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Summary

Objective: Malformations of cortical development are common causes of intellec-
tual disability and epilepsy, yet there is a crucial lack of relevant preclinical mod-
els associating seizures and cortical malformations. Here, we describe a novel rat
model with bilateral subcortical band heterotopia (SBH) and examine whether this
model develops spontaneous epileptic seizures.

Methods: To generate bilateral SBH in rats, we combined RNAi-mediated
knockdown of Dcx and in utero electroporation with a tripolar electrode configu-
ration enabling simultaneous transfection of the two brain hemispheres. To deter-
mine whether bilateral SBH leads to epileptiform activity, rats of various ages
were implanted for telemetric electrocorticographic recordings and histopathologi-
cal examination was carried out at the end of the recording sessions.

Results: By 2 months, rats with bilateral SBH showed nonconvulsive sponta-
neous seizures consisting of spike-and-wave discharges (SWDs) with dominant
frequencies in the alpha and theta bands and secondarily in higher-frequency
bands. SWDs occurred during both the dark and the light period, but were more
frequent during quiet awake state than during sleep. Also, SWDs were more fre-
quent and lasted longer at older ages. No sex differences were found. Although
frequencies and durations of SWDs were found to be uncorrelated with the size
of SBH, SWDs were initiated in some occasions from brain hemispheres compris-
ing a larger SBH. Lastly, SWDs exhibited absence-like pharmacological proper-
ties, being temporarily alleviated by ethosuximide administration.

Significance: This novel model of bilateral SBH with spontaneous epilepsy may
potentially provide valuable new insights into causality between cortical malfor-
mations and seizures, and help translational research aiming at designing novel

treatment strategies for epilepsy.
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1 | INTRODUCTION

Malformations of cortical development (MCDs) are the
most frequent causes of childhood epilepsies, carrying a
lifelong perspective of disability and reduced quality of
life. MCDs range from macroscopic and diffuse cortical
malformations, such as subcortical band heterotopia, to
more subtle malformations, which include focal cortical
dysplasia."” The precise incidence of MCDs is not
known; however, they have been diagnosed with
increased frequency since brain imaging techniques have
been used. From these studies, it is estimated that 25%-
40% of intractable or medication-resistant childhood epi-
lepsy is attributable to MCDs and that at least 75% of
patients with MCDs will have epilepsy.’ A large number
of MCDs have been identified and are now categorized
by using their putative embryologic origin, identified
genetic cause, and brain imaging data as classification cri-
teria.” However, the physiopathological mechanisms relat-
ing MCDs to epilepsy remain largely unknown, and valid
animal models mimicking clinically relevant human disor-
ders are crucially lacking.

Subcortical band heterotopia (SBH) is a prototypical
example of MCD associating altered cortical layering, intel-
lectual disability, and drug-resistant epilepsy. SBH occurs
when neocortical neurons fail to migrate to the correct
location and accumulate in the white matter, forming a
heterotopic band of neurons below the normally migrated
cortex.” This neuronal migration disorder is caused by
mutations in the DCX gene,4_7 and mutations of DCX were
identified in 100% of familial SBH phenotypes and 85%-
90% of sporadic cases.*” SBH in humans is associated
with intellectual disability (68%) and epilepsy (85%-96%),
and with a high proportion of drug-resistant seizures
(78%).%'° Also, epilepsy surgery in SBH patients has poor
outcome due to the deep localization and large extent of
SBH, their proximity to functionally crucial cortical areas,
and difficulties in precisely identifying the epileptogenic
zone.'! Importantly, pathomechanisms underlying epilepto-
genesis and seizure generation remain largely elusive in
human patients.

Experimental SBH can be modeled in rats by knock-
down (KD) of Dcx in embryonic brains using in utero elec-
troporation and RNA interference.'>'> A series of reports
from our laboratory indicated that these Dcx-KD rats dis-
play altered neocortical excitability, increased propensity
for convulsant-induced seizures at juvenile ages, and spon-
taneous seizures in adulthood.'>™'® Although it provides
extremely valuable insights into the cellular and network
mechanisms underlying epileptogenicity in brains with
SBH, this rat model has some limitations. Whereas most
human patients present with bilateral SBH, Dcx-KD rats

Key Points

e The in utero RNAi-mediated knockdown of Dcx
using a tripolar electroporation method repro-
ducibly induces bilateral SBH in rats

e Adult rats with bilateral SBH show nonconvul-
sive spontaneous seizures consisting of SWDs
that become more frequent and last longer at
older ages

e Frequencies and durations of SWDs are uncorre-
lated with the SBH size, although SWDs are ini-
tiated on some occasions from brain hemispheres
comprising larger SBH

e SWDs in rats with bilateral SBH exhibit
absencelike pharmacological properties

only harbor a single unilateral SBH due to methodological
constraints when generating them. Also, spontaneous sei-
zures were rarely seen before adulthood in rats,!” whereas
epilepsy usually starts during childhood and infancy in
most patients with SBH.” Because more severe clinical
phenotypes are found associated with larger and bilateral
SBH,” we reasoned that a rat model with bilateral SBH
would result in a more severe epilepsy phenotype or in an
earlier age of seizure onset, yet better mimicking the
human situation.

