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Activation of the basal ganglia and indirect
pathway neurons during frontal lobe
selzures

Anastasia Brodovskaya,' Shinnosuke Shiono? and Jaideep Kapur®>

There are no detailed descriptions of neuronal circuit active during frontal lobe motor seizures. Using activity report-
er mice, local field potential recordings, tissue clearing, viral tracing, and super-resolution microscopy, we found
neuronal activation after focal motor to bilateral tonic-clonic seizures in the striatum, globus pallidus externus, sub-
thalamic nucleus, substantia nigra pars reticulata and neurons of the indirect pathway.

Seizures preferentially activated dopamine D2 receptor-expressing neurons over D1 in the striatum, which have dif-
ferent projections. Furthermore, the D2 receptor agonist infused into the striatum exerted an anticonvulsant effect.
Seizures activate structures via short and long latency loops, and anatomical connections of the seizure focus deter-
mine the seizure circuit.

These studies, for the first time, show activation of neurons in the striatum, globus pallidus, subthalamic nucleus,
and substantia nigra during frontal lobe motor seizures on the cellular level, revealing a complex neuronal activation
circuit subject to modulation by the basal ganglia.
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Introduction

Epilepsy is a disease that afflicts more than 65 million people
worldwide. Frontal lobe epilepsy is the second most common type
of epilepsy after temporal lobe epilepsy. However, the neuronal
circuits mediating frontal lobe seizures remain poorly understood.

Focal motor to bilateral tonic-clonic seizures, previously known as
secondarily generalized or partial-onset grand mal, activate the
motor cortex.’ The striatum and its projections to the globus pal-
lidus, subthalamic nucleus, and substantia nigra pars reticulata
comprise the basal ganglia and are critical output structures of the
motor cortex.” Previous studies indicated that basal ganglia
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participate in seizures.> However, these studies focused on indi-
vidual structures, such as the striatum or substantia nigra, and
lacked cellular resolution.®™

There are two types of medium spiny neurons interspersed
through the striatum. Neurons that express dopamine receptors
D2 (DRD2) on their surface comprise the indirect pathway and pro-
ject to the globus pallidus externus (GPe), subthalamic nucleus
(STN), and substantia nigra pars reticulata (SNR), inhibiting volun-
tary movement. Neurons that express dopamine receptors D1
(DRD1) comprise the direct pathway and project to the globus pal-
lidus internus (GPi) and SNR, facilitating voluntary movement.'®"*
Older studies described modulation of seizures by dopaminergic
drugs,? but it is unknown whether motor seizures activate the in-
direct or direct pathway through the striatum. We demonstrate
that frontal lobe seizures preferentially activate the indirect path-
way neurons of the basal ganglia, predominantly activating DRD2
neurons.

Here, we incorporated novel tools and techniques, such as
super-resolution and light-sheet microscopy, activity reporter tar-
geted recombination in active populations (TRAP2) mice, tissue
clearing, Cre-driven viral tracing, and local field potential (LFP)
recordings from multiple structures simultaneously to map the
neuronal activation circuit after frontal lobe focal motor to bilat-
eral tonic-clonic seizures. Additionally, we suppressed seizures by
infusing D2 agonists into the striatum, showing that the basal gan-
glia and D2 system modulate seizures.

Materials and methods

All studies were approved by the University of Virginia Animal
Care and Use Committee. Mice expressing Cre-ER under the regu-
lation of c-Fos promoter (Fos®™E®, Jackson Laboratories, #021882,
or Fos?AICrERT2 jackson Laboratories, #030323) were crossed to
mice expressing tdTomato from the Rosa locus (Ai9, Jackson
Laboratories, #007909) to generate TRAP2 mice. TRAP2 and C57BL/6
(Charles River) mice of both sexes (7-12 weeks) were maintained
on 12-h light (6 a.m. to 6 p.m.)/dark (6 p.m. to 6 a.m.) cycle and had
ad libitum access to food and water. For genotyping, KAPA
Biosystems kit was used.

To induce seizures, TRAP2 or C57BL/6 mice were anaesthetized
with isoflurane, a small craniotomy was made, cobalt wire (diam-
eter 0.5mm, length 1mm, 1.7 mg) was implanted in the right pre-
motor cortex (AP +2.6mm, ML -1.8mm) with four subdural EEG
electrodes and a reference (Fig. 1D). Animals were continuously
monitored for seizures via video/EEG. All mice developed seizures
within 13-20h after cobalt insertion, and 4-hydroxytamoxifen (4-
OHT, 50mg/kg, s.c.) was injected at the peak of seizures within
90min. Animals were perfused 5days after 4-OHT injection to
allow tdTomato expression.

Steel wire was used as a control (diameter 0.5 mm, 1.7 mg) and
implanted instead of cobalt as described above. 4-OHT was
injected 18h after steel wire implantation (the average time period
of seizure peak in cobalt implanted mice). Mice were monitored
via continuous video/EEG for 48 h; no seizures were observed.

LFPs were recorded with a custom-made array of microelectro-
des (diameter 50pm, diamel-coated nickel-chromium wire)
(Johnson Matthey Inc.). Electrode length of 2cm maintained 60-70
kQ resistance. The data were amplified and filtered (the low cut
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pass 1Hz, high cut pass 5kHz) by
16-Channel Microelectrodes Amplifier Model 3600 (A-M Systems),
digitized, and stored on a computer with PowerLab 16/35 hardware
and LabChart 8 software at a sampling rate of 10kHz. We coordi-
nated the distance between each microelectrode’s array by using
non-epileptic animals with the cross-correlation to be <0.7 be-
tween each electrode, by analysing the time lag between the elec-
trodes (in MATLAB). The cross-correlation r and delay d are
defined as:

r— Soilx() — mx)*(y(i —d) - my)]
\/Zi (x() - mx)z\/zi (y(i— d) — my)?

@

where x(i) and y(i) are two series with i=0, 1, 2... N-1, and mx and
my are the means of the corresponding series. To record seizures,
the microelectrodes were placed in the premotor cortex
(AP +2.2mm, ML -1.8mm, DV -0.5mm), striatum (AP +1.2mm,
ML -1.8mm, DV -3.5mm), ventrolateral thalamic nucleus (VL)
(AP -1.3mm, ML -1.0mm, DV -3.75mm), and SNR (AP -3.3mm,
ML -1.5mm, DV -4.75 mm) together with cobalt. Seizure start was
identified as a deflection of the voltage trace at least twice the
baseline after visual inspection. After recordings, the electrode
position was marked by applying a single burst of 40uA, 0.75 ms
monophasic square wave pulse at S50Hz for 30s using a constant
current stimulator (A-M Systems, Model 2100). The animals were
perfused, brains were sectioned 40-um thick on a cryostat (Leica,
CM1900), and stained with DAPI [0.02% in phosphate-buffered sa-
line (PBS)]. The sections were imaged on Nikon Eclipse Ti-S,
2 x/0.45NA. If the electrode position was incorrect, the data were
excluded from the analysis.

LabChart LFP data were analysed to create spectrograms, using
Fast Fourier Transform with a Cosine-Bell data window and a win-
dow size of 1024 data-points (2.56 s), which resulted in a frequency
resolution of 0.375Hz. A window overlap of 87.5% was used to
smooth the spectrogram’s x-axis. We expressed power as uV2.

