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Objective: Subcortical band heterotopia (SBH) is a cortical malformation formed when neocortical neurons prema-
turely stop their migration in the white matter, forming a heterotopic band below the normotopic cortex, and is gen-
erally associated with intractable epilepsy. Although it is clear that the band heterotopia and the overlying cortex
both contribute to creating an abnormal circuit prone to generate epileptic discharges, it is less understood which
part of this circuitry is the most critical. Here, we sought to identify the origin of epileptiform activity in a targeted
genetic model of SBH in rats.
Methods: Rats with SBH (Dcx-KD rats) were generated by knocking down the Dcx gene using shRNA vectors trans-
fected into neocortical progenitors of rat embryos. Origin, spatial extent, and laminar profile of bicuculline-induced
interictal-like activity on neocortical slices were analyzed by using extracellular recordings from 60-channel microelec-
trode arrays. Susceptibility to pentylenetetrazole-induced seizures was assessed by electrocorticography in head-
restrained nonanesthetized rats.
Results: We show that the band heterotopia does not constitute a primary origin for interictal-like epileptiform activ-
ity in vitro and is dispensable for generating induced seizures in vivo. Furthermore, we report that most interictal-like
discharges originating in the overlying cortex secondarily propagate to the band heterotopia. Importantly, we found
that in vivo suppression of neuronal excitability in SBH does not alter the higher propensity of Dcx-KD rats to display
seizures.
Interpretation: These results suggest a major role of the normotopic cortex over the band heterotopia in generating
interictal epileptiform activity and seizures in brains with SBH.
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have also been reportecl.‘%’G’7 Overall, mutations of DCX
were identified in 100% of familial SBH phenotypes,
and 85 to 90% of sporadic cases.®”

SBH in humans is associated with mental retarda-

Subcortical band heterotopia (SBH) or double cortex
syndrome 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 or normotopic cortex.'
This neuronal migration disorder is caused by mutations
in the DCX gene and has an X-linked pattern of inheri-
tance, with SBH in heterozygous female carriers, and lis-
sencephaly in  hemizygous males.”” Rare SBH

phenotypes in male patients with mosaic DCX mutations

tion and epilepsy, with a high proportion of drug-

. . 8,10,11
resistant seizures.

Although both invasive (stereo
electroencephalography [EEG]) and noninvasive (EEG
combined with functional magnetic resonance imaging)
electroclinical exploration of seizure generators were car-

ried out in a few patients with SBH, it remains unclear
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which structure in SBH or the normally migrated cortex
is the most critical for generating abnormal activities. In
these patients, epileptiform activities were recorded from
both the heterotopic band and normotopic cortex, inde-
pendently or not, and sometimes propagated to other
brain structures.'>'?

Experimental SBH can be modeled in rats by
knocking down Dex in embryonic brains using in utero
RNA interference."*"® These Dex-KD rats  display
altered neocortical excitability,'* resulting in an increased
propensity for convulsant-induced seizures at juvenile
ages and spontaneous focal, absencelike seizures in adult-
hood.’®"” Neurons located in SBH were found inte-
grated within the same network as the overlying
normotopic cortex, and both the heterotopic and normo-
topic cortices participated to epileptiform discharges.'*

Therefore, although it is clear from animal and
human studies that the band heterotopia and the overly-
ing cortex both contribute to creating an abnormal cir-
cuit prone to generate epileptic discharges, it is less
understood whether SBH is the origin of epileptiform
activity. To investigate this issue, we performed 60-
channel extracellular recordings from a microelectrode
array (MEA) on neocortical slices from Dex-KD rats, and
electrocorticography in head-restrained nonanesthetized
Dex-KD rats. We show that the band heterotopia does
not constitute a primary origin for interictal-like epilepti-
form activity in vitro and is dispensable for generating
induced seizures in vivo. Furthermore, we report that
most interictal-like discharges originating in the normo-
topic cortex secondarily propagate to the band hetero-
topia. Importantly, we found that in vivo suppression of
neuronal excitability in SBH does not alter the higher
propensity of Dex-KD rats to display seizures, suggesting
that the network reorganization previously reported in
the normotopic cortex on its own may well contribute to
seizure susceptibility.

Materials and Methods

Animal experiments were performed in agreement with Euro-
pean directive 2010/63/UE and received approval from the
French Ministry for Research, after ethical evaluation by the
institutional animal care and use committee of Aix-Marseille
University (protocols #9-21032012 and #51-02112012).

In Utero Electroporation

We generated Dex-KD animals and mismatch controls using in
utero electroporation, as described before.">'” We used plasmid
vectors encoding shRNAs targeting the 33’ untranslated region
(3'UTR) of Decx (3UTRhp, 1 pg/ul) or encoding ineffective
shRNAs with 3 point mutations creating mismatches
(3UTRm3hp, 1 pg/ul). Whereas the former construct effi-
ciently knocks down Dex expression in vivo, the latter construct

is ineffective in causing Dex knockdown."® Plasmid vectors
were microinjected by pressure (PV 820 Pneumatic PicoPump;
World Precision Instruments, Sarasota, FL) through the uterus
of ketamine (IMALGENE 1000; Merial, Lyon, France; 100mg/
kg)/xylazine (Rompun 2%; Bayer Healthcare, Leverkusen,
Germany; 10mg/kg) anesthetized pregnant Wistar rats (Janvier,
Le Genest-Saint-Isle, France) into the lateral ventricles of
embryonic day 15 embryos by pulled glass capillaries (Drum-
mond Scientific, Broomall, PA). Plasmids encoding green fluo-
rescent protein (GFP) or monomeric red fluorescent protein
(mRFP; CAG-GFP, 1 ug/ul; CAG-mRFP, 0.5 ug/ul) as reporter
genes were electroporated concomitantly with vectors expressing
shRNAs against Dex or mismatch shRNAs. Electroporations
were accomplished by discharging a capacitor with a sequencing
power supply (BTX ECM 830 electroporator; BTX Harvard
Apparatus, Holliston, MA). The voltage pulse (40V) was dis-
charged across tweezer-type electrodes (Nepa Gene Co, Chiba,
Japan) pinching the head of each embryo through the uterus.
For creating Dex-KD rats with silenced SBH, RFP and
Kir2.1 (CAG-Kir2.1, 1 pug/pl) expression plasmids were
injected and electroporated together with plasmids encoding
shRNAs against Dex 3'UTR. For creating Dex-KD rats with
silenced SBH and normotopic cortex, a 2-step electroporation
procedure was utilized: Kir2.1 and GFP expression plasmids
were injected and electroporated 30 minutes before RFP and
Dex shRNA plasmids. As reported earlier, high coexpression lev-
els of different transgenes can be obtained from multiple coelec-
troporated plasmids.17’19 Here, we confirmed that only
3.15+0.8% of RFP-expressing neurons coelectroporated with
Decx shRNAs  plasmids were Dcex-immunopositive, whereas
77.8 £2.0% of RFP-expressing neurons coelectroporated with
mismatch shRNAs were Dex-immunopositive on primary corti-
cal neuron cultures (363 and 219 neurons were analyzed; ¢ test;
£ <0.0001). Furthermore, we confirmed that ~90% of GFP-
expressing neurons coelectroporated with Kir2.1 plasmids func-
tionally expressed Kir2.1 channels on cultivated slices (16 of 18
neurons) and 100% of them on acute neocortical slices (5 of 5
neurons). Together, these data suggest that a large proportion of

fluorescent, transfected neurons also coexpress either effective

Dcx shRNAs and/or functional Kir2.1 channels.

