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Distinct Roles of Rodent Thalamus and
Corpus Callosum in Seizure Generalization
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Huayu Sun, PhD @," and Jaideep Kapur, MD, PhD ®'2

Objective: Bilateral synchronous cortical activity occurs during sleep, attention, and seizures. Canonical models place
the thalamus at the center of bilateral cortical synchronization because it generates bilateral sleep spindle oscillations
and primarily generalized absence seizures. However, classical studies suggest that the corpus callosum mediates bilat-
eral cortical synchronization.

Methods: We mapped the spread of right frontal lobe-onset, focal to bilateral seizures in mice and modified it using
chemo and optogenetic suppression of motor thalamic nucleus and corpus callosotomy.

Results: Seizures from the right cortex spread faster to the left cortex than to the left thalamus. The 2 thalami have
minimal monosynaptic commissural connections compared to the massive commissure corpus callosum. Chemogenetic
and closed-loop optogenetic inhibition of the right ventrolateral thalamic nucleus did not alter inter-hemispheric
seizure spread. However, anterior callosotomy delayed bilateral seizure oscillations.

Interpretation: Thalamocortical oscillations amplify focal onset motor seizures, and corpus callosum spreads them

bilaterally.

Bilateral synchronous neuronal oscillations are essential for
many states, such as sleep, wakefulness, bilateral motor
coordination, attention, and interhemispheric spread of seizures.
Spindle oscillations are one of the dlassic examples of bilateral
synchronous neuronal oscillations that occur during sleep.'
The last 4 decades of research showed that the thalamus plays
a key role during these bilateral oscillations.”” Neurons of the
somatosensory cortex, GABAergic reticular thalamic nucleus
(RTN), and excitatory thalamocortical neurons generate charac-
teristic low-frequency oscillations of 7 to 14 Hz that underlie
sleep spindles.”'*"* A modification of this mechanism gener-
ates rthythmic spike-and-wave discharges that propagate and
amplify primarily generalized absence seizures.""”

In 1952, Wilder Penfield proposed the centrencephalic
model (Fig 1A). The model proposes that the bilateral spread

of neuronal activity occurs through the diencephalon, which
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acts as a rhythm generator in the brain’s center and controls
both sides of the brain simultaneously.” Jasper and Ker-
shman proposed the existence of a subcortical pacemaker.6
Thalamocortical oscillations that underlie sleep spindles and
primarily generalized absence seizures strongly supported the

16 1 .
° Disconnection of thalamo-

centrencephalic hypothesis.
cortical neurons from the reticular thalamic inputs abolished
bilateral spindles.” Pioneering studies that used optogenetic
technique to inhibit the thalamic nuclei ipsilateral to the
stroke-induced seizure focus in a post-stroke model of
epilepsy interrupted focal-onset, and bilateral tonic—clonic
seizures, defining the thalamus as a choke point.”'* Stimula-
tion of the intralaminar thalamus, such as the centromedian
nucleus, also led to bilateral synchronization that remained
even after a complete transection of the corpus callosum dur-
ing primarily generalized absence seizures.®
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FIGURE 1: Seizures spread faster to the contralateral cortex than to the contralateral thalamus. (A) A schematic illustrates the classic
centrencephalic model. Red arrows represent a bilateral spread of neuronal activity. The red circle is the seizure focus. (B) A
schematic shows cobalt (grey rectangle) and LFP electrode placement (red dots). (C) We marked the electrode tips’ location in the VL
(dotted lines) by creating an electrical lesion at the end of the recordings (red arrows). (D) LFP microelectrodes record simultaneously
from the bilateral premotor cortex and bilateral thalamic nucleus VL with the corresponding power spectrums. The seizure focus was
in the right premotor cortex. Red arrows indicate seizure onset (amplitude twice the baseline); the red bar indicates seizure onset
delay in the left VL. (E) Frequency distribution histogram shows seizure onset times in the left premotor cortex after seizure
beginning in the right premotor cortex. Pie chart: 100% of seizures required < 200 ms (blue) to arrive at the left premotor cortex.
(F) Frequency distribution histogram shows seizure onset times in the left VL. Pie chart: 53% of seizures required < 200 ms (blue) to
arrive at the left VL from the right premotor cortex, and 47% required > 200 ms (red). LFP = local field potential; VL = ventrolateral.

In contrast, Roger Sperry, who studied patients that showed that the corpus callosum is essential for inter-
underwent a complete transection of the corpus callosum hemispheric transfer.'>'® Sperry and colleagues found that
(split-brain) to control intractable tonic—clonic seizures, despite a lack of obvious neurological or psychological
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dysfunction, the interhemispheric transfer of learning,
memory, sensory, and motor functions was impalired.15
Similarly, a complete transection of the corpus callosum
abolished bilateral synchrony in primarily generalized pen-
icillin epilepsy.'” The lack of techniques made it difficult
to separate the relative roles of the thalamus and corpus
callosum in bilateral neuronal activity, so the uncertainty
whether cortical synchronization occurs through the sub-
cortical relays or the corpus callosum still remains.

Focal to bilateral seizures provide an excellent oppor-
tunity to test the mechanisms of bilateral synchrony
because seizures originate at a defined focus and spread to
both hemispheres. Several newly developed techniques
allowed us to map bilateral seizure spread on a cellular
level, visualize activated cells, and precisely silence spe-
cific brain structures. We disentangle the roles that the
thalamus and corpus callosum play, elucidating the
properties of these structures in bilateral spread of neu-
ronal activity.

Methods

Animals

University of Virginia Animal Care and Use Committee
approved all protocols. Transient Recombination in Active
Populations second-generation (TRAP2) mice were gener-
ated by crossing Fos™ '“"*f12 (#030323) to Ai9 mice
(#007909; Jackson Laboratories).'®'> TRAP2 and C57Bl/6
(Charles River) mice (7—12 weeks) of both sexes were
maintained on a 12 hour light/12 hour dark cycle and had
ad libitum food and water. For genotyping, KAPA Bio-
systems kit was used.