TRAP2 mice were injected with either AAV9-
CamkKII0.4.eGFP.WPRE.TBG (#105541-AAV9, Addgene) or AAV9
pCAG-FLEX-EGFP-WPRE (#51502-AAV9, Addgene) in the premotor
cortex (AP +2.6mm, ML -1.8mm, DV -0.5mm; 100 nl) with
Hamilton syringe (#7634-01). A minimum of 2 weeks was allowed
for the viral expression before proceeding with cobalt
implantation.

Mice were deeply anaesthetized with isoflurane and perfused
intracardially with 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer, pH 7.2 at 4°C. Brains were fixed in PFA overnight, cryopro-
tected in 30% sucrose in PBS for 2days at 4°C, and sliced on a cryo-
stat at 40 um. Each fourth section was placed in a blocking buffer
[50pul/ml normal goat serum (NGS), #017-000-121, Jackson
ImmunoResearch, and 0.1% Triton™ X-100] for 2h. The primary
antibodies (with 20 pl/ml NGS overnight at 4°C) were rabbit anti-
D2R (1:250, #AB5084P, Millipore), rat anti-D1R (1:300, #D2944,
Sigma), rabbit anti-NeuN (1:250, #24307, Cell Signaling), rabbit anti-
GFAP (1:800, #ab7260, Abcam), mouse anti-MBP (1:500, #ab62631,
Abcam), rabbit anti-enkephalin (1:2000, #20065, ImmunoStar),
guinea pig anti-dynorphin (1:500, #AB5519, Millipore), rabbit anti-
PV (1:500, #ab11427, Abcam), and rabbit anti-preproenkephalin
(1:1000, #RA14124, Neuromics). The sections were washed in 1x
PBS. The secondary antibodies (1:500, Invitrogen, for 2h at room
temperature) were 405 goat anti-rabbit, 488 goat anti-rabbit, 488
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Figure 1 Frontal lobe seizures activate the striatum. (A) % Activation in the ipsilateral (red) and contralateral (blue) cortex in mice with seizures
compared to the ipsilateral (green) and contralateral (dark green) cortex of the control steel wire implanted mice without seizures across the whole
brain from the anterior (3.5 mm bregma) to the posterior cortex (-4.5 mm bregma), Kolmogorov-Smirnov test, n = 4-6 mice. (B) Representative
tdTomato expression in the ipsilateral (red) and contralateral (blue) cortex in mice with seizures compared to the steel wire control mice without
seizures (green), quantification in A. Boxed insets: Enlarged images from the middle areas. (C) After cobalt implantation, TRAP mice developed
spontaneous repeated focal seizures (blue) and focal motor to bilateral tonic-clonic seizures (red). 4-OHT was injected at the peak of secondarily

(continued)
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goat anti-guinea pig, 488 goat anti-mouse, 488 goat anti-rat, and
633 goat anti-rat.

Mice were perfused with 4% PFA and 4% acrylamide in 0.1M phos-
phate buffer to clarify tissue. Brains were fixed in the same solu-
tion overnight at 4°C. Sections (200pm thick) were sliced on a
vibratome (Leica VT3200) and incubated in 1% acrylamide in PBS
with 0.25% VA-044 (#27776-21-2, Wako Chemicals) in the dark
overnight at 4°C. The sections were degassed in nitrogen for 1-
Smin, polymerized at 37°C for 3h, washed in PBS, and incubated
with 8% sodium dodecyl sulphate (SDS, Bio-Rad) in PBS at 37°C for
24-36h covered in parafilm until transparent. For whole-brain
clearing, SDS was changed every day for 2 weeks until the whole
brain became transparent. The sections were then washed in PBS
with 0.1% Triton™ X-100 and mounted in RIMS (40 g Histodenz™
in 30ml 0.2M phosphate buffer, 0.1% Tween-20, 0.01% sodium
azide, pH7.5).

Confocal images were done on Nikon Eclipse Ti-U at 10x/
0.45NA or 20x/0.95NA, 1024 x 1024 frame size. Images were tiled
as stacks with 5pm z-interval and stitched using NIS-Elements
software. Imaris 9.3.0 (Bitplane) was used for visualization and
Adobe Photoshop CC for cropping an original image and figure dis-
play. DRD2 or DRD1 were imaged on Zeiss LSM 980 Multiphoton
Airyscan 2 at 63x/1.40NA, oil, or Leica SP8 STED at 93 x/1.30NA,
glycerol. One-third of the whole clarified brain was imaged on
Zeiss Z.1 Light Sheet microscope with objective lens 5x/0.1NA, de-
tection objective lens 5x/0.16 NA, and arivis Vision4D software.
Excitation lasers were 405, 488, 561 and 633 nm.

For sumanirole versus artificial CSF (aCSF) treatment, C57BL/6
mice were implanted with cobalt, four surface EEG electrodes, a
reference, and a bilateral guide cannula (PlasticsOne, C235G-2.7/
SPC, 26 GA, 2.1 mm below pedestal) at AP +1.02 mm, ML +1.35mm,
DV -1.75mm into the striatum and stabilized with dental cement.
An internal bilateral cannula (PlasticsOne, C2351/SPC, 33GA, 1mm
projection) was connected to two 5pul Hamilton syringes prefilled
with either sumanirole maleate (10 pg/injection per lobe in aCSF)
or aCSF (in mM, 127 NaCl, 2 KCl, 1.5 MgSQ,, 25.7 NaHCO3, 10 dex-
trose, and 1.5 CaCl,; 300 mOsm) as a control, and injected by a
blinded experimenter slowly over 75s at 18 h after cobalt insertion.
The blinded experimenter counted seizures before the injections
(15-18h after cobalt) to determine the baseline, following the injec-
tions (18-20.5h after cobalt) because sumanirole has a sustained
effect for at least 2h, and after the injections (20.5-23.5h after co-
balt) to determine return to the baseline.

To count the number of tdTomato-positive cells in cobalt ver-
sus steel implanted mice, Imaris Spots detection or Image] were

Figure 1 Continued

BRAIN 2021: 144; 2074-2091 | 2077

used and confirmed manually by a blinded investigator. A region
of interest was drawn, background was subtracted, and the thresh-
old was adjusted. The number of cells was counted on a 40pm
cryostat section in a structure and averaged across sequential sec-
tions in a mouse. Each point on a graph is the average value for a
separate mouse. At least three sections were analysed per lobe per
animal. In the steel wire implanted mice, left and right lobe data
were combined and averaged in each animal.

To determine whether DRD2/DRD1- or ENK/DYN-positive cells
co-localized with tdTomato-positive cells, tdTomato cells were
tagged using Imaris Spots detection tool on x 20 confocal images.
Co-localization was manually checked based on whether ~50% of
the surface co-localized with the marker of interest. The number
of tdTomato-positive cells that co-localized with either DRD2 or
DRD1 (ENK or DYN) was divided by the total number of all
tdTomato-positive cells, which allowed us to determine per cent
of tdTomato cells expressing the marker.

All statistical analysis was performed in Prism 8. Unpaired
t-test was used for normally distributed and the Kolmogorov-
Smirnov test for data not normally distributed. Data are presented
as mean + standard error of the mean (SEM), where n is the num-
ber of animals or the number of seizures followed by the number
of animals. Results were considered statistically significant for
P <0.05.

The data that support the findings are available from the corre-
sponding authors upon request.

