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ABSTRACT

The central hypothesis of this dissertation is that anatomical connectivity of the seizure
focus and properties of neurons drive seizure circuits. We combined novel techniques
such as activity reporter TRAP2 mice, local field potential recordings, tissue clearing,
viral tracing, chemogenetics, optogenetics, lesioning, and super resolution microscopy
to interrogate the circuits active during frontal lobe focal motor to bilateral tonic-clonic
seizures.

We found neuronal activation in the striatum, globus pallidus externus,
subthalamic nucleus, substantial nigra pars reticulata, and neurons of the indirect
pathway. Simultaneous LFP recordings from these structures showed that seizures
activate structures via short and long latency loops, and activation of the basal ganglia
modulates seizures. These studies led to the hypothesis that connectivity of excitatory
neurons primarily drives long-distance seizure spread.

Seizures also preferentially activated dopamine D2 receptor-expressing neurons
over D1 in the striatum, which have different projections. D2 neurons are more excitable
than D1; thus, the properties of neurons also determine seizure circuits.

The D2 receptor agonist infused directly into the striatum through a bilateral
cannula exerted an anticonvulsant effect. Systemic injection of the D2 agonist was also
anticonvulsant in frontal lobe seizures. We found that injection of D2R agonist led to
extensive activation of parvalbumin interneurons in the cortex and striatum ipsilateral to
the seizure focus. D2R agonists activate PV interneurons, which in turn inhibit principal
neurons, potentially explaining the anticonvulsant effect of D2R agonists.

Previous studies indicate that the thalamus is essential for seizure maintenance
and generalization to the contralateral hemisphere. Surprisingly, we found that seizures
spread faster to the contralateral cortex than to the contralateral thalamus. The seizure
focus in the ipsilateral cortex was strongly connected to the contralateral cortex via the
corpus callosum as indicated by viral track tracing, whereas the ipsilateral thalamus
lacked direct monosynaptic connections to the contralateral thalamus. We propose that
seizures spread from the seizure focus to the contralateral cortex by engaging the

cortico-cortical commissure, corpus callosum, rather than via commissural projections



between the two thalami or through bilateral spread from the thalamus via the
brainstem.

After chemogenetic inhibition of the ipsilateral thalamus, we still found
contralateral seizure spread, although seizure duration decreased significantly. Anterior
callosotomy, on the other hand, prevented contralateral seizure spread during initial
seizures. Thus, we propose that the thalamus amplifies seizures, whereas the corpus
callosum allows transmission to the contralateral hemisphere.

Recent studies also indicate that superficial layers 2/3 are recruited ahead of the
deep layers 5/6 locally, but it is not known how seizures spread intracortically over a
long distance. We showed that superficial layers were more activated after a seizure
compared to deep layers throughout the cortex. Seizures spread faster posteriorly
through the superficial layers and arrived to the posterior deep layers with a delay.
AAV9 GFP injected at the seizure focus labeled posterior superficial layers stronger
than posterior deep layers, suggesting more direct monosynaptic projections exist
across layers 2/3 than layers 5/6. We further showed that activated cells in the posterior
cortex receive direct synaptic connections from the seizure focus. However, not all
neurons that received direct projections from the seizure focus became active, which

might suggest that those neurons were electrophysiologically different to begin with.
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INTRODUCTION
Frontal lobe epilepsy is the second most common type of epilepsy after temporal lobe
epilepsy. However, the circuits of frontal lobe focal motor to bilateral tonic-clonic
seizures, previously known as secondarily generalized (1), have not been studied in
detail. Previous studies indicate that the thalamus is essential for seizure maintenance
and generalization, but frontal lobe seizures also affect the motor cortex, which has
extensive projections to the basal ganglia and across the corpus callosum, so the
circuits might be more complex than previously thought.

This dissertation maps the circuits of frontal lobe seizures on the mesoscale and
cellular levels. The central hypothesis examined is as follows:
HYPOTHESIS

Anatomical connectivity of the seizure focus and properties of neurons drive seizure

circuits.

The background and the methods to test this hypothesis will be described below.
Further details will be provided in the introductory comments of each chapter.

Based on the central hypothesis stated above, several corollary hypotheses can
be proposed:

1. Frontal lobe seizures would extensively activate the basal ganglia, which
includes the striatum, globus pallidus, subthalamic nucleus, and the substantia
nigra because of extensive projections from the motor cortex, the seizure focus.

2. Indirect pathway neurons would be preferentially activated over direct because
D2 receptor-expressing medium spiny neurons are more excitable than D1
receptor-expressing neurons (2,3).

3. Seizures would spread contralaterally via the corpus callosum and then to the
contralateral thalamus rather than from the ipsilateral to contralateral thalamus
because the two have weak monosynaptic connections.

4. Inhibition of the ipsilateral thalamus during frontal lobe motor seizures would not
prevent the contralateral seizure spread.

5. Callosotomy should prevent the initial contralateral seizure spread, but new
networks for generalization could be developed due to the plastic changes that

exhibit neurons.



6. Superficial layers of the cortex would be more activated compared to deep layers
because 80% of the callosal axons originates in the superficial layers (4).

7. Posterior superficial layers would be activated ahead of posterior deep layers
because layers 2/3 have strong long-range horizontal intracortical projections,

whereas layers 5/6 preferentially have subcortical projections (5).
BACKGROUND

Epilepsy is a disease characterized by an enduring predisposition to generate epileptic
seizures (1,6). Seizure is a transient occurrence of signs and symptoms due to
abnormal and excessive neuronal activity in the brain (6). To understand the
pathophysiology of seizures, their circuits must be delineated first. How do seizures
spread in the brain, and what brain structures do they affect? This dissertation will be
focused on frontal lobe focal motor to bilateral tonic-clonic seizures, previously known
as secondarily generalized (1), because these are the most dangerous seizures, and
frontal lobe epilepsy is the second most common type of epilepsy after the temporal

lobe.

METHODOLOGICAL CONSIDERATIONS

Which model to use?

An ideal animal model to investigate the circuits that underlie those seizures would
cause spontaneous frontal lobe onset focal to bilateral seizures without long latency
periods. The cobalt model comes the closest to the ideal model described above. This
model provides reliable spontaneous seizures in more than 90% of animals. The short
latency allows to obtain high fidelity LFP recordings without deterioration of electrical
contacts. Other focal models such as electrical stimulation of the cortex or application of
chemiconvulsants (such as 4-aminopyridine or penicillin) are the models of acute rather
than spontaneous seizures and require prolonged electrical stimulation or introduce a
bias toward a cortical layer in which seizures originate. Cortical freeze lesions or
undercut models do not provide a reliable seizure phenotype, and the latency period
spans weeks before the first seizures appear (7).
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The cobalt model was initially described by Kopeloff in 1960 (8). Subsequently, it
became well characterized in many species, and the model shifted from powder
application to a wire (9-13). Cobalt inactivates oxygen-binding molecules within
neurons, causing hypoxic injury (12).

How to visualize activated circuits?

There is much information on mapping seizure circuits (14-19). Many of those studies
use techniques that allow brain-wide visualization of activated structures such as single-
photon emission computed tomography that images cerebral blood flow changes,
simultaneous LFP recordings from multiple structures, EEG, and 2-deoxyglucose (2-
DG) mapping. Yet, many of these techniques lack cellular resolution on a whole-brain
level.

Novel activity reporter TRAP2 mice allow unprecedented visualization of
activated circuits on the cellular level throughout the whole brain (20,21). These mice
express Cre recombinase enzyme under the control of the c-Fos promoter. Cre has a
mutated estrogen receptor binding site, so that binding with 4-hyroxytamoxifen is
essential for the nuclear translocation of Cre. There, the floxed tdTomato gene is relived
from repression and expressed only in the activated cells.

TRAP2 technique allows only cellular spatial resolution. To gain millisecond
temporal resolution, local field potential recordings were done in C7BI/6 mice.
Microelectrodes with 10 kHz sampling rate were inserted in the activated structures
indicated by tdTomato expression to determine seizure onset latencies in each
structure.

Inhibition or lesioning of individual structures allowed to determine their role in
seizure spread. Virus labeling in TRAP2 mice also allowed to track anatomical

connections and seizure spread simultaneously to further test the central hypothesis.

SUBCORTICAL SEIZURE SPREAD

Hughlings Jackson originally recognized that motor movements during seizures are
caused by the spread of excessive neuronal activity to the motor cortex (22). Frontal
lobe seizures affect the motor cortex, which has extensive subcortical projections to the

basal ganglia (23).
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Although some previous studies suggested that focal to bilateral seizures
activate the basal ganglia, these studies focused on individual structures rather than on
a complete circuit and lack cellular resolution (14-16). Also, it is unknown whether
seizures preferentially activate direct or indirect pathways through the basal ganglia. It
has been proposed that seizures spread through the indirect pathway (14); however,
these studies did not show direct activation of D2 receptor-expressing medium spiny
neurons over D1-expressing neurons. Graybiel showed that 75% of c-Fos positive cells
expressed enkephalin, which supports preferential activation of the indirect pathway
over direct (24); however, these studies were done during electrical stimulation of the

motor cortex without seizure induction.

CONTRALATERAL SEIZURE SPREAD

Previous studies indicate that the thalamus is essential for seizure maintenance and
generalization to the contralateral hemisphere (15, 25-28). However, seizure spread
from the seizure focus to the contralateral cortex has not been previously traced.
Several famous models of seizure generalization indicate that spread to the
contralateral cortex occurs via commissural connections between the two thalami
(17,25,26) or through bilateral spread from the thalamus via the brainstem (15,29-31).
Lack of tools with good spatial and temporal resolution and the ability to inhibit specific
structures made it difficult to distinguish between these models. The connectivity
hypothesis predicts that seizures spread to the contralateral cortex from the seizure

focus by engaging the cortico-cortical commissure, corpus callosum.

INTRACORTICAL HORIZONTAL SEIZURE SPREAD

Focal to bilateral seizures manifest in many behaviors such as altered consciousness,
auras, and motor activity because they travel long distances from the onset zone. Local
spread of seizures has been intensively investigated (32,33). Previous studies in the
hippocampus and neocortex demonstrate that inhibition plays a strong role in seizure
spread (34-36). According to the dentate gate theory, the dentate gyrus inhibits

overexcitation in the hippocampal circuitry (37), whereas inhibitory surround shapes the
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seizure spread in the neocortex (38-40). However, these studies do not explain how
seizures spread over a long distance.

Previous studies indicate that deep cortical layer 4 is necessary for seizure
generation and propagation (41,42), but the motor cortex is agranular cortex and does
not contain layer 4 (43). Recent studies show that superficial layers 2/3 are recruited
ahead of deep layers 5/6 during acute seizures (32,43). However, they did not
investigate long-range layer recruitment during spontaneous seizures away from the
seizure onset zone. The connectivity hypothesis predicts that superficial layers would be
activated more and ahead of the deep layers because layers 2/3 have stronger
intracortical projections (5), and 80% of the callosal axons originates from the superficial

layers (4).

ORGANIZATION OF THE DISSERTATION

This dissertation is divided into several chapters that will collectively support the central
hypothesis presented above. Presentation of the dissertation work begins with Chapter
2 that proposes that circuits of secondarily generalized seizures are more complex than
those currently proposed. It predicts possible pathways of frontal lobe seizure spread
based on the connectivity hypothesis.

The third chapter investigates the subcortical seizure circuit through the basal
ganglia. It tests and supports the first and second corollary hypotheses. In addition, it
tests the anticonvulsant effect of dopamine D2 receptor agonist in frontal lobe seizures.
The fourth chapter arose from a fortuitous discovery that D2R agonist activates
parvalbumin interneurons.

The fifth chapter maps contralateral seizure spread. It tests the third, fourth, and
fifth corollary hypotheses and finds them to hold. Chapter 5 proposes that the thalamus
amplifies seizures, whereas the corpus callosum allows contralateral spread. The
combination of the new techniques in this chapter provides strong support for the
central hypothesis.

The last sixth chapter investigates intracortical long-distance seizure propagation
along the cortex. It supports the sixth and seventh corollary hypothesis and confirms

that superficial layers activated more strongly and faster than deep layers.
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SUMMARY AND CONCLUSIONS
1. The spread of secondarily generalized seizures is more complex than that of
primarily generalized absence seizures.
2. Focal motor to bilateral tonic-clonic seizures affect the motor cortex, which has
extensive subcortical projections in addition to the thalamocortical.
3. Secondarily generalized seizures could also travel through the striatum, globus
pallidus, substantia nigra reticulata, and corpus callosum to the contralateral
hemisphere.
4. Recruitment of principal neurons in superficial layers 2/3 of the cortex can play

a critical role in corticocortical seizure spread ahead of the deep layers.
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INTRODUCTION

Generalized tonic—clonic seizures (GTCSs) are very dangerous because they increase
the risk of sudden unexpected death in epilepsy (SUDEP) and injuries (1). SUDEP is a
sudden, unexpected, nontraumatic, and nondrowning death in patients with epilepsy,
with or without evidence of seizures and excluding documented status epilepticus, in
which post mortem examination does not reveal toxicologic or anatomic cause of death
(2). Generalized tonic—clonic seizures or the absence of seizure freedom are the major
risk factors for SUDEP. For example, people who have three GTCSs per year have a
15-fold increased risk for SUDEP (3). Forceful convulsions that are associated with
GTCSs can also lead to falls and severe injuries (4). To understand the pathophysiology
of generalized seizures, the circuits generating and propagating the seizures must be
delineated.

During secondary generalization of seizures, focal seizures have been proposed
to spread from the cortex to the thalamus and then engage the Thalamocortical circuits
(5) (Figure 2-1). Thalamocortical oscillations play a critical role in generating primarily
generalized seizures. However, unlike primarily generalized absence seizures,
secondarily generalized tonic—clonic seizures affect the motor cortex, giving rise to
convulsions. Motor cortex anatomy and the afferent and efferent connections are quite
distinct from those of the somatosensory cortex, which is engaged in absence seizures.
We propose that secondarily generalized tonic—clonic seizures not only engage the
canonical thalamocortical circuit but also travel through the striatum, globus pallidus,
substantia nigra pars reticulata, and the fibers of the corpus callosum, engaging the
superficial cortical layers ahead of the deep layers.

Seizure circuits

The thalamocortical circuit underlies primarily generalized seizures

Sleep circuits mediate primarily generalized absence or petit mal seizures.
During natural sleep, the thalamus generates spindle oscillations of 7 to 14 Hz, which
are the result of network interactions between the reticular thalamic nucleus (RTN),
thalamocortical neurons, and cortical pyramidal neurons (6). Intracellular in vivo

recordings show that the burst firing of GABAergic reticular thalamic neurons induces



Figure 2-1.

The canonical thalamocortical circuit. Focal seizures spread from the
cortex to the thalamus, engaging the thalamocortical circuit as a

mechanism for secondary generalization.

20

Figure 2-1
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inhibitory postsynaptic potentials (IPSPs) of the thalamocortical neurons, which leads to
deinactivation of the low-threshold Ca2+ current (IT) and rebound bursts in
thalamocortical neurons (7). The mechanism of these natural spindle oscillations is
thought to underlie the spike-and wave discharges observed in generalized absence
seizures (8-11). During absence seizures, inhibitory reticular thalamic neurons drive the
excitatory behavior in the ventrobasal thalamic nucleus (VB, which consists of the
ventroposterior medial and lateral nuclei, VPM/VPL) and layer 4 of the somatosensory
cortex, which receives projections from the VB through deinactivation of T-type Ca2+
channels. The effectiveness of GABAB antagonists to decrease seizure frequency in
genetic absence epilepsy rats and drugs such as ethosuximide, T-type calcium channel
blocker, in the treatment of absence seizures supports the thalamocortical mechanism
of primarily generalized absence seizures (12-13).

