
symmetrically over the left and right frontal cortex
(AP 2; L +/- 2.5) and over the right occipital cor-
tex (AP -6; L3). Coordinates are given in mm rel-
ative to the bregma. Reference screw electrode was
implanted over right cerebellum. Multi-channel ampli-
fier (PowerLab 4/35, LabChart 8.0 software, ADInstru-
ments) was used, signals were digitized with 400 sam-
ples/second/per channel and stored in the hard disk.

ECoG analysis was performed in 3 h periods from
21:00 to 23:59 (beginning of dark period). Three states
were detected: Spike-wave discharges (SWDs), NREM
sleep and Wake/REM sleep. SWDs in ECoG repre-
sented a sequence of synchronous high-voltage spikes
and waves with a frequency of 8-10 Hz and minimal
duration of 1.5 s. Examples of SWDs as recorded in
epileptic rat ID = A5KS8 are shown in Fig. 1A, B,
where immature SWDs was at the age of 5 months
(Fig. 1A) lower intrinsic frequency and shorter duration
than in fully blown SWDs recorded at age of 9 months
(Fig. 1B). Next, the state of NREM sleep (Fig. 1 C) and
Wake/REM sleep (Fig. 1D) were detected automati-
cally using wavelet-based algorithm described elsewhere
[41, 42]. In brief, we used continuous wavelet transfor-
mation in a floating time window to assess the wavelet
energy in three ECoG channels (FrL, FrR, OcR). Mul-
tichannel energy ratios were calculated and, using the
quantitative estimate of amplitude we introduced detec-
tion criteria:

e For each animal, individual threshold coefficients for
the beginning and completion of NREM sleep and
SWDs were automatically estimated.

e Detection of periods of NREM sleep and Wake/REM
sleep was based on calculation of the value of wavelet
energy in band [5; 10] Hz integrating over a 1/2 s time
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Spike-wave discharges Age: 9 months
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Fig. 1 Examples of raw ECoG recorded in freely moving WAG/Rij rat (male, epileptic rat ID = A5KS8). The signal was
recorded with three active electrodes implanted epidurally to the following locations: FrL frontal left, FrR frontal right,
OcR occipital right. A Immature SWDs at the age of 5 months; B immature SWDs at the age of 5 months; C, D ECoG
recordings made during REM and Wake/REM at the age of 9 months

window. The time dependence of this integral wavelet
energy was compared with threshold values to mark
the sleep and wakefulness per ECoG recordings of
animals.

e SWDs were detected when the ratio of integrated
wavelet energy values, calculated in bands [2.5; 4.5],
[10.5; 12.5] and [15; 18] Hz, exceeded individually
estimated threshold values. To increase the sensi-
tivity of the method and exclude false diagnosis
of atypical sleep spindles, the amplitude pattern of
extreme points in primary wavelet detected frag-
ments of ECoG signals was additionally assessed.

2.3 Wavelet bicoherence analysis

Wavelet bicoherence analysis was used to assess intra-
cortical synchronization between unilateral channels
(symmetrical left and right frontal channels, FrL. and
FrR, Fig. 1) and between bilateral channels (right
frontal and occipital cortical channels, FrR and OcR,
Fig. 1).

Synchronization strength between ECoG signals
was calculated with using of the wavelet bicoherence
method [43-45]. This method is widely used to work
with biomedical signals, including brain activity signals
[46, 47]. We calculate the complex-valued wavelet coef-
ficients W (f, o) for each ECoG channel as

to+4/f
Wit (f,t0) = V/f - FrL(t)- 4" (f - (t —to)) - dt,
o—4/f
to+4/f (1)
WFrR f7 tO f FI‘R(t)Q[)*(f : (t - to)) . dta
to—4/f
to+4/f (2)
Woer(fito) = Vf- OcR(t)-9"(f - (t — to)) - dt,
o—4/f

(3)

where tg specifies the wavelet location on the time axis
and “*” denotes the complex conjugation, and 1 (f,t)
is the mother wavelet function. We use the standard
Morlet wavelet, which is often utilized for processing of
biological signals [48]:

G(f - (t—to)) =/F-e/*exp(e-wo- £+ (t—to)):
eop(—f2- (t—t0)*/2), (4)

where wq is the wavelet scaling parameter and 2 is an
imaginary unit. Well known that parameter wy = 27 in
the continuous wavelet transformation (CWT) provides
an optimal time-frequency resolution of EEG signal [49,
50].