Results

To visualize neuronal activation during seizures, we used TRAP
mice, modified to a new generation TRAP2 that utilizes the activity
of immediate early gene c-Fos to drive Cre expression.'** 4-OHT
injection translocates Cre inside the nucleus that relieves the re-
pression from tdTomato, which labels activated cells. Non-active
cells are not labelled with tdTomato because they do not express
Cre. To initiate frontal lobe focal motor to bilateral tonic-clonic
seizures, we used a well-characterized cobalt model.’>*® Cobalt
inactivates oxygen-binding molecules within neurons, causing
hypoxic injury.’ Cobalt wire (1.7 mg) was inserted into the right
premotor cortex of a TRAP mouse with five subdural EEG electro-
des on both hemispheres (Fig. 1D). The mice were monitored for
seizures via continuous video/EEG. Interictal spike-wave

generalized tonic-clonic seizures within 90 min of the last seizure (red arrow). Points indicate mean and shaded regions SEM (n = 8 mice). (D) A sche-
matic of the cobalt placement and EEG electrodes (red), and a representative EEG recording from each electrode during focal motor to bilateral seizure
in a TRAP mouse. (E) Left: tdTomato (red) expression in the striatum immunolabelled for NeuN (green). Dotted lines indicate the striatum. Right:
Magnified view of the striatum. Boxed inset: tdTomato-positive neurons co-localized with NeuN. (F) Left: Steel wire control showed minimal tdTomato
expression in the striatum. Right: Magnified view of the striatum. (G) Cobalt implanted mice had more tdTomato-positive cells in the ipsilateral and
contralateral striatum compared to the steel wire implanted mice (each point is the average number of cells in a 40 um section across sequential stri-
atal sections in a mouse) (ipsilateral: 1036 + 229.4 cells, n = 9 mice, Kolmogorov-Smirnov test; contralateral: 349.8 + 115.2 cells, n = 9 mice,
Kolmogorov-Smirnov test; control: 20.90 + 5.909 cells, n = 5 mice). The ipsilateral striatum had more tdTomato-positive cells than the contralateral in
mice with seizures (Kolmogorov-Smirnov test). (H) Left: Striosomes immunolabelled for MOR (green) and tdTomato expression in the striatum.
Middle: Striosome that did not express tdTomato. Right: Striosome that was tdTomato positive. (I) An astrocyte immunolabelled for GFAP (green)
expressed tdTomato in the striatum. (J) Left: SP8 super-resolution lightning microscopy image of tdTomato-positive myelinated axons immunola-
belled for myelin basic protein (MBP) (green) in the ipsilateral striatum. Right: Magnified view of myelinated tdTomato-positive axons. (K) Cross-sec-
tion of myelinated axons containing tdTomato indicated by the thin white rectangle in J. Data are mean + SEM, (Kolmogorov-Smirnov test), **P <
0.0001. Also, see Supplementary Video 1.
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discharges appeared in the EEG within hours after recovery from
surgery and became more frequent and bilateral. Spontaneous
focal and focal to bilateral tonic-clonic seizures repeatedly
occurred over the next 6-36h and lasted 10-180s (Fig. 1C). Animals
were injected with 4-OHT (50 mg/kg, s.c.) 90 min after focal to bilat-
eral seizures to cause recombinant expression of tdTomato in acti-
vated neurons. In a separate experiment, we found that tdTomato
expression peaks when 4-OHT is administered 90 min following a
seizure. This time course is consistent with c-Fos mRNA expres-
sion after a seizure.?>** After 5 days of tdTomato protein accumu-
lation, the whole brain was serially sectioned into 40 pm sections
and imaged on a confocal microscope to analyse the pattern of
tdTomato expression.

Secondarily generalized tonic-clonic seizures led to cortical ac-
tivation in both hemispheres, as seen on bilateral EEG (Fig. 1D) and
in increased tdTomato signal (Fig. 1A and B). The ipsilateral hemi-
sphere of mice with seizures had more tdTomato signal than the
contralateral (Fig. 1A and B), where % activation is the total
tdTomato fluorescence in the cortex divided by the total cortical
area. Observed cortical activation could be a result of motor activ-
ity, cortical injury, or seizures. We implanted steel wire instead of
cobalt and injected 4-OHT 18 h after the surgery. The control steel
wire mice had no seizures and showed minimal cortical tdTomato
expression (Fig. 1A and B).

The dorsal striatum strongly expressed tdTomato (Fig. 1E). The
ipsilateral striatum to the seizure focus expressed more
tdTomato-positive cells than contralateral (Fig. 1E and G). The
graph (Fig. 1G) represents the average number of tdTomato-posi-
tive cells on a 40 pm section across sequential striatal sections in a
mouse, where each point is the average value for a separate
mouse. The striatum of the control mice had fewer tdTomato-
positive cells compared to both the ipsilateral and contralateral
striatum of the mice with seizures (Fig. 1F and G). tdTomato was
observed throughout the whole striatum from the anterior to the
posterior sections. Neurons in the striatum expressed tdTomato;
however, not all neuronal somas were tdTomato positive. We will
demonstrate below the electrographic activation of the striatum,
which is the result of the neuronal firing. Striatal bundles also
expressed tdTomato (Fig. 1E). Myelinated axon fibres course
through the striatum, and our previous studies have suggested
that tdTomato can fill axons. We tested whether the fibre bundles
were myelinated axons filled with tdTomato, using an antibody
against myelin basic protein (MBP) (Fig. 1J). SP8 super-resolution
lightning microscopy revealed myelin spiralling and wrapping
around the tdTomato expressing axons (Fig. 1J and Supplementary
Video 1). The cross-sectional view demonstrated that myelin sur-
rounded each axon containing tdTomato (Fig. 1K). Additionally,
the striatum is made up of the striosomes (also called patches),
which express p-opioid receptors (MOR), and the surrounding ma-
trix.?* Both limbic and sensorimotor cortical areas project to the
striosomes and matrix, but the striosomes receive more inputs
from limbic cortical regions.”” The striosomes did not express
tdTomato (Fig. 1H). Only rare occasional striosomes close to the
midline were tdTomato positive (Fig. 1H). We also found a few
tdTomato-positive cells that did not co-localize with NeuN.
Astrocytes are known to play a role in ictogenesis.?® To visualize
astrocytes, we used the anti-GFAP antibody and found few astro-
cytes that expressed tdTomato (Fig. 11).

We conducted a series of experiments to investigate whether focal
motor to bilateral tonic-clonic seizures activate the indirect (dopa-
mine receptor D2-expressing) or direct (dopamine receptor D1-
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expressing) pathway. D2 agonists exert anticonvulsant action and
suppress pilocarpine and kindled seizures,'*? whereas D1 ago-
nists and D2 antagonists are pro-convulsant.’® Patients taking
high-affinity D2 antagonists for schizophrenia or psychosis have a
higher risk of seizures.?? However, these studies demonstrate
D2 receptor modulation of seizures and do not report activation of
the striatum or activation of the medium spiny neurons during
seizures.