Here, we describe a novel rat model with bilateral SBH
(referred to as bilateral Dcx-KD rats) that we generated by
combining RNAi-mediated KD of Dcx and in utero electro-
poration with a tripolar electrode configuration enabling
simultaneous transfection of the two brain hemispheres.
We performed telemetric electrocorticographic recordings
at various ages to characterize the epilepsy phenotype, and
conducted histopathological examination after recordings to
correlate with anatomical findings.

2 | MATERIALS AND METHODS

Animal experiments were performed in agreement with
European directive 2010/63/UE and received approval
(2015040809544569_v2 [APAFIS#436]) from the French
Ministry for Research.

2.1 | Tripolar in utero electroporation

Tripolar in utero electroporation was performed as
described?**! with modifications. Timed pregnant Wistar
rats (Janvier Labs) received buprenorphine (Buprecare,
0.03 mg/kg) and were anesthetized with sevoflurane
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Rostrocaudal extent and position of SBH relative to Bregma

FIGURE 1 Anatomical features of bilateral Dcx-knockdown (KD) rats with bilateral subcortical band heterotopia. A, A schematic view of
the tripolar in utero electroporation procedure, showing the placement of tweezer-type electrodes (black, negative pole) laterally pinching the

embryo’s head, and that of the third electrode (red, positive pole), placed rostrally and medially. The electric field induced by the potential

applied to the electrodes enables a simultaneous and bilateral electroporation of cortical progenitors lining the lateral ventricles (gray area and

arrows). B, Bright-field and fluorescent microphotographs of a postnatal day 15 (P15) neocortical section from a bilateral Dcx-KD rat showing

bilateral subcortical band heterotopia (SBH; red asterisks), mostly composed of green fluorescent protein (GFP)-expressing neurons. Bundles of

GFP-expressing callosal axons are also visible. C, Bar graphs showing the rostrocaudal extent of SBH in the left (blue) and right (pink)

hemispheres of 25 adult bilateral Dcx-KD rats. D, Dorsolateral view of the rostral part of a three-dimensionally reconstructed adult brain with

bilateral SBH (in red). The white matter (wm) is delineated in blue. E, Clustered bar graphs showing the rostrocaudal extent and position of SBH

relative to bregma in the 25 Dcx-KD rats analyzed, in the left (blue) and right (pink) hemispheres. Animal identifier codes are given below each

pairs of bars. F, Bar graphs showing the size of SBH (depicted as cumulative area) in the left (blue) and right (pink) hemispheres of 25 adult

bilateral Dcx-KD rats. Open circles in C and F correspond to values for individual rats. G, Rear view of the same brain as in D

(4.5%) 30 minutes later. Uterine horns were exposed, and
plasmid vectors (1 pg/pL) encoding shRNAs targeting the
3’ untranslated region of Dcx mRNA or encoding inef-
fective shRNAs with mutations creating mismatches'?
were microinjected bilaterally into the lateral ventricles
of embryonic day 16 embryos, together with fast green
dye and reporter constructs encoding green fluorescent
protein or red fluorescent protein (0.5 pg/pL). After
microinjections, electroporations were accomplished by
delivering 50-V pulses (BTX ECMS830 electroporator;
Harvard Apparatus) across tweezer-type electrodes later-
ally pinching the head of each embryo through the
uterus, and a third electrode (patent #W0O/2012/153291)
positioned at the brain midline (Figure 1A).

2.2 | Telemetric electroencephalographic
recording

Under isoflurane anesthesia (induction 5%, maintenance
2%), rats were placed in a stereotaxic frame (David Kopf
Instruments). Two or four holes were drilled through the
skull above the somatosensory cortex (Figure 2A4) for
electrode implantation using coordinates relative to the
bregma (anteroposterior, —0.26; lateral, +3.5). A reference
electrode was placed on the cerebellum (anteroposterior,
—12.3; lateral, +3.0). Electrodes were secured with screws
and mounted with dental acrylic. A subcutaneous pocket
was created to insert the telemetry transmitter (CTA-F40 or
EET-F40; DSI) on the left dorsal side of the rat.
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Electroencephalographic (EEG) signals were digitized at
500 Hz and stored. Spike-and-wave discharges (SWDs)
were identified offline by an automatic seizure detection
module in NeuroScore (DSI), blind to the status of animals,
which is usually revealed after histological analysis. Detec-
tion was performed using a dynamic threshold ratio of 1.5
(minimum value for detection is set to 100 pV) and cor-
rected manually if needed. Spikes with duration ranging
from 1 to 200 milliseconds were detected, and the mini-
mum and maximum spike intervals within spike trains were
0.05 and 0.15 seconds, respectively. Only SWDs lasting
>1 second were included in the analysis. Sleep-wake states
were defined based on EEG amplitude, animal activity, and
spectral power bands. Power spectral analyses were done
using NeuroScore.