Synchronization was evaluated for each pair of chan-
nels, i. e., three numerical characteristics were cal-
culated for each pair of channels. The scheme of
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Fig. 2 The scheme illustrating the method of wavelet bicoherence calculation. It includes three steps: (Step 1): decompo-
sition of two ECoG signals in the predetermined frequency bands; (Step 2): the outcomes of decomposed signal; (Step 3):

mean values of wavelet bicoherence

the synchronization estimation method is shown in
Fig. 2. To measure the degree of coherence between
ECoG signals we use the corresponding complex-valued
wavelet coefficients as Wrrp(f,t0) = amL(f,to) + ¢ -
BreL(f,t0), Wer(f, to) = amr(f,to) +2-Brr(f, to) and
Woer(f;to) = aocr(f, o) + ¢ - Bocr(f, to)-

The calculation of the synchronization characteristic
is shown in detail for two channels, FrR and OcR. For
other pairs of channels, the degree of coherence was cal-
culated analogically. Similar to [47, 51] the coefficients
RG[TFrR/OCR(f, t)] and Im[TFrR/OCR(f, t)] represented
as real and imaginary parts of mutual wavelet spectrum
can be calculated as

Re[rrr/0cr (f, 1)]
_ aFrR(f, t) ) aOCR(f, t) + ﬁFrR(f» t) ) ﬁOcR(.ﬁ t)
Vobr(f: 1) + Bar(f 1) - Vader (i t) + B3er ([, t() 7)
)

and

Im|[7mr/0cr (f 1)]
_ _ Ber(f,t) - aocr(f,t) — arr(f,t) - Bocr(f, 1)
\/a%‘rR(fv t) + ﬂ%‘rR(\ﬁ t) : \/QQOCR(fa t) + ﬁ%cR(f? t()6)

Further, the amount of synchronization between chan-
nels FrR and OcR was calculated for each frequency f
as
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TrrR/OcR ([ 1)

2

= \/(Re [TFrR/OCR(f7 t)] )2 + (Im [TF[‘R/OCR(fa t)]) .
(7)

In the numerical calculation of the wavelet energy
(1)=(3) for each estimated frequency f, the time win-
dow was chosen to 8/f, as shown in Fig. 2. With sin-
gle wavelet bicoherence, Tmr/ocr(f,t) = 1, the sig-
nals FrR(¢) and OcR(¢) are fully synchronous at time
t and frequency f. In the case of maximum synchro-
nization for a certain band Afg, the activity in two
ECoG channels practically coincided with each other
in this frequency band. Conversely, in the case of zero
bicoherence, T/ 0cr(f,t) = 0, the signals exhibit a
completely asynchronous mode, then neural ensembles
demonstrate significantly different oscillatory dynamics
within this frequency band. The value T/ 0cr(f,1),
changing within the given boundary values [0; 1], pro-
vides complete information about the connectivity of
signals on the time-frequency plane (f;t).

We considered the integral bicoherence calculated
from pairs of ECoG signals in seven frequency ranges,

Afi = [f¥; f5], Hz, as:

13
A (f) = Aifk /f (), (8)

where k£ = 1...7 number of the considered frequency
range (see Table 1).

In this case, seven dependences 72/%(t) were cal-
culated for each pair of ECoG signals. Figure 2
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Table 1 Characteristics of frequency ranges for assessing
the integral bicoherence of ECoG signals

frequency Band Band Band
band minimum, maximum, length,
fF, Hz 15 Hz Afx, Hz

Afr 0.5 1.5 1

Afs 1 4 3

Afs 5 9 4

Afs 9 12 3

Afs 10 14 4

Afs 12 14 2

Afr 14 20 6

(Step2) shows five similar dependencies for signal frag-
ments, FrR(¢) and OcR(¢). In conclusion, for each
such dependence, we carried out a statistical anal-
ysis of the given quantity 727/%(t), i. e., estimated
the mean, median, 25-75 % of the distribution, max-
imum/minimum spread, as shown in Fig. 2, Step 3.