We used a highly selective full D2 agonist, sumanirole, to deter-
mine if modulation of the indirect pathway would be protective
against cobalt-induced seizures. Sumanirole has more than 200-
fold selectivity for the D2 receptors over other dopamine receptor
subtypes and a sustained effect for at least 2h with onset starting
around 30 min post-injection in rodents.>**” Because dopamine
receptors D2 are also highly expressed in the cortex in addition to
the medium spiny neurons of the indirect pathway, we injected
sumanirole directly into the anterior striatum via a bilateral can-
nula. After implanting C57BL/6 mice with cobalt, they received one
blinded injection of either sumanirole (10 pg/injection per lobe in
aCSF) or aCSF 18h after cobalt insertion via a bilateral cannula and
were monitored via video/EEG for another 10h (Fig. 2A and D).
After the injection, both groups of mice did not have a noticeable
behavioural or electrographic change and continued having spike-
wave discharges after cobalt insertion (Fig. 2B). None of the suma-
nirole-injected mice experienced seizures during 2.5h following
the injection as determined by a blinded investigator, whereas the
aCSF-injected mice had more seizures (Fig. 2C), which indicates
that the D2 receptor agonist is anticonvulsant in cobalt-induced
seizures.

It is unknown whether seizures activate the indirect or direct
pathway. We wanted to quantitatively assess whether the
tdTomato-positive medium spiny neurons expressed either D2 or
D1 receptors in the striatum. The entire striatum of TRAP mice
after a seizure was serially sectioned and immunolabelled for D2
and D1 receptors (Fig. 2E and F).*® Around 80% of all activated neu-
rons in the striatum expressed DRD2 in the ipsilateral and contra-
lateral striatum and not DRD1 (Fig. 2I). The proportion of activated
DRD2- versus DRD1-positive neurons remained constant through-
out the striatum from the anterior to posterior sections, suggesting
no rostrocaudal gradient (Fig. 2J).

We performed confirmatory experiments by immunolabelling
for enkephalin and dynorphin (Fig. 2G and H). The majority of in-
direct pathway neurons express enkephalin (ENK), whereas the
majority of the direct pathway medium spiny neurons express
substance P and dynorphin (DYN).?>* Similarly, around 80% of all
activated neurons in the striatum expressed ENK and not DYN,
which indicates preferential activation of the indirect pathway
neurons (Fig. 2K).

Dopamine receptors are expressed on the neuronal membrane,
and tdTomato expression is intracellular.*! False positives are pos-
sible due to other labelled cells lying on top within a 40 um section.
To counter this problem, we carried out SP8 super-resolution STED
(stimulated emission depletion) microscopy imaging of triple
labelled sections with anti-DRD2 and anti-DRD1 antibodies. Super-
resolution microscopy confirmed that tdTomato-positive cells ex-
press DRD2 and not DRD1 (Fig. 3). We also found examples of mem-
branous, nuclear and cytoplasmic expression of DRD2 (Fig. 3A-C).

Next, we investigated the activity of the striatal projection targets.
The indirect pathway D2 medium spiny neurons project to the
GPe, STN, and SNR, whereas the direct pathway D1 medium spiny
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Figure 2 Seizures activate the indirect basal ganglia pathway neurons. (A) C57BL/6 mice were implanted with cobalt and a bilateral cannula.
Sumanirole or aCSF was injected via a bilateral cannula into the striatum at 18 h after cobalt (red arrow). The number of seizures was counted by a
blinded experimenter before the injection (15-18 h after cobalt), following (18-20.5 h after cobalt), and after the injection (20.5-23.5 h after cobalt). (B)
A representative EEG 20 min after bilateral sumanirole injection into the striatum. (C) The effect of either sumanirole (red) or aCSF (green) injection
(red arrow) on the number of seizures before the injection (15-18 h after cobalt) (sum per mouse, n = 5 mice): D2 agonist: 2.2 + 0.58, aCSF: 2.4 + 0.87
(Kolmogorov-Smirnov test), following the injection (18-20.5 h after cobalt): D2 agonist: 0.0 + 0.0, aCSF: 1.4 + 0.68 (P = 0.0476, Kolmogorov-Smirnov
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neurons project to the GPi and SNR. The direct and indirect path-
ways are segregated.'*042-50

The Paxinos Brain Atlas does not distinguish between the ex-
ternal and internal segments of the globus pallidus in a mouse
brain.”* Therefore, we adopted the online Allen Brain Reference
Atlas distinction between GPe and GPi, which shows the GPe
located medial to the posterior striatum and lateral to the septum
and internal capsule. The GPi is posterior relative to the GPe,
where the hippocampus first appears, medial to the GPe and lat-
eral to the reticular thalamic nucleus and internal capsule.
Parvalbumin (PV) immunolabelling allowed easy visualization of
the location of the reticular thalamic nucleus and GPe (up to 59%
of all GPe neurons express PV).*>™°

The GPe, a part of the indirect pathway, strongly expressed
tdTomato (Fig. 4A and C). Neurons expressed tdTomato in the ipsi-
lateral GPe to the seizure focus, which had more tdTomato-posi-
tive cells than the contralateral (Fig. 4A and E). The GPe of the
control mice had fewer tdTomato-positive cells compared to both
the ipsilateral and contralateral GPe of the mice with seizures (Fig.
4D and E). Not only neurons but also axonal fibres in the GPe were
tdTomato positive (Fig. 4A and C). There are two types of GPe neu-
rons, prototypic (PV positive that project to the STN) and arkypalli-
dal (FoxP2 and preproenkephalin positive that project to the
striatum).®® Prototypic cells inhibit arkypallidal, and the STN is re-
ciprocally connected and provides excitatory input to both cell
types. We found that almost none of the PV neurons in the GPe
expressed tdTomato (Fig. 4C), suggesting that seizures do not acti-
vate prototypic GPe cells. We immunolabelled GPe for arkypallidal
neurons with anti-preproenkephalin antibody and found that al-
most all of the tdTomato cells in GPe were arkypallidal (Fig. 4B). It
was recently reported that activation of the indirect (D2) medium
spiny neurons inhibits prototypic cells, disinhibiting the STN and
arkypallidal cells.® However, it is possible that GPe arkypallidal
neurons were activated directly from the cortex.

The GPj, a part of the direct pathway, had similar tdTomato ex-
pression as the background activity of the controls (Fig. 4F-H). Both
the ipsilateral and contralateral GPi in mice with seizures had a
similar number of tdTomato-expressing cells as the GPi of the con-
trols. The number of tdTomato-positive cells was also similar in
the ipsilateral and contralateral GPi.

The STN strongly expressed tdTomato in both hemispheres
(Fig. 5A). The STN is a lens-shaped nucleus that lies below the pos-
terior and ventrobasal thalamic nuclei above the cerebral peduncle
and receives GABAergic projections from the GPe as a part of the
indirect pathway. Both the ipsilateral and contralateral STN of
mice with focal motor to bilateral tonic-clonic seizures had more
tdTomato-expressing cells than the STN of the controls (Fig. 5B
and C). The number of tdTomato-positive cells in the ipsilateral
STN was similar to that in the contralateral STN (Fig. 5C).

The SNR also expressed tdTomato (Fig. 5D). Located laterally to
the mammillary nuclei, SNR receives GABAergic projections from
the striatum via the direct pathway and glutamatergic projections
from the STN via the indirect pathway, while sending GABAergic
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projections to the motor thalamic nuclei such as the ventrolateral
and ventromedial.”” Both the ipsilateral and contralateral SNR had
more tdTomato-expressing neurons than the SNR of the controls
(Fig. 5D-F). The ipsilateral SNR had more tdTomato-expressing
cells than the contralateral (Fig. SF).