2.3 | Histology, tissue processing, and
microscopy

At the end of EEG recordings, animals were deeply anes-
thetized with ketamine (Imalgene 1000, 100 mg/kg) and
xylazine (Rompun 2%, 10 mg/kg) and perfused transcar-
dially with 4% paraformaldehyde. Serial frontal sections
(100 pm) were performed using a vibrating microtome
(Leica Biosystems, Wetzlar, Germany), and images were
taken using a stereomicroscope (SZX16; Olympus, Tokyo,
Japan). Measurements were performed using Fiji** and
tridimensional reconstructions using Free-D.*

2.4 | Statistical evaluation

Statistical analyses were performed using Prism 6 (Graph-
Pad Software). Normality of the data distributions was
tested using d’Agostino and Pearson test and Shapiro-Wilk
normality test. All values are given as mean + SEM. All
tests were two-tailed, and significance level was set at
P < 0.05.

3 | RESULTS

3.1 | Bilateral Dcx-KD rats present with
bilateral SBH of variable positions and sizes

Experimental SBH can be modeled in rats by KD of Dcx in
embryonic brains using unilateral in utero electroporation
and RNA interference.'>'>!'> These rats, however, harbor a
band heterotopia located in a single hemisphere, unlike most
human patients harboring bilateral SBH.? To increase the rel-
evance of experimental SBH regarding the human situation,
we sought to develop a novel rat model with bilateral hetero-
topia. We utilized an in utero electroporation method and a
triple electrode configuration (see Materials and Meth-
0ds),?*! enabling simultaneous electroporation of the two

brain hemispheres (Figure 1A) instead of a single hemi-
sphere in the conventional settings.'* We performed in utero
RNAi-mediated KD of Dcx using this triple electrode config-
uration, and successfully induced the formation of SBH in
the two hemispheres of juvenile (Figure 1B) and adult rats
(Figure 1D). In most cases, SBH in bilateral Dcx-KD rats
was located in the white matter below the dorsal portion of
the neocortex (Figure 1B, 1D, and 1G). With the exception
of its most rostral end located below the primary motor cor-
tex, SBH were mainly located below the primary somatosen-
sory cortex and barrel field. On average, SBH extended
bilaterally over 3.13 + 0.34 and 3.76 + 0.28 mm in the
rostrocaudal axis in the left and right hemisphere, respec-
tively (N = 25 rats analyzed; Figure 1C-E). Their size, esti-
mated from serial sections as cumulative areas, ranged from
1.76 + 0.36 mm? in the left hemisphere to 2.10 + 0.26 mm?
in the right hemisphere (N = 25 rats analyzed; Figure 2F and
2G) with no left/right dominance on average. The average
position of SBH in the rostrocaudal axis ranged from
+1.6 + 0.2 to —1.5 + 0.3 mm relative to bregma in the left
hemisphere  (Figure 2E) and from 1.8+ 02 to
—1.6 + 0.3 mm relative to bregma in the right hemisphere
(N = 25 rats analyzed; Figure 2E). Although the overall
extent and position of SBH appeared roughly homogeneous
at the population level (see mean extent, Figure 2E),
interindividual differences were clearly visible. Among the
25 rats we analyzed, a high proportion harbored bilateral
SBH (88%, 22 rats), and only three rats had a band hetero-
topia in one hemisphere. Some animals were found with
SBH extending symmetrically and bilaterally over similar
rostrocaudal positions (8/25 rats, 32%), whereas others had a
larger rostrocaudal extent in one of the two hemispheres. Of
them, 13 rats (52%) had a larger extent in the right hemi-
sphere and four rats (16%) had a larger extent in the left
hemisphere (Figure 2E).

These observations indicate that Dcx-KD rats gener-
ated via tripolar in utero electroporation present with
bilateral SBH resembling that seen in human patients,
and constitute a novel preclinical model for subcortical
band heterotopia.