2.4 Statistical analysis

Distribution of bilateral and unilateral synchroniza-
tion values were tested for normality (per each age,
each band, each state) with Kolmogorov-Smirnov test
that displayed p > 0.05, suggesting a normal distribu-
tion. Statistical analysis was performed using ANOVA,
repeated measures ANOVA and Bonferroni post hoc
test.

3 Results

3.1 Age-related dynamics of absence epilepsy
(determining of epileptic phenotypes)

Visual analysis of ECoG in the group of WAG/Rjj rats
displayed a strong between-subject variability of spike-
wave activity. The presence/absence of genuine SWDs
in ECoG during the analyzed 3 h period was used as a
criterion to split the group in two phenotypes (epileptic
and non-epileptic correspondingly). Animals of differ-
ent phenotypes showed no other physical and/or behav-
ioral differences. Six out of ten rats showed only a few
abortive SWDs at the age of 5 and 9 months (n = 6 rats,
non-epileptic phenotype, Fig. 3A). The rest 4 rats that
showed very few SWDs at the age of 5 months (from
0 to 5 SWDs per 3 h, Fig. 3A) and a substantial num-
ber of SWDs at the age of 9 months (from 22 to 41 per
3 h) were classified as rats with the epileptic phenotype.
The factor of “Age” significantly affected the number of
SWDs (RM ANOVA, Fy.g = 58.5, p < 0.0001) with sig-
nificant “Age”*“Phenotype” interactions (Fi,g = 55.8,
p < 0.0001). The total duration of SWDs demonstrated
the same age-related dynamics (RM ANOVA for “Age”
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factor F1g3 = 46.2, p < 0.0005; “Age”*“Phenotype”
Fi.,s = 45.6, p < 0.0005). Bonferroni post hoc test
indicated that 9 months old epileptic rats had signif-
icantly higher number of SWDs and higher total SWDs
duration than at the age of 5 months; and that non-
epileptic rats demonstrated at both ages (both p’s<
0.05, Table 2).

At the age of 5 months, epileptic rats and non-
epileptic rats did not show significant differences in
the number and the total duration of SWDs (Table 2).
Therefore, it is assumed that 5 months old epileptic rats
were on the preclinical stage of absence epilepsy and
showed very few abortive SWDs (from 0 to 5 SWDs per
3 h, Fig. 3 A) which were similar to abortive SWDs in
non-epileptic rats (Table 2). Nine months old epileptic
rats demonstrated fully blown SWDs, i. e. the clinical
stage of absence epilepsy.
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Fig. 3 Quantitative parameters of SWDs in the group of
WAG/Rijj rats: age-related dynamics of individual data of
6 non-epileptic and 4 epileptic rats: A number of SWDs; B
duration of single SWDs; C total duration of SWDs. SWDs
were detected automatically during a 3 h interval at the
beginning of the dark period (21:00-23:59)
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Table 2 Descriptive data of epileptic spike-wave discharges in ECoG as measured during 3-h period (mean and standard

deviation)

Non-epileptic phenotype

Epileptic phenotype

Age=5m
Number of SWDs 0.83 +£0.98
Total duration, s 2.22 +2.46
Mean duration of SWDs, s 2.38 +0.18

Age =9m Age=5m Age=9m
1.17 £1.47 2.05 +£2.08 30.50 +9.49*
2.83 £3.71 9.20 £7.38 172.674+61.52*
2.38 £0.18 2.25 +0.35 5.65 +2.13"

*Significantly higher than values measured in epileptic phenotype at the age of 5 months old; and than values measured in
non-epileptic rats at both ages (Bonferroni post hoc test, p < 0.05)

3.2 Intracortical synchronization pattern

To characterize bilateral intracortical synchronization,
wavelet bicoherence was computed between two sym-
metrical frontal left and right ECoG channels. Analysis
was performed separately for the state of Wake/REM
sleep and NREM sleep (states were automatically
detected, see Sect. 2.1). Fig. 4 shows the differences
in wavelet bicoherence between the two phenotypes.
During the state of Wake/REM sleep, 110 epochs
were analyzed in non-epileptic rats (55 epochs at the
age of 5 months and 55 epochs—9 months) and 69
epochs in epileptic rats (20 epochs in of 5-m old rats
and 49 epochs—in 9-m old rats, Fig. 4A). During the
state of NREM sleep, 105 epochs were analyzed in non-
epileptic rats (52 epochs at the age of 5 months and 53
epochs—9 months) and 72 epochs in epileptic rats (23
epochs at the age of 5-m and 49 epochs—9-m, Fig. 4B).