Motor thalamic nuclei also expressed tdTomato (Fig. 6A). The
motor thalamus consists of the ventroanterior/ventrolateral (VA/
VL) and ventromedial (VM) nuclei. These nuclei receive reciprocal
projections from the motor cortex and GABAergic inhibitory pro-
jections from the SNR.*”*® Motor thalamic nuclei VL/VM ipsilateral
to the seizure focus were active and expressed more tdTomato-
positive cells than the contralateral or VL/VM of the control mice
without seizures (Fig. 6A-D). Ipsilateral centromedian,>® mediodor-
sal, and anterior reticular thalamic (RTN) nuclei were tdTomato
positive as well (Figs 4F and 6A, E and F).

The TRAP technique has limited temporal resolution, so we
recorded LFP from the premotor cortex, motor thalamic nucleus
VL, striatum, and SNR simultaneously. We selected the VL because
of its larger size compared to other motor thalamic nuclei and,
thus, easier electrode targeting. Custom-made array of micro-
electrodes recorded LFPs at a 10kHz sampling rate, which allowed
us to detect seizure spread with millisecond precision (Fig. 7A). To
establish that the source of electrical activity recorded from one
microelectrode was independent of that from a neighbouring
microelectrode, we analysed the cross-correlation of activities
recorded from two neighbouring electrodes. The cross-correlation
has to be <0.7 for the activities to be considered independent.
Microelectrodes with 60-75 kQ resistance and 2 cm length yielded
recording without significant cross-contamination (<0.7) (Fig. 7B).
The location of the electrodes was marked by applying a single
burst of 40 A, 0.75 ms monophasic square wave pulse at S0Hz for
30s after the recordings were complete. The data were analysed
only if the electrode tip location was correct (Fig. 7C).
Simultaneous LFP recordings from the premotor cortex, VL,
striatum, and SNR ipsilateral to the seizure focus confirmed that
focal motor to bilateral tonic-clonic seizures indeed activate these
structures (Fig. 7D). Seizures, consisting of rhythmic spike-wave
discharges mixed with low amplitude fast (gamma) activity, were
recorded from each of these structures. Next, we compared seizure
onset time in each structure to the onset time at the seizure focus
in the premotor cortex. Surprisingly, some seizures required sev-
eral hundred milliseconds to arrive at the striatum or SNR; in con-
trast, other seizures took several seconds to appear in these
structures, suggesting two populations based on latency, fast
(<200ms) and slow (>200ms). In recordings from the striatum,
70% of seizures were short latency, and the rest took longer (Fig.
7F). In the SNR, similarly, 48% of seizures were short latency, and
the remaining seizures had longer latency (Fig. 7G). However, all of
the seizures required <200ms to arrive at the VL (Fig. 7E). We

test), and after the injection (20.5-25.5 h after cobalt): D2 agonist: 2.2 + 0.37, aCSF: 2.0 + 0.45 (unpaired t-test). (D) Light microscope image of
the traces left from the bilateral cannula targeting dorsal anterior striatum (red arrows). (E) DRD2 (green) and tdTomato (red) expression in
the striatum. (F) DRD1 (green) and tdTomato expression in the striatum. (G) ENK (green) and tdTomato expression in the striatum. Boxed in-
set: tdTomato-positive neurons co-localized with ENK. (H) DYN (green) and tdTomato expression in the striatum. Boxed inset: The majority
of tdTomato-positive neurons did not co-localize with DYN. (I) % Co-localization of tdTomato-positive cells with either DRD2 or DRD1 in
the striatum. Co-localization of tdTomato with: DRD2 in the ipsilateral striatum (red): 79.71 + 1.857%; DRD2 in the contralateral striatum
(blue): 78.40 + 2.542%; DRD1 in the ipsilateral striatum (green): 10.93 + 1.085%; DRD1 in the contralateral striatum (black): 11.55 = 1.736%, (n =
4-5 mice). (J) Point line graph of the data in (I) across bregma from the anterior (1.6 mm) to posterior (-0.8 mm) striatum. (K) % Co-localiza-
tion of tdTomato-positive cells with either ENK or DYN in the striatum. Co-localization of tdTomato with: ENK in the ipsilateral striatum
(red): 79.46 + 1.158%; ENK in the contralateral striatum (blue): 75.09 + 2.092%; DYN in the ipsilateral striatum (green): 15.43 + 1.170%; DYN in
the contralateral striatum (black): 21.12 + 0.3507%, (n = 3 mice). Data are mean + SEM, Kolmogorov-Smirnov test, n.s. = non-significant. *P <

0.05.



Activation map of frontal lobe seizures

. Merged

Merged

BRAIN 2021: 144; 2074-2091 | 2081

Figure 3 Activated cells in the striatum express DRD2 but not DRD1. (A) SP8 super-resolution STED image shows tdTomato-positive cells (red) ex-
press DRD2 (green) but not DRD1 (blue) on the neuronal membrane in the striatum. (B) STED image shows tdTomato-positive cells express DRD2
(green) but not DRD1 (blue) inside the nucleus in the striatum. (C) Left: LSM 980 Airyscan 2 image shows tdTomato-positive cells express DRD2 (green)

in the striatum. Right: Magnified view of cytoplasmic DRD2.

found that some seizures required up to ~10s to appear in the stri-
atum or SNR, which suggests that internal inhibition exists within
these structures during some seizures, which prevents immediate
ictal onset within them.

We also discovered that after seizure invaded the SNR, spike
frequency in the cortex and thalamus decreased by half (Fig. 7H
and I). Spike frequency was defined as the number of spikes per se-
cond (Fig. 7I). In long latency seizures during onset delay in the
SNR, faster cortical and thalamic spikes were detected, whereas
after seizure started in the SNR, cortical and thalamic spike fre-
quency dropped (Fig. 7D and H), which could be a delayed hyper-
synchronized activity in the cortex/thalamus, which is even
measurable from the SNR. In short-latency seizures, where seiz-
ures started almost simultaneously in the cortex, thalamus, and
SNR, no such spike frequency change was noticed, and spike fre-
quency was slower to begin with (Supplementary Fig. 1). Thus, ac-
tivation of the basal ganglia circuit modulates seizures. In
particular, activation of the SNR exerts an inhibitory effect on tha-
lamocortical projections, inhibiting ongoing movement.*°

We hypothesized that anatomical projections of the seizure focus
influence seizure propagation, so we tracked both in a single

experiment. To trace the efferent connections from the seizure
focus, we injected AAV9 GFP virus (AAV9-
CamkKII0.4.eGFP.WPRE.TBG) in TRAP2 mice at the same coordinates
in the premotor cortex 2 weeks before the cobalt insertion surgery.
We injected 4-OHT 90 min after focal to bilateral seizures and clari-
fied either anterior one-third of the whole brain and imaged it
using a light sheet microscope or clarified 200 um thick sections,
imaged them in tiles, and reconstructed into whole slice images
on a confocal microscope.®*

GFP and tdTomato extensively co-localized in the striatum,
indicating that seizures followed anatomical projections from the
seizure focus (Fig. 8A). To gain better resolution of the axons
expressing both tdTomato and the virus, we used SP8 super-reso-
lution lightening microscopy to image a single axonal bundle from
a horizontal section in the striatum. tdTomato-positive axons
expressed AAV9-GFP (Fig. 8B and Supplementary Video 2). Thick
200-um clarified sections revealed how GFP and tdTomato-positive
axons traverse from the ipsilateral anterior to posterior striatum
(Fig. 8D). Not all tdTomato-positive axons expressed AAV9-GFP
because seizures can travel multiple synapses, whereas this Cre-
independent virus has not been reported to transport trans-synap-
tically.? Additionally, cortico-cortical spread allowed seizure to
reach the striatum from a different cortical location that was not
labelled by the virus, and not all of the neurons at the seizure focus
could be labelled with AAV9. During focal seizures, LFP recordings