3.2 | Rats with bilateral SBH exhibit
spontaneous SWDs

To investigate whether the presence of bilateral SBH leads
to epileptiform activity and to characterize it, we implanted
subdural EEG electrodes in the somatosensory cortex of 25
bilateral Dcx-KD rats at variable ages (2-7 months), as well
as in the somatosensory cortex of 17 control rats. The
control group comprised several conditions: (1) three
nonoperated wild-type rats (“wild-type” group); (2) two
groups of four sham-operated rats, either only subjected to
plasmid injection at embryonic ages (“injection only”
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FIGURE 2 Characterization of epileptiform activity in bilateral Dcx-knockdown (KD) rats. A, Representative electroencephalographic (EEG)

recording from the right primary somatosensory (S1) cortex of a bilateral Dcx-KD rat. A1, Animal movement, as detected by the activity sensor

during EEG recording. A2, A3, EEG trace (A2), showing several epileptiform events, and the corresponding grayscale-coded time-frequency and

spectral power analysis (A3). A5, EEG trace is further expanded to illustrate a selected epileptiform event (top) and the corresponding

periodogram-based spectral density analysis of 1-second bins (bottom), with typical spike-and-wave discharge properties. A prominent ~9-Hz

peak and harmonics are visible. A4, Top, Dorsal view of the rat skull showing locations (red and gray asterisks) of the two subdural recording

electrodes over the S1 cortex, and reference electrodes placed over the cerebellum. Most rats were recorded unilaterally from the right

hemisphere (red asterisks). A4, Bottom, Cartoon showing a freely behaving rat implanted with a telemetry unit, placed in a cage over the

receiver plate. (B) Number of spike-and-wave discharges (SWDs) in 24 hours plotted as a function of age (in months), and best-fit linear

regression line showing an age-dependent increase in the occurrence of SWDs in bilateral Dcx-KD rats. CI, confidence interval. (C) Duration of

SWDs (in minutes) in 24 hours plotted as a function of age (in months), and best-fit linear regression line showing an age-dependent increase in

the duration of SWDs in bilateral Dcx-KD rats. Dotted lines in B and C show 95% prediction bands of the regression lines. Open circles in B

and C correspond to values for individual rats. (D) Pie charts showing the prevalence of SWDs in the control groups and bilateral Dex-KD rats

at variable ages. (E) Pie charts showing the prevalence of SWDs in male versus female bilateral Dcx-KD rats

group), or only subjected to electroporation at embryonic
ages (“electroporation only” group); and (3) six mismatch
rats injected and electroporated with mismatch plasmids
not inducing SBH formation (“mismatch control” group).
All rats were implanted with radiotelemetric transmitters
allowing wireless, continuous sampling of EEG, body tem-
perature, and locomotor activity in freely behaving, unre-
strained conditions (Figure 2A4). At least 1 week

postsurgery, continuous EEG recordings were performed
over 3 consecutive days. EEG traces of sham-operated rats
and mismatch controls were unremarkable, and not differ-
ent from EEG traces of nonoperated wild-type rats (not
illustrated). On the contrary, bilateral Dcx-KD rats were
found to exhibit spontaneous electrographic seizures. These
seizures were nonconvulsive, as no concurrent locomotor
activity was detected by the activity sensor (Figure 2Al
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and 2A2), as confirmed by video-monitoring or by direct
observation by the experimenter in some animals. Besides
locomotor arrest and immobility, repetitive facial grooming
behavior or mild clonic facial movements were often noticed
during seizures. Electrographic seizures in bilateral Dcx-KD
rats consisted of trains of high-voltage, negative or/and posi-
tive spike-waves, resembling SWDs described in rodent
models of absence epilepsy.**2® Time-frequency (Fig-
ure 2A3) and spectral power analysis (Figure 2AS5) of SWDs
revealed dominant frequencies in the alpha (8-13 Hz) and
theta (4-8 Hz) bands, and secondarily in higher-frequency
bands, consistently with what has been described in absence
epilepsy models. On average, 98.18 + 21.21 SWDs
occurred over a 24-hour period (ie, 4.09 + 0.88 SWDs/h),
and individual SWDs lasted 3.54 + 0.59 seconds (1669
SWDs from 17 rats were analyzed).

These observations indicate that bilateral SBH in this
rat model leads to chronic spontaneous nonconvulsive sei-
zures consisting of SWDs.