Seizure Induction, Electroencephalogram, and
Local Field Potential Electrophysiology
To induce frontal lobe focal to bilateral seizures, we
implanted 1.7 mg of cobalt (Co) wire in the right
premotor cortex (anterior posterior [AP] +2.60 mm,
medial lateral [ML] —1.80 mm) in either TRAP2 or
C57Bl/6 mice with 4 bilateral electroencephalography
(EEG) electrodes and a reference under isoflurane anesthe-
sia.”® Mice were monitored continuously via video/EEG,
and all of them developed seizures within 13 to 20 hours
after cobalt insertion. Convulsions occurred at the start of
the EEG onset because seizure focus was in the right
premotor cortex. The 4-hydroxytamoxifen (4-OHT,
50 mg/kg s.c.) was injected within 90 min of a focal
motor to bilateral tonic—clonic seizure, and mice were per-
fused 5 days after to allow tdTomato expression.

We recorded local field potentials (LFPs) with a
custom-made array of microelectrodes and analyzed

LabChart 8.0 LFP data with Fast Fourier Transform, as
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previously described.”’ The 2 cm electrodes maintained
60 to 70 k€ resistance and sampled at 10 kHz. The signal
was amplified and filtered using a bandpass filter (1 Hz
low pass and 5 kHz high pass) and a notch filter. We
placed microelectrodes in the bilateral premotor cortex
(AP —2.20 mm, ML +1.80 mm) and bilateral ventrolat-
eral cortex (VL; AP —1.30 mm, ML £1.00 mm, dosal
ventral [DV] —3.75 mm) with cobalt and 2 cerebellar ref-
erences to record seizures (see Fig 1B). Seizure start was
defined as a deflection of voltage trace at least twice the
baseline. After recordings, the electrode position was
marked by a single 40 pA, 0.75 ms pulse at 50 Hz for
30 seconds. The brains were sectioned at 40 pm, sta-
ined with DAPI, and imaged on Nikon Eclipse Ti-S,
2x/0.45 NA. We discarded the data if the electrode was
misplaced.

Immunohistochemistry, Microscopy, and Viral
Injections

Mice were perfused with 4% PFA, sliced on a cryostat at
40 pm, and immunolabeled with rabbit anti-NeuN
(1:500, #24307; Cell Signaling), rabbit anti-PV (1:500,
#ab11427; Abcam), rat anti-CTIP2 (1:500, #ab18465;
Abcam), mouse anti-MBP (1:500, #ab62631; Abcam),
and secondary antibodies were Invitrogen, 1:500, as pre-
viously described.”! Confocal images were taken on
Nikon Eclipse Ti-U at 10x/0.45 NA or 20x/0.95 NA,
1024 x 1024 or 512 X 512 frame size, 5 jm z-interval.
Myelinated axons were imaged on Leica SP8 STED at
93x/1.3 NA, glycerol. GFP FLEX callosum fibers were
imaged on CSU-W1 SoRa Yokogawa Spinning Disk
Confocal, Nikon at 100x/1.35 NA, silicon, or 60x/1.49
NA, oil, 2304 x 2304, 0.5 pm step size. Excitation
lasers were 405, 488, and 561. Imaris version 9.8
(Bitplane) was used for visualization and Adobe Photo-
shop CC for figure display.

We injected AAV9 CamKII0.4.eGFP.WPRE.rBG
(#105541-AAV9; Addgene), Cre-driven AAV9 pCAG-
FLEX-EGFP-WPRE (#51502-AAV9; Addgene), or green
retrograde Lumafluor RetroBeads IX in the right premotor
cortex of TRAP2 or C57Bl/6 mice (AP +2.6 mm, ML
—1.8 mm, DV —0.5 mm; 100 nl) or in the right VL
(anterior VL: AP —1.05mm, posterior VL: AP:
—1.40 mm, ML —1.00 mm, DV —3.70 mm) with Ham-
ilton syringe (#7634-01) and allowed 2 weeks for the viral

expression.

Whole-Cell Electrophysiology and
Chemogenetics
We mixed AAV8 hSyn-dF-HA-KORD-IRES-mCitrine

(#65417-AAV8; Addgene, 60 nl) and AAV9 CamKII.HI.
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GFP-Cre. WPRE.SV40 (#105551-AAV9; Addgene 60 nl)
in 1:1 ratio and injected into the right VL
(AP —1.30 mm, ML —1.00 mm, DV —3.70 mm,
120 nl) of C57Bl/6 mice and allowed 2 weeks for expres-
sion. We placed LFP microelectrodes in the bilateral
premotor cortex and bilateral VL along with cobalt and
recorded for 48 hours. Mice were injected either with
salvinorin B (SALB; 10 mg/kg in DMSO) or saline s.c. at
20 hours after Co implantation at the peak of seizures. A
blinded investigator counted the number of seizures and
duration.

We confirmed the ability of KORD to generate
SALB-induced hyperpolarization using whole-cell electro-
physiology. The brains of C57Bl/6 KORD injected mice
were immersed in ice-cold oxygenated dissection buffer
(4°C, 95% O, and 5% CO,) containing (in mM) 65.5
NaCl, 2 KCl, 5 MgSOy, 1.1 KH,POy, 1 CaCl,, 10 dex-
trose, and 113 sucrose (300 mOsm), and coronal thalamic
slices (300 pm) were prepared with a vibratome
(VT1200s; Leica). The slices were then placed in an inter-
face chamber containing oxygenated artificial cerebrospinal
fluid (aCSF) at 25°C and allowed to equilibrate for
30 minutes. The aCSF contained (in mM) 124 NaCl,
4 KCl, 1 MgCl,, 25.7 NaHCOs, 1.1 KH,POy, 10 dex-
trose, and 2.5 CaCl, (300 mOsm). The patch electrode
was filled with an internal solution containing (in mM)
115 cesium methanesulfonate, 20 CsCl, 10 KCI,
10 HEPES, 0.5 sodium-EGTA, 2.5 MgCl,, 5 Mg-ATP,
and 5 lidocaine, pH 7.3, 285mOsm. The mCitrine fluo-
rescence positive neurons were current-clamped. The
100 nM  SALB in DMSO was bath applied for
10 minutes, and we tested the resting membrane potential
to determine hyperpolarization.