The circuits that underlie secondarily generalized tonic—clonic seizures have not
been studied in detail. Cerebral blood flow (CBF) studies in human patients during
secondarily generalized tonic—clonic seizures as well as electroconvulsive therapy
(ECT)-induced generalized tonic—clonic seizures in patients with refractory depression
indicate that recruitment of the thalamus supports its proposed role in seizure
generalization (14,15). 2-Deoxyglucose (DG) metabolic mapping studies also indicate
thalamic activation; however, these studies also show activation of structures outside of
the thalamocortical circuit, such as the substantia nigra (16,17).

Secondarily generalized seizures affect the motor cortex

Convulsions during secondarily generalized tonic—clonic seizures are the result of
seizures affecting the motor cortex. Hughlings Jackson first recognized that convulsions
are the result of seizures affecting the contralateral motor cortex (18). Unlike the
somatosensory cortex, the motor cortex does not contain layer 4, and as seizures that
affect the motor cortex and convulsions appear, there are no direct thalamic projections
from the VPM/VPL to layer 4. The subcortical and intralaminar circuits that underlie
those seizures are less clear. Motor thalamic nuclei, such as, the ventroanterior (VA),
ventrolateral (VL), and ventromedial (VM) nuclei, project directly to layers 2—6 of the
motor cortex (19). The motor cortex projects back to these thalamic nuclei from layers

5B and 6. The motor cortex also sends projections across the corpus callosum and to
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the striatum, which in turn projects to the globus pallidus and substantia nigra reticulata
(SNR) (20,21) (Figure 2-2). The canonical thalamocortical theory of seizure spread
disregards the purpose of the corpus callosum during secondary generalization of
seizures from one hemisphere to the other, and it does not explain why manipulation
of the basal ganglia can affect seizures.

Anatomy of the motor cortex and activity spread through its subcortical

connections

In the motor cortex, there are three types of principal neurons that project
corticocortically as well as subcortically (19,22): IT-type neurons are intratelencephalic
neurons located in all cortical layers 2/3, 5A/B, and 6. These neurons project to the
identical contralateral cortex across the corpus callosum, to the striatum, and
corticocortically; PT-type neurons are the pyramidal tract neurons in layer 5B. These
neurons project to the brainstem and spinal cord, sending collaterals to the striatum and
thalamus; CT-type neurons are corticothalamic neurons in layer 6 and send their
projections to the thalamus.

The IT-type neurons of all cortical layers and the collaterals of PT type neurons
of layer 5B exit the motor cortex to enter the striatum; IT-type neurons go to both the
ipsilateral and contralateral striatum, whereas PT-type neurons go to the ipsilateral
striatum only. The striatum is divided into ventral and dorsal parts (23). The ventral
striatum consists of the nucleus accumbens and olfactory tubercle, and the dorsal
striatum includes the caudate and putamen. Axons from the motor cortex enter the
striatum at the dorsal part, whereas those from sensory cortical areas enter at the
ventral part. Almost 90% of all striatal neurons are inhibitory GABAergic medium spiny
neurons (MSNs). Two main output areas of the striatum are the globus pallidus (GP),
which is subdivided into the internal (GPi) and external (GPe) segments, and the
substantial nigra reticulata (SNR).

As fibers travel from the motor cortex into the striatum, they go either through the
direct or indirect circuit. In the direct circuit, after passing the striatum, axons go to the
GPi or to SNR, after which they enter the VA and VL nuclei in the thalamus. Medium
spiny neurons in the direct path contain dopamine 1 (DRD1) receptors. In the indirect

circuit, the striatum projects to the GABAergic neurons of the GPe that go to the
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Figure 2-2. The proposed circuit of secondarily generalized tonic—clonic seizures. As
seizures affect the motor cortex, they spread through the fibers of the

corpus callosum, striatum, globus pallidus, and substantia nigra reticulata
(either via the direct or indirect circuit), as well as through the
thalamocortical projections.
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subthalamic nucleus (STN), which sends excitatory glutamatergic projections to the
SNR to enter the VA/VL nuclei in the thalamus as well. Neurons in the indirect pathway
are distinguished by containing dopamine type 2 (DRD2) receptors.

It would be surprising if seizure activity traveled through the sea of inhibition of
the striatal GABAergic neurons after affecting the motor cortex. However, the Turski
group demonstrated that application of the dopamine agonist apomorphine in the
anterior parts of the striatum protects rats from pilocarpine-induced seizures (24).
Specifically, these authors found that only D2 agonist LY-171555 protects animals from
seizures, whereas the application of D1 agonist SKF-38393 in the striatum has no
effect. The application of haloperidol, a D2 receptor antagonist, blocked the
anticonvulsant actions of the D2 agonist and apomorphine.

Modulation of dopamine receptors in humans changes seizure susceptibility.
Treatments with atypical antipsychotics, which are serotonin and dopamine-receptor
antagonists, increase seizure risk (25,26). Groups treated with either clozapine or
olanzapine, which are both dopamine, serotonin, histamine, adrenergic, and muscarinic
receptor antagonists, with olanzapine having higher affinity for D2 receptors than
clozapine, showed a 3.5% and 0.9% incidence of seizures, respectively, compared to
placebo-treated groups during phase llI-1ll clinical trials (27,28).

As the motor cortex projects to the striatum, one of the major output structures of
the striatum is the SNR. Activation of the SNR has been found during generalized tonic—
clonic seizures in 2-deoxyglucose mapping studies (16,17,29). Additionally, previous
decades of research have shown that stimulation of the SNR leads to suppression of
seizures, and microinfusion of bicuculine (GABAA antagonist) into the SNR has a
proconvulsant effect (30).

Motor cortical pyramidal neurons also send their axons across the corpus
callosum, where 80% of callosal fibers come from layer 2/3, 20% from layer 5, and a
small amount from layer 6 pyramidal neurons (31). The corpus callosum is the largest
commissure of the brain that connects the two hemispheres, and many studies have
shown that seizures utilize it for their spread to the contralateral hemisphere (32,33).
Oligodendroglioma lesions that are directly connected to the genu of the corpus

callosum have been shown to be significantly more likely to cause generalized tonic—
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clonic seizures than lesions in other brain regions, whereas no correlation was observed
between tumor size and generalized seizure frequency (34). A corpus callosotomy
study indicated that seizures were reduced by 50% in 79% of patients who underwent
callosotomy (35), and in another study, two-thirds of patients experienced total
cessation of generalized tonic—clonic seizures and drop attacks (36).

Intralaminar seizure propagation through the motor cortex

In previous studies, slice recordings indicated that layers 4 and 5 of the somatosensory
cortex play an important role in cortical seizure initiation and corticocortical propagation
(37,38), which makes intralaminar seizure spread within the motor cortex less clear. The
canonical circuit indicates that excitation of the deep layers 4/5 drives the excitation in
the superficial layers 2/3 (39-41). However, as seizures affect the motor cortex, the
absence of layer 4 in the motor cortex suggests that seizures likely utilize different
laminar circuits.

Shepherd and colleagues proposed a top-down laminar organization of the motor
cortex, where layers 2/3 drive the excitation within the deep layers (42). In this study,
glutamate uncaging by laser photostimulation of presynaptic neurons in one layer and
electrophysiological recording of postsynaptic neurons in another layer were used to
determine the layer-specific wiring of the motor cortex. The results indicated that the
strongest excitatory pathway is from L2/3 descending to L5A/B. A weaker ascending
pathway is also present from L5A to 2/3. The horizontal pathways are the strongest in
L2, followed by those in L5A/B through L5B/6, and the weakest is in L3/5A and 6. These
results indicate that the flow of excitation in the motor cortex is downwardly oriented
from L2. Laminar epileptogenicity was also measured, which was expressed as a
likelihood of an event per stimulus. Even under strongly excitable conditions with high
stimulus intensities and unblocked NMDA receptors, a stimulus in L5B remains
nonepileptogenic, with a local stimulus failing to spread through the network, whereas
L2 demonstrates downward excitability and recurrent excitation.

Yuste and colleagues used two-photon microscopy to determine through which
cortical layers seizures propagate in vivo (43). These investigators recorded from the
somatosensory cortex using 4-AP or picrotoxin application in layer 5 to evoke ictal

activity. The results indicated that ictal recruitment of layer 2/3 occurs ahead of that of
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L5. Another finding was a vertical delay in the lateral spread of seizures with layer 2/3

recruitment occurring before the recruitment of layer 5.
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CONCLUSIONS

More evidence now suggests that the spread of secondarily generalized seizures is
more complex than that of primarily generalized absence seizures. Not only does
manipulation of the basal ganglia affect seizure initiation and generalization, but corpus
callosotomies also decrease the frequency of secondarily generalized seizures in
patients. The canonical thalamocortical model of seizure generalization alone does not
explain these findings, which indicates that the spread of secondarily generalized
seizures is more complex than previously thought.

Understanding the circuit that secondarily generalized seizures affect has a
potential for indicating novel targets for neuromodulation. The structures targeted by
secondarily generalized seizures could also be loci of neuronal plasticity, with first
seizures consolidating the circuit for future seizures. These and future studies are
necessary because ignoring the complexity of the network and reducing it to simple
thalamocortical oscillations provide a danger of missing novel clinical therapies for

people who suffer from these devastating seizures.
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SUMMARY AND CONCLUSIONS

1. We provide direct evidence that motor seizures activate structures that are
anatomically connected to the seizure focus and between each other, suggesting
that seizure spread can be predicted by connectivity.

2. We found that seizures that originate in the premotor cortex activate the
striatum, globus pallidus externus, subthalamic nucleus, substantia nigra pars
reticulata, and neurons of the indirect pathway.

3. 80% of all activated neurons in the striatum expressed D2 receptors. Thus,
seizures preferentially activated dopamine D2 receptor-expressing neurons over
D1 in the striatum, which have different projections. D2 neurons are more
excitable than D1, suggesting that properties of neurons in addition to
connectivity determine the pattern of neuronal activation during seizures.

3. The D2 receptor agonist infused directly into the striatum via a bilateral
cannula exerted an anticonvulsant effect.

4. Seizures activate structures via short and long latency loops, and activation of
the basal ganglia modulates seizures.
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INTRODUCTION

Epilepsy is a disease, which 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 (1). The
striatum and its projections to the globus pallidus, subthalamic nucleus, and substantia
nigra pars reticulata comprise the basal ganglia and are critical output structures of the
motor cortex (2). Previous studies indicated that basal ganglia participate in seizures (3-
5). However, these studies focused on individual structures, such as the striatum or
substantia nigra, and lacked cellular resolution (6-9).

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 project to the globus pallidus externus (GPe), subthalamic nucleus
(STN), and substantia nigra pars reticulata (SNR), inhibiting voluntary movement.
Neurons that express dopamine receptors D1 (DRD1) comprise the direct pathway and
project to the globus pallidus internus (GPi) and SNR, facilitating voluntary movement
(10,11). Older studies described modulation of seizures by dopaminergic drugs (12), but
it is unknown whether motor seizures activate the indirect or direct pathway through the
striatum. We demonstrate that frontal lobe seizures preferentially activate the indirect
pathway 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 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
bilateral tonic-clonic seizures. Additionally, we suppressed seizures by infusing D2
agonists into the striatum, showing that the basal ganglia and D2 system modulate

seizures.
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METHODS

Animals

All studies were approved by the University of Virginia Animal Care and Use
Committee. Mice expressing Cre-ER under the regulation of c-Fos promoter (Fos®"F,
Jackson Laboratories, #021882, or Fos**'"*ERT2 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 hour light (6AM to 6PM)/dark (6PM to 6AM)
cycle and had ad libitum access to food and water. For genotyping, KAPA Biosystems
kit was used.

Seizure induction, EEG/LFP recordings, and virus injections

To induce seizures, TRAP2 or C57BL/6 mice were anesthetized with isoflurane, a small
craniotomy was made, cobalt wire (diameter 0.5 mm, length 1 mm, 1.7 mg) was
implanted in the right premotor cortex (AP +2.6 mm, ML -1.8 mm) with four subdural
EEG electrodes and a reference (Figure 3-1D). Animals were continuously monitored
for seizures via video/EEG. All mice developed seizures within 13-20 hours after cobalt
insertion, and 4-hydroxytamoxifen (4-OHT, 50 mg/kg, s.c.) was injected at the peak of
seizures within 90 minutes. Animals were perfused 5 days 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 18 hours after steel wire
implantation (average time period of seizure peak in cobalt implanted mice). Mice were
monitored via continuous video/EEG for 48 hours; no seizures were observed.

Local field potentials were recorded with a custom-made array of microelectrodes
(diameter 50 uym, diamel-coated nickel-chromium wire (Johnson Matthey Inc.)).
Electrode length of 2 cm maintained 60-70 kQ resistance. The data were amplified and
filtered (the low cut pass 1 Hz, high cut pass 5 kHz) 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 10 kHz. We
coordinated the distance between each microelectrode’s array by using non-epileptic
animals with the cross-correlation to be less than 0.7 between each electrode, by
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analyzing the time lag between the electrodes (in MATLAB). The cross-correlation r and

delay d are defined as:

. 2i[(x(i) —mx) = (y(i — d) —my)]
VZ(x(D) = mx)2 X, (y(i = d) — my)?

Where x(i) and y(i) are two series withi =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 +2.2 mm, ML -1.8 mm, DV -0.5 mm), striatum (AP +1.2 mm, ML -
1.8 mm, DV -3.5 mm), VL (AP -1.3 mm, ML -1.0 mm, DV -3.75 mm), and SNR (AP -3.3
mm, ML -1.5 mm, 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 40 pA, 0.75
msec monophasic square wave pulse at 50 Hz for 30 sec using a constant current
stimulator (A-M Systems, Model 2100). The animals were perfused, brains were
sectioned 40 ym thick on a cryostat (Leica, CM1900), and stained with DAPI (0.02% in
PBS). The sections were imaged on Nikon Eclipse Ti-S, 2x/0.45 NA. If the electrode
position was incorrect, the data were excluded from the analysis.

LabChart LFP data were analyzed to create spectrograms, using Fast Fourier
Transform with a Cosine-Bell data window and a window size of 1024 data points (2.56
seconds), which resulted in a frequency resolution of 0.375 Hz. 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-CamKIl0.4.eGFP.WPRE.rBG
(#105541-AAV9, Addgene) or AAV9 pCAG-FLEX-EGFP-WPRE (#51502-AAV9,
Addgene) in the premotor cortex (AP +2.6 mm, ML -1.8 mm, DV -0.5 mm; 100 nl) with
Hamilton syringe (#7634-01). A minimum of 2 weeks was allowed for the viral
expression before proceeding with Co implantation.

Immunohistochemistry

Mice were deeply anesthetized with isoflurane and perfused intracardially with 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.2 at 4°C. Brains were
fixed in PFA overnight, cryoprotected in 30% sucrose in phosphate buffered saline

(PBS) for 2 days at 4°C, and sliced on a cryostat at 40 um. Each fourth section was
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placed in a blocking buffer (50 ul/ml normal goat serum (NGS), #017-000-121, Jackson
ImmunoResearch, and 0.1% Triton X-100) for 2 hours. The primary antibodies (with 20
MI/mlI 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), rabbit anti-
preproenkephalin (1:1000, #RA14124, Neuromics). The sections were washed in
1xXPBS. The secondary antibodies (1:500, Invitrogen, for 2 hours at room temperature)
were 405 goat anti-rabbit, 488 goat anti-rabbit, 488 goat anti-guinea pig, 488 goat anti-
mouse, 488 goat anti-rat, 633 goat anti-rat.