3.2.1 Bilateral synchronization

During Wake/REM sleep, the factor of “Phenotype”
was not significant at the age of 5 months, indicat-
ing that bilateral synchronization in epileptic and non-
epileptic rats did not differ (Fig. 4A). At the age of
9 months, significant effect of “Phenotype” (ANOVA,
Fi,714 = 75.0, p < 0.0001) indicated that bilateral syn-
chronization in epileptic rats was lower than in non-
epileptics in particular frequency bands (0.5-1.5 Hz,
5-9 Hz and 10-20 Hz, p < 0.05, Bonferroni post hoc
test).

During NREM sleep, the factor of “Phenotype” sig-
nificantly affected synchronization values at the age
of 5 months (ANOVA, Fis1n = 11.5, p < 0.001,
Fig. 4B): bilateral synchronization in epileptic rats was
lower than in non-epileptics. The effect of “Band” was
also significant (ANOVA, Fg511 = 5.5, p < 0.001);
therefore, differences in some bands were sharper than
in others. At the age of 9 months, the significance
of “Phenotype” factor was very high (Fi700 = 33.6,
p < 0.00001), as well as the significance of ‘Band’ fac-
tor (Fg,700 = 31.1, p < 0.00001) with significantly lower
values in 10-14; 12-14 and 14-20 Hz in epileptic rats
(all p’s< 0.05, Bonferroni post hoc test, Fig. 4A).

@ Springer

3.2.2 Unilateral synchronization

Statistical results of unilateral synchronization values
are shown in Table 4, where the number of episodes
and categories are the same as that shown in Table 3.

During Wake/REM sleep (Fig. 5A), the factor “Phe-
notype” did not affect unilateral synchronization.

During NREM sleep as early as at the age of
5 months, the factor “Phenotype” was significant
(ANOVA, Fi511 = 25.1, p < 0.0001), suggesting that
synchronization in epileptic rats was lower than in non-
epileptics. The effect of ‘Band’ was also significant
(ANOVA, Fg511 = 8.9, p < 0.0001), suggesting that
differences in some bands were sharper than in others.
At the age of 9 months, ‘Phenotype’ factor was not sig-
nificant (Fy.714 = 0.3, p = 0.59, Fig. 5 A).

4 Discussion

The present paper describes results of intracortical
synchronization in low frequency bands in epileptic
and non-epileptic WAG /Rij rats. Intracortical synchro-
nization pattern was assessed by measuring values of
wavelet bicoherence during interictal periods in non-
overlapping frequency bands (1-4-5-9-12-14-20 Hz).
Based in our current results, defined age-related and
state-related differences of synchronization pattern in
two groups of rats with different epileptic profile.

Here we draw attention to three key points: wavelet
bicoherence for analysis of ECoG data; intracorti-
cal synchronization pattern; preclinical state of age-
dependent progression of absence epilepsy. First,
wavelet bicoherence is now the method of choice for
qualitatively evaluating the coherence and timing of
complex non-stationary signals. Despite some compli-
cations of numerical calculations compared to classi-
cal linear measures for estimating the Fourier frequency
and signal phase, wavelet bicoherence is a more reliable
method for processing short nonstationary time series
of biomedical data. In addition, this method demon-
strates high performance in noisy and unstable signals.
Besides this, wavelet bicoherence is computed in prede-
termined frequency bands, therefore, results of wavelet
bicoherence analysis could be interpreted as frequency-
dependent synchronization pattern.
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Fig. 4 Bilateral
intracortical
synchronization (i. e.,
values of wavelet