Intracortical EEG Recordings

Recordings were performed from head-restrained nonanesthe-
tized rats from postnatal day (P) 13 to P17 (n=47) as
described previously.”” Stereotaxic surgeries for electrophysiol-
ogy were performed under isoflurane anesthesia. Rat pups were
anesthetized initally with 3% isoflurane in air that was admin-
istered through a facemask. Buprenorphine (buprecare; Axience,
Mumbai, India; 0.03mg/kg, 0.03mg/ml) was injected subcuta-
neously before the surgery and a local anesthetic (lidocaine
[Xylovet]; Ceva Sante Animale, Libourne, France) was infil-
trated under the skin at all incision points. During surgery, the
concentration of isoflurane was kept at 1.0 to 1.5%. The skull
was exposed and covered by dental acrylic except a bone part
above the somatosensory cortex to allow electrode implantation.
Following a recovery period, animals were placed in a
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stereotaxic frame, and body temperature was maintained at
37°C, using a heating pad. The animal head was restrained
using dental acrylic fixation between the nose bar and frontal
bone and between ear bars and occipital bone not to hurt ani-
mals during the restraining. Under isoflurane anesthesia (1.0—
1.5%), holes were drilled to lower reference electrodes within
the cerebellum and recording electrodes within the somatosen-
sory cortices of the 2 hemispheres. Recording electrodes (para-
formaldehyde-insulated, single-stranded stainless steel wires;
bare diameter = 0.003in; A-M Systems, Carlsborg, WA) in the
somatosensory cortices were inserted at the following coordi-
nates: —lmm from bregma, Smm from midline, and 1.5mm
from brain surface. Through these electrodes and after a recov-
ery period of 30 minutes, extracellular field potentials were
recorded versus references, amplified 1,000X using a custom-
built amplifier, and digitized at 10kHz through a Digidata
1440 interface (Axon Instruments, Sunnyvale, CA). After a
30-minute baseline, pentylenetetrazol (PTZ) was administrated
(Sigma-Aldrich, St Louis, MO; 25mg/kg, intraperitoneally)
every 10 minutes untl seizure occurrence. Valium (Roche,
Basel, Switzerland; 2.5mg/kg, intraperitoneally) was injected to
stop seizures lasting >5 minutes. The number of PTZ injec-
tions triggering seizures and seizure latency were analyzed.

Histological Analysis

At the end of each in vivo experiment, rats were deeply anes-
thetized with pentobarbital and perfused. Brains were removed,
sectioned (100 um coronal sections) with a vibrating micro-
tome (Microm HM 650V; Thermo Scientific, Waltham, MA),
and mounted on glass slides. Both for determination of record-
ing electrode site after intracortical EEG recordings and for
SBH characterization, microphotographs were taken using an
Olympus (Tokyo, Japan) SZX16 fluorescent sterecomicroscope.
Rostrocaudal extent, size, and position of SBH were measured.
The last 2 parameters were quantified at the level of the bregma
reference. SBH position was determined by calculating distances
between the SBH center of mass and an anatomical reference
below the somatosensory cortex. To define the anatomical refer-
ence, a horizontal line starting below the corpus callosum was
drawn perpendicularly to the section midline. This horizontal
line intersects with the gray—white matter border below the
somatosensory cortex at a unique location. Neocortical sections
were manually reconstructed in Photoshop (Adobe Systems,
San Jose, CA). For coexpression analysis, microphotographs
were taken using a Leica (Wetzlar, Germany) TCS SP5 X con-
focal microscope using X20 objectives. Neurons coexpressing
RFP and GFP were counted in Fiji/Image] 1.45b,%! using a
cell-counter plugin (Kurt De Vos, University of Sheffield, Shef-
field, United Kingdom). Abbreviations and structure limits are
based on the postnatal rat brain in stereotaxic coordinates at
P14 (Zaynutdinova-Khazipov et al, unpublished data).

Multisite Recordings from Microelectrode
Arrays

Brains from P15 Dex-KD and mismatch pups were rapidly
removed and placed in oxygenated ice-cooled artificial cerebro-
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spinal fluid (ACSF) with the following composition (in milli-
molars): 126 NaCl, 3.5 KCl, 2 CaCl,, 1.3 MgCl,, 25
NaHCO;, 1.2 NaHPOy, and 10 d-glucose (95% O, and 5%
CO,, pH 7.4). Coronal neocortical slices (400 um) were
obtained with a vibrating microtome (Microm International,
Walldorf, Germany) and kept in oxygenated ACSF at room
temperature at least 1 hour before use. Substrate-integrated
MEAs (Multi Channel Systems, Reutlingen, Germany) were
used to record neuronal activity, as described with modifica-
tions.”> MEAs comprised 59 electrodes of 50 um diameter in a
6 X 10 arrangement with 500 pm spacing between electrodes
or 60 electrodes of 30 um diameter, in an 8 X 8 arrangement
with 200 um spacing between electrodes. Individual slices were
then transferred to the recording chamber, where they were
fully submerged and superfused with 30°C ACSF at a rate of
2ml/min. Slice position upon the MEA was determined by
observation with an Olympus SZX16 stereomicroscope. Once
positioned, slices were immobilized using a grid. Epileptiform
activity was induced by bath application of the y-aminobutyric
acid (GABA)s receptor antagonist bicuculline methochloride
(Tocris, Bristol, United Kingdom). Slices were first recorded in
the absence of any drug for 20 minutes to monitor spontaneous
activity. Then, bicuculline was bath applied at increasing con-
centrations (0.5 uM, 1 uM, and 2 uM) every 20 minutes, and
epileptiform activity was recorded for 20 minutes at the highest
concentration (2 uM). Recordings were performed using MC
Rack software (Multi Channel Systems), and electrode raw data
were digitized at 10kHz after amplification (1,100 X gain). At
the end of the recordings, slices were photographed under fluo-
rescent light and bright field with a CCD camera (Motic,
Hong Kong).

Analysis of MEA Signals
Detection of interictal-like events (ILEs) was performed on 3 to
200Hz bandpass filter after downsampling the electrode raw
data to 1kHz, using a custom-written program in Matab
(MathWorks, Natick, MA). A 2-step detection procedure was
utilized: first, events with amplitudes >5X the standard devia-
tion (SD) of the signal for the whole recording period were
roughly detected for each MEA channel. Next, onsets of indi-
vidual events for each MEA channel were more precisely deter-
mined using a threshold based on the calculated SD from the
signal of the second preceding the detected event. For individ-
ual ILEs, the MEA channel with the earliest onset was detected
and the recruitment onset for other subsequently active MEA
channels was calculated. Based on the calculated MEA channel
recruitment delays and the shape of the local field potential
(LFP), an experimenter blind to the condition analyzed was
then prompted by the program to determine the MEA channel
from which the LFP with the sharpest negativity peak and the
highest amplitude was first recorded. Events with confirmed
origins of onset were further analyzed, and inadequately
detected events or artifacts were discarded.