Processing, image acquisition, drug treatment, and analysis

Mice were perfused with 4% PFA and 4% acrylamide in 0.1 M PB to clarify tissue.
Brains were fixed in the same solution overnight at 4°C. 200 um thick sections 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 1-5 min, polymerized at 37°C for 3 hours,
washed in PBS, and incubated with 8% sodium dodecyl sulfate (SDS, BIO-RAD) in PBS
at 37°C for 24-36 hours 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 30 ml 0.2 M PB, 0.1% Tween-20, 0.01% sodium
azide, pH 7.5).

Confocal images were done on Nikon Eclipse Ti-U at 10x/0.45 NA or 20x/0.95
NA, 1024x1024 frame size. Images were tiled as stacks with 5 ym 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 display. DRD2 or
DRD1 were imaged on Zeiss LSM 980 Multiphoton Airyscan 2 at 63x/1.40 NA, oil, or
Leica SP8 STED at 93x/1.30 NA, glycerol. One third of the whole clarified brain was

imaged on Zeiss Z.1 Light Sheet microscope with objective lens 5x/0.1 NA, detection
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objective lens 5x/0.16 NA, and arivis Vision4D software. Excitation lasers were 405,
488, 561, and 633 nm.

For sumanirole vs artificial cerebrospinal fluid (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 +1.35 mm, DV -1.75 mm into the striatum and stabilized with dental
cement. An internal bilateral cannula (PlasticsOne, C235I/SPC, 33GA, 1 mm projection)
was connected to two 5 yl Hamilton syringes prefilled with either sumanirole maleate
(10 pg/injection per lobe in aCSF) or aCSF (in mM, 127 NaCl, 2 KCI, 1.5 MgS04, 25.7
NaHCO3, 10 dextrose, and 1.5 CaCl2; 300 mOsm) as a control, and injected by a
blinded experimenter slowly over 75 s at 18 hours after cobalt insertion. The blinded
experimenter counted seizures before the injections (15-18 hrs after Co) to determine
the baseline, following the injections (18-20.5 hrs after Co) because sumanirole has a
sustained effect for at least 2 hours, and after the injections (20.5-23.5 hrs after Co) to
determine return to the baseline.

To count the number of tdTomato positive cells in cobalt vs steel implanted mice,
Imaris Spots detection or ImageJ were used and confirmed manually by a blinded
investigator. A region of interest was drawn, background was subtracted, and the
threshold was adjusted. The number of cells was counted on a 40 um cryostat section
in a structure and averaged across sequential sections in a mouse. Each point on a
graph is the average value for a separate mouse. At least three sections were analyzed
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 colocalized with
tdTomato positive cells, tdTomato cells were tagged using Imaris Spots detection tool
on 20x confocal images. Colocalization was manually checked based on whether
approximately 50% of the surface colocalized with the marker of interest. The number of
tdTomato positive cells that colocalized with either DRD2 or DRD1 (ENK or DYN) was
divided by the total number of all tdTomato positive cells, which allowed to determine %
of tdTomato cells expressing the marker.

Statistics
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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 = SEM, where n is the number of animals or the number of seizures
followed by the number of animals. Results were considered statistically significant for p
< 0.05.
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RESULTS

Frontal lobe seizures activate the striatum

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 (13,14). 4-hydroxytamoxifen (4-OHT) injection translocates Cre inside
the nucleus that relieves the repression from tdTomato, which labels activated cells.
Non-active cells are not labeled with tdTomato because they do not express Cre. To
initiate frontal lobe focal motor to bilateral tonic-clonic seizures, we used well-
characterized cobalt (Co) model (15-18). Cobalt inactivates oxygen-binding molecules
within neurons, causing hypoxic injury (19). Cobalt wire (1.7 mg) was inserted into the
right premotor cortex of a TRAP mouse with five subdural EEG electrodes on both
hemispheres (Figure 3-1D). The mice were monitored for seizures via continuous
video/EEG. Interictal spike-wave 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 6-36 hrs and
lasted 10-180 seconds (Figure 3-1C). Animals were injected with 4-OHT (50 mg/kg,
s.c.) 90 minutes after focal to bilateral seizures to cause recombinant expression of
tdTomato in activated neurons. In a separate experiment, we found that tdTomato
expression peaks when 4-OHT is administered 90 minutes following a seizure. This
time course is consistent with c-Fos mRNA expression after a seizure (20-23). After five
days of tdTomato protein accumulation, the whole brain was serially sectioned into 40
pMm sections and imaged on a confocal microscope to analyze the pattern of tdTomato
expression.

Secondarily generalized tonic-clonic seizures led to cortical activation in both
hemispheres, as seen on bilateral EEG (Figure 3-1D) and in increased tdTomato signal
(Figure 3-1A,B). The ipsilateral hemisphere of mice with seizures had more tdTomato
signal than the contralateral (Figure 3-1A,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 activity, cortical injury, or seizures. We implanted steel wire

instead of cobalt and injected 4-OHT 18 hours after the surgery. The control steel wire
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Figure 3-1. 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), KS 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 Co 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 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 schematic 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 immunolabeled for NeuN (green). Dotted lines indicate the
striatum. Right: magnified view of the striatum. Boxed inset: tdTomato
positive neurons colocalized 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 striatal sections in a mouse) (ipsilateral: 1036 £ 229.4 cells,n =9
mice, KS test; contralateral: 349.8 + 115.2 cells, n = 9 mice, KS 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 (KS test). H) Left:
striosomes immunolabeled 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 immunolabeled for GFAP

(green) expressed tdTomato in the striatum. J) Left: SP8 super-resolution
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Lightning microscopy image of tdTomato positive myelinated axons
immunolabeled for myelin basic protein (MBP) (green) in the ipsilateral
striatum. Right: magnified view of myelinated tdTomato positive axons. K)
Cross-section of myelinated axons containing tdTomato indicated by the
thin white rectangle in J. Data are mean + SEM, KS test (Kolmogorov-

Smirnov test), **** p < 0.0001. Also see Supplementary Video 1.
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mice had no seizures and showed minimal cortical tdTomato expression (Figure 3-
1A,B).

The dorsal striatum strongly expressed tdTomato (Figure 3-1E). The ipsilateral
striatum to the seizure focus expressed more tdTomato positive cells than contralateral
(Figure 3-1E,G). The graph (Figure 3-1G) represents the average number of tdTomato
positive cells on a 40 uym 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 (Figure 3-1F,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 fiber bundles also expressed tdTomato (Figure 3-1E).
Myelinated axon fibers course through the striatum, and our previous studies have
suggested that tdTomato can fill axons. We tested whether the fiber bundles were
myelinated axons filled with tdTomato, using an antibody against myelin basic protein
(MBP) (Figure 3-1J). SP8 super-resolution Lightning microscopy revealed myelin
spiraling and wrapping around the tdTomato expressing axons (Figure 3-1J and
Supplementary Video 1). The cross-sectional view demonstrated that myelin
surrounded each axon containing tdTomato (Figure 3-1K). Additionally, the striatum is
made up of the striosomes (also called patches), which express p opioid receptors
(MOR), and the surrounding matrix (24). Both limbic and sensorimotor cortical areas
project to the striosomes and matrix, but the striosomes receive more inputs from limbic
cortical regions (25). The striosomes did not express tdTomato (Figure 3-1H). Only rare
occasional striosomes close to the midline were tdTomato positive (Figure 3-1H). We
also found a few tdTomato positive cells that did not colocalize with NeuN. Astrocytes
are known to play a role in ictogenesis (26). To visualize astrocytes, we used the anti-
GFAP antibody and found few astrocytes that expressed tdTomato (Figure 3-11).

Seizures activate the indirect basal ganglia pathway neurons

We conducted a series of experiments to investigate whether focal motor to bilateral

tonic-clonic seizures activate the indirect (dopamine receptor D2-expressing) or direct
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(dopamine receptor D1-expressing) pathway. D2 agonists exert anticonvulsant action
and suppress pilocarpine and kindled seizures (12,27), whereas D1 agonists and D2
antagonists are pro-convulsant (28). Patients taking high-affinity D2 antagonists for
schizophrenia or psychosis have a higher risk of seizures (29-32). 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 determine if modulation
of the indirect pathway would be protective against Co-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 2 hours with onset starting around 30 min
post-injection in rodents (33-37). 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 cannula. After
implanting C57BL/6 mice with cobalt, they received one blinded injection of either
sumanirole (10 ug/injection per lobe in aCSF) or aCSF 18 hours after cobalt insertion
via a bilateral cannula and were monitored via video/EEG for another 10 hours (Figure
3-2A,D). After the injection, both groups of mice did not have a noticeable behavioral or
electrographic change and continued having spike-wave discharges after cobalt
insertion (Figure 3-2B). None of the sumanirole injected mice experienced seizures
during 2.5 hours following the injection as determined by a blinded investigator,
whereas the aCSF injected mice had more seizures (Figure 3-2C), 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 immunolabeled for D2 and D1 receptors
(Figure 3- 2E,F) (38). Around 80% of all activated neurons in the striatum expressed
DRD?2 in the ipsilateral and contralateral striatum and not DRD1 (Figure 3-21). The
proportion of activated DRD2 versus DRD1 positive neurons remained constant
throughout the striatum from the anterior to posterior sections, suggesting no

rostrocaudal gradient (Figure 3-2J).
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Figure 3-2. 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 hrs after Co
(red arrow). The number of seizures was counted by a blinded experimenter
before the injection (15-18 hrs after Co), following (18-20.5 hrs after Co),
and after the injection (20.5-23.5 hrs after Co). 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 hrs after Co) (sum per mouse, n =5
mice): D2 agonist: 2.2 £ 0.58, aCSF: 2.4 + 0.87, (KS test), following the
injection (18-20.5 hrs after Co): D2 agonist: 0.0 + 0.0, aCSF: 1.4 £ 0.68 (p =
0.0476, KS test), and after the injection (20.5-25.5 hrs after Co): 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) DRDZ2 (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 inset:
tdTomato positive neurons colocalized with ENK. H) DYN (green) and
tdTomato expression in the striatum. Boxed inset: the majority of tdTomato
positive neurons did not colocalize with DYN. I) % Colocalization of
tdTomato positive cells with either DRD2 or DRD1 in the striatum.
Colocalization 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) % Colocalization of tdTomato positive cells with either ENK or
DYN in the striatum. Colocalization 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, KS test (Kolmogorov-Smirnov test), n.s. non-

significant, * p < 0.05.
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We performed confirmatory experiments by immunolabeling for enkephalin and
dynorphin (Figure 3-2G,H). The majority of indirect pathway neurons express
enkephalin (ENK), whereas the majority of the direct pathway medium spiny neurons
express substance P and dynorphin (DYN) (39,40). Similarly, around 80% of all
activated neurons in the striatum expressed ENK and not DYN, which indicates
preferential activation of the indirect pathway neurons (Figure 3-2K).

Dopamine receptors are expressed on the neuronal membrane, and tdTomato
expression is intracellular (41). False positives are possible due to other labeled cells
lying on top within a 40 um section. To counter this problem, we carried out SP8 super-
resolution STED microscopy imaging of triple labeled sections with anti-DRD2 and anti-
DRD1 antibodies. Super-resolution microscopy confirmed that tdTomato positive cells
express DRD2 and not DRD1 (Figure 3-3). We also found examples of membranous,
nuclear, and cytoplasmic expression of DRD2 (Figure 3-3A-C).

Activation of the GPe, STN, and SNR in addition to the thalamus

Next, we investigated the activity of the striatal projection targets. The indirect pathway
D2 medium spiny neurons project to the globus pallidus externus (GPe), subthalamic
nucleus (STN), and substantia nigra pars reticulata (SNR), whereas the direct pathway
D1 medium spiny neurons project to the globus pallidus internus (GPi) and SNR. The
direct and indirect pathways are segregated (10,29,42-49).

The Paxinos Brain Atlas does not distinguish between the external and internal
segments of the globus pallidus in a mouse brain (50). 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 lateral to the reticular thalamic nucleus and internal capsule. Parvalbumin
(PV) immunolabeling allowed easy visualization of the location of the reticular thalamic
nucleus and GPe (up to 59% of all GPe neurons express PV) (51-54).

The GPe, a part of the indirect pathway, strongly expressed tdTomato (Figure 3-
4A,C). Neurons expressed tdTomato in the ipsilateral GPe to the seizure focus, which
had more tdTomato positive cells than the contralateral (Figure 3-4A,E). The GPe of the

control mice had fewer tdTomato positive cells compared to both the ipsilateral and
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Figure 3-3. Activated cells in the striatum express DRD2 but not DRD1. A) SP8 super-
resolution STED image shows tdTomato positive cells (red) express 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 DRD?2.
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Figure 3-3
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Figure 3-4. Activation of the GPe of the indirect pathway but not GPi of the direct
pathway. (A) tdTomato (red) expression in the globus pallidus externus
(GPe) immunolabeled for NeuN (green) and its magnified view. Boxed inset:
tdTomato positive neurons colocalized with NeuN. (B) tdTomato expression
in arkypallidal GPe neurons immunolabeled for preproenkephalin (ppENK,
green). (C) tdTomato expression in the GPe immunolabeled 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
Mm 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
globus pallidus internus (GPi) during seizures immunolabeled for PV
(green). Right: magnified view of the GPi. Dotted lines indicate 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 ym 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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contralateral GPe of the mice with seizures (Figure 3-4D,E). Not only neurons but also
axonal fibers in the GPe were tdTomato positive (Figure 3-4A,C). There are two types of
GPe neurons, prototypic (PV positive that project to the STN) and arkypallidal (FoxP2
and preproenkephalin positive that project to the striatum) (55). Prototypic cells inhibit
arkypallidal, and the STN is reciprocally connected and provides excitatory input to both
cell types. We found that almost none of the PV neurons in the GPe expressed
tdTomato (Figure 3-4C), suggesting that seizures do not activate prototypic GPe cells.
We immunolabeled GPe for arkypallidal neurons with anti-preproenkephalin antibody
and found that almost all of the tdTomato cells in GPe were arkypallidal (Figure 3-4B). It
was recently reported that activation of the indirect (D2) medium spiny neurons inhibits
prototypic cells, disinhibiting the STN and arkypallidal cells (55). However, it is possible
that GPe arkypallidal neurons were activated directly from the cortex.

The GPI, a part of the direct pathway, had similar tdTomato expression as the
background activity of the controls (Figure 3-4F-H). Both the ipsilateral and contralateral
GPi in mice with seizures had a similar number of tdTomato-expressing cells as the GPi
of the controls. The number of tdTomato positive cells was also similar in the ipsilateral
and contralateral GPi.

The subthalamic nucleus strongly expressed tdTomato in both hemispheres
(Figure 3- 5A). The STN is a lens-shaped nucleus that lies below the posterior 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 (Figure 3-5B,C). The number of
tdTomato positive cells in the ipsilateral STN was similar to that in the contralateral STN
(Figure 3-5C).

The substantia nigra pars reticulata also expressed tdTomato (Figure 3-5D).
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 projections to the motor thalamic nuclei
such as the ventrolateral and ventromedial (56). Both the ipsilateral and contralateral

SNR had more tdTomato expressing neurons than the SNR of the controls (Figure 3-
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Figure 3-5. Seizures activate the subthalamic nucleus and substantia nigra pars

reticulata. A) tdTomato expression in the subthalamic nucleus (STN)
immunolabeled for NeuN (green) and its magnified view. Boxed inset:
tdTomato positive neurons colocalized 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 ym 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 substantia nigra pars reticulata (SNR) immunolabeled for NeuN
(green) and its magnified view. Boxed inset: tdTomato positive neurons
colocalized 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 ym
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.
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5D-F). The ipsilateral SNR had more tdTomato expressing cells than the contralateral
(Figure 3-5F).

