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Epilepsies have numerous specific mechanisms. The understanding of neural dynamics
leading to seizures is important for disclosing pathological mechanisms and developing
therapeutic approaches. We investigated electrographic activities and neural dynamics
leading to convulsive seizures in patients and mouse models of Dravet syndrome (DS),
a developmental and epileptic encephalopathy in which hypoexcitability of GABAergic
neurons is considered to be the main dysfunction. We analyzed EEGs from DS patients
carrying a SCN1A pathogenic variant, as well as epidural electrocorticograms, hippocam-
pal local field potentials, and hippocampal single-unit neuronal activities in Scnla”~ and
Sen1ad™* DS mice. Strikingly, most seizures had low-voltage-fast onset in both patients
and mice, which is thought to be generated by hyperactivity of GABAergic interneurons,
the opposite of the main pathological mechanism of DS. Analyzing single-unit record-
ings, we observed that temporal disorganization of the firing of putative interneurons in
the period immediately before the seizure (preictal) precedes the increase of their activity
at seizure onset, together with the entire neuronal network. Moreover, we found early
signatures of the preictal period in the spectral features of hippocampal and cortical field
potential of Sczz1a mice and of patients’ EEG, which are consistent with the dysfunc-
tions that we observed in single neurons and that allowed seizure prediction. Therefore,
the perturbed preictal activity of interneurons leads to their hyperactivity at the onset
of generalized seizures, which have low-voltage-fast features that are similar to those
observed in other epilepsies and are triggered by hyperactivity of GABAergic neurons.
Preictal spectral features may be used as predictive seizure biomarkers.
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Understanding neural dynamics leading to seizures is important for disclosing pathological
mechanisms of epilepsy and for developing therapeutic approaches, which include methods
for seizure prediction and prevention. Epilepsy etiology is diverse with numerous under-
lying specific mechanisms. However, it is not yet clear whether the same dynamics of
neuronal subpopulations is shared in different epilepsies or whether the correlation
between the electrographic properties of seizures and the underlying neuronal dynamics
is consistent between different models. Shedding light on these features can be particularly
important for developmental and epileptic encephalopathies (DEE), in which seizures are
often drug resistant and may worsen cognitive and behavioral outcomes (1, 2).

Dravet syndrome (DS) is a DEE characterized by onset in the first year of life with
seizures triggered by fever/hyperthermia, which persist also in adulthood, and later
appearance of afebrile seizures, as well as of developmental plateauing with behavioral
disorders (3—6). SCN1A pathogenic variants leading to loss of function of the Nay1.1
sodium channel are identified in most individuals with DS (4, 7-10). Gene-targeted
mouse models replicate the phenotype of the patients and have been instrumental for
showing that loss of function of Nay 1.1 leads to hypoexcitability of GABAergic neu-
rons, reduced inhibition, and hyperexcitability of neuronal circuits, which is the main
DS pathogenic mechanism thus far identified (8, 11-14). Notably, investigations in
individuals with DS have shown reduced GABAergic inhibition in vivo (15). DS fits
in the group of epilepsies characterized by both generalized and focal seizure (2).
Indeed, DS patients show multiple types of difficult-to-treat seizures that are most
frequent in infancy and childhood, including generalized (clonic, tonic-clonic, atypical
absences, tonic and myoclonic) and focal (unilateral clonic, focal seizure with or with-
out generalization, and myoclonic) seizures (5, 6, 16). As in other DEEs, in addition
to their impact per se, seizures can contribute to phenotype worsening in SCNI1A4
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diseases (1, 2). Interestingly, in knock-in Senld™ mice, an

asymptomatic phenotype is transformed into a DS-like one
upon induction of few short seizures (17).

Little is known about neuronal dynamics in DS seizures.
Previous studies in both patients and models of other types of
epilepsies have identified specific seizure onset patterns and inves-
tigated the involvement of different neuronal subpopulations
(18-22). In particular, the analysis of electrographic recordings
of focal seizures has led to the identification of two main onset
patters. Low-voltage fast-onset (LVF) discharges initiate with 1
or 2 interictal-like population spikes (denominated “sentinel
spikes”) followed by low-amplitude, high-frequency activity;
hypersynchronous-onset (HYP) discharges initiate instead with
a longer series of population spikes in the period immediately
preceding the seizure (preictal period) without low-amplitude,
high-frequency activity (18-22). Optogenetic studies showed
that activation of GABAergic neurons can directly cause LVF
seizures, whereas activation of excitatory pyramidal neurons can
drive HYP seizures (23, 24).

We have analyzed here the electrographic activity recorded dur-
ing generalized convulsive seizures (GCS) in both DS patients and
gene-targeted mouse models. We surprisingly observed seizures
with LVF onset. In addition, we studied the neuronal dynamics
that lead to this type of seizures in DS and observed specific per-
turbations of the activity of putative inhibitory interneurons in
the preictal period, which precede the increase of their activity at
seizure onset and correlates with specific spectral features of the
EEG/ECoG signal. Moreover, we have exploited these features
for performing reliable prediction of seizures.