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab119#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab119#supplementary-data
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Figure 4 Activation of the GPe of the indirect pathway but not GPi of the direct pathway. (A) tdTomato (red) expression in the GPe immunolabelled
for NeuN (green) and its magnified view. Boxed inset: tdTomato-positive neurons co-localized with NeuN. (B) tdTomato expression in arkypallidal GPe
neurons immunolabelled for preproenkephalin (ppENK, green). (C) tdTomato expression in the GPe immunolabelled for PV, (green) and its magnified
view. Dotted lines indicate nuclear boundaries: str = striatum; RTN = reticular thalamic nucleus; int = internal capsule. (D) Left: Steel wire control
showed minimal tdTomato expression in the GPe. Right: Magnified view of the GPe. (E) Cobalt-implanted mice had more tdTomato-positive cells in
both the ipsilateral and contralateral GPe compared to the steel wire implanted mice (each point is the average number of cells in a 40 um section
across sequential GPe sections in a mouse) (ipsilateral: 17.81 + 2.778 cells, unpaired t-test; contralateral: 9.329 + 2.553 cells, P = 0.0109, unpaired t-test;
control: 7.118 + 2.550 cells; n = 5 mice). The ipsilateral GPe had more tdTomato-positive cells than the contralateral in mice with seizures (unpaired t-
test). (F) Left: Minimal tdTomato expression in the GPi during seizures immunolabelled for PV (green). Right: Magnified view of the GPi. Dotted lines in-
dicate nuclear boundaries. (G) Left: Steel wire control showed minimal tdTomato expression in the GPi. Right: Magnified view of the GPi. (H) Cobalt-
implanted mice had similar tdTomato expression in both the ipsilateral and contralateral GPi as the control mice (each point is the average number
of cells in a 40 pm section across sequential GPi sections in a mouse) (ipsilateral: 3.400 + 1.439 cells, unpaired t-test; contralateral: 2.033 + 1.096 cells,
unpaired t-test; control: 2.448 + 0.8656 cells; n = 5 mice). The number of tdTomato-positive cells in the ipsilateral and contralateral GPi was similar
(unpaired t-test). Data are mean + SEM, n.s. = non-significant. *P < 0.05, ****P < 0.0001.
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Figure 5 Seizures activate the subthalamic nucleus and substantia nigra pars reticulate. (A) tdTomato expression in the STN immunolabelled for
NeuN (green) and its magnified view. Boxed inset: tdTomato-positive neurons co-localized with NeuN. Dotted lines indicate the STN boundaries. (B)
Left: Steel wire control showed minimal tdTomato expression in the STN. Right: Magnified view of the STN. (C) Cobalt-implanted mice had more
tdTomato-positive cells in the ipsilateral and contralateral STN compared to the steel wire control mice (each point is the average number of cells in
a 40 pm section across sequential STN sections in a mouse) (ipsilateral: 89.90 + 22.49 cells, unpaired t-test; contralateral: 78.11 + 25.15 cells, unpaired
t-test; control: 2.030 + 0.5463 cells; n = 5 mice). The number of tdTomato-positive cells in the ipsilateral STN was similar to that in the contralateral
(unpaired t-test). (D) tdTomato expression in the SNR immunolabelled for NeuN (green) and its magnified view. Boxed inset: tdTomato-positive neu-
rons co-localized with NeuN. Dotted lines indicate the SNR boundaries. (E) Left: Steel wire control showed minimal tdTomato expression in the SNR.
Right: Magnified view of the SNR. (F) Cobalt-implanted mice had more tdTomato-positive cells in both ipsilateral and contralateral SNR compared to
the steel wire implanted mice (each point is the average number of cells in a 40 pm section across sequential SNR sections in a mouse) (ipsilateral:
20.65 +4.580 cells, P = 0.0005, unpaired t-test; contralateral: 10.36 + 1.704 cells, P = 0.0029, unpaired t-test; control: 4.688 + 1.985 cells; n = 4 mice). The
ipsilateral SNR had more tdTomato-positive cells than the contralateral in mice with seizures (P = 0.0010, unpaired t-test). Data are mean + SEM, n.s.
= non-significant. * P < 0.01, *™ P < 0.001, ***P < 0.0001.

indicate that the ipsilateral striatum was also active and synchron-
ized with the cortex because the motor cortex projects directly to
the striatum (Supplementary Fig. 2).

Light-sheet microscopy allowed us to visualize viral spread in a
whole unsliced brain of a TRAP mouse after secondarily general-
ized seizures. Three-dimensional rendering of the brain revealed
the structure of AAV9-GFP-positive axons that ran posteriorly
through the striatum (Fig. 8C and Supplementary Video 3).

GFP and tdTomato also co-localized throughout the ipsilateral
GPe (Fig. 8E). tdTomato-positive fibres expressed GFP as they
ran dorsally in the GPe, a part of the indirect pathway. AAV9 Cre-
independent virus does not cross more than one synapse,®” which
means parallel projections exist directly from the motor cortex
to the GPe in addition to the striatal projections to the GPe.
Previous literature supports that direct cortico-pallidal projections
exist.®>%°


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab119#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab119#supplementary-data

2084 | BRAIN 2021: 144; 2074-2091 A. Brodovskaya et al.

ARLEEMIE

Merged

I\-‘ID-_‘ 'f.o

. e

500um

.e L2 D

£ = 2

8 VL g

+ +

2 2

© . ©

E n.s. E

o e N o

5 & o 5 0 | P T
Ip'si Contra Steel Ip'si Contra Steel

E 500 4 o F150' e

L=n400 J B ok g e

5 2 MD g0 CM

+ 300 - *

o] i o -

=200 s @ 50 .