Motor thalamic nuclei also expressed tdTomato (Figure 3-6A). 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 projections from the SNR (56,57). Motor thalamic nuclei VL/VM
ipsilateral to the seizures focus were active and expressed more tdTomato positive cells
than the contralateral or VL/VM of the control mice without seizures (Figure 3-6A-D).
Ipsilateral centromedian (CM) (58), mediodorsal (MD), and anterior reticular thalamic
(RTN) nuclei were tdTomato positive as well (Figure 3-6A,E,F and 4F).

Electrographic activation of the basal ganglia during seizures

The TRAP technique has limited temporal resolution, so we recorded local field
potentials (LFP) from the premotor cortex, motor thalamic nucleus VL, striatum, and
substantia nigra pars reticulata 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 microelectrodes recorded local field potentials at a 10
kHz sampling rate, which allowed us to detect seizure spread with millisecond precision
(Figure 3-7A). To establish that the source of electrical activity recorded from one
microelectrode was independent of that from a neighboring microelectrode, we
analyzed the cross-correlation of activities recorded from two neighboring electrodes.
The cross-correlation has to be less than 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 (less than 0.7) (Figure 3-7B). The
location of the electrodes was marked by applying a single burst of 40 pA, 0.75 ms
monophasic square wave pulse at 50 Hz for 30 s after the recordings were complete.
The data were analyzed only if the electrode tip location was correct (Figure 3-7C).
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 (Figure 3-7D). 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
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Figure 3-6. Seizures activate motor thalamic nuclei. A) Top: tdTomato expression in the
thalamus immunolabeled for NeuN (green). Bottom: magnified view of the
thalamus. Boxed inset (white arrow): tdTomato positive neurons colocalized
with NeuN. Dotted lines indicate nuclear boundaries: CM, centromedian;
MD, mediodorsal; VM, ventromedial; VL, ventrolateral; 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 to 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, MD, and CM (either on the ipsilateral (Ipsi) or contralateral
(Contra) side to the seizure focus or, in the case of the CM, in the whole
nucleus (Seizure)), (each point is the average number of cells in a 40 um
section 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 ttest); VM: ipsilateral: 29.55 + 8.469 cells, p = 0.0008, KS test;
contralateral: 1.833 + 0.7472 cells, KS test; control: 1.508 £ 0.7932 cells; n
= 5 mice; the ipsilateral VM had more tdTomato positive cells than the
contralateral (p = 0.0033, unpaired t-test); MD: ipsilateral: 211.6 + 58.51
cells, p = 0.0006, KS test; contralateral: 22.65 + 7.437 cells, p = 0.0006, KS
test; control: 2.749 £ 0.8787 cells; n = 5 mice; the ipsilateral MD had more
tdTomato positive cells than the contralateral (unpaired t-test); CM: 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, KS test
(Kolmogorov-Smirnov test), n.s. non-significant, * p < 0.05, ** p < 0.01, **p
< 0.001, **** p < 0.0001.
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to the onset time at the seizure focus in the premotor cortex. Surprisingly, some
seizures required several hundred milliseconds to arrive at the striatum or SNR; in
contrast, other seizures took several seconds to appear in these structures, suggesting
two populations based on latency, fast (< 200 ms) and slow (> 200 ms). In recordings
from the striatum, 70% of seizures were short latency, and the rest took longer (Figure
3-7F). In the SNR, similarly, 48% of seizures were short latency, and remaining seizures
had longer latency (Figure 3-7G). However, all of the seizures required less than 200
ms to arrive at the VL (Figure 3-7E). We found that some seizures required up to
around 10 seconds to appear in the striatum 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 (Figure 3-7H,1). Spike frequency was defined as
the number of spikes per second (Figure 3-71). 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 frequency dropped (Figure 3-
7D,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 seizures
started almost simultaneously in the cortex, thalamus, and SNR, no such spike
frequency change was noticed, and spike frequency was slower to begin with
(Supplementary Figure 3-1). Thus, activation of the basal ganglia circuit modulates
seizures. In particular, activation of the SNR exerts an inhibitory effect on
thalamocortical projections, inhibiting ongoing movement (59).

Anatomical connections of the seizure focus determine seizure circuit

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-
CamKII0.4.eGFP.WPRE.rBG) in TRAP2 mice at the same coordinates in the premotor
cortex two weeks before the cobalt insertion surgery. We injected 4-OHT 90 min after

focal to bilateral seizures and clarified either anterior 1/3rd of the whole brain and
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Figure 3-7. Activation of the basal ganglia modulates seizures. A) Custom made arrays
of LFP microelectrodes that record from the ipsilateral premotor 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 that 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
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 to 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 8 mice, and 30% of seizures required >
200 ms (red): 5.7125 £ 1.1929 s, n = 12 seizures from 4 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/sec) in the premotor cortex and VL before
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seizure in the SNR (black) and during seizure in the SNR (red) (premotor
cortex before seizure in SNR: 2.682 + 0.1699 spikes/sec; premotor

cortex during seizure in SNR: 1.756 = 0.1782 spikes/sec; p = 0.0055,
unpaired t test; VL before: 2.866 + 0.1656 spikes/sec; VL during: 1.687
0.1563 spikes/sec; p = 0.0079, KS test; n = 12 seizures from 4 mice). Data
are mean £ SEM, ** p < 0.01.
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imaged it using a light sheet microscope or clarified 200 uym thick sections, imaged them
in tiles, and reconstructed into whole slice images on a confocal microscope (60).

GFP and tdTomato extensively colocalized in the striatum, indicating that
seizures followed anatomical projections from the seizure focus (Figure 3-8A). To gain
better resolution of the axons expressing both tdTomato and the virus, we used SP8
super-resolution Lightening microscopy to image a single axonal bundle from a
horizontal section in the striatum. tdTomato positive axons expressed AAV9-GFP
(Figure 3-8B and Supplementary Video 2). Thick 200 uym clarified sections revealed how
GFP and tdTomato positive axons traverse from the ipsilateral anterior to posterior
striatum (Figure 3-8D). 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-synaptically (61). Additionally, cortico-cortical spread allowed
seizure to reach the striatum from a different cortical location that was not labeled by the
virus, and not all of the neurons at the seizure focus could be labeled with AAV9. During
focal seizures, LFP recordings indicate that the ipsilateral striatum was also active and
synchronized with the cortex because the motor cortex projects directly to the striatum
(Supplementary Figure 3-2).

Light-sheet microscopy allowed us to visualize viral spread in a whole unsliced
brain of a TRAP mouse after secondarily generalized seizures. Three-dimensional
rendering of the brain revealed the structure of AAV9-GFP positive axons that ran
posteriorly through the striatum (Figure 3-8C and Supplementary Video 3). GFP and
tdTomato also colocalized throughout the ipsilateral GPe (Figure 3-8E). tdTomato
positive fibers 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 (61),
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 the direct
cortico-pallidal projections exist (62-64).

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 colocalization in the striatum and GPe (Figure 3-
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Figure 3-8. Anatomical connections of the seizure focus influence seizure circuit. A)
Left: a horizontal section shows AAV9-CamKII0.4.eGFP.WPRE.Rbg virus
(green) labeling 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: colocalization 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: colocalization of tdTomato positive axons and AAV9-
GFP. C) Light sheet microscopy 3D image of one-third of clarified brain that
expresses AAV9-GFP from the seizure focus and tdTomato. White arrow
indicates striatal axons that run posteriorly from the seizure focus. D) Left:
clarified 200 ym section of the striatum that expresses AAV9-GFP and
tdTomato in the striatum. Right: magnified view of the striatum. Boxed
insets: tdTomato positive axons colocalized with AAV9-GFP. E) Clarified
200 um section of the GPe that expresses AAV9-GFP and tdTomato. Boxed
insets: tdTomato positive fibers colocalized 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 Video 2 and 3.
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Striatum

Figure 3-8



8F). We did not find viral expression in the GPi, and cerebral peduncle (cp) and zona

incerta (ZI) expressed the virus in close proximity to the STN and SNR (Figure 3-8F).
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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 anatomically
connected structures on the mesoscale and cellular levels: striatum, globus pallidus,
subthalamic nucleus, substantia nigra, and the thalamus, which suggests that neuronal
connections play a role in seizure spread. We show striatal activation during frontal lobe
secondarily generalized tonic-clonic seizures. Furthermore, around 80% of all activated
neurons in the striatum during focal to bilateral seizures expressed D2 receptors, and
the D2 agonist exerted an anticonvulsant effect. These findings indicate that the indirect
system modulates seizures similar to how the physiological activation of the indirect
pathway suppresses motor movement (48). The TRAP technique lacks temporal
resolution and represents the activity of neurons over approximately 90 min, but
seizures occur over 10-180 seconds, a much shorter time scale. 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 local field potentials and found that seizures activate structures via short
and long latency loops, and activation of the basal ganglia modulates seizures. Seizures
originating in the frontal lobe, the second most common site of seizure foci after the
temporal lobe, follow the anatomical connections of the motor cortex, so anatomical
projections of the epileptic focus influence the seizure circuit.

Hughlings Jackson originally proposed that the motor cortex generates seizures
(1), and seminal studies of Jasper and Penfield demonstrated seizure-induced
reorganization of the motor cortex (65). The striatum is the key output structure of the
motor cortex. Studies in the 1980s suggested that basal ganglia participate in seizures

(4,66,67), and dopaminergic drugs modulate them (12). Previous studies also reported
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electrographic activation of the striatum during focal and absence seizures (7,8,68) and
hyperactivity of striatal neurons after amygdala kindled temporal lobe seizures (69).
However, these studies did not provide spatial and temporal resolution of the current
study (6,9).

We used the cobalt model to induce frontal lobe secondarily generalized seizures
(15-17,19). We selected this model over others for several reasons. The cobalt model
provides reliable, spontaneous seizures in more than 90% of animals. The short latency
allows us to obtain high fidelity LFP recordings because electrical contacts do not
deteriorate. 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 (70). Although electrical stimulation of the cortex or application of
chemiconvulsants (e.g. 4-aminopyridine or penicillin) 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 toward a cortical layer in which seizures
originate. Cortical freeze lesion or undercut models do not provide a reliable seizure
phenotype, and latency period spans weeks before first seizures appear (71). However,
the cobalt model has limitations as well: it creates a lesion near cobalt implantation,
seizures stop in 2-3 days, and it is not a model of epileptogenesis. 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. Graybiel and colleagues found c-Fos expression in the
striatum, 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 activation of the indirect pathway over the direct during
sensorimotor cortical stimulation without seizures (72).

A recent study of seizure spread from the visual cortex, combining in vivo

imaging and electrophysiology, demonstrated that seizures follow anatomical



70

connections of the visual cortex (73,74). Our studies show that seizures originating in
the premotor cortex activate anatomically connected subcortical basal ganglia
structures, preferentially activating DRD2 neurons. D2-expressing medium spiny
neurons (MSNSs) of the indirect pathway are more excitable than D1 MSNs (75). D2
MSNs have a smaller surface area and dendritic trees and a less hyperpolarized resting
membrane potential compared to those of D1 MSNSs, which explains higher
responsiveness of D2 MSNs to current injections (75,76) and, as we find, 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
neuronal activation during seizures.

We found strong tdTomato expression in the GPe, yet the striatum sends
GABAergic projections and inhibits it. Similarly, motor thalamic nuclei VM/VL expressed
tdTomato, but the SNR inhibits VM/VL (56). The activation of the GPe and VM/VL could
be explained by the existence of direct, parallel cortico-pallidal and cortico-thalamic
projections as indicated by the viral expression in the GPe (Figure 3-8E) and previous
studies (57,64). Although activation of the indirect pathway neurons inhibits prototypic
GPe neurons, disinhibiting STN and arkypallidal GPe neurons (55) (Figure 3-4B), our
study could not distinguish whether the observed activation of these basal ganglia
structures is a result of the direct cortical excitation or a sequential flow of excitation
through the indirect pathway. Future experimnets 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 (77-84). Even though we
studied secondarily generalized seizures, we did not investigate the mechanism behind
secondary generalization (or bilateral spread). We observed profound activation of the
motor and MD 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 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 seizures are the leading risk factor for sudden unexpected
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death in epilepsy (SUDEP) (85) and lead to fractures and soft tissue injuries (86).
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-D-aspartate (NMDA) into the striatum protects against
limbic pilocarpine seizures, whereas striatal lesioning worsens seizures (87). Low-
frequency striatal stimulation had an antiepileptic effect in 57 patients with pharmaco-
resistant temporal lobe epilepsy (88,89). Previous studies also suggest that the
substantia nigra pars reticulata is critically involved in seizure generalization (5). 14C-2-
deoxyglucose metabolic mapping studies found involvement of the SNR in motor
seizures (4,67). Infusion of muscimol, GABA receptor agonist, into the SNR produces
anticonvulsant effect (66,90), and SNR lesions are anticonvulsant too (91). High-
frequency stimulation of the STN also led to a reduction in seizure frequency in patients
with drug-resistant epilepsy (92). STN high-frequency stimulation decreases the activity
of the SNR and induces its functional inhibition (93,94). Low concentrations of
dopamine in the striatum have been shown to produce depolarization and increased
frequency of spontaneous firing, whereas high concentrations inhibited spontaneous
firing (12). Despite this complex dual effect, D2 agonist or the release of dopamine is
thought to reduce activity along the indirect pathway and reduce SNR activity (59),
potentially explaining anticonvulsant effect of D2 agonists. During seizures, however,
we find activation the STN and SNR.

Our study generates new targets for modulation of seizures by deep brain
stimulation (DBS). Currently, patients with refractory epilepsy are treated with the
anterior thalamic nucleus and responsive neurostimulation (95). In the future, multiple
subcortical structures could be targeted for modulation, stimulation, resection, or
medications. Overall, our studies provide the precise neuronal 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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ANTICONVULSANT D2R AGONIST ACTIVATED INHIBITORY PARVALBUMIN
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SUMMARY AND CONCLUSIONS
1. We find that systemic injection of a D2R agonist sumanirole suppresses frontal
lobe seizures.
2. Injection of D2R agonist led to extensive activation of parvalbumin
interneurons in the cortex and striatum ipsilateral to the seizure focus.
3. D2R agonists activate PV interneurons, which in turn inhibit principal neurons,

potentially explaining their anticonvulsant effect.
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INTRODUCTION

Dopamine receptor modulation changes susceptibility to seizures. Dopamine type 2
receptor (D2R) agonists are anticonvulsants and suppress pilocarpine and kindled
seizures (1,2), whereas D2R antagonists are proconvulsant (3). According to the FDA
package insert and series of carefully performed studies, patients taking high-affinity
D2R antagonists such as haloperidol, clozapine, and olanzapine for schizophrenia or
psychosis have a higher risk of seizures (4,5). D2R agonists are anticonvulsants in
limbic seizures, but their effectiveness in frontal lobe seizures was not tested (1,2). We
previously found that D2R agonist injected through a bilateral cannula directly into the
striatum stopped frontal lobe seizures for 2.5 hrs following the injection (6). Here, we
wanted to determine whether systemic injection would also be anticonvulsant. Also, the
mechanism behind dopamine receptor modulation of seizures is not fully understood.
Thus, we tested whether D2R agonists activate inhibitory PV interneurons to suppress

seizures.
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METHODS

Animals

University of Virginia Animal Care and Use Committee approved the experimental
protocol. Transient Recombination of Activated Populations, second-generation
(TRAP2) mice were generated by crossing Fos?*'“RT2 (#030323) and Ai9 mice
(#007909, Jackson Laboratories). We studied TRAP2 and C57BI/6 mice of both sexes
(6-12 weeks old), gave them ad libitum food and water, and maintained on 12 hr light/12
hr dark cycle. KAPA Biosystems kit was used for genotyping.