Hierarchical clustering was utilized to classify detected
events. We developed a custom clustering algorithm in Matlab
that determined the groupings based on statistical significance
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(see Feldt Muldoon et al*®). This algorithm grouped events
with statistically similar spatiotemporal dynamics. It did not
require a priori knowledge of the number of groups. The algo-
rithm relied on a 2-step method that classifies events first
regarding their temporal dynamics (ie, MEA channel recruit-
ment onsets) and second with respect to their spatial shape (ie,
maps of involved MEA channels). The classifications were based
on pairwise similarity metrics adapted to our specific measure-
ments. The statistically closest events with respect to these met-
rics were then grouped together using an agglomerative
hierarchical cluster tree based on the shortest distance between
statistical significances (linkage method using average distance).
The clusters were finally defined by cutting the tree at a thresh-
old of 0.05. To rigorously compare the origins of onset of
interictal-like activity between rats and experimental conditions,
we used a custom-written program in Matlab that unfolds the
neocortex and converts it into standardized rectangles. First, the
outer and inner contours of the cortex were manually selected,
as well as 2 opposite corners of the MEA grid and the SBH
contour. The cortex contours were interpolated using a fourth-
order polynomial fit. We then defined a new set of coordinates
(L, H) where L was the linear coordinate along the inner cortex
(arc length) and H the distance from the inner cortex; H was
normalized for each position L so that H=0 on the inner cor-
tex and H=1 on the outer cortex. Finally, the manually
selected Cartesian coordinates of the SBH contour and the
MEA grid were converted to the standardized coordinates (L,
H) using the explicit equations of the cortex contours.

Current source density analysis was performed from ILEs
recorded from a linear array of 7 MEA channels (interelectrode
distance =200 pum) covering a cortical column above SBH in
Dex-KD rats or at a similar location in mismatch. For each
recording, amplitudes of 5 randomly chosen ILEs were normal-
ized, temporally aligned with respect to the onset of the LFP
events having the sharpest negative peak and highest amplitude,
and averaged. Current source density was calculated for the
averaged ILE according to Nicholson and Freeman®* in Matlab,
and a 3-dimensional map with color-coded current source den-
sity (CSD) values was drawn.

Multiunit activity (MUA) detection was performed with
MC-Rack software. A high-pass filter (Butterworth second
order) was applied at 300Hz on raw signals. Spikes with
amplitude >3 SD were automatically detected within MC-
Rack. The proportion of LFP events associated with MUA was
quantified, as well as the mean number of detected spikes per

population event.

Patch Clamp Recordings on Cultivated and
Acute Slices

Hippocampal slices (400 pm) from P5 wild-type rats were pre-
pared using a Mcllwain tissue chopper (The Mickle Laboratory
Engineering Co. Ltd., Guildford, Surrey, UK) and transferred
to the electroporation chamber (Nepa Gene Co, Chiba, Japan)
containing cold phosphate-buffered saline/glucose (0.6%). Plas-
mids encoding GFP (CAG-GFP, 1 pg/ul) and Kir2.1 (CAG-
Kir2.1, 1 pg/ul), or GFP alone were microinjected by pressure

(Picospritzer; General Valve Corporation, Fairfield, NJ) into the
brain tissue using a glass capillary (Drummond Scientific). Volt-
age pulse (25V) was given through a round-shaped electrode
that was positioned onto the slice surface using a micromanipu-
lator. Electroporated slices were then cultivated at 37°C with
5% CO, and 95% air onto the membrane of Millicell-CM
inserts (Millipore, Billerica, MA) in a minimum essential
medium supplemented with horse serum (20%) and insulin (25
ug/ml). After 2 or 3 days in vitro, cultured slices were placed
in a recording chamber, where they were fully submerged and
superfused at a 2 to 3ml/min flow rate with an oxygenated
ACSF (see above). Acute neocortical slices from P15 rat brains
were prepared as described above. GFP-expressing neurons were
visualized with a fluorescent upright microscope equipped with
an appropriate filter and recorded using the patch clamp tech-
nique in the whole cell configuration. Microelectrodes had a
resistance of 5 to 10MQ and were filled with a solution con-
taining the following (in millimolars): 130 KMeSOy, 5 KCl, 5
NaCl, 10 HEPES-K, 2.5 MgATP, 0.3 NaGTP, pH=7.25.
Whole cell measurements in current clamp mode were digitized
using Axoscope (Molecular Devices, Sunnyvale, CA) and Pulse
(HEKA Elektronik, Lambrecht/Pfalz, Germany). Data were
analyzed using Clampfit (Molecular Devices) and MiniaAnalysis
(Synaptosoft, Decatur, GA).

Statistical Analysis

Statistical analysis was performed using Prism 6.01 (GraphPad
Software, La Jolla, CA). Normality of data distribution was
checked with the d’Agostino and Pearson omnibus test, and
parametric or nonparametric tests (listed in the main text) were
used accordingly. All data are presented as mean * standard
error of the mean.

Results

Dcx-KD Rats Display Subcortical Band
Heterotopia and Increased Susceptibility to
PTZ-Induced Seizures

We created rats with SBH using in utero electroporation
and RNAi-mediated Dex knockdown. Plasmids encoding
shRNAs against the 3'UTR of Dex were injected into the
cerebral ventricles of embryonic day 15 rat embryos and
were electroporated into a subset of neural progenitors to
initiate SBH formation and laminar displacement, as
described.!*'® Our control animals (mismatch) were cre-
ated by udilizing shRNAs with 3 point mutations creat-
ing mismatches, making them ineffective at causing Dex
knockdown. Both control and Dex-KD rats expressed
either red or green fluorescent proteins in the targeted
neuronal population for facilitating its visualization.

