1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Epilepsia. Author manuscript; available in PMC 2019 January 01.

-, HHS Public Access
«

Published in final edited form as:
Epilepsia. 2018 January ; 59(1): 135-145. doi:10.1111/epi.13962.

Modeling Pathogenesis and Treatment Response in Childhood
Absence Epilepsy

Andrew T. Knox, MD, MS1, Tracy Glauser, MD?, Jeffrey Tenney, MD, PhD?2, William W.
Lytton, MD3, and Katherine Holland, MD, PhD?2

1Department of Neurology, University of Wisconsin, UW Medical Foundation Centennial Building,
1685 Highland Ave Madison, WI, USA

2Comprehensive Epilepsy Center, Division of Neurology, Cincinnati Children’s Hospital Medical
Center, Cincinnati, Ohio, USA and the University of Cincinnati College of Medicine, Cincinnati,
Ohio, USA

SDepartments of Neurology and Physiology & Pharmacology, SUNY Downstate Medical Center;
Department Neurology, Kings County Hospital Center, Brooklyn, NY

Summary

Objective—Childhood Absence Epilepsy (CAE) is a genetic generalized epilepsy syndrome with
polygenic inheritance, with genes for GABA receptors and T-type calcium channels implicated in
the disorder. Previous studies of T-type calcium channel electrophysiology have shown genetic
changes and medications have multiple effects 1-3. The aim of this study was to use an established
thalamocortical computer model # to determine how T-type calcium channels work in concert with
cortical excitability to contribute to pathogenesis and treatment response in CAE.

Methods—The model is comprised of cortical pyramidal, cortical inhibitory, thalamocortical
relay, and thalamic reticular single compartment neurons, implemented with Hodgkin-Huxley
model ion channels and connected by AMPA, GABA,, and GABARg synapses. Network behavior
for different combinations of T-type calcium channel conductance, inactivation time, steady state
activation/inactivation shift, and cortical GABA conductance were simulated.

Results—Decreasing cortical GABA, conductance and increasing T-type calcium channel
conductance converted spindle to spike and wave oscillations; smaller changes were required if
both were changed in concert. In contrast, left shift of steady state voltage activation/inactivation
did not lead to spike and wave oscillations, whereas right shift reduced network propensity for
oscillations of any type.
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Significance—These results provide a window into mechanisms underlying polygenic
inheritance in CAE, as well as a mechanism for treatment effects and failures mediated by these
channels. While the model is a simplification of the human thalamocortical network, it serves as a
useful starting point for predicting the implications of ion channel electrophysiology in polygenic
epilepsy such as CAE.
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Introduction

Childhood Absence Epilepsy (CAE) is the most common childhood epilepsy syndrome, and
is clinically characterized by frequent, brief (10-20 second) non-convulsive seizures with
impairment of consciousness. Electrographically, absence seizures are characterized by
generalized 3Hz spike and wave discharges . Ethosuximide, valproic acid, and lamotrigine
are most commonly used to treat CAE, but there is significant variability in patient response
to medication, with even the first line choice ethosuximide showing a 47% short term failure
rate 6.

CAE is thought to have a genetic etiology, supported by a 75% concordance rate in
monozygotic twins . Inheritance is polygenic, with genes for GABA receptors, calcium
channels, and non-ion channel genes such as SLC2A1 all implicated in contributing to the
disorder 8. Genetic techniques have made it possible to characterize the electrophysiological
properties of specific ion channel isoforms in vitro. As animal models have shown increased
T-type calcium channel currents associated with an absence phenotype 9, studies have
explored the effects of genetic changes 1 and analogues of ethosuximide 2 on T-type calcium
channel electrophysiology with the goal of understanding how they may cause or prevent
absence seizures.

However, it is often difficult to predict how a change in one channel’s electrophysiology will
affect overall cortical network function. For example, one study showed multiple T-type
calcium channel variants to have altered inactivation time and steady state voltage activation/
inactivation curves predicted to cause increased T-type calcium channel bursting in models,
which the authors suggested conferred an increased propensity for absence seizures 1.
Another study found that ethosuximide analogues cause decreased channel conductance and
a smaller steady state voltage activation/inactivation window, which the authors suggested
conferred a decreased propensity for absence seizures 2. In a more recent study of a T-type
calcium channel variant associated with absence epilepsy, ethosuximide was found to have
an opposite effect on the steady state voltage activation/inactivation window, and also led to
decreased inactivation time. These effects were significantly reduced in a T-type calcium
channel CACNA1H gene variant (P640L) found in individuals with absence seizures who
did not respond to initial therapy with ethosuximide 3.