Seizure induction and drug injections

We placed 1.7 mg cobalt wire in the right premotor cortex (AP +2.6 mm, ML -1.8 mm) of
C57BI/6 mice with four bilateral EEG electrodes under isoflurane anesthesia and
continuously monitored for seizures via video/EEG (7). All mice developed seizures
before any injections were made. In the first cohort, Co-implanted C57BIl/6 and TRAP2
mice were injected once with sumanirole (5 mg/kg, i.p.) at 18 hrs (or another group at
20 hrs) after Co. In the second cohort, we injected sumanirole or normosol as control
I.p. consecutively three times at 18, 20, and 22 hrs after Co placement. A blinded
investigator counted the number of seizures 2 hrs before the injections (16-18 hrs after
Co) to determine the baseline, 2 hrs following each injection (18-20, 20-22, 22-24 hrs
after Co) because sumanirole has a sustained effect for at least 2 hours, and 2 hrs after
the injections (24-26 hrs after Co) to determine return to the baseline (Figure 4-1A).

To label activated cells after D2 agonist injection, cobalt-implanted TRAP2 mice
were injected with sumanirole at 18 hrs after Co and with 4-hydroxytamoxifen (4-OHT,
50 mg/kg, s.c.) within 90 min after sumanirole. Co-implanted control TRAP2 mice were
injected with 4-OHT within 90 min after a secondarily generalized tonic-clonic seizure.
Animals were perfused 5 days after 4-OHT injection to allow tdTomato expression.

Immunohistochemistry, microscopy, and analysis

TRAP2 mice were perfused with 4% PFA, sliced on a cryostat at 40 um, immunolabeled
with rabbit anti-NeuN (1:500, #24307, Cell Signaling) and rabbit anti-PV (1:500,
#ab11427, Abcam), and imaged on a confocal microscope at 10x/0.45 NA or 20x/0.95
NA as described previously (6).
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We used ImageJ and Imaris Spots detection tools to count tdTomato positive
cells in D2R agonist injected vs. non-injected mice. We subtracted background and
adjusted the threshold to count cells.

The fraction of activated PV cells was detected using the Imaris Spots tool. The
number of cells expressing both tdTomato and PV was divided by the total number of
PV positive cells in the right (ipsilateral to the focus) and left cortex and the striatum.
Statistics
We analyzed data using Prism 8 for all statistical tests and presented them as mean *
SEM, where n is the number of animals. We used an unpaired t-test for normally
distributed data and the Kolmogorov-Smirnov (KS) test if not distributed normally to
compare means of two groups. Results were considered statistically significant for p <
0.05.
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RESULTS

Systemic administration of D2 receptor agonist is anticonvulsant during frontal lobe

seizures

We placed cobalt in the right premotor cortex to cause frontal lobe focal motor to
bilateral tonic-clonic seizures (7). Mice always had only behavioral seizures, and none
of the seizures were only electrographic. To determine if systemic D2R agonist injection
was anticonvulsant, we administered full selective D2R agonist sumanirole i.p. (5
mg/kg) or normosol as a control. Because sumanirole has a sustained effect for at least
two hours (6), we had two injection cohorts. In the first cohort, we compared seizure
number before and after a single sumanirole injection at 18 hours after cobalt insertion
at the peak of seizures. In the second cohort, we did three consecutive injections at 18,
20, and 22 hours after cobalt insertion to determine if the anticonvulsant effect could be
prolonger and maintained (Figure 4-1A). After a single sumanirole injection at 18 hours
after cobalt, animals had fewer seizures following than before the treatment (Figure 4-
1C) (Before: 2.17 + 0.60; Following: 0.67 = 0.67 (p = 0.0152, KS test); After: 1.50
0.67). During three consecutive injections, D2R agonist-injected mice had fewer
seizures after the first injection than the control mice (Figure 4-1B). However, seizures
continued after the second and third injections (Figure 4-1B) (Before: D2 agonist 2.00 +
0.37, normosol 1.20 * 0.49, KS test; Following 1°: D2 agonist 0.00 + 0.00, normosol
1.20 + 0.58 (p = 0.0486); Following 2"%: D2 agonist 1.00 + 0.52, normosol 1.00 + 0.55;
Following 3": D2 agonist 0.50 + 0.34, normosol 0.80 + 0.20, KS test; After: D2 agonist
1.67 £ 0.67, normosol 0.40 = 0.25, KS test). We wanted to determine whether the lack
of effect after the second and third D2 agonist injections was due to tachyphylaxis or
due to a rundown of the seizure burden. Therefore, we did a single sumanirole injection
at 20 hours after cobalt and found a similar number of seizures before and following the
treatment (Figure 4-1D) (Before: 3.00 £ 0.71; Following: 1.50 + 1.19; After: 3.25 £ 1.25).
We could not notice the anticonvulsant effect due to the natural decline in seizure
frequency in our model and not due to tachyphylaxis. Animals exhibited no change in
EEG/behavior, and D2 agonist treatment did not modify seizure severity pattern,

although hypoactivity was possible in some mice.
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Next, we visualized activated neurons after a single D2R agonist injection using
TRAP2 mice that express Cre under the c-Fos promoter regulation. We injected TRAP2
mice with sumanirole (5 mg/kg, i.p.) at 18 hours after cobalt insertion, followed by 4-
OHT injection within 90 minutes after sumanirole to translocate Cre inside the nucleus
and relieve repression from tdTomato to labeled activated cells (Figure 4-1E,K, L). For
controls, we injected TRAP2 mice with 4-OHT 90 minutes after a seizure (Figure 4-1F).
All mice were injected with 4-OHT after equivalently severe seizures. D2 agonist
injected and seizure control mice had a similar number of activated tdTomato positive
neurons in the right and left cortex and striatum (Figure 4-1G-J).

Increased activation of PV interneurons in the ipsilateral cortex and striatum after D2R

agonist injection

PV interneurons express D2Rs (8). We compared PV interneuron activation in cobalt-
implanted TRAP2 mice that received systemic D2R agonist injection (Figure 4-2A,C)
versus those with only a seizure (Figure 4-2B,D). We found more tdTomato positive PV
interneurons in the right (ipsilateral) cortex and striatum of D2R agonist-injected mice
than in those of mice with seizures (Figure 4-2E,G) (Ipsi cortex: D2R agonist 57.86 +
10.41%, seizure 29.49 £ 3.32% (p = 0.0241); Ipsi striatum: D2R agonist 80.69 + 6.00%,
seizure 44.07 + 6.94% (p = 0.0062)). In contrast, the contralateral cortex and striatum of
D2R agonist-injected mice and mice with seizures had a similar fraction of activated PV
cells (Figure 2F, H) (Contra cortex: D2R agonist 44.61 + 15.48%, seizure 18.83 £
4.04%; Contra striatum: D2R agonist 60.25 + 16.95%, seizure 22.61 + 8.04%). We next
plotted % of activated PV interneurons across bregma from anterior to posterior cortex
and striatum, where each black line is a simple linear regression for a separate mouse
(Figure 4-2G-J). Only in the ipsilateral cortex all D2 agonist injected mice and mice with
seizures had positive slopes, meaning the closer to the seizure focus (in the anterior
premotor cortex), the more PV cells were active (Figure 4-2G). Whereas in the striatum,
PV interneurons were on average uniformly active with no anterior to posterior

activation pattern.
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Figure 4-1. Systemic injection of D2 agonist is anticonvulsant in frontal lobe seizures. A)
Approach in B: cobalt-implanted mice were i.p. injected with either
sumanirole or normosol at 18, 20, 22 hrs after Co (red arrows), and seizure
number was counted in the time periods indicated by black horizontal
arrows. B) The effect of sumanirole (green) or normosol (red) on seizure
number before the 1% injection (16-18 hours after Co), following 1%, 2", and
3" injections (18-20, 20-22, 22-24 hours after Co), and after the 3" injection
(24-26 hours after Co) (n = 5-6 mice). C) Approach in D: Co-implanted mice
were i.p. injected with sumanirole (red arrow) at 18 hrs after Co. D) The
effect of single sumanirole injection on seizure number before the injection
(16-18 hours after Co), following the injection (18-20 hours after Co), and
after the injection (20-22 hours after Co) (n = 6 mice). E) tdTomato
expression in Co-implanted TRAP2 mice after D2 agonist injection. F,
tdTomato expression after a seizure. G-J) cell number in the right
(ipsilateral) and left (contralateral) cortex and striatum to the seizure focus in
D2 agonist injected TRAP2 mice (green) versus TRAP2 mice after a seizure
(red) (n = 4-5 mice). Each point on the graph represents mean cell number
in the structure on a slice at a specific distance from bregma for either D2
agonist or seizure mouse groups = SEM. Unpaired t test or KS test were
done to compare means of the two groups. K, L, Activation of the cortex and
striatum in D2 agonist injected TRAP2 mice. Data are mean + SEM,

unpaired t test unless specified, n.s. non-significant, * p < 0.05.
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Figure 4-2. D2 agonist increases the number of activated PV interneurons in the right
(ipsilateral) cortex and striatum. tdTomato expression (red) in PV
interneurons (green) A) in the cortex after D2 agonist injection, B) in the
cortex after seizures, C) in the striatum after D2R agonist injection, D) in the
striatum after seizures. E-H) % of activated PV interneurons in Co-implanted
TRAP2 mice after D2R agonist injection (green) or after seizure (red)
(tdTomato positive PV interneurons divided by the total number of PV
interneurons in the specified structure, n = 4-5 mice). G-J) % of activated
PV cells from anterior to posterior cortex and striatum across bregma. Black
lines indicate simple linear regressions for separate D2 agonist injected
mice (green) and mice with seizures (red). Data are mean = SEM, unpaired
t-test, n.s. non-significant, * p < 0.05, ** p < 0.01.
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DISCUSSION

Systemic D2R agonist injection is anticonvulsant in frontal lobe focal motor to bilateral
tonic-clonic seizures. D2R activation increased PV interneuron activity in the cortex and
striatum ipsilateral to the seizure focus. Previous studies report increased D2 receptor
density in the nucleus accumbens ipsilateral but not contralateral to the stimulating
electrode in the amygdala or hippocampus (2). We hypothesize that stronger ipsilateral
activation of PV interneurons is due to the stronger impact of seizures on the side of the
focus, and possibly, increased number of D2Rs, compared to the contralateral side. PV
interneurons express both D2 and D1 receptors (8). D2 agonists increase the
excitability of fast-spiking PV interneurons (8) and decrease EPSPs of pyramidal cortical
neurons, whereas D1 agonists do not affect pyramidal neuron EPSPs (9).

We previously showed that frontal lobe focal motor to bilateral tonic-clonic
seizures preferentially activate the indirect pathway of the basal ganglia (6). D2 agonists
reduce activity along the indirect pathway and of the substantia nigra reticulata (10),
which could also potentially explain the anticonvulsant effect of D2 agonists. All D2
receptors activate G protein-regulated inwardly rectifying K* channels (GIRK) and
decrease Ca®* currents (11). Thus, D2 receptor stimulation decreases the excitability of
striatal medium spiny neurons by increasing K* currents, inducing hyperpolarization. On
the other hand, D2 agonists affect PV interneurons indirectly by depressing GABA
inhibitory synaptic input to them (12).

Although it is uncertain whether increased ipsilateral cortical or striatal inhibition
leads to decreased seizures, and while other interneurons could also play a role in
increased inhibition after D2R agonist treatment, GABAergic parvalbumin interneurons
are important regulators of excitatory projection pyramidal neurons, and PV interneuron
dysfunction leads to seizures (13-16). Thus, enhanced activity of parvalbumin
interneurons after D2 receptor activation may explain the anticonvulsant effect of D2R

agonists.
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SURPRISING ROLE OF THE THALAMUS AND CORPUS CALLOSUM

DURING FOCAL MOTOR TO BILATERAL SEIZURES
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SUMMARY AND CONCLUSIONS

1. We propose that the thalamus amplifies seizures, whereas the corpus
callosum allows the transmission to the contralateral hemisphere.

2. Seizures spread faster to the contralateral cortex than to the contralateral
thalamus.

3. Ipsilateral thalamus is very weakly connected to the contralateral via direct
monosynaptic projections.

4. After chemogenetic inhibition of the ipsilateral thalamus, seizures still spread
to the contralateral cortex, but seizure duration decreases.

5. Anterior callosotomy prevents contralateral seizure spread during initial
seizures.

6. Our findings support the model in which seizure spread to the contralateral
cortex occurs via the corpus callosum rather than through commissural
connections between the two thalami or through bilateral spread from the

thalamus via the brainstem.
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INTRODUCTION

Focal motor to bilateral tonic-clonic seizures, previously known as secondarily
generalized (1), are among the most dangerous seizures and manifest in many
behaviors, including sensory auras, motor activity, and altered consciousness because
they can travel long distances in the brain from the onset zone. Previous studies
showed that the thalamus plays a central role in seizure spread (2-4), and inhibition of
the ipsilateral thalamus stops seizures in the ipsilateral and contralateral cortex (5).
However, seizure spread from the seizure focus to the contralateral cortex has not been
previously traced. We propose that seizures spread from the ipsilateral thalamus to the
contralateral by engaging the cortico-cortical commissure, corpus callosum (Figure 5-
1a).

In several models, the thalamus is essential for seizure maintenance and
secondary generalization to the contralateral hemisphere (2,4,5). Focal cortical seizures
spread to the ipsilateral thalamus and, inhibiting specific thalamic nuclei, suppress
seizures (5). These studies demonstrate that the thalamus is a seizure choke point (6).
However, these models do not explain the role of the thalamus in bilateral seizure
spread. In some famous illustrations of seizure generalization, two thalami are fused
into single thalamus projecting to both cerebral hemispheres (Figure 5-1B) (2,4,7). This
model would suggest commissural connections between two thalamic nuclei
participating in seizures. Others have suggested bilateral spread from the thalamus via
the brainstem (Figure 5-1C) (3,8-10). Penfield and Jasper proposed that seizure
generalization occurs via the centrencephalon, which includes brainstem reticular
formation (8,9).

Lack of tools with good spatial and temporal resolution and inability to inhibit
specific structures precisely made it difficult to distinguish between these models. We
used activity reporter mice, local field potential recordings, viral tracing, chemogenetics,
optogenetics, and callosotomy lesioning experiments to investigate the role of the
thalamus and corpus callosum in the spread of frontal lobe focal motor to bilateral tonic-
clonic seizures. We propose that the thalamus amplifies seizures, whereas the corpus

callosum allows the transmission to the contralateral hemisphere.
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METHODS

Animals

University of Virginia Animal Care and Use Committee approved all protocols. Transient
Recombination in Active Populations, second-generation (TRAP2) mice were generated
by crossing Fos?*'“"*ERT2 (#030323) to Ai9 mice (#007909, Jackson Laboratories)
(11,12). TRAP2 and C57BI/6 (Charles River) mice (7-12 weeks) of both sexes were
maintained on 12 hr light/12 hr dark cycle and had ad libitum food and water. For
genotyping, KAPA Biosystems kit was used.