Age: 5 months

589

LR

Age: 9 months

bicoherence) as measured A
during Wake/REM sleep Afic T Non-epilpetics (n=6 rats, 55 epochs) @ Non-epilpetics (n=6 rats, 55 epochs)
(A) and NREM sleep (B) T FrL/FrR T Epilpetics (n=4 rats, 20 epochs) 7 Epilpetics (n=4 rats, 49 epochs)
in epileptic and
non-epileptic WAG/Rij rats a
(mean and SD). Lines Y 0.9} I * . s T
interconnecting > sl | X |
synchronization values in S ’ %
non-overlapping frequency & 07} L |
bands. *Significant )
differences (Bonferroni post =< 06¢ ' 1
hoc test, p < 0.05) = o5l . S S o . . S
- un T o9 q - - un 7o q R
o & = b o o & = A
- g - - n 9
Band, Hz Band, Hz ©
B Age: 5 months Age: 9 months
A T Non-epilpetics (n=6 rats, 52 epochs) @ Non-epilpetics (n=6 rats, 53 epochs)
T Frfll_c/FrR 0 Epilpetics (n=4 rats, 23 epochs) 7 Epilpetics (n=4 rats, 49 epochs)
a 09 ¢ L * * *
[
QL 08¢ L ]
(%]
= 07} L ]
w
o
Z 06}
41— — - — —
T o N < O n <« S o N ¥ O n <
- n 95 A L - wvn T 5 d9 -
(<) o N 5 n 9 [ BN < n 9
Band, Hz Band, Hz

We define intracortical synchronization pattern as
a consolidated estimate of wavelet bicoherence in fre-
quencies 0.5—20 Hz. Figure 6 demonstrates that fre-
quency profiles of bi- and unilateral synchronization
patterns are state-dependent, epilepsy-dependent and
age dependent. Fronto-frontal synchronization pattern
(Fig. 6A) has merely changed with age, and non-
epileptic rats showed higher value of coherence than
epileptic rats in Wake/REM sleep and NREM sleep.
Fronto-occipital synchronization pattern (Fig. 6B) has
changed with age in non-epileptic rats, especially dur-
ing Wake/REM sleep (age-related decrease in coherence
values). Similar plots of synchronization pattern might
be used as diagnostic maps and used for early diagnosis
of absence epilepsy in predisposed subjects.

Third, particular attention was given to age-
dependent progression of absence epilepsy and to the
preclinical state in 5-m old epileptic rats, when only
few immature SWDs were detected; in contrast to the
clinical stage at age of 9-months in the same subjects,
when the averaged number of SWDs was ~ 30 per
3 h. It is important to note that a lower unilateral
fronto-occipital wavelet bicoherence was defined only

on the preclinical stage of epileptic rats (5-months old),
but differences were no longer present at the clinical
stage (9-months old). Therefore, a reduction of fronto-
occipital synchronization may be a sign of early epilep-
togenesis in genetically predisposed subjects. Another
remarkable point is that fronto-occipital synchroniza-
tion at the preclinical state reduced in narrow frequency
bands: 5-9 Hz and 10-14 Hz. 5-9 Hz oscillations are
typical for ECoG in rats, and these oscillations are trig-
gered by the cortical part of the thalamo-cortical net-
work [52]; and in pathological conditions they could be
transformed to epileptic SWDs [12]. Alpha frequencies
(10-14 Hz) are known to be produced by the thala-
mic part of thalamo-cortical circuitry [53, 54]. There-
fore reduced fronto-occipital synchronization in 5-9 Hz
and in 10-14 Hz during NREM sleep on the preclini-
cal state of absence epilepsy may be (1) interpreted as
a marker of thalamo-cortical impairment and (2) may
be associated with epileptogenic processes underlying
long-term progression of absence epilepsy. A low value
of unilateral synchronization in 5-9 Hz, 9-12 Hz and
10-14 Hz during NREM sleep might be interpreted as
a sign of bad prognosis in genetically prone subjects.