Closed-Loop Optogenetics

We injected C57Bl/6 mice with AAV9 CamKII-ArchT-
GFP (#99039; Addgene, 120 nl) in the right VL and
allowed 2 weeks for expression. Mice were then implanted
with LFP microelectrodes in the bilateral premotor cortex
and bilateral VL, cobalt, and an optic fiber in the right
VL (AP —1.30 mm, ML —2.20 mm, DV —2.80 mm, at
21 degrees such that the probe did not intersect the right
lateral ventricle). Our optogenetics setup consisted of
fiber-coupled LED light source (540 nm, 4.9 mW,
5 pulses in 500 ms [each pulse is 50 ms ON/50 ms
OFF]) and polymer optical fiber 1,000 pm core, which
was coupled to the polymer optical fiber 500 pm core via
rotary joint (Prizmatix). The LED was externally triggered
by a USB-TTL interface based on Arduino UNO Rev3
board. The timing of pulses was controlled from MATLAB
(2020a). The LEP signals were recorded using LabChart soft-
ware (ADInstruments). We accessed LabChart functions
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from MATLAB and fetched LFP recording data in online
mode. We developed a deep convolutional neural network-
based automated seizure detection model in MATLAB,
which accepted single channel LFP measurements from the
left motor cortex because right cortical LFP showed suppres-
sion of activity in a number of cases that could have affected
the neural net output. The neural net continuously accessed
data for 100 ms (1,000 samples at 10 kHz sampling fre-
quency) in addition to 1.6384 s (16,384 samples) of the
most recent data. The 100 ms data was then padded to the
end of the 1.6384 s data. Later, the padded data was
cropped to 16,384 samples that included the newly accessed
100 ms data. This formed a running window. Before feeding
the data to the net, it was preprocessed in multiple stages to
discard high-frequency noise. The net output a scalar num-
ber corresponding to 16,384 samples, which was used to
assess whether the 16,384 samples were a part of an ongoing
seizure or not by using a manually set threshold —0.5. Once
a seizure was detected, a signal from the USB-TTL interface
was promptly dispatched to activate transitor-transitor logic

(TTL) pulses.

Callosotomy

We used a custom-made knife to cut the corpus callosum
of C57Bl/6 mice. A small craniotomy was made at the
posterior left cortex (AP —3.50 mm, ML #£0.50 mm),
avoiding damaging the superior sagittal sinus to minimize
bleeding. The knife was slowly advanced at an entrance
angle of 52 degrees for 5 mm. The withdrawal angle was
54 degrees for 2.5 mm and changed back to 52 degrees
for another 2.5 mm. Mice were also implanted with Co,
4 bilateral EEG electrodes, a reference, and were moni-
tored for seizures via continuous video/EEG.

Statistics

We analyzed data using Prism 9 and presented them as
mean £+ SEM, where 7 is the number of animals or the
number of seizures followed by the number of animals.
Results were considered stadstically  significant  for
2 < 0.05, where *p < 0.05, **p < 0.01, **¥p < 0.001, and
*HE%p < 0.0001. All data were tested for normality. Statis-
tical analysis comparing 2 groups was performed by paired
2-tailed 7 test or Kolmogorov—Smirnov test. Statistical
analysis comparing multiple groups was performed by
one-way analysis of variance (ANOVA) with multiple
comparisons and Bonferroni’s correction, one-way
ANOVA with Tuckey test, Kruskal-Wallis test with
Dunn’s multiple comparison test, Brown Forsythe
ANOVA test with Welch’s correction for variance, and
Dunnett’s multiple comparison test, as appropriate.
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Results

Seizures Arrive faster to the Contralateral
Cortex than to the Contralateral Thalamus

In this study, we compared the interhemispheric spread of
seizures between the corpus callosum and the thalamus in
focal onset seizures. To initiate frontal lobe onset, focal to
bilateral tonic—clonic seizures, we placed 1.7 mg of cobalt
in the right (ipsilateral) premotor cortex of C57Bl/6 mice
as previously described.”™*! To determine if the thalamus
allows bilateral spread of neuronal activity, we mapped the
temporal sequence of activation of the left cortex and left
thalamus during bilateral seizure spread from the right
cortex. To measure seizure onset latencies, we recorded
LFPs bilaterally from the premotor cortex and VL motor
thalamic nucleus simultaneously (see Fig 1B). We selected
the motor thalamic nucleus VL because of its extensive
reciprocal projections to the motor cortex”” and ability to
block after-discharges in the motor cortex.”> Custom-
made array of microelectrodes recorded with 65 kQ resis-
tance at a 10 kHz sampling rate, providing millisecond
precision. A current was applied at the electrode tips at
the end of the recordings to mark their location (see
Fig 1C). We discarded the recording data if any electrode
was placed incorrectly.

Surprisingly, right motor cortex seizures spread faster
to the contralateral cortex than to the contralateral thala-
mus (see Fig 1D). This suggests that the bilateral seizure
spread depends on extra-thalamic mechanisms contrary to
what the centrencephalic theory would predict (see
Fig 1A). We recorded 64 seizures from 16 mice and found
that all seizures arrived from the right cortex to the contra-
lateral left cortex within 25 ms delay (25.49 %+ 3.00 ms;
see Fig 1E), which corresponds to the expected callosal
transmission time. On the other hand, 47% of all seizures
arrived at the left thalamus with a 4-second delay
(4.47 £ 0.65 s, n = 30 seizures from 11 mice; see
Fig 1F), and the rest (53%) took approximately 60 ms
(59.36 £ 5.61ms, # = 34 seizures from 13 mice; see
Fig 1F).