To characterize histopathological features of our rat
model, we first measured the rostrocaudal extent, size,
and position of SBH at P15 in a group of 6 Dex-KD
rats. In 6 of 6 Dcx-KD rats, we consistently observed
bandlike structures resembling SBH at the gray—white
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FIGURE 1: Dex-KD rats display subcortical band heterotopia below the somatosensory cortex and exhibit increased susceptibil-
ity to pentylenetetrazol (PTZ)-induced seizures. (A, B) Reconstructed neocortical sections positioned at bregma from 6 Dcx-KD
rats (A) and 7 mismatch controls (B). Green lines delineate subcortical band heterotopias (SBHs), and asterisk shows the ana-
tomical reference. cc = corpus callosum; Cg = cingulate cortex; CPu = caudate putamen; LV = lateral ventricle; M = motor cor-
tex; Pir= piriform cortex; S1 = primary somatosensory cortex; S2 = secondary somatosensory cortex; wm = white matter. (C)
Box plot and bar graph showing size distribution and mean size of SBH. In the box plot, the horizontal line shows the median,
and whiskers show minimum/maximum values. In the bar graph, mean values =+ standard error of the mean (SEM) are given. (D)
Scatter dot plot showing the position of SBH center of mass relative to the anatomical reference (vertical dashed line on the
plot = asterisk in B). Vertical bar and error bars show mean and SEM, respectively. (E) Bar graph and scatter dot plot showing
the rostrocaudal extent of SBH. Mean values = SEM are given. (F) Microphotograph of a neocortical section from a Dcx-KD rat
showing the recording site and SBH. (G) Representative intracortical electroencephalographic (EEG) recording from a Dcx-KD
rat showing a PTZ-induced electrographic seizure. Seizure initiation is characterized by a single EEG spike (asterisk), followed
by high-amplitude, high-frequency spiking activity, which progresses into a regular spiking activity at the tonic phase of the sei-
zure (box 1, shown enlarged in G,). The clonic phase of the seizure comprises large-amplitude waves containing multiple EEG
spikes (box 2, shown enlarged in G), and is associated with a reduction in frequency. (H, 1) Bar graph and scatter dot plot illus-
trating the mean number of PTZ injections leading to electrographic seizures (H) and the mean latency to PTZ-induced seizures
(I) in control/mismatch (ctrl/mism) and Dcx-KD rats (13 and 10 rats, respectively). Mean values = SEM are given. *p<0.05.

matter border below the somatosensory cortex, and
extending within both deep cortical layers and white
matter (Fig 1A). Rostrocaudally, these SBH extended
over a mean length of 5.9 £ 0.8mm from their most ros-
tral end located on average 1.8+ 0.8mm rostral to

of SBH

0.9+ 0.1mm?, and SBH centers of mass were located

bregma. At bregma, the size averaged

0.4 = 0.3mm from an anatomical reference (see Materials
and Methods) below the somatosensory cortex (see

Month 2014

Fig 1C-E). Control rats generated using the same experi-
mental procedure but with ineffective shRNAs never dis-
played any detectable histopathological abnormalities (see
Fig 1B).

To assess for the presence of EEG abnormalities,
we next performed intracortical EEG recordings in 10
head-restrained nonanesthetized Dex-KD rats and 13
controls. We bilaterally implanted 2 recording electrodes

at stereotaxic coordinates corresponding to the most
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rostral third of the brain portion containing SBH, as
extrapolated from the histopathological data described
above. In all implanted rats, post hoc histological analy-
ses confirmed both the presence of SBH (see Fig 1F) and
the appropriate positioning of electrode implantation
sites. Thirty-minute baseline recordings of the ongoing
activity in head-restrained P13-17 Dex-KD rats did not
reveal any spontanecous epileptiform events, in keeping
with what we previously observed in freely moving P12
to P15 Dex-KD rats.'® Control rats never displayed EEG
abnormalities either. To evaluate whether the presence of
SBH in Dcx-KD rats is associated with an increased sus-
ceptibility to induced seizure, we intraperitoneally admin-
istered Dcx-KD rats and controls with a series of
subconvulsive doses of PTZ (25mg/kg) every 10 minutes
while recording their intracortical EEG. As compared to
control rats, we recorded electrographic seizures in Dex-
KD rats at significantly lower doses of PTZ
(82.50 = 3.82mg/kg in Dex-KD rats and 100 * 5.66mg/
kg in control/mismatch; unpaired ¢ test, p <0.05) and
with significantly shorter latencies (1,755 % 78.99 sec-
onds in Dex-KD rats and 2,063 * 113.30 seconds in
control/mismatch; unpaired 7 test, p < 0.05; see Fig 1G—
I). Once evoked, seizures in control and Dcx-KD rats
were similar, for all parameters we analyzed (not shown),
and always comprised a tonic and a clonic phase (see
Fig 1G).

Thus, Dex-KD rats consistently display SBH resem-
bling those seen in patients, and the presence of such
malformation contributes to creating an altered neocorti-
cal circuitry associated in rats with an increased propen-

sity for convulsant-induced seizures.

Interictal-like Activity in Neocortical Slices Can
Be Decomposed into Groups of Interictal-like
Events Sharing Highly Similar Spatiotemporal
Dynamics

To investigate which part of the altered neocortical cir-
cuitry—SBH or the overlying cortex—might underlie
the increased propensity for induced seizures in Dex-KD
rats, we prepared neocortical slices from P15 rats with
SBH and controls and made extracellular recordings
using 60-channel MEAs. In keeping with our intracorti-
cal EEG recordings and previous report,14 20-minute
extracellular recordings in normal ACSF did not reveal
any spontaneous epileptiform activity in slices from Dex-
KD rats. We then tested whether slices from Dcx-KD
rats were capable of generating epileptiform activity
when perfused with 2 uM bicuculline, an antagonist of
GABA, receptors. As expected, interictal-like epilepti-
form activity composed of synchronous epileptiform
ILEs was generated under this condition in all slices

from Dex-KD rats (Fig 2A) and controls, and LFPs were
simultaneously recorded from multple MEA channels
(see Fig 2A, B). Amplitude, duration of ILEs, and intere-
vent interval as measured from a selected MEA channel
were not significantly different in slices from Dex-KD
rats and controls (not shown), suggesting that slices with
SBH have a similar threshold for generating epileptiform
activity as control slices with no SBH, although Dex-KD
rats have lower thresholds than controls for induced
seizures in vivo.

To further characterize interictal-like activity in sli-
ces from Dex-KD and control rats, we identified for each
ILE the MEA channel from which the LFP with the
sharpest negativity peak and highest amplitude was first
recorded and then measured the recruitment onset for
other subsequently active MEA channels. Color-coded
pixel maps showing the recruitment delays for each MEA
channel were constructed to represent the spatiotemporal
dynamics of MEA channel recruitment onset for individ-
ual ILEs (Fig 2). To further search for statistically signifi-
cant similarities between spatiotemporal dynamics of
MEA channel recruitment onsets for individual ILEs, we
designed a clustering algorithm based on chosen similar-
ity metrics (see Materials and Methods and Feldt Mul-
doon et al*®). In brief, this algorithm sequentially groups
ILEs based on the temporal dynamics of MEA channel
recruitment onsets and on the spatial distance between
recruited MEA channels, and a dendrogram representing
the order of grouping is generated. A statistical signifi-
cance cutoff determining the point at which the grouping
is no longer statistically significant is calculated, and a
common color is attributed to ILEs that have been
grouped below this threshold in the dendrogram. This
analysis revealed that interictal-like activity in neocortical
slices from both Decx-KD and control rats can be decom-
posed in a limited number of clusters that was not signif-
icantly different in the 2 conditions (2.8 = 0.2 clusters/
slice in mismatch rats; 2.5 = 0.2 clusters/slice in Dex-KD
rats; unpaired # test, p=0.3). On average, the major
cluster was found to comprise >60% of the ILEs
recorded from a given slice (63.8 = 7.4% in mismatch
and 64.4 = 6.1% in Dcx-KD), the distribution of ILEs
between clusters being not significantly different in slices
from Dex-KD or control rats, nor the total number of
recorded ILEs.