@ Springer



590 Eur. Phys. J. Spec. Top. (2023) 232:583-594

Table 3 Values of bilateral intracortical synchronization (mean and standard deviation)

State Age =5m Age=9m
Band, Hz Non-epileptic Epileptic Non-epileptic Epileptic

Wake/REM sleep 0.5-1.5 0.77 £0.07 0.76 £+ 0.05 0.80 £+0.06 0.76 £+ 0.07
14 0.81 £0.05 0.82 + 0.06 0.82 +0.04 0.79 £+ 0.06
5-9 0.80 £0.05 0.78 £ 0.11 0.83 £0.07 0.75 £ 0.10*
9-12 0.74 +£0.12 0.73 + 0.17 0.74 +0.13 0.71 £ 0.11
10-14 0.76 £0.08 0.74 + 0.14 0.79 +0.10 0.72 + 0.12*
12-14 0.78 £0.06 0.76 + 0.12 0.81 +0.08 0.73 +£ 0.11%*
14-20 0.80 £0.04 0.78 £+ 0.09 0.83 £0.07 0.77 £ 0.09*
Total 0.78 £0.07 0.77 £0.11 0.80 £0.09 0.75 £0.10%

NREM sleep 0.5-1.5 0.75 £ 0.12 0.75 £ 0.13 0.72 £ 0.11 0.69 £+ 0.16
1-4 0.82 £ 0.08 0.80 £+ 0.10 0.78 £+ 0.08 0.76 £ 0.11
5-9 0.85 £ 0.06 0.81 £+ 0.09 0.87 + 0.07 0.82 £+ 0.07
9-12 0.80 £ 0.10 0.78 £ 0.12 0.82 £+ 0.08 0.78 £ 0.09
10-14 0.82 £ 0.08 0.78 £ 0.11 0.85 £ 0.08 0.80 + 0.08*
12-14 0.83 £ 0.07 0.79 £+ 0.10 0.86 £+ 0.08 0.81 + 0.08*
14-20 0.84 £ 0.05 0.80 £+ 0.08 0.87 £+ 0.06 0.82 + 0.07*
Total 0.82 £0.09 0.79 £0.10% 0.82 £0.09 0.78 +£0.11%

*Significant differences between epileptic and non-epileptics (Bonferroni post-hoc test, p < 0.05)
#Significant effect of “Phenotype” factor (ANOVA, p < 0.05)

Table 4 Values of unilateral synchronization (mean and standard deviation)

State Age=5m Age =9 m
Band, Hz Non-epileptic Epileptic Non-epileptic Epileptic

Wake/REM sleep 0.5-1.5 0.44 4+0.13 0.41 £0.07 0.40 £0.12 0.40 £0.12
1-4 0.45 £+0.06 0.39+ 0.08 0.39 £0.10 0.42 £0.09
5-9 0.51 4+0.03 0.48 £0.03 0.48 £0.07 0.48 £0.05
9-12 0.50 +0.12 0.47 £0.14 0.42 £0.07 0.41 £0.11
10-14 0.50 £0.06 0.46 £0.07 0.46 £0.07 0.44 £0.07
12-14 0.49 +0.04 0.45 £0.04 0.45 £0.07 0.45 £0.06
14-20 0.48 £0.02 0.45 £0.04 0.46 £0.07 0.45 £0.04
Total 0.48 £0.08 0.45 £0.08 0.44 £0.09 0.43 £0.09

NREM sleep 0.5-1.5 0.43 +0.14 0.40 £0.09 0.38 £0.10 0.38 £0.12
1-4 0.43 £0.07 0.40 £0.07 0.39 £0.11 0.38 £0.08
5-9 0.52 £0.04 0.46 £0.02* 0.49 £0.06 0.49 £0.03
9-12 0.45 £0.05 0.41 £0.05 0.42 £0.08 0.43 £0.06
10-14 0.50 +0.05 0.43 +0.03* 0.46 £0.06 0.47 £0.04
12-14 0.50 +0.04 0.43 £0.02* 0.46 £0.06 0.46 £0.04
14-20 0.50 +0.03 0.44 £0.03 0.47 £0.07 0.47 £0.03
Total 0.48 £0.08 0.42 £0.06% 0.44 £0.09 0.44 £0.08

*Significant differences between epileptic and non-epileptics (Bonferroni post-hoc test, p < 0.05)
#Significant effect of “Phenotype” factor (ANOVA, p < 0.05)
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Fig. 5 Unilateral
intracortical
synchronization (i. e.,
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Fig. 6 Age-related changes of intracortical synchronization in WAG/Rij rats with two different phenotypes. A Wavelet
bicoherence measured between channels FrL(t) and FrR(¢) in frequency bands 0.5-20 Hz. B Wavelet bicoherence in frequency
bands 0.5-20 Hz between channels FrR(t) and OcR(t)
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In other words, an early sign of further development of
epileptic activity that might require attention in child-
hood epilepsy.