Gamma oscillations, frequencies between 30 and
90 Hz, were still present in the left VL before seizure
onset there (see Fig 1D, left VL power spectrum, gamma
frequencies are in light blue). Gamma oscillations are
thought to play a role in attention selection, memory, and
cognition, and its presence before seizure onset in the left
VL suggests that the cortex is generating these gamma fre-
quencies. This is consistent with the previous literature
that states it is unlikely for thalamocortical neurons to
generate theta (4—8 Hz, red) and gamma rhythms concur-
rently, whereas the layered structure of the cortex gener-
ates delta (0—4 Hz, red) and theta rhythms from the deep
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layer 5 and gamma oscillations from the superficial layer
2/3 simultaneously.”*

The Ipsilateral Thalamus Expresses More c-Fos
Positive Neurons than the Contralateral
Thalamus, with Only Minimal Monosynaptic
Connections between the Two

We next determined whether the thalamus has bilateral
neuronal activation during focal to bilateral seizures. We
used second-generation activity reporter TRAP2 mice that
allowed us to visualize activated neurons. These transgenic
mice express Cre under the immediate early gene pro-
moter c-Fos, and injection of 4-OHT within 90 minutes
of a focal to bilateral tonic—clonic seizure translocates Cre
into the nucleus, allowing expression of tdTomato. Non-
active cells were not labeled with tdTomato because they
did not express Cre in the 90 minutes prior to 4-OHT
injection. We serially sectioned the brain at 40 pm to ana-
lyze the pattern of tdTomato expression.

We found more robust tdTomato expression in the
right thalamus ipsilateral to the seizure focus but not contra-
lateral (Fig 2A). The right motor ventrolateral (VL) and ven-
tromedial (VM), as well as the centromedian (CM) and
mediodorsal (MD) nuclei were tdTomato positive, cellular
activation of which we quantified previously.”! The right
RTN also expressed more tdTomato than the left (see
Fig 2B). The seizure onset delay in the left thalamus made
the overall seizure duration in the left thalamus shorter (see
Fig 1D) and not sufficient for c-Fos stimulation, explaining
minimal tdTomato expression there (see Fig 2A). To verify
that the observed thalamic activation was due to seizures and
not due to motor activity or cortical injury, we implanted
steel wire instead of cobalt and injected 4-OHT 18 hours
after surgery. These mice did not develop seizures and did
not show thalamic activation (see Fig 2C).

To determine if seizures utilize naturally existing circuit
during the pathological state, we injected the AAV9 eGFP
vitus  (AAV9-CamKII10.4.eGFP.WPRE.rBG) in the right
premotor cortex to label its direct anatomical projections (see
Fig 2D). The right VM, VL, CM, and MD expressed GFP
(see Fig 2E), the thalamic nuclei that expressed the most
tdTomato during seizures (see Fig 2A). We then injected
RetroBeads (a retrograde tracer) in the right VL nucleus (see
Fig 2F); these were transported to deep layer 6 of the right
premotor cortex (see Fig 2G), confirming the previous report
that it is the deep layers of the motor cortex that project to
the motor thalamus.?> Direct anatomic connections between
the seizure focus and the right thalamus explain the immedi-
ate seizure onset in the right VL (see Fig 1D). Seizures uilize
direct anatomic connections of the seizure focus to propagate
the pathological state.
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FIGURE 2: The activated ipsilateral thalamus sends minimal projections to the contralateral thalamus. (A) Only the right
thalamus strongly expressed tdTomato. Dotted lines indicate nuclear boundaries. On the right are enlarged images of
cellular tdTomato expression in the MD and VL immunolabeled for NeuN (green). (B) The right reticular thalamic nucleus
(RTN) expressed more tdTomato than the left. RTN is immunolabeled for parvalbumin (PV, green). On the left are enlarged
images of cellular tdTomato expression in the right and left RTN. (C) Minimal tdTomato expression is in the thalamus of steel
wire implanted mice without seizures. (D) AAV9-eGFP injection is in the right premotor cortex for E. (E) The right motor
cortex projects to the right motor thalamic nuclei VM and VL. (F) AAV9 eGFP or RetroBeads injection is in the right VL for G
and H. (G) The right motor cortex sends projections to the right thalamus from deep cortical layers 5 and 6 after retrograde
RetroBeads injection in the right VL as indicated in F. (H) The right thalamic nuclei have minimal monosynaptic projections to
the left thalamic nuclei. CM = centromedian; MD = mediodorsal; VL = ventrolateral; VM = ventromedial.
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Next, we wanted to determine if the right and left thal-
ami are connected to each other via extensive intrathalamic
commissural connections. To trace the anatomic projections
from the right to left thalamus, we injected the AAV9 eGFP
virus in the right thalamus (see Fig 2F). Surprisingly, we found
minimal viral expression in the left thalamus (see Fig 2H), indi-
cating that the right thalamus is very weakly connected to the
left via direct monosynaptic connections and further explaining
seizure onset delay in the left thalamus (see Fig 1D).

Seizures Still Spread Bilaterally after
Chemogenetic Inhibition of the Ipsilateral Motor
Thalamus

We next inhibited the right (ipsilateral) motor thalamus to
determine if seizures would still spread bilaterally, using
KORD/SALB chemogenetics, k-opioid receptor DREADD.
We injected AAV8 hSyn-dF-HA-KORD-IRES-mCitrine and
AAV9 CamKILHI.GFP-Cre. WPRE.SV40 in 1:1 ratio in the
right VL of C57Bl/6 mice (Fig 3A) and allowed 2 weeks for
expression before cobalt and LFP microelectrode placement.
We selected the right motor thalamic nucleus VL because this
nucleus was strongly activated during frontal lobe seizures (see
Fig 2A). Its principal thalamic neurons give rise to
thalamocortical oscillations, and VL blockade by cooling
abolished seizures originating in the premotor cortex.”

We first confirmed KORD’s ability to generate SALB-
induced hyperpolarization using whole-cell patch-clamp
recordings in thalamic slices. Bath application of 100 nM
SALB in DMSO led to hyperpolarization of transduced VL
neurons (see Fig 3B,C, from —55.65 £+ 1.176 mV to
—62.60 £ 0.9522 mV, p = 0.0050, paired ¢ test, » = 5
cells from 5 mice). We next tested it in vivo. We adminis-
tered SALB (10 mg/kg) or saline systemically in KORD
injected C57Bl/6 mice at 20 hours after cobalt placement at
the peak of seizures (see Fig 3D), the time point when
100% of mice developed seizures (see Fig 3E). We found
power suppression in the right VL in SALB but not in the
saline injected mice (see Fig 3F).