Taken together, these observations suggest that neo-
cortical slices are capable of generating highly stereotyped
interictal-like activity composed of groups of ILEs shar-
ing similar spatiotemporal dynamics, thus enabling a reli-
able characterization of both the origin and spatial extent
of interictal-like activity in slices with SBH, as compared
to control slices.
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FIGURE 2: Interictal-like activity in neocortical slices can be decomposed into groups of interictal-like events (ILEs) sharing
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containing a neocortical slice. Bottom panels: fluorescent and composite microphotographs of a neocortical section from a
Dcx-KD rat, as mounted on the MEA grid. Green fluorescent protein—expressing fluorescent neurons forming SBH are in green.
S1 = primary somatosensory cortex; SBH = subcortical band heterotopia; wm, white matter. (B) Top panel: a schematic view
showing the spatial arrangement of the MEA grid on a neocortical slice from a Dcx-KD rat. Green lines delineate SBH bounda-
ries. Bottom panel: interictal-like activity in a Dcx-KD rat, as simultaneously recorded from 5 selected MEA channels (out of 60
MEA channels) located in the normotopic cortex (black traces, channels 27-30) and in SBH (green trace, channel 26). Asterisk
marks the ILE shown at higher timescale in C. (C) An ILE, as simultaneously recorded from 60 MEA channels. Traces are
arranged according to the topology of MEA channels on the slice (shown in the top panel). Signals recorded from the 3 SBH-
located MEA channels are showed in green. The color-coded pixel map illustrates the spatiotemporal dynamics of MEA chan-
nels recruitment onset for the same event. Green rectangle delineates MEA channels located in SBH. (D) Left, dendrogram rep-
resenting hierarchically clustered ILEs recorded from a Dcx-KD rat, and obtained using a clustering algorithm based on the
temporal dynamics and spatial shape of events. The statistically closest ILEs with respect to their spatiotemporal dynamics are
grouped together using an agglomerative hierarchical cluster tree based on shortest distances between probability values.
Right: representative pixel maps of selected ILEs belonging to the different clusters. (E) Bar graph and scatter dot plots show-
ing the percentage of ILEs distributed in each cluster in control (ctrl)/mismatch and Dcx-KD rats. Note that the major cluster
comprises >60% of events. ns = not significant. (F) Bar graph and scatter dot plots illustrating the mean number of clusters
obtained after analyzing interictal-like activity in control/mismatch and Dcx-KD rats. (G) Bar graph and scatter dot plots show-
ing the total number of ILEs recorded and analyzed in control/mismatch and Dcx-KD rats. Interictal-like activity from n=7 con-
trol/mismatch rats and n = 6 Dcx-KD rats was analyzed. Mean values = standard error of the mean are given.
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FIGURE 3: Interictal-like activity (ILA) in neocortical slices does not originate in subcortical band heterotopia (SBH), but within
the most superficial layers of the overlying cortex. (A) Recorded neocortical areas are standardized using a normalization pro-
cedure that unfolds the neocortex and converts it in standardized rectangles. Spatial origins of onset of interictal-like activity
are plotted either relative to an anatomical reference (ie, anatomically centered) or with respect to the SBH center of mass (ie,
SBH centered). SBH boundaries are delineated in green. (B-D) Origins of onset of ILA as a function of the cortical depth in
standardized somatosensory cortices of wild-type/mismatch rats (B) and Dcx-KD rats (C, D) aligned with respect to the anatom-
ical landmark (C) and to the SBH center of mass (D). a.u. = arbitrary units; ctrl = control. (E, F) Bar graphs and scatter dot plots
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control (ctrl)/mismatch (mism) and Dcx-KD rats. ns = not significant. (G-I) Normalized and averaged local field potential traces
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KD (I) rat superimposed with color-coded maps showing current source density analysis. ILA from n=7 control/mismatch rats
and n =6 Dcx-KD rats was analyzed. Mean values * standard error of the mean are given. wm = white matter.

Interictal-like Activity in Neocortical Slices Does
Not Originate in SBH, but within the Most

Superficial Layers of the Overlying Cortex

We characterized the spatial origin of interictal-like activity
in Dex-KD and control rats by focusing our analysis on
ILEs belonging to the major cluster, as determined by the
clustering algorithm described above. To make an accurate
statistical evaluation of data obtained from different slices
and experimental conditions, we first applied a normaliza-
tion procedure that unfolds the somatosensory cortex and
converts it in standardized rectangles (Fig 3). This allowed
us to plot all individual origins of interictal-like activity
on a 2-dimensional map illustrating their laminar position,
with all data sets aligned with respect to the anatomical
references (ie, anatomically centered) or to the SBH cen-
ters of mass (ie, SBH centered). When analyzing the lami-
nar position of individual origins in anatomically centered

slices from Dex-KD rats, we found that no origins were

located within SBH boundaries; they were instead located
within the overlying normotopic cortex, suggesting that
interictal-like activity originates in the latter structure and
not in SBH. Anatomically, in both Dex-KD and mismatch
rats, these origins in the somatosensory cortex were mostly
found aligned above the anatomical reference (in 5 of 7
mismatch rats and in 4 of 6 Dcx-KD rats), and a few
were located more laterally and ventrally. On average, the
origins of onset of interictal-like activity were located at a
similar depth in the cortex, roughly corresponding to
intermediate and superficial cortical layers, in both Dex-
KD and mismatch rats. To further assess for a difference
in the lateral dispersion of individual origins in Dex-KD
and mismatch rats, we compared in these 2 groups the
Euclidian distance of individual origins relative to the ana-
tomical reference and found no significant difference in

the mean distance.
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To investigate whether SBH position exerted an
influence over the laminar position of individual origins
of interictal-like activity, we aligned all data sets with
respect to SBH centers of mass. In SBH centered slices
from Dcx-KD rats, we observed that individual origins
were uniformly distributed in the overlying normotopic
cortex, all being located in a portion of somatosensory
cortex directly facing SBH, and not extending beyond
these limits (see Fig 3D). Because neither the mean corti-
cal depths of the origins of onset nor their mean Eucli-
dian distances were significantly different in both
anatomically centered and SBH centered slices from Dex-
KD rats (see Fig 3E, F), this suggests that no specific
portion of the somatosensory cortex seems to constitute a
preferential origin for interictal-like activity in Dex-KD
rats. However, the portion of neocortex directly facing
SBH, and not those located more dorsally and medially
to SBH or more laterally and ventrally, appears more
prone to generate interictal-like activity (see Fig 3D).