It was not surprising that bilateral synchronization
during Wake/REM sleep was significantly lower in
the epileptic phenotype only at clinical stage and did
not differ from values obtained in non-epileptic sub-
jects at the preclinical stage. This fits well to results
obtained in patients with childhood absence epilepsy
(CAE), which showed a decrease in resting-state func-
tional connectivity bilaterally in the medial pre-frontal
cortex, angular gyrus, and inferior parietal lobule in
comparison to healthy control; yet an increased con-
nectivity has not been defined in CAE patients [55].
Also the whole brain resting-state functional connec-
tivity in CAE patients indicated a reduced connectiv-
ity between the thalamus and cortex [56]. Similarly,
Kim at al. in 2014 in patients with idiopathic gen-
eralized epilepsy demonstrated a greater reduction of
medial prefrontal functional connectivity in relation to
increasing disease duration [8]. Their data suggested
that thalamoprefrontal network abnormality in these
patients is a consequence of the long-standing burden
of the disease. Majority of human studies indicated a
decrease of thalamo-cortical and bilateral intracortical
connectivity, and this decrease may provide a functional
basis for cognitive dysfunction in absence epilepsy [17,
55, 56]. It is worth mentioning opposite results. First,
EEG-fMRI studies of resting functional connectivity
in patients with CAE demonstrated an increase of
bilateral connectivity in the lateral orbitofrontal cor-
tex in comparison to normal controls [57]. Second,
fMRI-based analysis in WAG/Rij rats demonstrated
that regions in which seizures are most intense show
markedly increased resting functional connectivity in
epileptic WAG/Rij rats compared to Wistar control
rats [58]. Inconsistency may be explained by specificity
of fMRI-based methodology, different sub-syndromes of
generalized genetic/idiopathic epilepsy, “influences of
age and medications, and physiological changes, as well
as errors introduced by certain pre-processing steps”
[17]. Indeed, Xu et al. in 2013 demonstrated a sig-
nificant divergence of functional connectivity within
and between brain modules in patients with absence
epilepsy: nodes in the limbic system, including the
amygdala and the putamen, showed a decreased func-
tional connections to the default mode network; in con-
trast, the connections to somatosensory system were
increased [18].

5 Conclusion

WAG/Rij rats were genetically predisposed to absence
epilepsy, but there was a biodiversity among these sub-
jects. Here we used spike-wave seizures in ECoG as
the hallmark of absence epilepsy, and defined epileptic
and non-epileptic phenotype. Epileptic subjects showed
fully blown spike-wave seizures at the age of 9 months
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(clinical stage) and only a few immature seizures (pre-
clinical stage). Bilateral synchronization (fronto-frontal
pair) and unilateral synchronization (fronto-occipital
pair) was computed using wavelet bicoherence. We
made the following conclusions.

1. Only on the clinical stage of absence epilepsy,
bilateral fronto-frontal synchronization in epileptic
subjects was lower than in non-epileptic ones. A
reduced synchronization was defined during both
“healthy” periods: Wake/REM sleep and NREM
sleep.

2. Only on preclinical stage of absence epilepsy, uni-
lateral fronto-occipital synchronization in epileptic
rats was lower than in non-epileptic ones. A reduced
synchronization was defined only during NREM
sleep and in specific frequency bands—alpha (10-14
Hz) and 5-9 Hz.

3. A reduction of fronto-occipital synchronization may
be a sign of early epileptogenesis in genetically pre-
disposed subjects. Five-9 Hz oscillations are typical
for ECoG in rats, and these oscillations are trig-
gered by the cortical part of the thalamo-cortical
network [52]; and in pathological conditions they
could be transformed to epileptic SWDs [12]. Alpha
frequencies (10 — 14 Hz) are known to be produced
by the thalamic part of thalamo-cortical circuitry
[53, 54]. Reduced fronto-occipital synchronization
in 5-9 Hz and in 10-14 Hz in epileptic WAG/Rij
rats on the preclinical state of absence epilepsy may
be (1) interpreted as a marker of thalamo-cortical
impairment and (2) may be associated with epilep-
togenic processes underlying long-term progression
of absence epilepsy.
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