Results

DS Mice and Patients Show Convulsive Seizures with LVF Onset.
We recorded, during spontaneous or hyperthermia-induced
convulsive seizures of Senla”™ mice, the local field potential
(LFP) in the dorsal hippocampus, which is implicated in seizure
generation in DS mouse models (25-27). Surprisingly, most
onsets of both spontaneous and hyperthermia-induced seizures
could be classified as LVF by the presence of the “sentinel” spike
heralding the typical fast oscillations of low amplitude around the
onset (Fig. 1 A-E). In particular, 44 out of 53 spontaneous seizures
(six mice) and 24 out of 31 hyperthermia-induced seizures (three
mice) were with LVF onset. The remaining seizures were difficult
to classify according to established onset subtypes (28, 29). Since
the signal recorded in patients by scalp EEG mainly provides a
measure of neocortical activity, we investigated whether the LVF
onset in Senla”’™ mice is a specific feature of the hippocampal
signal or could be a generalized property of cortical networks.
Thus, we analyzed the electrocorticogram (ECoG) recorded from
the parietal cortex in a separate group of Sczla”™ mice during
spontaneous seizures. Also in this case, most of the seizures (52
out of 66 in nine mice) showed LVF onset, confirming that this is
a general property of seizures in DS mice (Fig. 1C). We found no
significant differences in the proportion of LVF onsets observed
in the three experimental conditions (Fisher exact test P = 0.57;
Fig. 1D).

We then analyzed the onset features of 11 GCS recorded in
seven DS patients with SCNIA pathogenic variants. The mean
individuals’ age was 8.4 y old (range 5.5 to 10 y). Clinically, sei-
zures were generalized tonic vibratory (n = 6), generalized tonic
with secondary head and eyes deviation (2), and generalized
tonic-clonic (2). Similar to the mouse model, also in patients, we
identified in 54.5% of seizures the prototypical features of the
LVF onset (Fig. 1 F~H).

https://doi.org/10.1073/pnas.2316364121

Seizures in DS Mice Recruit Different Neuronal Populations. These
results are unexpected and puzzling because the proposed main
pathological mechanism of DS, GABAergic neurons hypoexcitability,
should hinder the ictogenic mechanism of LVF onset seizures, which
has been linked to GABAergic neurons’ hyperactivity (23); on the
other end, preponderant HYP onsets would be expected in case of
hyperactivity of glutamatergic neurons (18-22).

To shed light on this issue, we recorded in vivo the activity of
single neuronal units with tetrodes in the dorsal hippocampus of
Senla”™ mice during both hyperthermia-induced and spontane-
ous seizures. We identified by spike-sorting 142 single neurons,
and we classified them based on their spike duration to investigate
the involvement of putative inhibitory and excitatory neurons in
driving seizure onset. The distribution of action potential dura-
tions displays a bimodal shape (Fig. 24), consistently with previ-
ous studies (30-33). Thus, we classified sharply spiking neurons
as putative inhibitory neurons and widely spiking neurons as
putative excitatory neurons using 400 ms as a threshold. Notably,
this threshold is coherent with multiple previous observations
(30-33). To cross-validate the classification, we demonstrated that
putative inhibitory neurons have a shorter hyperpolarizing phase,
as measured by AHP half-width, as well as a higher average firing
frequency (Fig. 2 A and B; Mann—Whitney U test for AHP, U =
1,641, P < 0.0001; for average frequency U = 6,242, P < 0.0001).

The quantification of the preictal firing frequency showed that
both populations increase their average activity at seizures onset
(Fig. 2C; Mixed model ANOVA for sharply spiking neurons
F137,9727 = 2.92, P-value < 0.0001; for broadly spiking neurons
F137,9453 = 1.72, P-value < 0.0001). Given that the averaging
hides interneuronal variability, we quantified the proportion of
neurons sustaining seizures (defined as the neurons that displayed
activity with a z-score >1.96 for at least two consecutive 500 ms
bins during the seizure). The two neuronal subpopulations showed
no statistical difference: 26 out of 72 putative inhibitory neurons
and 16 out of 70 putative excitatory neurons were classified as
active after the seizure onset (Fisher exact test P = 0.1). Even if we
observed a temporal shift in the recruitment of sharply spiking
neurons (S Appendix, Fig. S1), overall the proportion of active
neurons of the two subpopulations was not statistically different
when spontaneous and hyperthermia-induced seizures were com-
pared (Fisher exact test P = 0.26 and P = 0.16 for, respectively,
sharply spiking and widely spiking neurons) suggesting that neural
mechanisms at the seizure’s onset are shared between the two types
of seizures (S Appendix, Fig. S1).