3.3 | Occurrence and duration of SWDs
increase with age in rats with bilateral SBH

To detect potential age-dependent relationships with the
occurrence or duration of SWDs in bilateral Dcx-KD rats, we
computed a linear regression analysis. We detected a signifi-
cant positive linear relationship between the age of animals
and the number of SWDs they exhibited in 24 hours (Spear-
man r = 0.5779, 95% confidence interval [CI]: [0.2252,
0.7967], 25 pairs of variables analyzed, P = 0.0025; Fig-
ure 2B). We also found a significant positive linear relation-
ship between the age of animals and the duration of the
SWDs they exhibited in 24 hours (Spearman r = 0.5901,
95% CI: [0.2426, 0.8033], 25 pairs of variables analyzed,
P = 0.0019; Figure 2C). When comparing the proportion of
bilateral Dex-KD rats exhibiting or not exhibiting SWDs at
2-4 months of age (53.3% with SWDs, 8/15 rats and 46.7%
without SWDs, 7/15 rats) to that of Dex-KD rats exhibiting
or not exhibiting SWDs at 6-7 months of age (90% with
SWDs, 9/10 rats and 10% without SWDs, 1/10 rats), we
observed a 1.7-fold increase. A chi-square test was used to
assess whether age and SWDs were associated in bilateral
Dcx-KD rats, revealing a barely significant association ()2 [1
df] = 3.707, P = 0.0542; Figure 2D). Of note, none of the
rats belonging to the different control groups exhibited
SWDs at 2-4 months of age (Figure 2D).

Of the 25 bilateral Dcx-KD rats we analyzed, 17 were
males and eight were females. Among the male group,
70.6% of rats exhibited SWDs (12/17) and 29.4% did not
(5/17). Among the female group, 62.5% of rats exhibited
SWDs (5/8) and 37.5% did not (3/8). A chi-square test
was used to assess whether sex and SWDs were associ-
ated in bilateral Dcx-KD rats, revealing no statistically

significant association (y2 [1 df] = 0.1635, P = 0.6859;
Figure 2E).

These observations indicate that the prevalence, occur-
rence, and duration of SDWs increase with age in rats with
bilateral SBH, with no influence of sex.

3.4 | Occurrence and duration of SWDs are
unrelated to the extent of SBH

Because histopathological examinations after EEG record-
ings (see Figure 1) revealed that bilateral Dcx-KD rats pre-
sented with SBH of variable sizes, left-right positions, and
rostrocaudal extents, we computed a linear regression anal-
ysis to detect potential anatomical relationships with the
occurrence or duration of SWDs. We detected no signifi-
cant linear relationship between the size of SBH and the
number of SWDs they exhibited in 24 hours (Spearman
r=0.02151, 95% CI: [—0.3874, 0.4233], 25 pairs of vari-
ables analyzed, P = 0.9187; Figure 3A). We also found no
significant linear relationship between the size of SBH and
the duration of the SWDs they exhibited in 24 hours
(Spearman r = 0.01408, 95% CI: [-0.3937, 0.4172], 25
pairs of variables analyzed, P = 0.9467; Figure 3B).
Importantly, we detected no significant linear relationship
between the size of SBH and the age of animals (Spearman
r=—01951, 95% CI:[-0.548, 0.2168], 25 pairs of vari-
ables analyzed, P = 0.3501; not illustrated).

The majority of bilateral Dcx-KD rats we analyzed (20/
25 rats) were implanted with a single EEG electrode, due to
the technical limitations of the radiotelemetric transmitters
we used, only enabling a single EEG channel. However, five
bilateral Dcx-KD rats were implanted bilaterally with two
EEG electrodes, allowing simultaneous sampling of EEG
signals in the somatosensory cortices of the two brain hemi-
spheres. We quantified the left-right predominance of SWD
onsets in these rats, and observed variable situations. Two
rats exhibited a clear right-side predominance of SWD onset
with 100% of SWDs (rat 337-1, 20/20 SWDs) and 98.18%
of SWDs (rat 402-2, 325/331 SWDs) detected first on the
right EEG electrode (Figure 3C). One rat exhibited a clear
left-side predominance of SWD onset with 63.63% (rat 405-
1, 140/220 SWDs) of SWDs detected first on the left EEG
electrode (Figure 3C). One rat exhibited SWDs mainly
(57.5%) detected simultaneously by the two EEG electrodes
(rat 337-2, 46/80 SWDs), other SWDs (35%) being detected
first by the left EEG electrode (28/80 SWDs), and the
remaining ones (7.5%) by the right EEG electrode (6/80
SWDs; Figure 3C and 3D). One rat exhibited SWDs equally
detected (50%) either simultaneously by the two EEG elec-
trodes (rat 402-1, 12/24 SWDs) or first by the right EEG
electrode (12/24 SWDs; Figure 3C).