Because our analysis was based on raw LFPs, we
further confirmed our observations by examining the
contributions of different cortical layers to the initiation
of interictal-like activity using CSD analysis. CSD anal-
ysis provided us with a more accurate estimation of the
laminar location of transmembrane currents underlying
ILEs. We took advantage of the finding that most ori-
gins were aligned above the anatomical reference in
both mismatch and Dex-KD rats, and made extracellu-
lar recordings from 7 MEA channels (interelectrode dis-
tance = 200 pum) covering an entire cortical column
above this reference (see Fig 3G). In both mismatch
and Dex-KD rats, CSD analysis of normalized and aver-
aged ILEs revealed in cortical layers 2-3 a large current
sink that coincides with the sharpest negative peak of
the LFP (see Fig 3H, I). Overall, the most intense
current flows were observed in upper cortical layers,
suggesting that the neuronal populations generating
interictal-like activity are located in these layers, in
keeping with the above observations and our previous
report.'

Last, we confirmed that the majority of LFP events
recorded at the origin of onset were associated with mul-
tiunit firing in both Dex-KD and mismatch rats
(89.33 £ 6.3% and 91.23 £7.3% of ILEs, respectively;
see below and Fig 4E). On average, the number of
detected spikes per LFP event was not different in the 2
conditions (8.08 = 2.53 in Dcx-KD rats and 9.29 * 2.41
in mismatch; unpaired # test, not significant).

Altogether,  these
interictal-like epileptiform activity in Dex-KD rats does

observations  suggest  that

not originate in SBH but within the most superficial
layers of the overlying cortex.
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Interictal-like Activity Originating in the
Overlying Cortex Secondarily Propagates to
SBH

After we identified the spatial origin of interictal-like
activity in Dex-KD ' rats and controls, we next investi-
gated its spatial extent and propagation over neocortical
slices. Similarly to what was done in the above section,
we focused our analysis on ILEs belonging to the major
cluster. We defined the spatial extent of an individual
ILE as the percentage of MEA channels that recorded
extracellular signals during this event. Consequently, the
spatial extent of interictal-like activity represents the
mean percentage of MEA channels that recorded extrac-
ellular signals for all ILEs belonging to the major cluster.
On average, we observed that interictal-like activity in
Dex-KD  and  mismatch rats spread over similarly
extended neocortical areas, although a nonsignificantly
smaller spatial extent appeared to be involved in Dex-KD
rats (67.6 = 7.4% MEA channels in mismatch rats and
51.9*5.7% in Dex-KD ' rats; unpaired ¢ test, p =0.1;
Fig 4). On the pixel maps we constructed for represent-
ing the spatial extent of interictal-like activity, we noticed
that neocortical areas covered by MEA channels that
recorded the most important number of ILEs always
included SBH (dark area in Fig 4A), suggesting that a
large proportion of these events propagate to SBH. We
then measured in Dex-KD rats the propagation delays
between an MEA channel located at the spatial origin of
onset in the normotopic cortex, and an MEA channel
located in SBH. We found that ILEs originating in the
normotopic cortex in Dex-KD rats propagated to SBH in
31.35 %= 8.76 milliseconds, where MUA was simultane-
ously detected. In parallel, we measured in both mis-
match and Dex-KD rats the propagation delays between
an MEA channel located at the origin, and an MEA
channel located in deep neocortical layers close to the
anatomical reference. On average, ILEs originating in the
normotopic cortex propagated to deep cortical layers
with similar delays in Dex-KD and mismatch rats
(49.01 £ 18.11 milliseconds in Dex-KD rats and
59.17 £20.90 milliseconds in mismatch; Mann—Whitney
test, p = 0.7), both being associated with similar levels of
MUA (38.24*£12.37% of ILEs in Dcx-KD and
32.94 = 11.59% in mismatch). Importantly, we observed
that the great majority of ILEs (97.6 = 2.4%) originating
in the normotopic cortex secondarily propagated to
SBH, suggesting that SBH was intricately integrated
within the cortical network and participated to interictal-
like activity together with the normotopic cortex. To fur-
ther study this issue for individual ILEs, we plotted as a
function of time the recruitment onsets of all MEA chan-
nels and identified among SBH-located channels which
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FIGURE 4: Interictal-like activity originating in the overlying cortex secondarily propagates to subcortical band heterotopia
(SBH). (A) Representative pixel maps showing the minimal (gray) and maximal (black) neocortical area exhibiting interictal-like
activity in a control (ctrl)/mismatch (left) and in a Dcx-KD (right) rat. SBH boundaries are delineated in green. (B) Bar graphs
and scatter dot plots illustrating the spatial extent of interictal-like activity in control/mismatch (mism) and Dcx-KD rats.
MEA = microelectrode array; ns = not significant. (C) Interictal-like activity in a Dcx-KD rat, as simultaneously recorded from 2
MEA channels located at the spatial origin of onset in the normotopic cortex (black trace) and in SBH (green trace). (D) Bar
graphs and scatter dot plots illustrating interictal-like event propagation delays between an MEA channel located at the spatial
origin of onset and an MEA channel located in deep neocortical layers or in SBH in control/mismatch and Dcx-KD rats. (E) A
Representative interictal-like event, as simultaneously recorded from 2 MEA channels located at the spatial origin of onset in
the normotopic cortex (black trace) and in SBH (green trace). Multiple units are represented by vertical bars under local field
potential events. (F) Pie chart illustrating the mean percentage of interictal-like events (ILEs) originating in the normotopic cor-
tex that propagate to SBH in Dcx-KD rats. (G) Raster plot of MEA channel recruitment onsets as a function of time for 10
superimposed ILEs in a Dex-KD rat. (H) Bar graphs and scatter dot plots showing the mean percentage of MEA channels active
before/after SBH-located MEA channels are recruited. Interictal-like activity from n =7 control/mismatch rats and n =6 Dcx-KD
rats was analyzed. Mean values =+ standard error of mean are given.

channel was recruited first, which channels were recruited and, to a lesser extent, its late phase. We then quantified
next, and which channel was recruited last. A visual the mean percentage of MEA channels that were active
inspection of the recruitment dynamics for several super- before the first MEA channel located in SBH is
imposed ILEs revealed that SBH-located channels could recruited, and found that 38.8 = 4.9% of channels were
be recruited at nearly any time during the course of an active. After the last SBH-located MEA channel is
event, with the exception of the early phase of this event recruited, 22.9 * 4.4% of channels were found active.
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Together, these observations show that interictal-
like activity in Dex-KD rats originating in the overlying
cortex secondarily propagates to SBH.

In Vivo Suppression of Neuronal Excitability in
the Normotopic Cortex but Not in SBH
Mitigates Seizure Susceptibility in Dcx-KD Rats
Our observations made on neocortical slices suggested a
major role of the normotopic cortex over the band het-
erotopia for generating interictal-like epileptiform activ-
ity We thus reasoned that manipulating neuronal
excitability within the normotopic cortex could influence
the propensity for induced seizures in Dex-KD rats in
vivo, whereas the same manipulation in SBH would be
less effective. To test this hypothesis, we created rats with
SBH expressing either in SBH alone, or in SBH and in
the normotopic cortex, an inwardly rectifying potassium
channel, Kir2.1, previously utilized for chronically sup-
pressing neuronal excitability.”*® Neurons expressing
Kir2.1 were confirmed to display a significantly more
hyperpolarized resting membrane potential than controls
on cultivated and acute slices, consistent with a decreased
neuronal excitability (cultivated slices: —40.9 % 3.5mV
in controls and —63.4*3.6mV in Kir2.1-expressing
neurons, Mann—Whitney test, » < 0.001, 10 neurons per
condition; acute slices: —68.9 *2.2mV in controls and
—77.6 £ 1.1mV in Kir2.1-expressing neurons, unpaired #
test, p < 0.05, 6 and 5 neurons per condition).