Seizure induction, EEG and LFP electrophysiology, and viral injections

To induce seizures, we used a well-established cobalt model and implanted 1.7 mg
cobalt (Co) wire in the right premotor cortex of either TRAP2 or C57BI/6 mice with four
bilateral EEG electrodes and a reference under isoflurane anesthesia (13). Mice were
continuously monitored via video/EEG, and all of them developed seizures within 13-20
hours after cobalt insertion. 4-hydroxytamoxifen (4-OHT, 50 mg/kg s.c.) was injected
within 90 of a focal motor to bilateral tonic-clonic seizure, and mice were perfused 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
previously described (14). 2 cm electrodes maintained 60-70 kQ resistance and
sampled at 10 kHz. The signal was amplified and filtered using a band pass filter (1 Hz
low pass, 5kHz high pass) and a notch filter. To record seizures, microelectrodes were
placed in the bilateral premotor cortex (AP -2.2 mm, ML £1.8 mm) and bilateral VL (AP -
1.3 mm, ML £1.0 mm, DV -3.75 mm) with cobalt and cerebellar reference. 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 msec pulse at 50 Hz for 30
sec. The brains were sectioned at 40 um, stained with DAPI, and imaged on Nikon
Eclipse Ti-S, 2x/0.45 NA. If the electrode position was incorrect, the data were
excluded.

We injected AAV9 CamKIll0.4.eGFP.WPRE.rBG (#105541-AAV9, Addgene) or
Cre-driven AAV9 pCAG-FLEX-EGFP-WPRE (#51502-AAV9, Addgene) in the right
premotor cortex of TRAP2 or C57BI/6 mice (AP +2.6 mm, ML -1.8 mm, DV -0.5 mm;
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100 nl) or in the right (ipsilateral) VL (AP -1.05 mm, ML -1.0 mm, DV -3.15 mm) with
Hamilton syringe (#7634-01) and allowed 2 weeks for the viral expression.

Immunohistochemistry and imaging

Mice were perfused with 4% PFA, sliced on a cryostat at 40 um, and immunolabeled
with rabbit anti-NeuN (1:500, #24307, Cell Signaling) or mouse anti-MBP (1:500,
#ab62631, Abcam) as previously described*. Confocal images were taken on Nikon
Eclipse Ti-U at 10x/0.45 NA or 20x/0.95 NA, 1024x1024 or 512x512 frame size, 5 ym 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, 2304x2304, 0.5 um step
size. Excitation lasers were 405, 488, and 561. Imaris.3.0 (Bitplane) was used for
visualization and Adobe Photoshop CC for figure display.

Chemogenetics and whole-cell electrophysiology

We mixed AAV8 hSyn-dF-HA-KORD-IRES-mCitrine (#65417-AAV8, Addgene, 60 nl)
and AAV9 CamKIl.HI.GFP-Cre. WPRE.SV40 (#105551-AAV9, Addgene 60 nl) in 1:1
ratio and injected into the ipsilateral VL (AP -1.3 mm, ML -1.0 mm, DV -3.7 mm, 120 nl)

of C57BI/6 mice and allowed 2 weeks for expression. 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), saline, or
DMSO 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 electrophysiology. The brains of C57BI/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 KCI, 5 MgSQO,, 1.1 KH,PO,4, 1 CaCl,, 10 dextrose, and
113 sucrose (300 mOsm), and coronal thalamic slices (300 um) were prepared with a
vibratome (VT1200s, Leica). The slices were then placed in an interface chamber
containing oxygenated artificial cerebrospinal fluid (aCSF) at 25 °C and allowed to
equilibrate for 30 min. The aCSF contained (in mM) 124 NacCl, 4 KCI, 1 MgCl,, 25.7
NaHCOg3, 1.1 KH,PO,4, 10 dextrose, and 2.5 CaCl, (300 mOsm). The patch electrode

was filled with an internal solution containing (in mM) 115 cesium methane sulfonate, 20
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CsCl, 10 KClI, 10 HEPES, 0.5 sodium-EGTA, 2.5 MgCl,, 5 Mg-ATP and 5 lidocaine, pH
7.3, 285 mOsm. mCitrine fluorescence positive neurons were current-clamped. 100 nM
SALB in DMSO or just DMSO control was bath applied for 10 min, and we tested the
resting membrane potential to determine hyperpolarization.

Closed loop optogenetics

We injected C57BI/6 mice with AAV9 CamKII-ArchT-GFP (#99039, Addgene, 120 nl) or
AAV9 CamKII0.4.eGFP.WPRE.rBG (#105541-AAV9, Addgene) in the ipsilateral VL and
allowed 2 weeks for expression. Mice were then implanted with LFP microelectrodes in

the bilateral premotor cortex and bilateral VL, cobalt, and optic fiber in the ipsilateral VL.
Our optogenetics setup consisted of fiber coupled LED light source (540 nm, 8 mW, 5
pulses in 500 ms (each pulse is 50 ms ON/50 ms OFF)) and polymer optical fiber 1000
pm core, which was coupled to polymer optical fiber 500 pum 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 LFP
signals were recorded using LabChart software (ADInstruments). We accessed
LabChart functions 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 (in our case,
from the ipsilateral cortex). The neural net continuously accessed data for 500 ms (5000
samples, 10kHz sampling frequency) in addition to 500 ms of the most recent data.
Before feeding the data to the net, the data was preprocessed in multiple stages to
discard high-frequency noise. The net output a scalar number, which was used to
discriminate a seizure spike from the rest of the recording, using a manually set
threshold. Once a seizure spike was detected, a signal from the USB-TTL interface was
promptly dispatched to activate TTL pulses.

Callosotomy

We used a custom-made knife to cut the corpus callosum of C57BI/6 mice. A small
craniotomy was made at the posterior contralateral cortex (AP -3.5 mm, ML 0.5 mm),
avoiding damaging the superior sagittal sinus. The knife was slowly advanced at an

entrance angle 52° for 5 mm. The withdrawal angle was 54° for 2.5 mm and changed
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back to 52° for another 2.5 mm. Mice were also implanted with Co, four bilateral EEG
electrodes, a reference, and were monitored for seizures via continuous video/EEG.
Statistics

We analyzed data using Prism 8 and presented them as mean = SEM, where n is the
number of animals or the number of seizures followed by the number of animals. We
used an unpaired t-test for normally distributed data and Kolmogorov-Smirnov test if not

distributed normally. Results were considered statistically significant for p < 0.05.
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RESULTS

Focal motor to bilateral tonic-clonic seizures activate the corpus callosum and thalamus

To initiate focal motor to bilateral tonic-clonic seizures, we placed 1.7 mg of cobalt in the
right premotor cortex of TRAP2 mice with four bilateral EEG electrodes and monitored
mice continuously via video/EEG as previously described (13) (Figure 5-1D). To labels
cells active during a seizure, we used TRAP2 mice, which express Cre under the
immediate early gene promoter c-Fos. 4-hydroxytamoxifen (4-OHT) was injected within
90 min after focal motor to bilateral tonic-clonic seizure, bringing Cre into a nucleus and
relieving repression from tdTomato. Non-active cells were not labeled with tdTomato
because they did not express Cre. We serially sectioned the brain into 40 um to analyze
the pattern of tdTomato expression.

The whole corpus callosum strongly expressed tdTomato from anterior to
posterior sections (Figure 5-1E). To verify that these were axons, we used an antibody
against myelin basic protein (MBP). SP8 super-resolution Lightning microscopy
revealed myelin spiraling around the corpus callosum axons (Figure 5-1F and
Supplementary Video 1). To confirm that activation of the corpus callosum was not the
result of 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 had no
callosal activation (Supplementary Figure 5-1A).

The ipsilateral thalamus also strongly expressed tdTomato during focal motor to
bilateral tonic-clonic seizures (Figure 5-1G). Motor thalamic ventromedial (VM) and
ventrolateral (VL) nuclei as well as centromedian (CM) and mediodorsal (MD) nuclei
were tdTomato positive, activation of which we quantified on the cellular level previously
(14). Control steel wire-implanted mice without seizures did not show thalamic activation
(Supplementary Figure 5-1B).

Seizures spread faster to the contralateral cortex than to the contralateral thalamus

Because the TRAP technique provides spatial but not temporal resolution, we recorded
local field potentials (LFPs) from the ipsilateral and contralateral premotor cortex and
ipsilateral and contralateral thalamic nucleus VL simultaneously. Custom made array of
microelectrodes with 10 kHz sampling rate allowed us to record with millisecond

precision. We selected the motor thalamic nucleus VL because of its larger size and



103

Figure 5-1. Cellular activation in the corpus callosum and thalamus. A-C) Schematics of
three models of focal to bilateral seizure spread (red arrows) from the
seizure focus to the contralateral cortex. D) A schematic of cobalt placement
and EEG electrodes (red), and a representative focal to bilateral tonic-clonic
seizure. E) Left: tdTomato expression in the corpus callosum at 0.86 mm
bregma immunolabeled for NeuN (green) and its magnified view. Right:
tdTomato expression in the posterior corpus callosum at 0.02 and -2.18 mm
bregma. F) Left: SP8 super-resolution Lightning microscopy shows
myelinated axons in the corpus callosum immunolabeled for myelin basic
protein (MBP, green). Right and boxed inset: the magnified image of
myelinated axons. G) Left: tdTomato expression in the thalamus
immunolabeled for NeuN and its magnified view. Dotted lines indicate
nuclear boundaries; MD, mediodorsal; VM, ventromedial; VL, ventrolateral.

Also, see Supplementary Figure 1.
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Supplementary Figure 5-1. A) tdTomato expression in the corpus callosum of steel wire
implanted mice without seizures immunolabeled for NeuN
(green). B) tdTomato expression in the thalamus of steel
wire implanted mice. Dotted lines indicate nuclear

boundaries.
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Supplementary Figure 5-1
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easier electrode targeting. A current was applied at the end of the recordings to mark
location of the electrode tips (Figure 5-2D). The data were analyzed only if the recording
location was correct.

Surprisingly, we found that seizures spread faster to the contralateral cortex than
to the contralateral thalamus (Figure 5-2A). Interestingly, some seizures required
several tens of milliseconds to arrive to the contralateral thalamus (short latency < 200
ms), whereas others required several seconds to appear there (long latency > 200 ms).
In the contralateral VL, 53% of all seizures were short latency, and 47% were long
latency (Figure 5-2C). However, 100% of seizures arrived to the contralateral cortex
within 200 ms (Figure 5-2B). Thus, in some seizures, contralateral seizure spread
occurs without the engagement of the contralateral thalamus, supporting spread via the
corpus callosum (Figure 5-1A).

Connectivity of excitatory neurons shapes seizure spread

In the previous paper, we showed that anatomical connections of the seizure focus are
essential in shaping the subcortical seizure circuit (14). Here, we labeled anatomical
projections of the seizure focus to determine if seizures utilize them to spread
contralaterally. To trace efferent projections of the seizure focus, we injected AAV9 GFP
virus (AAV9-CamKIll0.4.eGFP.WPRE.rBG) in TRAP2 mice at the same coordinates in
the premotor cortex two weeks before cobalt surgery and injected 4-OHT within 90 min
after focal to bilateral tonic-clonic seizure.

The corpus callosum strongly expressed AAV9 GFP and tdTomato (Figure 5-3A),
which indicates that seizures follow direct anatomical projections of the seizure focus
across the corpus callosum to spread contralaterally. To further confirm that seizures
used the corpus callosum, we injected Cre-dependent AAV9 virus (AAV9 pCAG-FLEX-
EGFP-WPRE) in TRAP2 mice (which express Cre under the regulation of c-Fos), so
that the virus would be expressed only in seizure-activated neurons and axons. The
corpus callosum strongly expressed Cre-dependent GFP from the anterior to posterior
sections, and the tdTomato positive axons of the corpus callosum colocalized with GFP
(Figure 5-3B). We also found AAV9 GFP expression in the ipsilateral VL, VM, and MD,

consistent with these receiving direct projections from the motor cortex (Figure 5-3C).
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Figure 5-2. Seizures spread faster to the contralateral cortex than to the contralateral
thalamus. A) Representative simultaneous LFP recordings from the bilateral
premotor cortex and thalamic nucleus VL and the corresponding power
spectrums. The seizure focus was in the ipsilateral premotor cortex. Red
arrows indicate seizure onset time (twice the baseline); red bar in the
contralateral VL indicates the delay of seizure onset. B) Seizure onset times
(ms) in the contralateral cortex after seizure onset in the ipsilateral premotor
cortex. Pie chart: 100% of seizures required < 200 ms to arrive to the
contralateral premotor cortex from the ipsilateral premotor cortex (blue):
25.49 = 3.00 ms, n = 64 seizures from 16 mice. C) Seizure onset times (ms
or s) in the contralateral VL after seizure onset in the ipsilateral premotor
cortex. Pie chart: 53% of seizures required < 200 ms to arrive to the
contralateral VL from the ipsilateral premotor cortex (blue): 59.36 £ 5.61 ms,
n = 34 seizures from 13 mice, and 47% required > 200 ms (red): 4.47 + 0.65
s, n = 30 seizures from 11 mice. D) Lesions were done after the recordings
to mark the location of the electrode tips in the VL on both hemispheres (red

arrows).



109

a ‘ Ipsilateral Premotor

i MWM*'

‘ Contralateral Premotor

RN

‘ Ipsilateral VL

e i MA/ e ﬁ,JM____

Contralateral VL

e} b e

(_ nset Latency

b 10
Contra Ctx <200 ms
O
z
@
595
N
QD
(%)
[ 1 Il <200 ms
0
0 100 200 Bl >200 ms
C 10 Time {(ms)
Contra VL <200 ms Contra VL =200 ms
z
g L 53%
N
7))
0 1 1 ]
0 100 200 0 5 10 15 20 25
Time (ms) Times (s)

Figure 5-2



110

Figure 5-3. Seizures utilize anatomical projections across the corpus callosum to spread
contralaterally. A) A horizontal section shows AAV9 GFP injected in the right
premotor cortex, labeling anatomical projections of the seizure focus, and
tdTomato expression (red) after focal motor to bilateral tonic-clonic seizure
with a magnified view. 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. C) Viral expression in the ipsilateral thalamic nuclei MD, VL,
VM after AAV9 GFP injection in the premotor cortex. Dotted lines indicate
nuclear boundaries. Boxed insets: magnified views. D) Minimal anatomical
connections between the ipsilateral and contralateral thalamus after AAV9
GFP injection on the ipsilateral side.
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Seizure onset delay that we find in the contralateral thalamus could be due to
sparse anatomical projections from the ipsilateral thalamus, so we injected AAV9 GFP
virus (AAV9-CamKIll0.4.eGFP.WPRE.rBG) in the ipsilateral thalamus. CM, MD, VL, VM,
and other ipsilateral thalamic nuclei were labeled with the virus. However, minimal viral
expression was found in any of the nuclei in the contralateral thalamus (Figure 5-3D),
which indicates that the ipsilateral thalamus is very weakly connected to the
contralateral via direct monosynaptic connections, further supporting callosal spread
(Figure 5-1A).

Contralateral seizure spread still occurs after chemogenetic inhibition of the ipsilateral

thalamus, but seizure duration decreases

We inhibited ipsilateral motor thalamic nucleus VL to determine whether seizures would
still spread to the contralateral hemisphere. We injected AAV8 hSyn-dF-HA-KORD-
IRES-mCitrine and AAV9 CamKII.HI.GFP-Cre. WPRE.SV40 in 1:1 ratio in the ipsilateral
VL of C57BI/6 mice and allowed 2 weeks for expression (Figure 5-4A,B). We first
confirmed the ability of KORD to generate SALB-induced hyperpolarization using whole-
cell patch clamp recordings. Bath application of 100 nM SALB in DMSO led to
hyperpolarization of transduced neurons with no effect after DMSO application alone
(Figure 5-4C,D).