£100 E

5 5 et

at Ipsi Contra Steel = Seizure Steel

Figure 6 Seizures activate motor thalamic nuclei. (A) Top: tdTomato expression in the thalamus immunolabelled for NeuN (green). Bottorn: Magnified view of the
thalamus. Boxed inset (white arrow): tdTomato-positive neurons co-localized with NeuN. Dotted lines indicate nuclear boundaries: CM = centromedian; MD =
mediodorsal; RTN = reticular thalamic nucleus; ZI = zona incerta. (B) Top: Steel wire control showed minimal tdTomato expression in the thalamus. Bottom:
Magnified view of the thalamus. (C-F) Number of tdTomato-positive cells in cobalt-implanted mice (red) compared to the steel wire implanted mice (green) in
the thalamic nuclei VL, VM, mediodorsal thalamic nucleus, and centromedian thalamic nucleus [either on the ipsilateral (Ipsi) or contralateral (Contra) side to
the seizure focus or, in the case of the centromedian thalamic nucleus, in the whole nucleus (Seizure)], (each point is the average number of cells in a 40 pm sec-
tion across sequential nuclear sections in a mouse) [VL: ipsilateral: 54.77 + 17.17 cells, P = 0.0006, unpaired t-test; contralateral: 9.667 + 6.850 cells, unpaired t-test;
control: 5.183 = 1.417 cells; n = 5 mice; the ipsilateral VL had more tdTomato-positive cells than the contralateral (P = 0.0194, unpaired t-test); VM: ipsilateral: 29.55
+ 8.469 cells, P = 0.0008, Kolmogorov-Smirmov test; contralateral: 1.833 + 0.7472 cells, Kolmogorov-Smimov test; control: 1.508 + 0.7932 cells; n = 5 mice; the ipsilat-
eral VM had more tdTomato-positive cells than the contralateral (P = 0.0033, unpaired t-test); mediodorsal thalamic nucleus: ipsilateral: 211.6 + 58.51 cells, P =
0.0006, Kolmogorov-Smirmov test; contralateral: 22.65 + 7.437 cells, P = 0.0006, Kolmogorov-Smimov test; control: 2.749 + 0.8787 cells; n = 5 mice; the ipsilateral
mediodorsal thalamic nucleus had more tdTomato-positive cells than the contralateral (unpaired t-test); centromedian thalamic nucleus: whole nucleus
(Seizure): 91.97 + 13.07 cells, P = 0.0002, unpaired t-test; control: 7.778 + 2.338 cells; n = 5 mice]. Data are mean + SEM, Kolmogorov-Smimov test, n.s. = non-signifi-
cant.*P < 0.05,* P < 0.01, **P < 0.001, **P < 0.0001.
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Figure 7 Activation of the basal ganglia modulates seizures. (A) Custom-made arrays of LFP microelectrodes that record from the ipsilateral pre-
motor cortex, striatum, VL, and SNR and their dimensions for stereotaxic surgery. (B) A correlation matrix plots the correlation coefficients (from 1.0
to 0) for each pair of structures, which were calculated based on the LFP time lags between the microelectrodes with the dimensions from (A) and 60—
75 kQ resistance. (C) Lesions were done after the recordings to mark the locations of the microelectrode tips that targeted the VL and SNR (red
arrows). (D) Representative simultaneous LFP recordings from the premotor cortex, VL, striatum, and SNR and their corresponding power spectrums.
The seizure focus was in the premotor cortex. Red arrows indicate seizure onset time (twice the baseline). Red bars in the striatum and SNR indicate

(continued)
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Next, we injected Cre-driven AAV9 pCAG-FLEX-EGFP-WPRE in
TRAP2 mice at the seizure focus, so that the virus would only be
expressed in activated neurons and axons. We found GFP and
tdTomato co-localization in the striatum and GPe (Fig. 8F). We
did not find viral expression in the GPi, and cerebral peduncle
and zona incerta expressed the virus close to the STN and SNR
(Fig. 8F).

Discussion

Our studies, for the first time, map neuronal activation of the basal
ganglia during frontal lobe focal motor to bilateral seizures with
unprecedented spatial resolution. This map suggests at least two
possibilities that seizures either activate structures of the basal
ganglia and indirect pathway neurons directly from the cortex or
propagate along the indirect pathway sequentially. Our studies
could not distinguish between these two possibilities, so future
experiments with calcium imaging, chemogenetics, and other
techniques will be necessary to distinguish these possibilities. We
show that seizures originating in the premotor cortex activate ana-
tomically connected structures on the mesoscale and cellular lev-
els: striatum, globus pallidus, subthalamic nucleus, substantia
nigra, and the thalamus, which suggests that neuronal connec-
tions play a role in seizure spread.

We show striatal activation during frontal lobe secondarily gen-
eralized tonic-clonic seizures. Furthermore, around 80% of all acti-
vated neurons in the striatum during focal to bilateral seizures
expressed D2 receptors, and the D2 agonist exerted an anticonvul-
sant effect. These findings indicate that the indirect system modu-
lates seizures similar to how the physiological activation of the
indirect pathway suppresses motor movement.** The TRAP tech-
nique lacks temporal resolution and represents the activity of neu-
rons over ~90min, but seizures occur over 10-180s, a much
shorter timescale. Physiological brain activity causes TRAPing of
neurons, and the rate of activation of c-Fos can vary from region to
region. To complement TRAP spatial resolution and gain temporal
resolution, we recorded LFPs and found that seizures activate
structures via short and long latency loops, and activation of the
basal ganglia modulates seizures. Seizures originating in the front-
al lobe, the second most common site of seizure foci after the tem-
poral lobe, follow the anatomical connections of the motor cortex,
so anatomical projections of the epileptic focus influence the seiz-
ure circuit.

Hughlings Jackson originally proposed that the motor cortex
generates seizures,! and seminal studies of Jasper and Penfield
demonstrated seizure-induced reorganization of the motor cor-
tex.®® The striatum is the key output structure of the motor cortex.
Studies in the 1980s suggested that basal ganglia participate in
seizures,*®”*® and dopaminergic drugs modulate them.'? Previous
studies also reported electrographic activation of the striatum dur-
ing focal and absence seizures”*®® and hyperactivity of striatal
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neurons after amygdala-kindled temporal lobe seizures.”®
However, these studies did not provide spatial and temporal reso-
lution of the current study.®®

We used the cobalt model to induce frontal lobe secondarily
generalized seizures.>”*° We selected this model over others for
several reasons. The cobalt model provides reliable, spontaneous
seizures in >90% of animals. The short latency allows us to obtain
high fidelity LFP recordings because electrical contacts do not de-
teriorate. These seizures are consistently associated with focal
onset electrographic spike-wave discharges and beta-gamma
bursts of activity. Anticonvulsant drugs such as carbamazepine
and phenytoin suppress these seizures as they do in human focal
motor seizures.”* Although electrical stimulation of the cortex or
application of chemiconvulsants (e.g. 4-aminopyridine or penicil-
lin) are also models of focal seizures, these are the models of acute
rather than spontaneous seizures and require prolonged electrical
stimulation or introduce a bias towards a cortical layer in which
seizures originate. Cortical freeze lesion or undercut models do not
provide a reliable seizure phenotype, and the latency period spans
weeks before the first seizures appear.””? However, the cobalt
model has limitations as well: it creates a lesion near cobalt im-
plantation, seizures stop in 2-3days, and it is not a model of epi-
leptogenesis. The current study did not investigate
epileptogenesis but studied seizure circuits.

We provide direct evidence that motor seizures activate the
structures that are anatomically connected to the seizure focus
and between each other, suggesting that subcortical seizure
spread is influenced by connectivity. Our findings are similar to a
previous study that mapped the effects of artificial electrical
stimulation of the motor cortex without inducing seizures.
Parthasarathy and Graybiel”® found c-Fos expression in the stri-
atum, GPe, STN, and the reticular thalamic nucleus, but not in the
GPi. They found that out of all c-Fos-positive cells in the striatum,
75% of them expressed enkephalin, suggesting preferential activa-
tion of the indirect pathway over the direct during sensorimotor
cortical stimulation without seizures.”