Dex-KD rats with silenced SBH were created using
in utero electroporation, by injection and coelectropora-
tion of RFP and Kir2.1 expression plasmids together with
plasmids encoding shRNAs against Dex 3'UTR. Patch
clamp recordings confirmed that 90 to 100% of fluores-
cent neurons coelectroporated with Kir2.1 plasmids
functionally expressed Kir2.1 channels, suggesting that
SBH composed of Kir2.1-expressing neurons displayed
decreased excitability. Accordingly, extracellular recordings
on slices from animals with Kir2.1-expressing SBH
revealed that a reduced proportion of events propagated to
SBH (34.4 = 10.5% of events, 3 slices), as compared to
animals with normally active SBH (97.6 % 2.4% of events,
see Fig 4F). In addition, events propagating to SBH
had very low amplitude (6.3%=0.7 uV in SBH and
164.7 £42.1 pV at the origin of onset in the normotopic
cortex). Together, these observations suggest that SBH
composed of Kir2.1-expressing neurons are less likely to
be engaged in network-driven epileptiform activity.

We created Dex-KD rats with silenced SBH and
normotopic cortex using in utero electroporation and a
2-step procedure. We first injected and electroporated
Kir2.1 and GFP expression plasmids to transfect neurons

in the normotopic cortex; then, 30 minutes later, we
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injected and electroporated RFP expression plasmids
together with plasmids encoding shRNAs against Dex
3'UTR to initiate SBH formation. In all Dex-KD rats
with silenced SBH and normotopic cortex (14 rats),
transfected neurons expressing GFP were found in the
normotopic cortex, and in 7 of 14 rats the transfected
area included the portion of neocortex directly facing
SBH (Fig 5A). In SBH, 71.67 £18.45% of RFP-
transfected neurons were found to coexpress GFP (see
Fig 5B). Given that 90 to 100% of fluorescent neurons
coelectroporated  with  Kir2.1 plasmids functionally
expressed Kir2.1 channels, these data suggest that large
numbers of neurons located in the normotopic cortex
and, to a lesser extent, in SBH were efficiently silenced
in Dex-KD rats generated using this procedure. Accord-
ingly, extracellular recordings on slices from animals
expressing Kir2.1 channels in the normotopic cortex and
SBH revealed that lower numbers of epileptiform events
could be recorded from the Kir2.1-expressing normo-
topic cortex (27.9 *7.8% of ILEs, 3 rats), as compared
to those recorded from the normotopic cortex of Dex-
KD rats with normally active SBH (72.2£9.7% of
ILEs, 5 rats). These observations suggest that portions of
neocortex composed of Kir2.1-expressing neurons are less
likely to be engaged in network-driven epileptiform
activity.

Three groups of Dex-KD rats were then analyzed
for their susceptibility to PTZ-induced seizures using
intracortical EEG recordings: Dex-KD rats with normally
active SBH (10 rats), Dex-KD with silenced SBH (10
rats), and Dcx-KD rats with silenced SBH and normo-
topic cortex (14 rats). Whereas Dex-KD  rats with
silenced SBH displayed electrographic seizures at similar
doses and latencies as compared to Dex-KD rats with
normally active SBH, we found that Dex-KD rats with
silenced SBH and normotopic cortex exhibited signifi-
cantly longer latencies to seizure (1,755 % 78.99 seconds
in  Dex-KD  rats  with  normally active  SBH;
1,506 = 68.54 seconds in Dex-KD rats with silenced
SBH; 2,086 +267.40 seconds in Dex-KD rats with
silenced SBH and normotopic cortex; log-rank test,
»<0.05; see Fig 5C, D). Moreover, the proportion of
Dex-KD rats exhibiting seizures with >3 PTZ injections
was significantly higher in Dex-KD rats with silenced
SBH and normotopic cortex, as compared to Dex-KD
rats with normally active SBH and Dex-KD rats with
silenced SBH (57% of Dcx-KD rats with silenced nor-
motopic cortex and SBH, 30% of Dex-KD rats with nor-
mally active SBH, 20% of Dex-KD rats with silenced
SBH; chi-square test, p < 0.01; see Fig 5E).

These results show that a chronic suppression of
neuronal excitability in SBH alone does not modify the
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FIGURE 5: In vivo suppression of neuronal excitability in the normotopic cortex but not in subcortical band heterotopia (SBH)
mitigates seizure susceptibility in Dcx-KD rats. (A) Low-magnification fluorescent microphotographs of a neocortical section
from a Dcx-KD rat with silenced SBH and normotopic (norm.) cortex, as obtained after the 2-step in utero electroporation pro-
cedure. The left panel shows the red fluorescent protein (RFP)-expressing population (in red) forming SBH, and the middle
panel shows the green fluorescent protein (GFP)-expressing population (in green) located in the normotopic cortex. Red and
green channels are merged in the right panel. Asterisks indicate the tract of the recording electrode within the primary soma-
tosensory cortex. Scale bar = 500um. (B) High-magnification confocal microphotographs of the same section as in A, taken at
the level of the medial end of SBH. The left panel shows RFP-expressing neurons (in red) cotransfected with plasmids encoding
shRNAs against Dcx, and the middle panel shows GFP-expressing neurons (in green) cotransfected with plasmids expressing
Kir2.1 channels. In the right panel, where red and green channels are merged, note the high proportion of neurons (in yellow)
coexpressing the 2 reporter genes GFP and RFP. Z-projection of 48 planes (Z-step = 0.5um); scale bar = 50um. (C) Three repre-
sentative intracortical electroencephalograms showing pentylenetetrazol (PTZ)-induced seizures, as recorded in the right hemi-
spheres of a Dcx-KD rat with normally active SBH (green trace), a Dex-KD rat with silenced SBH (black trace), and a Dcx-KD rat
with silenced SBH and normotopic cortex (red trace). PTZ was administered every 10 minutes until a seizure occurred (asterisks
indicate seizure onsets), and diazepam was given to stop seizures lasting >5 minutes. (D) Survival curve showing the latency to
PTZ-induced seizure in the 3 groups of Dcx-KD rats. Seizures in Dcx-KD rats with silenced SBH and normotopic cortex occurred
with a significantly longer latency when compared with Dcx-KD with normally active SBH and with Dcx-KD rats with silenced
SBH (log-rank test, p<0.01). (E) Bar graph illustrating the proportion of animals expressing seizures triggered with less or
more than 3 PTZ injections. A significantly higher proportion of animals in Dcx-KD rats with silenced SBH and normotopic cor-
tex exhibited seizures with >3 PTZ injections, as compared to other groups (chi-square test, p<0.01). Ten Dcx-KD rats with
normally active SBH, 10 Dcx-KD rats with silenced SBH, and 14 Dcx-KD rats with silenced SBH and normotopic cortex were
analyzed.

higher propensity of Dex-KD rats to display seizures,
whereas the same manipulation within the normotopic
cortex and SBH ameliorates seizure susceptibility.
Together, these data suggest that the normotopic cortex

on its own may contribute to seizure susceptibility in
Dex-KD rats.