Among the three rats with a clear left or right predomi-
nance of SWD onset, only one rat had a larger SBH in the
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percentage of the total SBH size) in the same rats. D, Serial frontal sections and dorsolateral view of the three-dimensionally reconstructed brain
of rat 337-2, illustrating a larger rostrocaudal extent of the left SBH as compared to the right SBH (left and right SBH are in red; white matter is
in blue). E, Examples of electroencephalographic traces simultaneously sampled from the left and right S1 cortex of rat 337-2, showing SWDs
with left-side onset (left panel) and that were simultaneously detected (right panel)

dominant hemisphere (rat 337-1; Figure 3C). The other two
rats had either SBH of similar size in both hemispheres (rat
402-2) or a larger SBH in the hemisphere opposite to the
dominant one (rat 405-1; Figure 3C). When omitting
SWDs simultaneously detected by the two EEG electrodes,
left-side onsets were predominant over right-side onsets in
one rat with a larger SBH in the left hemisphere (35% vs
7.5%, rat 337-2). When omitting simultaneously detected
SWDs, right-side onsets were predominant in two rats with
SBH of similar size in both hemispheres (rats 402-1 and
402-2; Figure 3C).

The observations indicate that the occurrence and dura-
tion of SWDs are unrelated to the size of the malformation
in rats with bilateral SBH. However, a left or right predom-
inance of SWD onsets could be seen in some individuals.

3.5 | Occurrence of SWDs during the natural
sleep/wake cycle in rats with bilateral SBH

To detect a preferential occurrence of SWDs during the
dark/light period in bilateral Dcx-KD rats, we quantified
the proportion of SWD events occurring in each period.

Although SWDs were reported to occur preferentially dur-
ing the dark rather than during the light period in absence
epilepsy models,”**>*” we found that SWDs in bilateral
Dcx-KD rats occurred equally during the dark and light
periods (55.53% + 3.12 during dark and 44.47% + 3.12
during light, Wilcoxon matched-pairs signed rank test,
P =0.1228, n = 17; Figure 4A and 4B). We further char-
acterized the occurrence of SWDs during the natural sleep-
wake cycle and observed that, although SWDs can be seen
during sleep, they preferentially occurred in the awake state
(72.71% + 7.532 during the awake state and 27.3% +
7.529 during the sleep state, Wilcoxon matched-pairs
signed rank test, P = 0.0098, n = 12; Figure 4C), and
especially during quiet wake and immobility (see also Fig-
ure 2A1 and 2A2).

We went on to characterize EEG properties during the
awake state, sleep states, and SWDs by performing power
spectrum and power band analysis at different vigilant
states and during SWDs (Figure 4D-F). As described above
(Figure 2A3 and 2AS5), the power spectrum of SWDs
revealed a sharp and prominent 9-Hz peak, and additional
sharp peaks in harmonic frequencies, although with lower
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FIGURE 4 Spike-and-wave discharges (SWDs) across the natural sleep/wake cycle in bilateral Dex-knockdown (KD) rats. A, Bar graph
illustrating the occurrence and duration of SWDs across different phases of the dark-light cycle in a representative bilateral Dcx-KD rat.

Individual bars indicate the occurrence of an SWD event, and their height show their duration (in seconds). B, C, Bar graphs showing the

percentage of SWD events occurring during the dark and the light period (B), and during sleep and awake state (C). Open circles and squares in

B and C correspond to values for individual rats. D, F, Representative raw and band-pass filtered electroencephalographic (EEG) traces at

different vigilant states and during SWDs (D) and corresponding power band analysis (F). Averaged and normalized power values from 13

bilateral Dcx-KD rats were used. NREM, non-rapid eye movement; REM, rapid eye movement. E, Comparative power spectrum analysis of
short EEG traces (2 seconds, 0-35 Hz) sampled during SWDs, wake, and NREM and REM sleep, showing a dominant ~9-Hz peak of high
power during SWDs, accompanied by other peaks at harmonic frequencies. G, Bar graphs illustrating normalized delta during NREM and theta

during REM in bilateral Dcx-KD rats compared to mismatch controls

power (Figure 4E), consistently with what was reported in
other rodent models with SWDs.?® In contrast, spectral
power during rapid eye movement (REM) sleep or in the
awake state was lower, with no prominent peak visible
(Figure 4E). During non-REM sleep, however, several
peaks in the alpha (0-4 Hz) and theta (4-8 Hz) range were
identified, although with lesser power than the prominent
9-Hz peak seen during SWDs (Figure 4E). Power band
analysis of averaged and normalized power values con-
firmed these observations (Figure 4F), and indicated a
much higher power during SWDs than during any other
vigilant states. We also examined the EEG power bands at
different vigilant states in bilateral Dcx-KD rats compared
to mismatch controls, and found a significantly decreased

delta power during non-REM sleep (P = 0.04, 19 bilateral
Dcx-KD rats and 11 mismatch rats analyzed; Figure 4G),
suggestive of a decreased sleep quality in rats with bilateral
SBH, as well as an unaltered theta power during REM
sleep (Figure 4G).

Together, these observations indicate that SWDs in rats
with bilateral SBH preferentially occur during the awake
state, and especially during quiet wake and immobility.