A recent study of seizure spread from the visual cortex, com-
bining in vivo imaging and electrophysiology, demonstrated that
seizures follow anatomical connections of the visual cortex.”*”*
Our studies show that seizures originating in the premotor cortex
activate anatomically connected subcortical basal ganglia struc-
tures, preferentially activating DRD2 neurons. D2-expressing me-
dium spiny neurons (MSNs) of the indirect pathway are more
excitable than D1 MSNs.”® D2 MSNs have a smaller surface area
and dendritic trees and a less hyperpolarized resting membrane
potential compared to those of D1 MSNs, which explains higher re-
sponsiveness of D2 MSNs to current injections’®’” and, as we
found, easier and greater activation of D2 MSNs during seizures.
Higher excitability of D2 neurons also suggests that properties of
neurons in addition to connectivity determine the pattern of neur-
onal activation during seizures.

the delay of seizure onset. (E) Seizure onset times (ms) in the ipsilateral VL after the beginning of seizures in the premotor cortex. Pie chart:
100% of seizures required <200 ms to arrive at the VL from the premotor cortex (blue): 33.0095 + 3.1550 ms, n = 63 seizures from 16 mice. (F)
Seizure onset times (ms or s) in the ipsilateral striatum after the beginning of seizures in the premotor cortex. Pie chart: 70% of seizures
required <200 ms to arrive to the striatum from the premotor cortex (blue): 19.6643 + 3.5197 ms, n = 28 seizures from eight mice, and 30% of
seizures required >200 ms (red): 5.7125 + 1.1929 s, n = 12 seizures from four mice. (G) Seizure onset times (ms or s) in the ipsilateral SNR
after the beginning of seizures in the premotor cortex. Pie chart: 48% of seizures required <200 ms to arrive to the SNR from the premotor
cortex: 41.8526 + 5.4110 ms, n = 31 seizures from 12 mice, and 52% of seizures required >200 ms (red): 6.9970 + 0.6562 s, n = 33 seizures from
11 mice. (H) Simultaneous LFP recordings from the ipsilateral premotor cortex, VL, and SNR. Spike frequency drops in the premotor cortex
and VL after seizure appears in the SNR (red bar and dashed vertical lines). Red arrows indicate seizure onset time. (I) Spike frequency
quantification (spikes/s) in the premotor cortex and VL before seizure in the SNR (black) and during seizure in the SNR (red) (premotor cor-
tex before seizure in SNR: 2.682 + 0.1699 spikes/s; premotor cortex during seizure in SNR: 1.756 + 0.1782 spikes/s; P = 0.0055, unpaired t-test;
VL before: 2.866 + 0.1656 spikes/s; VL during: 1.687 + 0.1563 spikes/s; P = 0.0079, Kolmogorov-Smirnov test; n = 12 seizures from four mice).

Data are mean + SEM, **P < 0.01.
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Figure 8 Anatomical connections of the seizure focus influence seizure circuit. (A) Left: A horizontal section shows AAV9-CamKII0.4.eGFP.WPRE.Rbg
virus (green) labelling anatomical projections of the seizure focus in the premotor cortex and tdTomato expression (red) after focal motor to bilateral
tonic-clonic seizure. Right: Magnified view of the viral expression in the striatum ipsilateral to the seizure focus. Boxed inset: Cobalt-localization of
tdTomato-positive axons and AAV9-GFP. (B) Left: SP8 super-resolution lightning microscopy image of a horizontal axonal bundle in the striatum that
expresses AAV9-GFP and tdTomato. Right: Magnified view of the axonal bundle. Boxed insets: Cobalt-localization of tdTomato-positive axons and
AAV9-GFP. (C) Light-sheet microscopy 3D image of one-third of the clarified brain that expresses AAV9-GFP from the seizure focus and tdTomato.
The white arrow indicates striatal axons that run posteriorly from the seizure focus. (D) Left: Clarified 200 pm section of the striatum that expresses
AAV9-GFP and tdTomato in the striatum. Right: Magnified view of the striatum. Boxed insets: tdTomato-positive axons co-localized with AAV9-GFP. (E)
Clarified 200 pm section of the GPe that expresses AAV9-GFP and tdTomato. Boxed insets: tdTomato-positive fibres co-localized with AAV9-GFP. (F)
Cre-driven AAV9 (pCAG-FLEX-EGFP-WPRE) was injected in TRAP2 mice at the seizure focus in the premotor cortex. The striatum and GPe expressed
Cre-driven virus as well as the cerebral peduncle (cp) and zona incerta (ZI) near STN and SNR. Also, see Supplementary Videos 2 and 3.

We found strong tdTomato expression in the GPe, yet the stri- VM/VL.*” The activation of the GPe and VM/VL could be explained
atum sends GABAergic projections and inhibits it. Similarly, motor by the existence of direct, parallel cortico-pallidal and cortico-thal-
thalamic nuclei VM/VL expressed tdTomato, but the SNR inhibits amic projections as indicated by the viral expression in the GPe
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(Fig. 8E) and previous studies.’®®> Although activation of the indir-
ect pathway neurons inhibits prototypic GPe neurons, disinhibit-
ing STN and arkypallidal GPe neurons®® (Fig. 4B), our study could
not distinguish whether the observed activation of these basal
ganglia structures is a result of the direct cortical excitation or a se-
quential flow of excitation through the indirect pathway. Future
experiments will be necessary to address this.

The canonical circuit posits that focal seizures engage the
thalamocortical circuit, which leads to secondarily generalized
tonic-clonic seizures.”®®> Even though we studied secondarily
generalized seizures, we did not investigate the mechanism be-
hind secondary generalization (or bilateral spread). We observed
profound activation of the motor and mediodorsal thalamic nu-
cleus thalamic nuclei, which might play a key role in generalized
seizures. Here, we report basal ganglia activation on the cellular
level in addition to the thalamus, which suggests that the seizure
circuit might be more complex and driven by the properties of
neurons and connectivity with multiple, parallel pathways active.

It is essential to understand the neural circuits supporting
these seizures because frontal lobe epilepsy is the second most
common type of epilepsy. Repeated generalized tonic-clonic seiz-
ures are the leading risk factor for sudden unexpected death in
epilepsy (SUDEP)®® and lead to fractures and soft tissue injuries.?”
Understanding the neuronal circuits that generate and propagate
these seizures will allow for the development of novel therapeutic
approaches. Injection of an excitatory amino acid derivative
N-Methyl-p-aspartate (NMDA) into the striatum protects against
limbic pilocarpine seizures, whereas striatal lesioning worsens
seizures.® Low-frequency striatal stimulation had an anti-epileptic
effect in 57 patients with pharmaco-resistant temporal lobe epi-
lepsy.®2*%° Previous studies also suggest that the SNR is critically
involved in seizure generalization.” **C-2-deoxyglucose metabolic
mapping studies found involvement of the SNR in motor seiz-
ures.*®® Infusion of muscimol, GABA receptor agonist, into the
SNR produces anticonvulsant effect,”°! and SNR lesions are anti-
convulsant too.®? High-frequency stimulation of the STN also led
to a reduction in seizure frequency in patients with drug-resistant
epilepsy.”® STN high-frequency stimulation decreases the activity
of the SNR and induces its functional inhibition.°*°> Low concen-
trations of dopamine in the striatum have been shown to produce
depolarization and increased frequency of spontaneous firing,
whereas high concentrations inhibited spontaneous firing.*?
Despite this complex dual effect, D2 agonist or the release of dopa-
mine is thought to reduce activity along the indirect pathway and
reduce SNR activity,®® potentially explaining the anticonvulsant ef-
fect of D2 agonists. During seizures, however, we found activation
of the STN and SNR.

Our study generates new targets for modulation of seizures by
deep brain stimulation. Currently, patients with refractory epi-
lepsy are treated with the anterior thalamic nucleus and respon-
sive neurostimulation.®® In the future, multiple subcortical
structures could be targeted for modulation, stimulation, resec-
tion, or medications. Overall, our studies provide the precise neur-
onal activity map of frontal lobe focal to bilateral tonic-clonic
seizures, revealing a richly complex circuit subject to modulation
by the basal ganglia.
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