Discussion

Consequences of altered cortical development include neu-
rodevelopmental delay and, in most cases, drug-resistant
seizures. In patients with SBH, conducted studies were
unable to clarify which of the 2 structures is the most criti-
cal for generating epileptiform activities, although all sug-
gested that both the heterotopic band and normotopic
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cortex contribute to epileptic manifestations. In the present
study conducted in a targeted genetic model of SBH in
rats, we show that (1) the presence of a band heterotopia
resembling SBH seen in patients is associated in rats with
an altered neocortical circuitry prone to generate epilepti-
form activity; (2) although participating to interictal-like
activity together with the normotopic cortex, the band het-
erotopia does not constitute a primary origin for epilepti-
form discharges in vitro and is dispensable for generating
seizures in vivo; and (3) the normotopic cortex overlying
SBH originates interictal-like activity in vitro, and a
chronic suppression of its excitability mitigates seizure sus-
ceptibility levels in vivo, confirming its major role over the

band heterotopia for generating epileptiform activity.
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Depth recordings in SBH are rarely available,
because patients are not good candidates for epilepsy sur-
gery given its poor outcome in the few reported cases.'”
However, from the reported cases, epileptiform discharges
starting outside SBH and secondarily propagating to
both the heterotopic and normotopic cortices were
described in 1 patient,27 and a patient with no epilepti-
form activity recorded from SBH was also reported.'?
Together with the observations made from our animal
model, these electroclinical studies support the notion
that the normally migrated cortex surrounding the band
heterotopia may play a major role in generating epilepti-
form discharges in patients as well.

Other pathological conditions in which the dysplas-
tic or lesioned brain area is not the primary origin of epi-
leptiform activity have been described. In tuberous
sclerosis complex (TSC), electrocorticographic (ECoG)
recordings with depth electrodes and subdural grids
placed within tubers and perituberal cortex have revealed
epileptiform activity and ictal onsets in the perituberal
cortex in a few patients, whereas the tuber remained elec-
trographically silent in some cases.”®° Although surgical
removal of tubers has been found effective to achieve sei-
zure freedom in several TSC cases,”’ patients with
ECoG-recorded epileptiform  discharges that remained
even after the presumably epileptogenic tuber was surgi-
cally removed were also described.”® Together, these
observations in TSC patients suggest that epileptiform
activity may derive from the normal-appearing cortex
surrounding a dysplastic area.

Similarly, epileptiform activity associated with focal
lesions such as brain tumors or cavernous angiomas was
suggested to originate in the adjacent cortex. Noninvasive
assessment of focal epileptic activity using magnetoence-
phalography (MEG) in patients with a single cavernous
angioma revealed MEG spikes at the lesion border,”® and
spontaneous bursting activity was recorded from neurons
adjacent to cavernomas in resected tissue.>* In patients
with brain tumors, epileptiform activity was predomi-
nantly recorded overlying the tumor, the tumor core usu-
ally being electrographically silent, although “spiking
tumor cells” were described in some cases. Studies in
patients with glioma revealed epileptiform activity at the
tumor border, not within the core,” and spontaneous
epileptiform activity was recorded in glioma-transplanted
mice both in vivo and on acute slices,’® originating at a
distance from the tumor.”” Again, these observations sug-
gest that the adjacent cortex may be more epileptogenic
than the lesion itself.

Mechanisms underlying epileptogenicity in brains
with SBH are still unclear, but observations obtained
from experimental SBH suggested that these mechanisms
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likely combine interdependent circuit-level defects and
abnormal intrinsic features of both misplaced and nor-
mally positioned neurons. In Dex-KD ' rats, neurons in
SBH were found to display a delayed maturation of
GABAergic synapses, whereas neurons in the normally
migrated cortex exhibited a massive increase of ongoing
glutamatergic synaptic currents. In addition, SBH neu-
rons were found to send axonal collaterals to deep layers
of the normally migrated cortex, as well as long run
axons reaching the contralateral cortex, striatum, or thala-
mus. Such abnormal features were never observed in the
neocortex of mismatch or nonelectroporated controls.'
If the band heterotopia in Dex-KD rats did not seem to
originate epileptiform activity, this activity however gen-
erally propagated to it, as we studied here in vitro. In
this context, axonal projections from SBH may provide a
morphological substrate for distributing epileptiform
activity to distant, abnormally connected brain areas,
similarly to what was described in an animal model of
periventricular nodular heterotopia.*®**  Collectively,
these observations in Dex-KD rats may help draw a plau-
sible scenario combining increased neuronal excitability
and abnormal circuitry, both contributing to favor the
emergence of seizures from the normally migrated cortex.
Whether other brain areas located upstream or down-
stream from this epileptogenic network could also con-
tribute to epileptiform activity, as suggested in human
patients will focal lesions,*' remains an open question.
Last, although rodent models of epileptogenic cortical
malformations offer valuable insight into the causes and
mechanisms of difficult to treat epilepsies, one could rea-
sonably assume that certain cellular mechanisms, seizure
propagation pathways, or clinical manifestations are more
complex in humans and inaccessible to investigation in
rodents.

Although not the primary purpose of the present
study, the ameliorated seizure phenotype we obtained by
chronically suppressing excitability with overexpressed
Kir2.1 channels may help in envisioning novel therapeu-
tic strategies. Experimental studies reporting ameliorated
epilepsy phenotype after modifying excitability using
brain-delivered viruses expressing potassium channels
were recently published. In a rat model of refractory neo-
cortical epilepsy obtained by microinjecting tetanus toxin
in the rat motor cortex, concomitant injection of Kvl.1-
expressing lentiviruses was found to significantly decrease
the number of epileptiform events.*?
TREK-1 channel with enhanced constitutive activity and

An engineered

insensitivity to intracellular regulation mechanisms was
also found to be efficient in reducing spontaneous firing
of cultured neurons expressing a mutated Cav3.2 channel
found in patients with absence epilepsy. Moreover,
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adenovirus-mediated ~ expression of this engineered
TREK-1 channel was associated with a decreased dura-
tion of status epilepticus in the lithium-pilocarpine
model.® We could speculate that similar strategies utiliz-
ing conditionally expressed or externally delivered Kir2.1
or other types of potassium channels in the neocortex
may also ameliorate the phenotype in Dex-KD rats,

. . . . . 1
including in adults with spontaneous seizures. 6
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