Previous studies suggested that even when LVF seizures are ini-
tiated by hyperactivity of interneurons, principal cells can subse-
quently sustain the ictal activity during the seizure (18). Even if this
temporal shift in our recordings is not evident on the average activity
of the two subpopulations at the seizure onset (Fig. 2C), we further
investigated this issue by analyzing individual neurons. More spe-
cifically, for cells classified as “active” during the seizure, we identi-
fied the first active time bin after the seizure’s onset and we compared
sharply spiking and widely spiking neurons. We didn’t find any
differences in the time of recruitment between them (¢ test P-value
P =0.8), confirming the observation on the average population.

Seizures in DS Mice Are Preceded by Early Perturbations of EEG,
LFP, and Putative Inhibitory Interneurons’ Firing. The activity
of the network during seizures is informative about the circuits
actively sustaining the ictal discharges once they are triggered,
but it is not necessarily correlated to the perturbations occurring
before seizure’s onset, which lead the network toward the ictal
state. Thus, we analyzed LFP and single neuronal activity in the
preictal period preceding the spontaneous seizures.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2316364121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316364121#supplementary-materials

Downloaded from https://www.pnas.org by 193.55.113.198 on March 21, 2025 from IP address 193.55.113.198.

LEP(mV)
L&
%
vs]
LFP(mV)
°

60 -48 36 2412 0 12~24_ 36 48 60

60 48 36 247 0 12—24 36 48 60

. e Time(s) T e Time(s) e
g 1= — — i : it
e B A" Voot dacva i b o] e oy i
- 1 08 06 -04 02 0 02 04 06 08 1 47 -1 -08 -06 04 02 0 02 04 06 08 1
Time(s) Ti . . .
_ s, L 'me(s)v B Fig.1. Seizures have LVFonsetin Dra-
£ 4 Eo -—-————-—Wo——A { vet mice and patients. Representative
a -1 L L L " h % ¥ . N | e | - AT .
S 60 48 36 20 47 0 T—26 36 48 60 60 48 3 247 0 Tr—24_36 48 60 traces of hlppocampug LFP recorded
g Time(s) ey . T Time(s) s during spontaneous seizures (A) or hy-
2 1= ~ - = E (‘]_/ ey \{ perthermic seizures (B) with LVF on-
g v S, AN R . .
E"g el AN @11 e ) set recorded in two different groups
1 g 06 4 ‘°2Tlm°e(s)°2 04 09 08 1 T es) } Scn1a”” mice. The black arrows in-
dicate the “sentinel” spike. The black
C S 5 D s dashes underline the LVF oscillations.
£ The signal around the onset was man-
Z ; T LI | ! e
S 60 48 36 2417 0 T2—24 36 48 60 ually checked and the specific onset
_ T s 2% point placed at the beginning of ab-
il 5™ normal activities. In the case of low-
& e s £ o voltage fast pattern, representing the
Time(s) S s majority of the observed onsets, this
T . a— — % ol was placed after the sentinel spike, at
M g w0
s 2 e Y. —— l 3 w0 the beginning of LVF activity. (C) Elec-
& - e S st >
- 60 48 36 2417 0 T2-24 3% 48 60 3 5 trocorticogram (ECoG) recorded on
s _— T S the parietal cortex of Scn1a™” mice
Sodt pal VR J»\.j o during spontaneous seizures, which
S 4 08 06 04 02 0 02 04 06 08 1 0 showed properties that were similar

Time(s)

Z-score
o
ES

0
N o o % Q © D
NSNSV N NN

Time from onset(s)

F
FuervePNWW\MWMWWL\MMW ‘
C4-AVG WMMWMW&M ‘
oxavo | el ny |
FeAG F-mo—vwwwwmﬁ—\/\wmmw ‘
T6-AVG W’M’VMWWW ‘
c2AvG MWMWWW ‘
W] |
convs vawfwvwww ‘
F7'AV“>"’W’WM’W“W”WWWW ‘

T5-AVG W‘/WMM“MM ‘300:\\/1

@)

We first focused on the analysis of the hippocampal LEFP and of
the parietal cortex ECoG of DS mice, performing spectral analysis
to quantify the power of different frequency bands and its dynamics
in the preictal period (see Methods for details). We found that
spectral properties of both hippocampal (Fig. 34) and cortical
(Fig. 3B) neural signal are modified in the minutes preceding the
seizures. In particular, we observed an early and progressive increase
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of slow rhythms and theta oscillations and a decrease of fast oscil-
lations, which anticipate the increase of the total signal power
occurring a few seconds before seizure onset. After the seizure onset,
both the hippocampal LFP (S Appendix, Fig. S2A) and the parietal
cortex ECoG (81 Appendix, Fig. S2B) are characterized by a strong
increase in the slow gamma range related to the sequence of pop-
ulation spikes which constitute the ictal signal.
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Similarly, spectral analysis of preictal EEG in patients revealed
a progressive decrease of gamma oscillations and an increase of
alpha oscillations in most of the electrodes (Fig. 4), indicating
that, as in DS mice, also in DS patients, the preictal state shows
specific electrographic signatures that precede by minutes the sei-
zure onset.