3.6 | SWDs are modulated by ethosuximide
in rats with bilateral SBH

SWDs in human patients and rodent models share unique
pharmacological properties in that they are alleviated by
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FIGURE 5 Spike-and-wave discharges (SWDs) in bilateral Dex-knockdown (KD) rats are modulated by ethosuximide (ETX). A, Bar graphs
illustrating the occurrence and duration (in seconds) of SWDs for 18 hours after vehicle (top) and ETX (bottom) administration to a

representative bilateral Dcx-KD rat. SWD events (individual bars) are less frequent and of shorter duration (lower height of individual bars) after
ETX. B, C, Line graphs showing the number of SWD events (B), and their duration (in minutes) in 24 hours (C) after vehicle and ETX
administration, and after a 2-day recovery period after ETX administration (post-ETX). ns, not significant. D, Bar graphs illustrating the

occurrence and duration (in seconds) of SWDs for 9 hours after vehicle (top) and carbamazepine (CBZ; bottom) administration to a

representative bilateral Dcx-KD rat. E, F, Line graphs showing the number of SWD events (E), and their duration (in minutes) in 12 hours (F)

after vehicle and CBZ administration, and after a 2-day recovery. Green dots in B, C, E, F correspond to values for individual rats

ethosuximide administration and are exacerbated by carba-
mazepine (CBZ) treatment.”**° To further understand the
properties of SWDs in bilateral Dcx-KD rats, we adminis-
tered ethosuximide (ETX; 200 mg/kg intraperitoneal) to six
bilateral Dcx-KD rats and quantified using EEG recordings
the occurrence and duration of SWDs for 24 hours after
vehicle or ETX treatment, as well as 2 days later. We
found a drastic reduction in both the number and duration
of SWDs occurring over a 24-hour period after ETX
administration (Friedman test, P = 0.0017, Dunn multiple
comparisons test, P = 0.0045 for vehicle vs ETX; Fig-
ure 5SA-C), which returned to baseline values 2 days later
(Dunn multiple comparisons test, P = 0.1299 for vehicle
vs post-ETX; Figure SA-C).

We also administered CBZ (20 mg/kg intraperitoneal)
to four bilateral Dcx-KD rats and quantified the occurrence
and duration of SWDs for 12 hours after vehicle or CBZ
treatment, as well as 2 days later. Contrary to ETX treat-
ment, CBZ induced a nonsignificant increase in the number
and duration of SWDs (Friedman test, P = 0.0017, Dunn
multiple comparisons test, P = 0.2313 and P = 0.3348 for

vehicle vs CBZ, number and duration of SWDs, respec-
tively; Figure 5E-G), which returned to baseline values
2 days later (Dunn multiple comparisons test, P = 0.9999
and P = 0.8665 for vehicle vs post CBZ, number and dura-
tion of SWDs, respectively; Figure 5E-G).

Because ETX is the first-choice anticonvulsant for
absence seizures, these observations further validate the
SWD nature of the spontaneous seizures seen in rats with
bilateral SBH.

4 | DISCUSSION

Here, we report that the in utero RNAi-mediated KD of
Dcx by means of a tripolar electroporation method repro-
ducibly induces bilateral SBH associated with a chronic
epileptic condition characterized by SWDs in rats. This
novel model of bilateral SBH with spontaneous epilepsy
may potentially provide valuable new insight into causality
between SBH and seizures, which is still largely elusive in
human patients.
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SBH patients typically present with epilepsy (85%-96%
depending on patient cohorts) and have their first seizure in
the first decade.”?! Seizure types are highly variable from
patient to patient, and vary from focal onset seizures (par-
tial seizures) to generalized onset seizures. Simple/complex
partial seizures are most often described (68%-69%); drop
attacks (26%-30%), absence seizures (23%-29%), and myo-
clonic seizures (14%-16%) are frequently found alone or in
combination (43%-60%) as well as generalized tonic-clonic
seizures (19%-57%).>>! Patients with West syndrome and
Lennox-Gastaut syndrome have also been described.’*'
Importantly, a high proportion of drug resistance (65%-
78%) is reported,”>' and surgical treatment yields poor out-
comes.' %7 Seizure types found at epilepsy onset often
evolve, and a combination of multiple seizure types could
be observed as epilepsy progresses.””' Given the diversity
of seizure types described, no clear disease-specific EEG
pattern is associated with SBH, and various abnormal pat-
terns are described.