We investigated the effects of anterior and posterior VL
suppression on bilateral seizure spread. Both anterior and pos-
terior VL receive projections from the motor cortex. Anterior
VL also receives projections from the globus pallidus internus
and substantia nigra reticulata. In contrast, the posterior VL
receives projections from 4 deep cerebellar nudclei (the dentate,
interposed anterior/posterior, and fastigial nuclei; see Fig 3G).

We first evaluated the effects of suppressing anterior VL
activity on seizure duration, frequency, and bilateral spread.
Anterior VL suppression did not shorten seizures (see Fig 3H,
one-way ANOVA with multiple comparisons and Bonferroni’s
correction for repeated data measurements, p = 0.91 (4 groups;
6 pairs); before SALB: 21.61 +3.75 s, after SALB:
19.95 + 2.04 s; before saline: 23.03 &= 0.23 s, and after saline:
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22.83 & 1.97 s). Anterior VL suppression did not reduce the
number of seizures (one-way ANOVA with Tukey test,
p = 0.69; before SALB: 13 seizures, after SALB: 11; before
saline: 9, after saline: 10; # = 5 mice). Surprisingly, seizures
still spread to the left cortex after chemogenetic suppression of
the right thalamus (see Fig 3F). Despite right VL power sup-
pression during the seizure, the onset latency from the right
cortex to the left cortex and to the left VL did not change,
whereas seizure onset latency to the right VL increased (see
Fig 31, Left ctx: Kruskal-Wallis test with Dunn’s multiple com-
parison test, p = 0.29; before SALB: 175.0 £ 59.29 ms, after
SALB: 254.8 4+ 113.0 ms; before saline: 150.6 & 5.63 ms,
after saline: 99.75 £ 10.31 ms; left VL: Kruskal-Wallis test
with Dunn’s multiple comparison test, p = 0.26; before SALB:
192.3 + 70.35 ms, after SALB: 739.1 + 368.2 ms; before
saline: 222.8 4= 10.25 ms, after saline: 118.2 & 3.17 ms; right
VL: Brown Forsythe ANOVA test with Welch’s correction for
variance and Dunnett’s multiple comparison test, p = 0.0050;
before SALB: 113.8 & 21.56 ms, after SALB: 3084.0
+ 437.1 ms, p = 0.0020; before saline: 135.6 £ 20.63 ms,
after saline: 102.1 £ 27.08 ms; after SALB, after saline,
p = 0.024; n = 5 mice). We saw no change in seizure behav-
for after the right VL suppression. SALB did not produce an
anticonvulsant effect. In some seizures (55%), seizure ampli-
tude was suppressed in the right motor cortex simultaneously
with the right VL suppression (see Fig 3]), which is consistent
with the ipsilateral thalamocortical oscillations. Decrease in sei-
zure amplitude during the VL suppression (and the
corresponding decrease in lower frequencies associated with
thalamocortical oscillations) indicates that the thalamus acts as
an amplifier.

When we inhibited the posterior VL, the activity ampli-
tude in the right VL did not change (see Fig 3K). However,
although the overall seizure duration decreased by almost half,
the total number of seizures doubled (see Fig 3L, Seizure dura-
tion: Brown Forsythe ANOVA test with Dunnett’s multiple
comparison test, p = 0.035; before SALB: 22.35 £+ 1.28 s,
after SALB: 13.60 £ 1.68s, p = 0.024; before saline:
22.17 + 2.74 s, after saline: 21.03 £ 1.35 s; after SALB, after
saline, p = 0.048; Seizure number: one-way ANOVA with
Tukey test, p = 0.0084, before SALB: 11 scizures, after
SALB: 17; before saline: 8, after saline: 8; p = 0.013; n =5
mice). Shortening of seizures in the absence of motor thalamic
activity and increase in seizure duration in the presence of VL
further indicates that the thalamus exacerbates seizures, ampli-

fying their duration.

Seizures Spread Bilaterally after Closed-Loop
Optogenetic Inhibition of the Ipsilateral Motor
Thalamus

Because chemogenetics does not allow precise temporal

control over the VL inhibition and requires administration
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FIGURE 3: Chemogenetic suppression of the ipsilateral VL does not change the onset latency in the contralateral VL or contralateral
cortex. (A) KORD/CamKII.Cre was injected in the right VL. (B) Patch-clamp recordings were done on KORD-expressing neurons in the
right VL. (C) Resting membrane potential (mV) of transduced cells before and after SALB application, where the left graph is
repeated recordings from a single cell, and the right graph is the average for 5 mice. (D) Mean number of seizures in C57BI/6 mice
after cobalt insertion in C57BI/6 mice that were injected with SALB (green) or saline (red) at 20 hours after Co (black arrow) at the
peak of seizures. (E) One hundred percent of all mice developed seizures by 20 hours after Co. (F) LFPs of a seizure recorded before
and after SALB injection. Power was suppressed in the right VL (red box). (G) A schematic illustrates anatomical projections to the
anterior and posterior VL. (H) Mean seizure duration (seconds) remained the same before (16-20 hours after Co) and after (20—
24 hours after Co) SALB or saline injection. (I) Seizure onset was delayed only in the right VL after SALB injection but not in the left
cortex or left VL. (J) Right cortex was suppressed after right VL suppression (in 6 out of 11 mice). (K, L) Seizure duration decreased
after posterior VL suppression. Co = cobalt; VL = ventrolateral; SALB = salvinorin B.
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VL) in the same mouse with the corresponding power spectrums. (D) Seizure onset was delayed only in the right VL after pulse
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of SALB systemically, we suppressed VL activity using of the ipsilateral VL activity (see Fig 4C), supporting the