Interestingly, the dynamics of the hippocampal LFP of DS mice
and of the EEG of DS patients in the preictal period is coherent
with previous evidence obtained in the DS mice, suggesting that
seizures are preceded by alterations of network synchrony (34).
We took advantage of the single-spike resolution of tetrodes
recordings to analyze whether the perturbations of the network
synchrony could be related to modification of the firing pattern
of the two identified neuronal populations. More specifically
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(Fig. 5), for each recorded neuron, we calculated the distribution
of the interspike intervals (ISIs) during different time windows
(early, preictal and ictal), we fitted them to a gamma distribution
(see Methods for details) and we quantified the shape factor x,
which is a measure of firing regularity (35, 36). The analysis
revealed a significant reduction of the shape in the preictal period
specifically for the narrow spiking neurons (Fig. 5 B and C,
ANOVA mixed models F29,116 = 3.77 P < 0.0001), whereas the
firing dynamics of broadly spiking neurons was not modified
(ANOVA mixed models F29,116 = 1.44 P=0.091). In particular,
the ISI distribution of narrow spiking neurons revealed that they
normally show a regular firing (shape factor k > 1), which pro-
gressively converges in the preictal period toward a Poisson-like
or bursting regime (shape factor k < 1).
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Preictal and Seizure Onset Properties Do Not Depend on the
Specific Mutation or on the Natural History. Pathological
dysfunctions of neuronal circuits in DEEs can be age dependent,
as it has been previously proposed for DS (14, 37, 38), supporting
the “multiple stages” concept of the pathology (6). To investigate
whether preictal or seizure onset features are mutation- or
age-of-onset-dependent in our experimental framework, we
exploited knock-in Sen 724" mice carrying the R1648H Nay 1.1

PNAS 2024 Vol.121 No.23 2316364121

Time to seizure (s)

parison. *P < 0.05, **P < 0.01, ***P < 0.001.

loss-of-function mutation (39), in which the onset of a DS-
like phenotype can be triggered by inducing a series of short
seizures (17). We used a protocol of five short seizures induced
with hyperthermia in a 5-d period (SIH protocol) either at P21
(age of spontancous seizure onset in Senla”™ DS mice) or in
adulthood, and we chronically recorded the hippocampal LFP
in both groups starting at P60 (Fig. 64). The SIH protocol was
able to trigger long-lasting spontaneous seizures in both groups,
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Fig. 4. Generalized convulsive seizures are preceded by early changes in the spectral properties of all EEG channels in individuals with Dravet syndrome, as in
mice LFP and ECoG. Evolution of the average relative power spectrum in the different EEG bands (number of channels = 46, number of seizure = 3, number of
individuals = 3). The fast Fourier transform of the signal was computed and the power quantified from 900 s before seizure onset to 200 s after seizure onset over
nonoverlapping 10 s windows in delta (0.5 to 4.5 Hz), theta (4.5 to 8.5 Hz), alpha (8.5 to 12.5 Hz), beta (12.5 to 30 Hz), slow gamma (30 to 45 Hz), and fast gamma
(45 to 100 Hz) bands. The spectral power of different frequency bands was normalized on the average between 900 and 700 s before the seizures (considered
interictal period). Three of the seizures included in Fig. 1H were not included here because their interictal period was not present in the recordings or not clearly
identifiable (multiple seizures in the same patient). The time-series plots show a 900 s window before seizure onset. The normalized power spectra between the
interictal period, the 200 s prior to seizure onset, and the 200 s after seizure onset (displayed in the box-chart plots) was compared using Kruskal-Wallis ANOVA
on ranks followed by post hoc Dunn'’s test for pairwise multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

confirming and extending our previous results (17). The analysis
of the hippocampal LFP showed that the features of the seizure’s
onset, of the preictal period and of the ictal period were the same
in Scnla™"* mice in which chronic epilepsy was triggered in
adulthood compared to those in which it was triggered at P21
(Fig. 6 B-D and SI Appendix, Fig. S2 Cand D): both Sen1a"™"*
groups recapitulated the features that we observed in Senla™”
KO mice and DS patients. Moreover, as in Senla'’™ mice,
we found similar features also analyzing the epidural ECoG
recorded on the parietal cortex of Senla"™" mice, including
preictal power increase for delta and theta frequency bands and
decreased power for slow and fast gamma bands (mixed model
repeated measures ANOVA; P < 0.0001 for all the mentioned
bands; 68 seizures in six mice). Thus, the features that we have

https://doi.org/10.1073/pnas.2316364121

observed do not depend on the natural history of the disease or
on the specific mutation.