Given these varied effects, approaches are needed to integrate electrophysiology data into a
broader context in order to better understand their significance. Multiscale computer models
are a novel approach to exploring how changes in channel electrophysiology due to genetic
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variations or medication effects influence the network as a whole 19-12, The primary goal of
this study was to use an established multiscale thalamocortical model to show how T-type
calcium channels work in concert with cortical excitability (mediated by cortical GABA) to
contribute to pathogenesis and treatment response in CAE. The secondary goal was to use
these results to predict the clinical implications of the electrophysiology of the P640L T-type
calcium channel variant described in a recent NIH funded CAE study.

A previously established thalamocortical model 4 shows that spindles may be transformed to
3Hz spike and wave discharges with increased cortical excitability, mediated by cortical
GABA currents. As this model incorporates parameters that directly correspond to T-type
calcium channel electrophysiology, it is well suited to determine how changes in these
parameters affect the transformation of spindle oscillations to spike and wave oscillations in
the network. Because of the previously established importance of cortical GABAA currents,
we chose to simulate the effects of changes in cortical GABAa paired with changes in each
of three different T-type calcium channel electrophysiology parameters: total current,
inactivation time, and shift in steady state activation/inactivation voltage.

The model was implemented in the NEURON simulation environment as outlined by
Destexhe 413.14 (available at http://senselab.med.yale.edu/ModelDB/showModel.cshtml?
model=234233), and was run on a HP Envy Laptop with a 2.4GHz Intel i7-4700MQ CPU.
The model is summarized graphically (Fig 1). In brief, the thalamocortical model was
comprised of four one-dimensional layers of 100 neurons, corresponding to cortical
pyramidal (PY) neurons, cortical inhibitory (IN) neurons, thalamic relay (TC) neurons and
thalamic reticular nucleus (RE) neurons. Network connections are depicted in Fig 1, and
included connections between neighboring RE neurons. Within cortical and thalamic layers,
neurons projected to ten adjacent neurons, centered on the presynaptic cell. Connections
between thalamus and cortex had greater divergence, projecting to twenty neurons adjacent
to the equivalent neuron in the other layer. Each cell was defined by a single compartment
with a resting potential determined by a sum of intrinsic and post-synaptic currents. AMPA
and GABA postsynaptic currents were described by a simple two-state kinetic scheme,
whereas GABAg postsynaptic currents were defined by a non-linear scheme in which
dimers of GABAg receptor activate g-proteins which in turn modulate potassium channel
currents. Intrinsic currents were defined as the product of maximal conductance (g),
activation and inactivation variables (h,m), and the difference between membrane potential
and reversal potential (V,E). Activation and inactivation variables followed the 2 state kinetic
scheme described by Hodgkin and Huxley 15. Parameters for each intrinsic current had been
previously obtained by fitting the kinetic model to voltage clamp data for each respective
cell type. Parameters for synaptic conductance had been estimated from experimental data
and refined using a search of parameter space 14, All neurons had sodium (In;) and
potassium (k) currents that are responsible for action potentials; additionally, PY neurons
had a slow voltage-dependent K current (I,) responsible for adapting trains of action
potentials, TC neurons had a T-type calcium (l1) and hyperpolarization (l) current, and RE
neurons had an I current.
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In this study, we explored the effects of changes to the RE T-type calcium channel I+ current
paired with changes in cortical excitability. T-type calcium channel maximum conductance
(9), steady state voltage shift (shift), and inactivation time (zg ) were modeled by inserting
variables into the original equations defining RE T-type calcium channel current (1), steady
state activation/inactivation (4, 5) and inactivation time (6) as follows:

L=gm’h(V-E,,) (1)
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Increased cortical excitability was modeled by decreasing inhibitory GABAA currents in
cortical pyramidal neurons, similar to the paradigm used by Destexhe 4. As previous
experiments have measured cloned T-type calcium channel function in isolation (that is, out
of the context of specific neural tissue or a genetic profile dictating cortical excitability) 13,
a wide variety of combinations of cortical GABA, conductance and RE T-type calcium
channel function were simulated. T-type calcium channel changes were modeled in the
thalamic reticular nucleus specifically, as the CACNALH gene harboring the P640L variant
has been shown to be up-regulated in the RE nucleus and associated with increased T-type
calcium channel currents in GAERS rats 16,