closed-loop optogenetics. We injected AAV9 CamKII- chemogenetics data. The power spectrum validated VL
ArchT-GFP in the right anterior VL (Fig 4A) that pro- suppression compared to uninterrupted control seizures
duced hyperpolarization in transduced neurons when illu- (see Fig 4C). Seizure onset latency from the right cortex
minated with 540 nm green light. Two weeks after viral to the right VL increased (see Fig 4D, control seizure
injection, we placed cobalt, 4 LFP microelectrodes in the onset latency (no pulse): median 50 ms, 90th percentile
bilateral premotor cortex and VL, as well as an optic fiber 4.7 s; interrupted seizure (pulse): median 1.4 s, 90th per-
in the right VL (see Fig 4B). We developed a deep con- centile 18.8 s; p = 0.0003, Kolmogorov-Smirnov test). In
volutional neural net model in MATLAB for online sei- contrast, seizure onset latency in the left cortex remained
zure detection in a fully automated way. We designed a the same (see Fig 4D; no pulse: median 50 ms, 90th per-
regression-based learning algorithm and trained it using a centile 100 ms; pulse: median 50 ms, 90th percentile
training dataset that included seizures against a baseline, 155 ms; p = 0.129, Kolmogorov-Smirnov test) with a
ictal and pre-ictal spikes, noise, and artifacts. The neural slightly longer latency in the left VL (no pulse: median
net continuously fetched a window of the LFP data with- 200 ms, 90th percentile 1.25s; pulse: median 100 ms,
out interrupting the LFP recording, transferred the data to 90th percentile 2.6 s; p = 0.56, Kolmogorov-
the neural net, generated a score for a running window of Smirnov test).
data, and compared it to a threshold (set at —0.5) to acti-
vate a train of light pulses, whenever a seizure was Focal to Bilateral Seizures Activate the Corpus
detected. In 5 mice, we interrupted 27 seizures (the light Callosum
started to trigger after 20 hours from Co insertion) and We propose that the corpus callosum allows the bilateral
left 18 seizures uninterrupted (before 20 hours after Co) spread of the focal to bilateral tonic—clonic seizures,
to obtain the same mouse internal control. whereas the thalamus amplifies them (see Fig 5A). The
Seizures still spread to the contralateral cortex and LFP recordings confirmed that 100% of all seizures
contralateral VL after closed-loop optogenetic inhibition required approximately 25 ms to arrive at the left cortex
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from the right cortex, whereas half of all seizures either
needed 4 seconds or 60 ms to arrive at the left VL (see
Fig 1E,F).

In activity reporter TRAP2 mice, we found that the
whole corpus callosum extensively expressed tdTomato
from anterior to posterior sections (see Fig 5B), indicating
its activation during focal to bilateral seizures. To verify
that these were axons, we used an antibody against myelin
basic protein (MBP). SP8 super-resolution lightning
microscopy revealed myelin spiraling around tdTomato
positive corpus callosum axons (see Fig 5C). Eighty per-
cent of the callosal axons originate from superficial layers
2 and 3,%° and we found strong activation of the superfi-
cial cortical layers 2 and 3 in both right and left cortex
(see Fig 5D). Control steel wire implanted mice without
seizures had no callosal activation (see Fig 5E).

Seizure Focus Sends Extensive Projections
Contralaterally across the Corpus Callosum

To trace efferent projections of the seizure focus, we
injected AAV9 GFP virus in TRAP2 mice at the same
coordinates in the right premotor cortex 2 weeks before
cobalt placement and injected 4-OHT within 90 minutes
after focal to bilateral tonic—clonic seizure to label ana-
tomic connections and seizure activated cells at the same
time. The corpus callosum strongly expressed AAV9 GFP
and tdTomato (Fig 6A), confirming that seizures follow
direct anatomic projections of the seizure focus across the
corpus callosum to spread contralaterally.

To further confirm that seizures propagate through
the corpus callosum, we injected Cre-dependent AAV9
virus (AAV9 pCAG-FLEX-EGFP-WPRE) in TRAP2
mice (which express Cre under c-Fos regulation), so that
only seizure-activated neurons and axons would express
eGFP. The corpus callosum strongly expressed Cre-
dependent GFP from the anterior to posterior sections
(see Fig 6B). Super-resolution microscopy confirmed that
tdTomato positive axons of the corpus callosum col-
ocalized with GFP (see Fig 6B).

Anterior Callosotomy Prevents Bilateral Seizure
Spread

We next transected the corpus callosum to determine if it
would stop bilateral seizure spread. A thin knife was
inserted in the left posterior cortex and advanced anteri-
orly to avoid damaging the superior sagittal sinus (Fig 7A,
B). The genu and the body of the corpus callosum were
cut on the left side as the knife was removed, the cobalt
was inserted, the EEG electrodes were placed in the bilat-
eral anterior and posterior cortices (see Fig 7C), and the

mice were continuously monitored for seizures via

video/EEG.
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Corpus callosotomy abolished bilateral seizure spread
compared to mice without callosotomy (see Fig 7D,E),
indicating that the corpus callosum is sufficient for bilat-
eral spread of neuronal activity. Seizures from the ipsilat-
eral cortex arrived later to the contralateral cortex, as
indicated by a seizure onset delay on EEG (see Fig 7E),
corresponding to the callosal transmission time after the
genu of the corpus callosum was cut. However, as the
number of seizures that the lesioned mice experienced
increased, seizure onset delay in the left hemisphere
became shorter, but seizures still arrived contralaterally
later than in mice without callosotomy (see Fig 7F,D; cut
genu, mean seizure onset delay in the left cortex:
3.8 + 0.56 s, » = 5 mice).

In the instances when the genu was not severed but
the body of the corpus callosum was (see Fig 7G), the mice
experienced immediate contralateral seizure onset just like
the mice without callosotomy (see Fig 71,H), suggesting that
it is the genu of the corpus callosum that is essential for focal
to bilateral seizure spread (genu not cut, mean seizure onset
delay in the left cortex: 0.0 £ 0.0 s, Kolmogorov-Smirnov
test, 7 = 3 mice).