LFP Modifications in the Preictal Period Can Be Used to
Predict Seizures. The progressive modification of the LFP signal
that we observed in DS mice and patients before the seizures
suggests that preictal spectral features can be a reliable marker
for seizure prediction. We tested this hypothesis by applying a
seizure prediction method based on a multivariate cumulative
sum algorithm (CuSum; see Methods for details) to DS mice
LFP recordings. The algorithm was able to predict up to 74%
of seizures with a specificity (proportion of correct rejections)
of 83% (SI Appendix, Fig. S3) and a sensitivity (proportion of

correct predictions over total predictions) ranging from 70% for
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an anticipation of 1 min before the seizure to 81% for 5 s of
anticipation. Despite the exploratory nature of this investigation,
aimed at validating the specificity and the robustness of the preictal
modifications that we disclosed in DS mice, these results prompt
the development of seizure prediction tools based on spectral
features as a promising approach in DS.

Discussion

Seizures with LVF onset pattern have been generally associated
with focal seizures, and several studies proposed that they are
caused by a sustained firing of GABAergic neurons at seizure
onset, followed by an increase of the firing of pyramidal cells
during the progression of the seizure (21, 23, 24). Here, we show
that they are the principal seizures type also in DS, in a patho-
logic context characterized by reduced activity of GABAergic
neurons. Strikingly, the analysis of single units’ dynamics in our
model partially confirmed the GABAergic hyperactivity mech-
anism. In fact, we observed an increase in putative interneurons’
firing at the seizure onset, together with that of putative pyram-
idal cells, suggesting that this could underlie the LVF dynamics
in this context.

PNAS 2024 Vol.121 No.23 2316364121
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the firing dynamics of widely spiking neurons in the
same period (in blue on the Left). The solid lines are
the time series of the mean values for the bins and
the shaded areas represent the 95% Cl.

Notably, we also disclosed temporal disorganization of the firing
of putative interneurons in the preictal period that temporally
correlated with modifications of hippocampal and cortical LFP
spectral properties, preceding by minutes the onset of the electro-
graphic seizure and that were observed also in all the channels of
the EEG recorded in DS patients. These modifications are pro-
gressive in time, suggesting a continuous drift of the network
toward the ictal state. These results have a double relevance: i) We
demonstrated that the detection of early EEG modifications could
be useful to develop noninvasive methods for seizures prediction;
ii) They are consistent with the existence of a specific functional
state of extended networks in different brain regions in the preictal
period (a “preictal brain state”) (40).

Importantly, seizures are currently unpredictable, have a strong
impact on the quality of life of families, and may worsen the DS
phenotype. Thus, the identification of a potential EEG biomarker
that is able to predict seizure several minutes before their onset
could be clinically very useful, allowing families to organize them-
selves and possibly to use preventive therapeutic interventions that
could inhibit seizures, possibly including closed-loop systems. We
demonstrated that a relatively simple algorithm based on the mul-
tivariate cumulative sum method is sufficient to obtain a reliable

https://doi.org/10.1073/pnas.2316364121 7 of 11
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prediction of seizures in DS mice. It is worth noting that our study
was not designed with the aim of performing seizure prediction,
which would have benefited, for example, from the use of multisite
recordings as shown by previous studies (41, 42). Nevertheless, we
provide the evidence that the modification of network activity that
we disclosed in the preictal period, could be further exploited for
the development of ad hoc approaches of seizure prediction.
Moreover, studying the properties of the preictal state could be
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P a Tukey's post hoc test for pair-wise multiple
comparison. *P < 0.05, **P < 0.01, ***P < 0.001.

informative about mechanisms that make brain networks prone
to seizures. Indeed, we observed that on average, the preictal LFP
is characterized by higher power in the slow bands, especially in
the delta band, and lower power in the gamma bands. The complex
origin of the LFP signal makes it difficult to disclose a direct and
specific link between its spectral composition and cellular activity.
However previous studies highlighted a causal link between the
activity of GABAergic interneurons and gamma oscillations (43).
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This is consistent with our results showing the preictal reduction
of fast oscillations and the modification of the firing pattern of
putative inhibitory neurons. This modification specifically con-
cerns the temporal organization of the spiking activity, whereas the
overall firing frequency was unaltered. Tetrode recordings are not
adapted to large-scale network analysis; however, our results are
consistent with a previous study showing by in vivo Ca’* imaging
that the desynchronization of interneurons (reduction of pair-wise
correlated activity) precedes hyperthermia-induced seizures in DS
mice (34). We extend these observations by demonstrating that
the firing pattern of interneurons is perturbed in the preictal period
in DS mice also in spontaneous seizures. Moreover, by taking
advantage of the temporal resolution of electrophysiological record-
ings, which overcome the imprecision of spike inference obtained
from Ca®* imaging, we demonstrate that the alteration of interneu-
rons firing is not only modified at the network scale but also at
the single neuron level. More specifically, we observed in the pre-
ictal period a loss of firing regularity that specifically affects putative
inhibitory interneurons, consistent with the hypofunction of
GABAergic neurons in DS, followed by a rebound hyperexcitabil-
ity of both inhibitory and excitatory neurons at seizure onset. We
hypothesize that the dysfunctional features of the GABAergic
interneurons in the preictal period can drive the network toward
a hyperactive state, directly leading to the rebound hyperexcitability
that we observed at seizure onset.