In Dcx-KD rats with bilateral SBH described herein, a
single seizure pattern consisting of SWDs was observed,
and its electrographic and pharmacological properties were
similar to those seen in human patients”**° and rodent
models?*#>73% of absence seizures. In Dex-KD rats with
unilateral SBH, we previously reported a similar electro-
graphic pattern of SWDs,'” although its pharmacological
profile was not investigated. The tish rat, another rat model
with bilateral subcortical heterotopia, which appeared spon-
taneously in a colony of Sprague Dawley rats and has
spontaneous partial seizures,” was recently reinvesti-
gated.”® These investigations indicated that electrographic
abnormalities in tish rats also consisted of SWDs. In all,
these observations in different rat models suggest that a
chronic epileptic condition characterized by SWDs could
be induced by the presence of unilateral or bilateral SBH.
Given that about a quarter of SBH patients present with
absence epilepsy (see above), this suggests a possible cau-
sal link between SBH and absence seizures in these
patients, although the underlying pathomechanisms remain
unresolved.

Surface EEG in SBH patients with absence seizures
typically shows generalized bilateral SWDs predominantly
in frontal regions.”>>> Given the anterior-biased location
of SBH in most female patients with DCX mutations*'*?
and the particular involvement of frontal regions in
absence epilepsy,**™ it is tempting to speculate that sei-
zures are primarily generated by epileptogenic networks
located in frontal regions in SBH patients with absence
epilepsy. Although stereo-EEG recordings have been con-
ducted in a few SBH patients,“w‘8 none has been per-
formed in absence patients with SBH that could
corroborate this idea, to our knowledge. In bilateral Dcx-
KD rats implanted bilaterally with two EEG electrodes,

SWDs were always recorded from both hemispheres,
although with shorter latencies in one or the other, sug-
gesting possible asymmetric onsets depending on the
location and extent of SBH, or depending on those of
epileptogenic networks.

Disregarding the seizure type, it is still unclear which of
the two structures—the SBH or the overlying cortex—is
responsible for seizure generation, and EEG-—functional
magnetic resonance imaging studies have revealed blood
oxygenation level-dependent changes extending to both
structures during seizure events.*>® These observations
suggest that extended or multiple focal seizure generators
could exist, in agreement with the multifocal nature of
epileptic activity in SBH patients, the poor surgical outcome
of focal resection of epileptogenic tissue,'' and relatively
greater outcomes of anterior corpus callosotomy.''**>” The
situation is even more complex because a high proportion
of patients (64%) present with multiple seizure types in
combination,*! likely initiated from distinct seizure genera-
tors. In bilateral Dcx-KD rats, a single seizure type was
found, which may facilitate future investigations of the
physiopathological mechanisms relating SBH to epilepsy.

More severe clinical phenotypes were found associated
with larger SBH in large cohorts of patients with DCX
mutations.” This clinical observation prompted us to gener-
ate this novel model with larger and bilateral SBH, reason-
ing that the epilepsy phenotype may be distinct, more
severe or with an earlier age of onset, as compared with
the previous model with unilateral SBH.'” Although the
electrographic pattern of seizures was not different in the
two models, epilepsy onset in bilateral Dcx-KD rats was
found to be shifted toward earlier ages (2 vs 6 months), in
keeping with this idea. However, we revealed no associa-
tion between the size of bilateral SBH and the frequencies
or durations of SWDs, although SWDs were initiated on
some occasions from brain hemispheres comprising larger
SBH.

In all, we characterized herein a novel rat model with
bilateral SBH and chronic spontaneous nonconvulsive sei-
zures, generated by manipulating the expression of Dcx,
one of the main causative genes of SBH in humans. This
model, associating genetic, histopathological, and electro-
clinical features relevant to those seen in human patients,
may potentially provide valuable new insights into causal-
ity between SBH and seizures. Similar to other experimen-
tal model systems, our rat model has limitations that may
preclude the generalization of conclusions derived from its
study. Although a great diversity of seizure types is
described in SBH patients, bilateral Dcx-KD rats present
with a single seizure type, and thus only reproduce the
symptomatology of a subpopulation of patients. Given the
clinical-radiological heterogeneity of DCX-related disorders,
with severe sporadic and milder familial form of SBH,
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each associated with various DCX mutations,” and the
absence of a clear disease-specific EEG pattern, it is not
unexpected that a single experimental model cannot reflect
such diversity. Despite these limitations, future work aim-
ing at identifying and characterizing epileptogenic networks
in bilateral Dcx-KD rats may be helpful for clarifying the
relative contribution of the SBH and the overlying cortex
to epilepsy. Of interest, we have recently identified circuit-
level abnormalities in the overlying cortex of bilateral Dcx-
KD rats prior to epilepsy onset,’' suggesting that this
model may also be useful for investigating mechanisms
related to the development of epilepsy. Lastly, further
investigations and behavioral tests are required to assess
whether concurrent epilepsy comorbidities are present in
bilateral Dcx-KD rats.
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