We next tested the effect of ipsilateral VL inhibition on seizure spread. KORD
injected C57BI/6 mice were implanted with cobalt and four LFP microelectrodes in the
bilateral premotor cortex and VL and injected with salvinorin B (SALB, 10 mg/kg in
DMSO), DMSO, or saline s.c. at 20 hours after cobalt insertion at the peak of seizures.
Surprisingly, seizures still spread to the contralateral cortex after chemogenetic
inhibition of the ipsilateral VL(Figure 5-4E). However, mean seizure duration decreased
significantly (Figure 5-4E-H). Because not all mice started and finished seizing at the
same time, we quantified seizure duration before the injection starting at 17 hours after
cobalt, when 80% of mice developed seizures, and after the injection until 31 hours after
cobalt (Figure 5-4H). The effect of SALB on the suppression of seizure duration was
noticed for the next 7 hours following the injection. We also found that the overall
seizure burden, defined here as the sum of seizure activity per hour (15), in SALB

treated mice was similar to the saline treated control (Figure 5-4J). Thus, because
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Figure 5-4. Chemogenetic inhibition of the ipsilateral VL decreases seizure duration but
does not prevent contralateral spread. A) A schematic of KORD/CamKIl.Cre
injection in the ipsilateral VL. B) Confocal image of KORD expression in the
ipsilateral VL. C,D) Membrane potential (mV) of transduced cells before and
after SALB application (n = 1). E,F) A representative LFP recording of a
seizure after SALB or saline injection. G) Mean seizure duration (s) after
SALB (green) or saline (red) injection done at 20 hours after cobalt insertion
(black arrow). H) % of mice starting to have seizures at specified number of
hours after cobalt insertion, where green line indicates a mouse group
destined for SALB treatment and red line for saline. I) Mean seizure duration
before SALB (green) or saline (red) injection (17-20 hours after Co),
following the injection (20-27 hours after Co), and after the injection (27-31
hours after Co). H) Seizure burden (sum of seizure durations per hour) in

SALB (green) and saline (red) groups.
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seizure duration decreased, but seizure burden stayed similar to the control, we find an
increase in seizure number after ipsilateral VL inhibition (Figure 5-4K), suggesting that
the thalamus amplifies seizures.

Closed-loop optogenetic inhibition of the ipsilateral thalamus

Because the duration of SALB inhibition is limited by its metabolism, we used closed-
loop optogenetics to inhibit ipsilateral VL. We injected AAV9 CamKII-ArchT-GFP, which
allows hyperpolarization when illuminated with 540 nm green light, or CamKII-driven
GFP alone in the ipsilateral VL (Figure 5-5A,B). After two weeks, we inserted cobalt,
four LFP microelectrodes in the bilateral premotor cortex and VL, and optic fiber in the
ipsilateral VL.

Anterior callosotomy prevents contralateral seizure spread during initial seizures

We next cut the corpus callosum to determine if it would stop contralateral seizure
spread. A knife was inserted in the posterior contralateral cortex, avoiding damaging the
superior sagittal sinus (Figure 5-6A). The genu and body of the corpus callosum were
cut as the knife was removed, cobalt was inserted, and the mice were monitored for
seizures. After successful genu cuts, initial seizures either did not spread contralaterally
or weakly appeared there only at the end of a seizure (Figure 5-6B). However, as the
seizure number a mouse experienced increased, subsequent seizures reached the
contralateral side faster, with shorter onset delay (Figure 5-6C,F), but the seizure
amplitude was diminished. Faster seizure arrival to the contralateral cortex could be due
to developed plasticity after repeated seizures that induce circuit changes. Seizures
could form stronger networks via the posterior cortex and the splenium of the corpus
callosum to spread contralaterally or via the anterior commissure.

In the instances where the genu was not cut but the body of the corpus callosum
was, mice experienced immediate contralateral seizure onset just like the mice without
callosotomy (Figure 5-6E,F), suggesting that it is the genu that is important for

immediate focal to bilateral spread.
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Figure 5-5. Closed-loop optogenetic inhibition of the ipsilateral VL. A) A schematic of
optic fiber location in the ipsilateral VL. B) Confocal image of Arch GFP
expression in the ipsilateral VL. C) Representative example of LFP

recording from the bilateral premotor cortex and VL before and after 540 nm
light delivery in the ipsilateral VL.
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Figure 5-6. Anterior callosotomy prevents the contralateral spread of initial seizures. A)
A schematic of the sagittal view during callosotomy. A curved knife (red)
was advanced from the posterior contralateral cortex at 52° until the genu of
the corpus callosum (gcc) was reached; the splenium of the corpus
callosum (scc) was left uncut. B) A representative first seizure after
callosotomy (with cut genu). C) A representative later seizure after
callosotomy (with cut genu). D) Sequential light images of the callosotomy
from the anterior to posterior brain sections, where red arrow indicates the
lesion on the contralateral side (magnified images). E) Representative light
image of the callosotomy where the genu was not cut (red arrow, magnified
view) and the first seizure with immediate contralateral seizure onset. F)
Onset seizure delay (s) in the anterior contralateral premotor cortex after
callosotomy in mice with cut genu (green) and without cut genu (red). As the
seizure number increased, onset delay decreased. The data for a separate

mouse with cut genu is represented by a different shade of green.
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DISCUSSION
We show that the thalamus amplifies frontal lobe motor seizures, whereas the corpus
callosum allows spread to the contralateral hemisphere.

The choke point hypothesis indicates that the thalamus is essential for seizure
maintenance and generalization. However, seizure spread from the seizure focus to the
contralateral cortex has not been delineated. Several famous models of seizure
generalization indicate that spread to the contralateral cortex occurs via commissural
connections between the two thalami or through bilateral spread from the thalamus via
the brainstem. We looked at the connectivity, and our findings support the model in
which seizure spread to the contralateral cortex occurs through the corpus callosum.

Our new methods allowed us to both track and stop seizure spread to investigate
the roles of the thalamus and corpus callosum. We selected novel kappa-opioid based
DREADD over chemogenetics based on CNO to precisely inhibit the thalamus, without
increasing susceptibility to seizures. Clozapine N-oxide is reverse metabolized to
clozapine (16), which, as a D2 antagonist, exerts a pro-convulsant effect (17,18)
compared to inert salvinorin B. We also developed a deep convolutional neural network-
based automated seizure detection model in MATLAB for closed-loop optogenetics to
inhibit ipsilateral thalamus in a fully automated way. Also, we lesioned the genu of
corpus callosum during focal to bilateral seizures to determine its role in secondary
generalization. Although corpus callosotomy surgeries are done to improve the outcome
of intractable primarily generalized seizures, the role of the corpus callosum in
secondarily generalized seizures has not been delineated to allow a confident clinical
strategy.

Our studies demonstrate that the connectivity of excitatory neurons shapes the
seizure spread. Thus, extensive direct anatomical projections from the seizure focus
across the corpus callosum and lack of monosynaptic projections from the ipsilateral
thalamus to the contralateral allow seizures to spread faster to the contralateral cortex
than to the contralateral thalamus. We find that chemogenetic and closed-loop
optogenetic inhibition of the ipsilateral thalamus still allowed contralateral seizure

spread, whereas lesioning of the corpus callosum prevented it during initial seizures.
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CHAPTER 6

LONG RANGE SEIZURE PROPAGATION THROUGH CORTICAL LAYERS
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SUMMARY AND CONCLUSIONS
1. We find stronger activation of the superficial cortical layers 2/3 than deep
layers 5/6 after frontal lobe focal to bilateral tonic-clonic seizures.
2. Seizures spread faster posteriorly through the superficial layers and arrive to
posterior deep layers with a delay.
3. We find stronger AAV9 GFP labeling of the posterior superficial layers
compared to deep layers, indicative of more direct monosynaptic projections

across layers 2/3 than layers 5/6.
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INTRODUCTION
Focal to bilateral seizures manifest in many behaviors, including auras, motor activity,
and altered consciousness because they travel long distance in the brain from the onset
zone. Local spread of seizures has been investigated intensively by in vivo and in vitro
imaging techniques (1,2). These studies in the hippocampus and the neocortex
demonstrate a strong role for inhibition in shaping seizure spread. Propagation of
seizures through the hippocampus is gated by strong inhibition of the dentate gyrus (3).
Similarly, in the neocortex, the inhibitory surround shapes the seizure spread (4).

These studies however do not explain how seizures spread over a long distance.
A recent study of seizure spread from the visual cortex, combining in vivo imaging with
electrophysiology demonstrated that seizures follow the anatomical connections of the
visual cortex (5). We also recently reported that seizures originating from the premotor
cortex, activate anatomically connected structures: the striatum, globus pallidus,
subthalamic nucleus, substantia nigra, and thalamus (6). These studies suggest that the
connectivity of excitatory neurons drives seizure spread.

Superficial layers of the cortex play an important role in cortical connectivity. The
superficial layers of the premotor cortex contain intratelencephalic (IT) neurons that
have long-range intracortical projections, whereas deep layers contain pyramidal type
(PT) neurons that project subcortically (7). The premotor cortex also receives long-
distance connections from the somatosensory cortex and other cortical areas. Previous
literature indicates that deep cortical layers such as layer 4 are necessary for seizure
generation and propagation (8,9), but the motor cortex does not contain layer 4 (1). The
corpus callosum allows the contralateral spread of frontal lobe seizures, and 80% of its
axons arise from the superficial layers (10). The connectivity hypothesis would suggest
that the cortical spread of seizures would engage the layer 2/3 of the cortex. Some
recent studies indicate that superficial layers 2/3 are recruited ahead of deep layers 5/6
during acute seizures (1,2). However, they did not investigate long-range layer
recruitment during spontaneous seizures away from the seizure onset zone. We studied
seizure spread away from seizure focus in the premotor cortex intracortically, to test

whether spread can be predicted by connectivity.
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METHODS

Animals

Experiments were approved by the University of Virginia Animal Care and Use
Committee. Mice expressing Cre-ER under the regulation of c-Fos promoter (Fos*
ICreERT2 ' 4030323, Jackson Laboratories) were crossed to mice expressing tdTomato
from Rosa locus (Ai9, #007909, Jackson Laboratories) to generate TRAP2 mice.
TRAP2 and C57BI/6 (Charles River) mice (7-12 weeks) of both sexes were maintained
on a 12-hour light/dark cycle and had ad libitum food and water. For genotyping, KAPA
Biosystems kit was used.

Seizure induction, electrophysiology, and virus injections

To induce frontal lobe focal to bilateral tonic-clonic seizures, TRAP2 or C57BI/6 mice
were placed under isoflurane anesthesia, and 1.7 mg of cobalt wire was inserted into
the right premotor cortex (AP +2.6 mm, ML -1.8 mm) along with four bilateral subdural
EEG electrodes and a reference as described previously (6). Mice were monitored for
seizures via continuous video/EEG. 4-hydroxytamoxifen (4-OHT, 50 mg/kg s.c.) was
injected in TRAP2 mice within 90 of a secondarily generalized tonic-clonic seizure.
Animals were perfused 5 days after 4-OHT injection to allow tdTomato expression. 1.7
mg of steel wire was used as control and implanted instead of cobalt. Mice were
monitored via continuous video/EEG and developed no seizures. 4-OHT was injected
18 hours after steel implantation.

Local field potentials (LFPs) were recorded with a custom-made array of
microelectrodes with 60-70 kQ resistance and 10 kHz sampling rate as described
previously (6). For the activities to be considered independent, we coordinated the
distance between each microelectrode so that the cross-correlation coefficient was less
than 0.7 between each electrode. Fast Fourier Transform with a Cosine-Bell window
was used to analyze LabChart 8 LFP data as we described before (6). To record
seizures, the first electrode (E1) was implanted on the ipsilateral side 400 um behind
cobalt and subsequent electrodes separated from each other by 750 um (E2-E5). E1
was located in the premotor cortex, E2 in the motor cortex, and E3-E5 in the
somatosensory cortex. In double-layer recording electrodes, electrodes were inserted

200 pum below dura to record from layer 2/3 and 700 um below dura to record from layer
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5/6. Seizure start was defined as a deflection of voltage trace at least twice the
baseline. After recordings, the electrode position was marked by applying a single 40
MA, 0.75 msec monophasic square wave pulse at 50 Hz for 30 sec using a constant
current stimulator (Model 2100, A-M Systems). The brains were sectioned 40 um thick
on a cryostat (CM1900, Leica), stained with DAPI (0.02% in PBS), and imaged on Nikon
Eclipse Ti-S, 2x/0.45 NA. If the electrode position was incorrect, the data were
excluded.

Because CAG Double flox Synaptophysin-EGFP WPRE (#73816, plasmid,
Addgene) was too large for efficient packaging into a virus, we replaced 1300 bp 3'UTR
with a minimal version developed by Choi et.al.**. Minimal WPRE was PCR amplified
with added Hindlll and Sphl sites and ligated to the original cut plasmid. Miniprep
(Qiagen), sequencing, and maxiprep were carried out, and the plasmid was packaged
into AAV9 virus through Vigene Biosciences (Titer >1x10** GC/ml).

AAV9 CamKiIl0.4.eGFP.WPRE.rBG (#105541-AAV9, Addgene), Cre-driven
AAV9 pCAG-FLEX-EGFP-WPRE (#51502-AAV9, Addgene), or Cre-driven AAV9 CAG
Double flox Synaptophysin-EGFP WPRE (described above) were injected in the right
premotor cortex of TRAP2 or C57BI/6 mice (AP +2.6 mm, ML -1.8 mm, DV -0.5 mm;
100 nl) with Hamilton syringe (#7634-01), and 2 weeks were allowed for the viral
expression before proceeding with cobalt insertion.

Immunohistochemistry

Mice were deeply anesthetized with isoflurane and perfused with 4% paraformaldehyde,
sliced at 40, and placed in a blocking buffer as described before (6). The primary
antibodies used were rabbit anti-NeuN (1:500, #24307, Cell Signaling), rabbit anti-TBR1
(1:500, #ab31940, Abcam), rat anti-CTIP2 (1:300, #ab18465, Abcam), mouse anti-
Bassoon (1:500, #ab82958, Abcam). The secondary antibodies (1:500, Invitrogen) were
405 goat anti-mouse, 488 goat anti-rabbit, 488 goat anti-mouse, 488 goat anti-rat, and
594 goat anti-rabbit.

Image acquisition and analysis

Confocal images were done on Nikon Eclipse Ti-U with NIS-Elements software at
10x/0.45 NA, 20x/0.95 NA, or 40x/1.80 NA, oil, 1024x1024 or 512x512 frame size, and

5 um z-interval. Synapses were imaged on CSU-W1 SoRa Yokogawa Spinning Disk
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Confocal, Nikon at 100x/1.35 NA, silicon, or 60x/1.49 NA, oil, 2304x2304, 0.5 um step
size. Excitation lasers were 405, 488, and 561. Imaris .3.0 (Bitplane) was used for
visualization and Adobe Photoshop CC for figure display.

To count % of active cells in the cortical layers, the number of tdTomato positive
cells in either layer 2/3 or 5/6 was counted in ImageJ and divided by the total number of
neurons (NeuN positive cells) in either layer 2/3 or 5/6. Cortical layers were identified by
TBR1 or CTIP2 stain.