The fact that the hypoexcitability of GABAergic interneurons
caused by Na, 1.1 loss of function induces modifications of tem-
poral spiking pattern, leaving unaffected the general firing rate,
could appear counterintuitive. Several nonmutually exclusive
hypotheses can be proposed. First, the complexity of the structure
and dynamics of cortical networks can break the intuitive linearity
between the excitability of a given neuronal population at the
single cell level and its actual firing activity within a complex
network. Indeed, previous studies have already demonstrated that
reducing the excitability of inhibitory neurons by optogenetics
can even cause a paradoxical increase in their firing rate within
network activities, caused by the increase in excitatory drive from
principal neurons (44, 45). These observations show that the
organization of reciprocal feedbacks between inhibitory and excit-
atory neurons is extremely strong and efficient leading to a stabi-
lization of the overall spiking activity of the network, a feature
called Inhibitory Stabilized Networks (46). This feature may also
explain why in DS mouse models the alteration of putative
interneurons’ firing in the preictal period doesnt induce evident
modifications of the firing pattern of putative pyramidal cells.
Another contributing mechanism may be the reported slower
propagation of action potentials (which is increasingly slower for
successive APs within a discharge) observed in GABAergic neurons
of a loss-of-function Nay 1.1 mouse model (47), which could dis-
organize the spiking pattern of the inhibitory neurons without
affecting their overall firing frequency, especially when a sustained
rthythmic inhibition is required by the network. Together with our
results showing the presence of a preictal state characterized by
changes in the LFP spectral composition, this suggests a scenario
in which during specific states of the network, the interneurons
of DS mice and possibly patients would loss firing regularity caus-
ing a qualitative rather than quantitative alteration of the inhibi-
tory activity in the network. This would progressively push the
network toward an increasingly unstable but not hyperactive state
until reaching a break-point at the seizure onset. According to this
scenario, a primary reduction of network inhibition caused by
alterations of firing regularity of inhibitory interneurons would
result in an aberrant response of local feedbacks and in the par-
oxysmal increase of interneurons firing characterizing the onset

PNAS 2024 Vol.121 No.23 2316364121

of LVF seizures. This hypothesis is consistent with the recent
observation that somatostatin-positive interneurons can be
recruited early, even some seconds before hyperthermia-induced
seizures in DS mice (48).

Moreover, analyzing the number of active neurons during a sei-
zure, we found that the different putative neuronal subpopulations
that we have observed are recruited in overall the same proportion.
Interestingly, we observed the paroxysmal firing sustaining seizures
activity only in a subgroup ranging from 30 to 50% of the recorded
neurons. This is consistent with previous observations in models
and patients (49, 50), and it supports the hypothesis that also in
DS only specific subnetworks participate to seizures.

Notably, DS patients have both focal and generalized seizures,
and many seizures have been reported as “falsely generalized,”
because accurate analysis of video-EEG recordings performed
during seizures that were classified as generalized showed that
they have focal features at onset or develop in an asymmetric way
(16, 51-53). The EEG correlate of some of these “falsely gener-
alized” seizures has been described as bilateral abnormalities since
onset, showing a slow spike or a slow-wave, often followed by a
brief attenuation and then by fast activities in the theta range
intermixed with slow waves (16). Although this pattern shows
some similarities to a LVF onset, in our study, we disclosed activ-
ities at higher frequency (in the gamma range) for several seizure
types, in particular, in the attenuation phase. There features are
more characteristic of a LVF onset. Thus, this is consistent with
focal LVF features for DS seizures.

Our results hint three important observations: i) The mecha-
nisms that sustain seizures at onset and after onset are not neces-
sarily the same as those that are present in the preictal period and
that drive the network toward the ictal state; ii) the properties of
the seizure onset may not be informative about preictal mecha-
nisms; and iii) specifically for DS, this feature is consistent with
the lack of effect or worsening of some antiseizure medications
that boost the GABAergic system (53).

Our study has some limitations. In particular: i) single-unit
recordings are not available for DS patients, because they do not
undergo therapeutic brain surgery and associated preoperatory
intracranial recordings; ii) patients’ data are from a retrospective
study with a small number of seizures recorded in routine EEG
after the early stages of DS, when seizures are less frequent. More
studies are warranted for the quantification of LVF seizures’ fre-
quency/preponderance and of detailed preictal features in patients.

Overall, the onset of generalized seizures in DS can have LVF
features that are similar to those observed in other epilepsies for
focal seizures triggered by hyperactivity of GABAergic neurons
but are characterized by perturbed activity of these neurons in the
preictal period, which are linked to early preictal modifications of
EEG/LEFP spectral properties that may be used as biomarkers for
seizure prediction in DS patients.