Discussion

Our studies re-examined the role of the “centrencephalon”
and corpus callosum in the bilateral spread of cortical
activity, a debate going back more than 5 decades. We
find for the first time that thalamocortical oscillations and
seizure spread via the corpus callosum occur in parallel
and propose that the corpus callosum allows bilateral sei-
zure spread, whereas the thalamus amplifies seizures. Our
results reflect the parallel nature of cortical and thalamic
circuits that process lateralized sensory and motor infor-
mation as well as the interlobar integration of this sensory
and motor information in the cortex. Seizures hijack nor-
mal circuits, providing the pathway for the spread of path-
ological activity. Understanding the relative contributions
of the thalamus and corpus callosum provides insights into
exacerbation of focal to bilateral seizures as well as the
integrative function of the cortex of bilateral neuronal
activity.

Local field potential recordings showed that focal to
bilateral seizures arrived at the contralateral cortex faster
than at the contralateral thalamus. The 2 thalami have
minimal direct monosynaptic commissural connections,
whereas the corpus callosum massively projects con-
tralaterally. We propose that seizures spread between the
2 thalami by engaging the cortico-cortical commissure,
the corpus callosum. Previous studies optogenetically
inhibited the right ventral posterolateral nucleus/ventral
posteromedial nucleus (VPM/VPL) thalamic nuclei during
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A

Proposed model:

B Seizure

FIGURE 5: Focal to bilateral seizures activate the corpus callosum. (A) The proposed model of focal to bilateral seizures, where
black arrows indicate seizure spread across the corpus callosum and to the thalamus, while a white circle in the right cortex
indicates the seizure focus. (B) The corpus callosum strongly expressed tdTomato after focal to bilateral tonic-clonic seizures.
(C) SP8 super-resolution Lightning microscopy images tdTomato positive axons expressing myelin basic protein (MBP; green) in
the corpus callosum. (D) Strong activation of layers 2 and 3 in the right and left cortex, immunolabeled for CTIP2 (green) that
marks layers 5 and 6, separating superficial from deep cortical layers. (E) Steel wire implanted control mice without seizures did

not express tdTomato in the corpus callosum.

stroke-induced seizures in the right somatosensory cortex,
which sends extensive anatomic projections to the right
VPM/VPL, and stopped bilateral seizure spread.” We
inhibited the right motor nucleus of the thalamus because
it receives strong projections from the right motor
cortex,”” the seizure focus in our case. Surprisingly, sei-
zures still spread contralaterally. Our study did not repro-
duce the results of Paz et al” study due to differences in
seizure focus location. They located the seizure focus in
the somatosensory cortex, which sends strong reciprocal
connections with the sensory thalamus. In 2 examples
presented, the suppression of thalamic activity suppressed
the seizure in the ipsilateral cortex. In contrast, suppres-
sion of motor thalamic nuclei did not wholly suppress sei-
zures in the motor cortex. Perhaps the motor cortex has a
different relationship with the motor thalamus than the
somatosensory cortex and thalamus. We next developed a
fully automated deep convolutional neural network-based
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seizure detection system in MATLAB for closed-loop
optogenetic inhibition of the right motor thalamus. Sei-
zure spread to the left cortex was not altered, confirming
our chemogenetic findings. Anterior callosotomy, on the
other hand, abolished contralateral spread, indicating that
the corpus callosum is sufficient for interhemispheric cor-
tical synchronization.

Classically, primarily generalized seizures engage the
networks of both sides of the brain at the onset. In con-
trast, secondarily generalized seizures originate at a focus
and are thought to access the circuit for generalized
seizures,>’ which causes bilateral spread. However, the
term secondary generalized is confusing because it con-
flates the ideas of interlobar and interhemispheric spread.
Although the name of “secondary generalized” seizures
has recently been changed to “focal to bilateral,”*® the
idea that secondarily and primarily generalized seizure

access to the thalamocortical oscillatory circuit is required
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tdTomato

FIGURE 6: The seizure focus sends extensive direct projections across the corpus callosum contralaterally. (A) The tdTomato and
AAV9 GFP colocalized in the axons of the corpus callosum that connects the seizure focus with the contralateral premotor
cortex. The white rectangle area is magnified on the right. (B) Top: A confocal image of Cre-driven AAV9 GFP expression in the
corpus callosum of TRAP2 mice. Middle: Super-resolution SoRa image of the callosal axons expressing Cre-driven AAV9 GFP with

a magnified view.

for bilateral spread still remains.”®”*”* We could not
confirm the existence of a single seizure choke point and
demonstrate that neuronal circuits generating seizures with
focal cortical onset with bilateral spread are more complex
than previously proposed.

The complexity may come from the layered orga-
nization of the motor cortex that allows independent,
parallel transfer of neuronal activity to the contralateral
cortex and ipsilateral subcortical structures. Eighty per-
cent of all callosal axons originate in layers 2 and 3 prin-
cipal pyramidal neurons,”® whereas layer 5 pyramidal
tract neurons (PT-type) and layer 6 corticothalamic
neurons (CT-type) project to the subcortical structures
ipsilaterally.”>?° Therefore, inhibiting the right motor
thalamus affects right thalamocortical projections to
layers 5 and 6 of the motor cortex, whereas seizure still
spreads bilaterally via layers 2 and 3. We reveal that
right and left cortico-thalamic circuits operate indepen-
dently of each other (in parallel) and are actually syn-
chronized by cortico-cortical connections arising from
layers 2 and 3 through the corpus callosum. Studies in
infant sleep EEG further suggest a role for corpus cal-
losum in synchronizing thalamocortical sleep spindles.
The posterior part of the corpus callosum, the
splenium, is myelinated by the sixth month of age,
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whereas the genu of the corpus callosum does not
myelinate until the eighth month.’’ Coincidentally,
mature spindle activity reaches the peak between 3 and
9 months of age.’?