Statistics

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

the number of animals.
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RESULTS

Seizures activate superficial layers stronger and spread along them intracortically faster

compared to deep layers

We induced frontal lobe focal motor to bilateral tonic-clonic seizures by placing 1.7 mg
of cobalt in the right premotor cortex as described previously. To visualize activated
neurons, we used activity reporter TRAP2 mice that express Cre under the regulation of
c-Fos promoter (12,13). Injection of 4-hydroxytamoxifen (4-OHT, 50mg/kg) translocates
Cre inside a nucleus and relieves repression from tdTomato to label only seizure-
activated cells. The brains were then slices, and the pattern of tdTomato expression
was investigated.

We found that superficial cortical layers contained more activated tdTomato
positive cells than did deep layers (Figure 6-1A-D). We used cortical layer markers
TBR1, which labels layers 2/3 and 5/6, and CTIP2, which labels 5/6, to delineate layers.
Because superficial layers have higher cellular density per unit area than do deep
layers, we expressed layer activation as the number of tdTomato positive cells divided
by the total number of NeuN positive neurons in that layer, to obtain % activation.
Overall, superficial layers 2/3 had on average 12.66 + 1.038% more activated cells than
deep layers 5/6 across frontal and parietal lobes on the contralateral hemisphere
(Figure 6-1B). Anterior to posterior analysis across bregma revealed that the anterior
frontal lobe cortex had the largest difference between activated cells in layer 2/3 versus
5/6 (Figure 6-1C) because that area was closer to the seizure focus. Frontal lobe
cortical layers overall had more tdTomato expression than parietal lobe cortical layers
(Figure 6-1C). We used anti-CaMKII antibody to confirm that activated tdTomato
positive cells in the cortex were excitatory pyramidal neurons (Figure 6-1E).

To gain temporal resolution of seizure spread across the layers from anterior to
posterior cortex, we recorded LFPs using an array of five microelectrodes placed on the
ipsilateral hemisphere to the seizure focus with the first electrode 400 pm behind cobalt
and each subsequent electrode 750 um behind the previous one, recording from the
premotor, motor, and somatosensory cortices simultaneously (Figure 6-2A). In one set
of animals, all five microelectrodes were inserted in layer 2/3 (200 um below dura) and

in another set of animals in layer 5/6 (700 um below dura). Seizure onset latency was
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Figure 6-1. Superficial layers are more activated during seizures than deep layers. A,D)
Superficial layers 2/3 expressed more tdTomato compared to deep layers
5/6. Cortical layers were determined by immunolabeling for TBR1 (green).
B) % Activated cells (number of tdTomato cells divided by the total number
of NeuN positive neurons in a layer) in layer 2/3 (blue) and 5/6 (red) from
frontal to parietal lobe, (n = 3 mice) (unpaired t test). C) % Activated cells in
layer 2/3 (blue) and 5/6 (red) from anterior (3.0 mm bregma) to posterior
contralateral cortex (-4.0 mm bregma), (n = 3 mice). E) tdTomato positive
cells (red) in the cortex are pyramidal neurons as indicated by CaMKII
immunolabeling (green). Boxed inset: magnified view of the pyramidal

neurons. Data are mean + SEM, *** p < 0.0001.
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determined from the time seizures start at the seizure focus. Microelectrode setup
prevents recording from more than five LFP microelectrodes at the same time. In the
second animal cohort, we carried out LFP recordings from layers 2/3 and 5/6
simultaneously. To establish that the source of electrical activity from one
microelectrode was independent of that from a neighboring microelectrode, we
analyzed the cross-correlation of activities from two neighboring electrodes, which had
to be less than 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 (Figure 6-2B).

Seizures spread faster posteriorly through the superficial layers and slower
through the deep layers (Figure 6-2C). 55% of all seizures reached superficial layers in
less than 200 ms in the posterior parietal cortex, whereas only 7% of seizures could
reach deep layers within 200 ms, and the rest (93%) took longer (Figure 6-3A,B). LFP
recordings show an example of seizure onset latency in the posterior cortex (Figure 6-
2E,F). Also, spikes in the posterior superficial layers had a higher frequency, whereas
spikes in the posterior deep layers had slower frequency (electrodes E4 and E5, Figure
6-2D).

We hypothesized that the immediate seizure onset in the superficial posterior
layers was due to more direct anatomical projections from the seizure focus, whereas
deep posterior layers could have fewer direct connections and more synapses
necessary to reach them, which would increase the chance of failures and cause
seizure onset delay. We injected CamKII-driven AAV9 (AAV9-
CamKII0.4.eGFP.WPRE.IBG) at the seizure focus to trace its efferent anatomical
connections along the cortex. Layer 1 and cell bodies in layer 2/3 in the posterior
parietal cortex extensively expressed AAV9 GFP, whereas deep layer 5 had only
sparse dendritic GFP expression (Figure 6-2G). Although only a small number of viral
particles could be transported transsynaptically in a Cre-independent AAV9 (14),
labeling of cell bodies with GFP in the posterior layer 2/3 and 4 could indicate some
transsynaptic or retrograde AAV9 spread. However, none of the cell bodies were
labeled in the posterior layer 5/6, which indicates that passage of more synapses is

necessary to reach them from the seizure focus compared to the superficial layers.
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Figure 6-2. Seizures spread faster across superficial layers and slower through deep
layers. A) Schematic placement of five LFP electrodes behind cobalt. In one
group of animals, E1-E5 electrodes targeted superficial layers (200 pm
below dura), and in another group all five electrodes targeted deep layers
(700 um below dura). Image of a custom-made array of microelectrodes. B)
A correlation matrix plots the correlation coefficients (from 1.0 to 0) for each
pair of microelectrodes, which were calculated based on the LFP time lags
between the microelectrodes. E1 corresponds to O um away from cobalt,
and E5 corresponds to 3000 um away from cobalt. C) Seizure beginning
latency (s, median with 10-90% tile) in E1-E5 and one contralateral
electrode (Contra) across from E1 in layers 2/3 (blue) and 5/6 (red) (n = 29-
34 seizures from 7-8 mice, Contra 2/3: 0.020 + 0.019 s; Contra 5/6: 0.023 +
0.014 s; E1 2/3: 0.00 £ 0.00 s ; E1 5/6: 0.00 + 0.00 s; E2 2/3: 0.00 + 0.00 s;
E2 5/6:0.23 £0.92 s; E3 2/3: 0.87 £ 2.06 s; E3 5/6: 1.92 + 3.36 s; E4 2/3:
1.13+2.80s;E45/6:3.99+452s; E52/3:1.44+2.88s; E55/6:6.61 +
4.79 s). D) Spike frequency (spikes per minute, median + IQR) at E1-E5
from superficial (blue) and deep layers (red) (E1 2/3: 0.17 + 0.12 Hz; E1 5/6:
0.13 £ 0.053 Hz; E2 2/3: 0.17 + 0.042 Hz; E2 5/6: 0.13 + 0.053 Hz; E3 2/3:
0.083 £ 0.083; E3 5/6: 0.11 + 0.053 Hz; E4 2/3: 0.033 + 0.083 Hz; E4 5/6:
0.033 £ 0.025; E5 2/3: 0.017 £ 0.17; E5 5/6: 0.017 = 0.025). E,F) Examples
of short latency seizures without onset delay in the posterior ipsilateral
cortex (E5) and long latency seizures with onset delay in the electrode E5.
G) GFP AAV9 expression (AAV9-CamKIl0.4.eGFP.WPRE.rBG) on the
ipsilateral side to the seizure focus. Layers 1,2/3, and 4 have stronger
cellular expression, whereas deep layers 5/6 exhibit only sparse dendritic

labeling.
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Figure 6-3. Short latency and long latency seizures in the superficial and deep layers. A)
Seizure onset times (ms or s) in superficial layers from the anterior premotor
cortex (E1) to the posterior parietal cortex (E5) ipsilateral to the seizure
focus. Pie charts indicate % of seizures that arrived to the corresponding
electrodes in < 200 ms (blue) or > 200 ms (red). B) Seizure onset times (ms
or s) in deep layers. Pie charts indicate % of seizures that arrived to the
corresponding electrodes in < 200 ms (blue) or > 200 ms (red).
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We also found extensive AAV9 GFP-labeled anatomical projections on the
contralateral motor cortex as they arrived from the seizure focus across the corpus
callosum (Figure 4A). Areas with stronger GFP expression, especially in the superficial
layers, coincided with areas with more tdTomato positive cells, which further supports
the connectivity hypothesis of seizure spread rather than seizure spread through the
ephaptic connectivity or calcium waves through glia.

Next, we used Cre-dependent AAV9 (AAV9 pCAG-FLEX-EGFP-WPRE) to trace
cortico-cortical connections active during seizures. Injecting Cre-dependent AAV9 GFP
in TRAP2 mice that express Cre under the c-Fos promoter leads to GFP expression
only in seizure active cells. We found that superficial layers on the ipsilateral side had
denser GFP expression compared to deep layers (Figure 4B). tdTomato positive
neurons had GFP puncta around them (Figure 4B), which is indicative of dendritic
terminals from the seizure focus synapsing on the cell bodies to active them.

To confirm that these were synapses, we used Cre-dependent AAV9 GFP
synaptophysin virus (CAG Double flox Synaptophysin-EGFP WPRE), which is
expressed only in the activated synapses monosynaptically connected to the seizure
focus, and anti-bassoon antibody, which marks presynaptic terminals (Figure 5A).
Synaptophysin (green) colocalized with bassoon (blue) around tdTomato positive
activated cells in the posterior ipsilateral cortex (Figure 5B), which confirms that direct
anatomical projections of the seizure focus drive seizure spread. However, not all
neurons that received direct projections from the seizure focus became tdTomato
positive, which might suggest that those neurons were electrophysiologically different to

begin with.
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Figure 6-4. The connectivity of excitatory neurons drives seizure spread. A) Horizontal
image of GFP AAV9 expression (AAV9-CamKIll0.4.eGFP.WPRE.rBG) of the
anatomical projections on the contralateral side that arrived from the seizure
focus as they traveled across the corpus callosum. Areas with stronger GFP
expression have more tdTomato cell labeling. B) Coronal image of Cre-
driven GFP AAV9 expression (AAV9 pCAG-FLEX-EGFP-WPRE) in the

posterior ipsilateral cortex with stronger AAV9 labeling in the superficial
layers.
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Figure 6-4
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Figure 6-5. Direct synaptic connectivity drives seizures spread in the posterior cortex. A)
Cre-driven GFP AAV9 synaptophysin expression (AAV9 CAG Double flox
Synaptophysin-EGFP WPRE) in the posterior superficial cortical neurons on
the ipsilateral side. B) Cre-driven synaptophysin (green) is colocalized with

pre-synaptic marker Bassoon (blue) in activated tdTomato positive neurons.
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DISCUSSION

We find stronger activation of the superficial layers compared to deep during focal motor
to bilateral tonic-clonic seizures. Our findings are consistent with recent studies that
show that superficial layers are recruited ahead of the deep layers. However, previous
studies used two-photon microscopy that images only through a small window?, and
dual patch clamp recordings have limitations as well*. We recorded LFPs from
superficial and deep layers in awake mice during spontaneous seizures from the motor
to parietal cortex, showing, for the first time, long-range cortico-cortical seizure spread
through the layers.

Seizures spread faster to posterior superficial layers from the seizure focus and
arrived to posterior deep layers with a delay. Yuste and colleagues also found similar
temporal variation during ictal network recruitment locally in acute seizures and
concluded that ictal progression is determined by interneuron activity. However, in our
recent studies quantifying PV interneuron activation from anterior to posterior cortex
after secondarily generalized seizures we did not find stronger PV activation posteriorly
(cite PV paper). In fact, more PV interneurons were active closer to the seizure focus.

We discovered stronger AAV9 GFP labeling of posterior superficial layers and
weak sparse dendritic labeling of deep layers. We found similar results using Cre-driven
AAV9 GFP virus. Thus, superficial posterior layers receive more direct projections from
the seizure focus compared to posterior deep layers, which could be due to IT-type
neurons in layers 2/3 having more direct intracortical projections than deep layers that
project subcortically. Thus, more synapses are necessary to reach posterior deep
layers, which increases the chance of synaptic propagation failures. This further
supports that direct connectivity of the seizure focus drives seizure spread, and neurons
that are synaptically stronger connected to the seizure focus are more likely to be

activated during a seizure.
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DISCUSSION

The findings of this dissertation support the main hypothesis that anatomical
connections of the seizure focus and properties of excitatory neurons determine seizure
circuits. Ephaptic connectivity and calcium waves through glia are the alternative
hypotheses to explain long-distance communication in the brain. Our studies support
that seizure spread can be predicted by direct connectivity.

We show, for the first time, a neuronal activation map of the basal ganglia during
frontal lobe focal motor to bilateral seizures with unprecedented spatial resolution. We
show activation of the striatum, globus pallidus externus, subthalamic nucleus, and
substantia nigra pars reticulata. Seizures preferentially activate the indirect pathway
over direct because D2 neurons are more excitable than D1 receptor-expressing
neurons (1,2).

D2R agonists are anticonvulsants in limbic seizures, but their effectiveness in
frontal lobe seizures was not tested (3,4). We show that direct infusion of D2 agonist
into the striatum is anticonvulsant in frontal lobe seizures. We also show that systemic
D2 agonist injection is anticonvulsant as well. D2 agonist activates parvalbumin
interneurons in the cortex and striatum ipsilateral to the seizure focus, which could
potentially explain the anticonvulsant effect of D2 agonists.

The thalamus is thought to be essential for seizure maintenance and spread to
the contralateral hemisphere (5-7). Previous studies indicate that it is a choke point (8).
However, seizure spread from the seizure focus to the contralateral cortex has not been
directly traced. In some famous illustrations, seizures spread from the seizure focus to
the contralateral cortex via commissural connections between two thalami (5,6,9) or
through the bilateral thalamus via the brainstem (10-13). We show that seizures utilize
the corpus callosum to spread contralaterally, whereas the thalamus amplifies frontal
lobe seizures.

We also show for the first time long-range seizure propagation through the
cortical layers during spontaneous seizures. We find that superficial layers are activated
more and faster compared to deep layers throughout the whole cortex. Our findings
support previous studies that superficial layers are activated ahead of the deep layers,

which has been shown locally during acute seizures or in vitro (14,15). We also show
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that activated cells in the parietal cortex receive direct synaptic projections from the
seizure focus; however, not all cells that receive direct projections become activated,
suggesting that these cells could be electrophysiologically different to begin with
compared to activated cells, which further supports the hypothesis that properties of
neurons also determine seizure spread.

In this dissertation, frontal lobe seizure circuits were mapped subcortically,
contralaterally, and intracortically. Surprisingly, inhibition of the ipsilateral thalamus did
not stop seizures. Although anterior callosotomy prevented contralateral seizure spread
during initial seizures, as an animal experienced more seizures, new network formation
occurred that still allowed seizures to spread contralaterally, so surgery alone would
probably not be effective in achieving seizure freedom. Indeed, it has been shown that a
combination of surgery with antiepileptic drug (AED) therapy was more effective to
improve the outcome of refractory seizures than surgery and discontinuation of AEDs
(17). The main hypothesis of this dissertation could have a direct clinical impact on pre-
surgical mapping, surgical planning, and therapies. For example, a recent study shows
that patients with refractory focal motor seizures significantly benefit from subthalamic
nucleus stimulation (16). Therefore, it is very important to precisely map seizure circuits

for more effective surgical interventions or neuromodulation.
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