Methods

Mice. Heterozygous conditional global Scn7a knock-out (Scn7a*’™) mice
were generated by crossing the Scnla exon-25 floxed mouse line with
mice expressing Cre recombinase under the Meox2 promoter (54), both in
the C57BI/6j genetic background. This allowed to induce early embryonic
ScnTa haploinsufficency and to reduce mortality in the C57BI/6] colony (54).
Scn1a™* heterozygous knock-in male mice in the C57BL/6J background were
crossed with 129/SV females (Charles River, France); the F1 generation of the
hybrid mixed (129:B6 50 to 50%) background was used for all experimental
groups (17). Genotyping was performed as already described (17, 54). We
followed ARRIVE guidelines for planning experiments and reporting results.
Experimenters were not blinded to the genotype; animals were randomized

https://doi.org/10.1073/pnas.2316364121
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(http://www.randomizer.org) within each experimental group. Animals were
kept in standard housing conditions with water and food ad libitum until the
surgery for electrode implantation. After the surgery, mice were kept separated
to prevent the risk of reciprocal damage of the recording system. To reduce
stress due to social isolation during chronic recordings, mice were kept in
couple of the same sex in two hemicages, separated by a pierced metallic
separator allowing for sniffing and tactile interaction. All the recordings were
performed in adult mice ranging from P60 to P120. The hyperthermic seizure
induction protocol was started in two separate group of mice at P21 and P66.
Experiments were performed in accordance with national and European leg-
islation, approved by ethical committees and by the French ministry (MESRI,
APAFIS #13619, and #15665-201805301624157_v2).

LFP and ECoG Recordings. Hippocampal LFP was chronically recorded
with polyimide-insulated stainless-steel electrodes (125 um diameter, P1
Technologies, US) implanted in the dorsal hippocampus by stereotaxic surgery
under 2% isoflurane anesthesia at the following coordinates: 1.9 mm posterior
to bregma, 1.5 mm lateral from bregma, and 1.5 mm ventral from the dura.
An electrode fixed with a screw on the skull in the occipital region was used as
ground. ECoG signals were acquired in a separate group of mice with a stainless-
steel screw implanted in the dura above the parietal cortex (3 mm posteriorand
3 mm lateral from the bregma). Both types of electrodes were connected to a
plastic pedestal (P1Technologies, US) and fixed on the skull with dental cement
allowing for stable and long continuous recording. After a recovering period from
surgery (at least 1 wk), mice were connected to the amplifier and acquisition
system (ADInstruments, UK). Infrared video cameras were synchronized to the
acquisition of the ECoG signal allowing the simultaneous recording of electro-
graphic and behavioral seizures. Mice were recorded for three wk.

Single Unit Recordings. We recorded single units with tetrodes prepared by
twisting together four 17 um platinum/iridium wires (California Fine Wire, US).
Four tetrodes were inserted inside a guide cannula, wired to an 18-channels
connector (Omnetics, US) and fixed on a microdrive (Axona, UK). The ground
electrode was connected to the guide cannula. They were implanted by ster-
eotaxic surgery under 2% isoflurane anesthesia at the following coordinates:
1.9 mm posterior to bregma, 1.5 mm lateral from bregma, and 1.2 mm ventral
from the dura and fixed on the skull with dental cement. After 1 wk of recov-
ery from the surgery, mice were daily recorded (DACQUSB recording system,
Axona, UK). Tetrodes were regularly lowered by 50 um steps. Mice were putin
arectangular open field (70 x 45 cm) with sugar pellets randomly scattered on
the floor and left to freely move. Head position and orientation were tracked
by two infrared LEDs fixed on the headstage. The freely moving session was
used to evaluate the quality of the LFP signal and of the unitary activity in
order to select the mice to record during the hyperthermia-induced seizures
and the chronic recordings.

Seizures Induction by Hyperthermia. Mice were placed in a small incuba-
tor and the core temperature, continuously measured using a rectal probe, was
increased 0.5 °C every 2 min as described previously (17). They were immediately
removed from the incubator when a behavioral seizure occurred or a maximum
temperature of 43 °Cwas reached. Knock-in Scn1a™*'~ mice were exposed to five
consecutive daily hyperthermia-induced seizures, which led to epileptogenesis
and spontaneous seizures as described previously (17). In knock-out Scna*'~
mice, seizures were induced with hyperthermia only for single units recording
experiment. In this case, we did not expose the same mouse to hyperthermia
more than twice per week, to reduce the risk of death during seizures (total num-
ber of induced seizures per mouse between 5 and 14).