Parameters for simulations were selected from Destexhe’s model, starting with baseline
values g=0.003 uS, shift=-2mV, and z; =28.3 ms. Two parameters were held at baseline, and
the other was incrementally increased, then decreased over a series of 15-20 simulations
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until oscillations were no longer sustained. This process was repeated over a range values for
cortical GABA conductance (0 — 100% of baseline). Across all simulations, oscillations
occurred spontaneously every 30—-40 seconds due to the spontaneous discharges in TC
neurons. Between spontaneous oscillations, additional oscillations could be triggered by a
stimulus. For each simulation, we allowed the network to come to a steady state
(approximately 10 seconds of simulation time following the start of the last spontaneous
oscillation). Then a stimulus of 700 nA for 100ms was applied to a group of five pyramidal
neurons. This process was repeated with the same stimulus applied to a more widespread
group of twenty pyramidal neurons, a stimulus of —100nA for 100ms applied to five
thalamic relay (TC) neurons, and a stimulus of —100nA for 100ms applied to twenty TC
neurons. Results of each simulation were displayed using raster plots or heat maps of
voltage as a function of time and neuron for each layer, and the duration, average frequency,
and overall organization of resulting activity was observed. All figures included in this
report were generated using the five pyramidal neuron stimulus, with the exception of Fig 2F
which was generated using the twenty TC neuron stimulus.

All oscillations following the stimulus could be characterized as one of three patterns:
spindle oscillations, spike and wave oscillations, or transitional patterns (Fig 2). Spindle
oscillations were characterized by 8-10 Hz well organized discharges in PY neurons and a
pattern of alternating discharges in groups of TC neurons (Fig 2A). Spike and wave
oscillations were characterized by well-organized 2-4 Hz bursts of discharges from PY
neurons, as well as synchronized discharges from all TC neurons and increased bursting in
RE neurons (Fig 2B). Between these regions, a transitional region was characterized by
variable combinations of these two patterns with frequencies ranging from 4-8Hz within a
given oscillations. Regardless of type, oscillations lasted no more than 2—3 seconds due to
increased hyperpolarization-activated I}, currents in TC neurons. At upper extremes of RE T-
type calcium channel conductance and inactivation time (greater than 300% baseline),
disorganized fragments of spike and wave oscillations progressed to absence of oscillation.
At lower extremes of RE T-type calcium channel conductance and inactivation time, the
absence or shortening of RE bursting leads to failure of initiation or propagation of
oscillations in the network.

Increased T-type calcium channel conductance and/or inactivation time worked in concert
with increased cortical excitability to convert spindle oscillations to spike and wave
discharges (Fig 3A,B). Relatively large regions in parameter space supported spindle
oscillations; reducing cortical GABA conductance by as much as 75% and increasing T-
type calcium conductance or inactivation time up to 130% of baseline did not substantially
change in the nature of oscillation. However, changes in a single parameter beyond these
thresholds led to combinations of spindle and spike and wave oscillations, and further
increases led to spike and wave oscillations exclusively. Additionally, smaller changes of
both parameters in combination also led to transitional or spike and wave oscillations.

In contrast, shifts in steady state voltage activation/inactivation curves did not result in spike
and wave discharges. Although left shift (activation/inactivation at more negative voltages,
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reflected by positive values for the shift variable) in RE T-type calcium channel steady state
voltage curves did increase T-type calcium bursting and spontaneous firing of RE neurons, it
did not lead to coordinated spike and wave discharges. Instead, disorganized RE bursting
resulted in fragmented spindle oscillations, a shorter period between spontaneous spindle
oscillations, and no oscillation in response to stimulus (Fig 2C, 3C).

Although steady state activation/inactivation shift did not cause spike and wave discharges,
right shift in steady state activation/inactivation decreased network propensity for any sort of
oscillation. The increase in stimulus threshold required to evoke an oscillation was noted to
be proportionate to magnitude of right shift. A right shift of magnitude greater than 4mV
(shift = —4) prevented oscillations with small stimulus, a right shift greater than 10mV
prevented oscillations with a medium stimulus (10 neurons), and a right shift greater than
16mV prevented oscillations with a large stimulus (20 neurons).

Stimulus size had one other significant effect. In the absence of both cortical GABA-A
currents and RE T-type calcium channel currents, widespread TC discharges led to 4-5Hz
spike and wave oscillations (albeit not as well formed) despite the absence of RE T-type
calcium channel currents (Fig 2F). In this case, spike and wave discharges were initiated and
sustained with RE tonic firing alone. This represents a second observed mechanism for
diffuse spike and wave oscillations in this model, although these oscillations were less
typical of those seen in CAE.