We selected kappa-opioid receptor-based DREADD
over clozapine N-oxide-based chemogenetics because
CNO s reverse metabolized to clozapine,”® a dopamine

2 receptor antagonist that increases susceptibility to

3435 compared to inert SALB that opens GIRK
36,37

seizures,
channels to induce hyperpolarization. However,
chemogenetics still has temporal limitations; systemic
injection of SALB inhibits a structure long before seizure
onset, which potentially could have additional biological
effects. In addition, activity was not sufficiently inhibited
by chemogenetics because gamma frequencies still
remained after the right VL suppression (see Fig 3F). To
more precisely control the activity, we used optogenetics.
Instead of devising a customized rule-based seizure detec-
tion or a hardware-based implementation,>*® we for the
first time integrated a deep convolutional neural regressor
network to detect seizures in the closed-loop optogenetic
system. Except for the optogenetic toolbox and Arduino
TTL pulse generator, our system does not require addi-
tional hardware, such as a digital signal processor chip.

The network is rigorously trained on seizure LFP against
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FIGURE 7: Anterior callosotomy prevents bilateral seizure spread. (A) Sequential light images of the coronal sections show
callosotomy (red arrows, magnified views) from anterior to posterior cortex (A-F, relative brain locations in B). (B) A schematic of
the callosotomy, sagittal view, illustrates knife placement (red), cut genu of the corpus callosum (gcc), and uncut splenium (scc).
(C) Cobalt and EEG electrodes (red dots) were positioned in the right and left anterior and posterior cortices. (D) EEG of a
seizure that was recorded in mice without callosotomy. Red arrows indicate seizure onset. (E) Representative EEG of a first
seizure that was recorded after callosotomy in mice with cut genu with no seizure recorded in the left premotor cortex (red
rectangle). (F) Onset oflater seizures was delayed in mice with cut genu. (G) Light image of the callosotomy where only the body
of the corpus callosum was cut and the genu remained intact (red arrow). (H) Seizure onset delay (seconds) in the left premotor
cortex (L ctx) after callosotomy in mice with cut genu (green) and in mice with body callosotomy and intact genu (red). (I) Mice
with body callosotomy and intact genu had immediate seizure onset in the left premotor cortex just like the mice without
callosotomy. EEG = electroencephalography.

that of a baseline, high-frequency bursts, noise due to was suppressed at the motor cortex without any change in
mouse movements, acquisition noise, and single spikes. seizure duration during anterior VL inhibition. The sei-
The system advantages are configuring desired probing zure duration at the motor cortex was reduced upon
(ON and OFF) pattern, stoppage/delayed start of pulses, silencing the posterior motor thalamus with a rise in the
integration of multichannel features, and low-latency frequency of seizures. These findings demonstrate that the
adaptive triggering unlike any hardware-based implemen- VL thalamus amplifies seizures. Anatomic tracing suggests
tation. When using different EEG/LFP acquisition sys- that layers 5 and 6 of the motor cortex innervates the VL
tems, transfer learning on our network can easily be neurons, whereas VL sends glutamatergic projections to
performed as well. layer 1 and layers 2 and 3 of the motor cortex.”>%%°

We found that the amplitude and duration of a sei- Inhibiting VL activity disabled this path, thereby ceasing
zure are amplified by the VL thalamus. Seizure amplitude the amplification of a seizure.
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Studies of primarily generalized absence seizures

showed that stimulation of the intralaminar thalamus was
sufficient for bilateral synchronization even after a com-
plete section of the corpus callosum.® We did not find evi-
dence for that. Although we could not exclude the
possibility that the brainstem might be responsible for
contralateral seizure spread, there are limited anatomic
and functional evidence for bilateral seizure spread via the
brainstem. For example, the 2 pyramids containing the
cortex’s motor fibers decussate in the medulla oblongata
and descend via the spinal tract. In addition, extrapyrami-
dal tracts in the brainstem carry motor fibers to target
lower motor neurons in the spinal cord like the
rubrospinal tract that originates in the red nucleus.
Finally, polysynaptic connections via reticular formation
could connect back to the contralateral cortex. This poly-
synaptic circuit complex going through the reticular for-
mation would cause a long delay in seizure spread to the
contralateral cortex. However, we observed only a 25 ms
delay (see Fig 1E). When we cut the genu of the corpus
callosum, there was no ictal activity in the contralateral
(left) cortex. If the ipsilateral (right) cortical discharge
spread via the brainstem to the contralateral cortex, then
the effect of callosotomy would not be observed, as shown
in Figure 7E. Other studies of the intralaminar thalamus
showed desynchronized activation of the right and left
centromedian nucleus during nonconvulsive and tonic—
clonic generalized seizures,”’ supporting the idea of inde-
pendent operation of the thalamocortical circuits in each
hemisphere and their cortical integration through the
anterior corpus callosum. In later years, Penfield consider-
ably modified the centrencephalic hypothesis to account
for the work of Roger Sperry on patients with split
brain.*?
Hughlings Jackson first pointed the role of the cere-
bral cortex in generating convulsions (Jacksonian
March).® Wilder Penfield and Herbert Jasper made
extensive recordings from the motor cortex confirming it
the site of origin of bilateral convulsions.”** Extensive lit-
erature and clinical practice show that corpus callosotomy
effectively treat medically refractory generalized epilepsy,
drop attacks, Lennox—Gastaut syndrome, infantile spasms,
and other generalized seizures. *>4

Future therapies could focus on targeting the neo-
cortical neurons and circuits. Currently, anterior thalamic
deep brain stimulation is performed on patients with
intractable epilepsy, but it is not always effective. In fact,
only 16% of patients report seizure-free interval of at least
6 months, 35.5% develop device-related serious adverse
side effects, 37.3% report depression, and 27.3% memory
impairment.””*® Callosotomies were previously used to
treat refractory generalized epilepsy but are less common
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in current clinical practice. Selective lesions of the callosal
fibers that connect the seizure focus for example through
the development of noninvasive focused ultrasound and
deep brain stimulation to modulate cortico-cortical projec-
tions could reduce generalized tonic—clonic seizures and
sudden unexpected death in epilepsy (SUDEP) and serve
as alternatives to thalamic stimulation.

In summary, our findings emphasize that the cortex
transmits seizures to the contralateral side via the corpus
callosum, even when thalamic input is suppressed, empha-
sizing that the cortical integration is independent of tha-
lamic input.
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