Patients. We investigated the seizure onset features of individuals with DS ana-
lyzing the EEG recordings obtained from the database of Necker-Enfants Malades
hospital, a tertiary center for rare epilepsy. Our study is based on retrospective
EEGs performed during the classical follow-up of individuals with DS. We included
DS patients with a SCN74 pathogenic variant and seizures recorded after the
stormy phase. EEG recordings used in this study lasted from 40 min to 120 min.
The 11-channel EEG data were recorded with a digital acquisition system (Natus
Medical Inc.), according to the 10/20 international system with Fpz as reference
and with a sampling frequency of 256 Hz. In compliance with French law, the
consent regarding nonopposition for this study and the use of their data was

https://doi.org/10.1073/pnas.2316364121

obtained for each individual and their parents. The ethics committee of Necker-
Enfants Malades Hospital approved the study protocol; the subjects’ consent was
obtained according to the Declaration of Helsinki.

Data Analysis.

LFP/ECoG. Chronic LFP and ECoG were sampled at 2 KHz and bandpass filtered 0.1
to 1,000 Hz. LFP during hyperthermia was sampled at 4.8 KHz, bandpass filtered
at0.11t0 1,000 Hz, and notch filtered at 50 Hz. Seizures were detected by offline
visual inspection of the traces and of the synchronized video with LabChart8 soft-
ware (ADInstruments, UK). Seizures onset was defined as a change in the signal
accompanied by subsequent typical seizure activity, clearly distinguished from
background and interictal activity (29). To determine and classify the seizure’s
onset, 2 s of the signal around the onset were visually inspected and classified
according to previous clinical and experimental criteria (28, 55). All subsequent
analysis was performed using custom-built scripts in MATLAB-2018 (MathWorks,
US). The LFP/ECoG spectrum in the preictal period was obtained by fast Fourier
transform of the signal in the 15 min preceding the seizures over nonoverlapping
10-s windows. This strategy allowed the elimination of windows containing big
artifacts (amplitude of the signal >2 mV) due to movement, scratching, or eating/
drinking. These windows were left blank and not included for further analysis.
The total power of the signal and the relative power of different frequency bands
for each preictal period was normalized on the average between 15 and 10 min
before the seizures.

Single units. Signals were sampled at 24 KHz and band-pass filtered 300 to
7,000 Hz. Spikes were identified by amplitude thresholding and the waveforms
stored as 50 points (0.2 ms before and 1.8 ms after the peak). Spike sorting
was performed manually using graphical cluster-cutting software Tint (Axona,
UK). For the longitudinal quantification of the firing frequency, all the traces
were aligned to the onset of the seizures. We limited to 8 s the duration of the
ictal period used for the quantification of the single neuronal activity for all the
seizures to only include artifact-free traces. To analyze the firing regularity in
the preictal period, we divided the preictal period into 30 windows of 20 s. We
fitted the gamma distribution to the ISls by using the fitdist MATLAB function
and we used the shape factor of the gamma distribution as an index of firing
reqularity (35, 36). In particular, the shape factor is expected to take a value
of 1 for a random process following a Poisson distribution, a value >1 for a
more regular firing distribution or a value <1 for a bursting firing. To ensure
a sufficient number of ISI for a reliable distribution fitting, we considered only
neurons with a minimal number of 20 ISI in each window, similar to previous
published studies (36).

Clinical EEG. To quantify preictal and seizure's onset spectral bands compared
to baseline, we computed the fast Fourier transform and quantified the power
of the different frequency bands.

Seizure prediction. The recordings were preprocessed and cut into 15 min epochs
to constitute different datasets: a baseline set composed of interictal periods (at
least 3 h before and 1 h after any seizure onset) and a test set consisting of the
15 min preceding seizures. For each epoch, we calculated the signal spectral com-
position as described in the LFP/ECoG section (with 10s or 5s non-overlapping
windows) and we generated a multivariate time series constituted by the different
spectral components: the total power (2 to 95 Hz) and the relative power in the
delta (2 to 4 Hz), theta (6 to 12 Hz), slow gamma (25 to 45 Hz), and fast gamma
(55 to 95 Hz) bands. A multivariate cumulative sum (CuSum) filter (56, 57) was
then applied to each component of the multivariate time series. The baseline
set was used to determine a set of thresholds (t), with f a frequency band, for
each subject, such that 95% of the values in each CuSum series associated with
a given subject remain below each t. Once the thresholds were defined, they
were used to detect changes in the test set, such that an alarm is raised if any
combination of three frequency band components of the CuSum series reach
their corresponding thresholds. The false alarm rate was calculated on randomly
selected portion of the baseline set.

Statistics. Data were compared using parametric or nonparametric tests accord-
ing to their distribution. Specific tests are indicated in the text and in the figure
legends.

Data, Materials, and Software Availability. Anonymized data have been
deposited in Zenodo (https://zenodo.org/records/11211735 DOI: 10.5281/
zen0do.11211734)(58). Raw traces of the clinical recordings from patients can
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be shared only upon submission of a research project to the ethics committee of
the Necker hospital, where they have been recorded. Patients' recordings will be
shared upon approval of the proposed project by the clinical ethics committee.
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