After establishing regions in parameter space that led to different oscillation types, we then
used these results to predict clinical implications of the P640L channel variant
electrophysiology. In a pharmacogenetic study of 466 individuals with childhood absence
epilepsy, this channel variant was shown to be associated with decreased clinical response to
ethosuximide; as part of this study, channel electrophysiology was characterized for both
wild type calcium channels and P450L variant channels with and without ethosuximide 3.
Quantitative changes in channel electrophysiology for each t-type calcium channel
parameter were mapped onto parameter space to predict qualitative changes in network
function; the original data paired with model predictions are summarized in (Table 1). At a
concentration of 3mM ethosuximide there is no change in conductance for either the wild
type or the P640L T-type calcium channel; however, there were statistically significant
changes in both steady state activation / inactivation shift and inactivation time. Applying
simulation results (Fig 3) suggest that right shift in RE T-type calcium channel steady state
activation/inactivation does not affect oscillation type, whereas decreased RE T-type calcium
channel inactivation time moves the network toward a propensity for spindle oscillations.
The region in parameter space for which 3mM ethosuximide is expected to convert spike
and wave oscillations to spindle oscillations is shown (Fig 4), and is clearly larger for the
wild type T-type calcium channel than the P640L T-type calcium channel. This is consistent
with the observation that individuals with absence seizures and the P640L T-type calcium
channel variant are less likely to respond to ethosuximide initial therapy 3.
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Discussion

These results provide useful guidelines for predicting clinical implications of changes in T-
type calcium channel electrophysiology. On a broader scale, this model sheds light on
mechanisms behind pathogenicity and medication effects in CAE. We showed that
combinations of changes in T-type calcium channel and GABAA channels can lead to the
common endpoint of CAE, consistent with observation of multiple pathogenic mutations in
GABA subunits and T-type calcium channel in animals and humans 817, These concepts
are illustrated (Fig 5A), showing the effects of different combinations of change in T-type
calcium channel and cortical GABA channels in four hypothetical individuals compared to
a baseline individual. In general, the model predicts a substantial tolerance for changes in
channel function without an effect on network oscillations, consistent with observations that
significant changes in channel function do not necessarily lead to epilepsy 18. Note that
although individuals #3 and #4 have the same increase in T-type calcium channel
inactivation time, the model predicts that the same T-type calcium channel mutation leads to
seizures in only individual #3. Other mechanisms for spike and wave oscillations may not
involve RE T-type calcium channels at all; we found a sufficiently large stimulus can lead to
spike and wave oscillations in the absence of RE T-type calcium channel currents. This
finding is consistent with a recent study showing that CaV3.2/3.3 knockout mice have
complete abolition of RE bursting but retain a propensity for absence seizures 19, Taken
together, these findings highlight the need to consider patterns of multiple ion channels in
order to understand mechanisms behind polygenic epilepsy.

Mechanisms by which antiepileptic drugs prevent absence seizures are illustrated (Fig 5B),
where we show three hypothetical individuals with an initial genetic profile at points 5, 6,
and 7. A sufficient decrease in T-type calcium channel conductance or inactivation time is
predicted to restore spike and wave oscillations to normal spindle oscillations, provided
cortical excitability is not too high (Fig 5B #6 horizontal arrow), consistent with a
commonly postulated mechanism of action for ethosuximide in absence epilepsy 18,
Additionally, right shift of steady state voltage activation/inactivation is predicted to
decrease network oscillations, a phenomenon that has been observed in animals 20,
Similarly, for mild increases in T-type calcium channel conduction or inactivation time, a
decrease in cortical excitability restored spindle oscillations (#5 vertical arrow), explaining

the utility of medications with gabaergic properties such as benzodiazepines or valproic acid
6,21

Conversely, larger changes in these channels may lead to treatment failures. Reducing T-type
calcium channel conductance or inactivation time is predicted to have no effect on spike and
wave discharges if cortical excitability is significantly increased (Fig 5B #5 horizontal
arrow). In this case, the model predicts treatment failure with ethosuximide but success with
gabaergic medications. If T-type calcium channel conductance or inactivation time is
sufficiently increased, changes in cortical GABA, conductance are predicted to have no
effect (Fig 5B #6 vertical arrow), suggesting treatment failure with gabaergic medications
but success with ethosuximide. Either medication might be effective with a mild change in
both TCCs and GABA subunits, whereas with a more severe change in both channels
might require simultaneous treatment with medications that act on both channels. An
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alternate mechanism for treatment failure, the blunted reduction of inactivation time by
ethosuximide in the P640L T-type calcium channel variant, is illustrated by individual #7.

This study highlights some of the limitations of predicting network-level effects of changes
in ion channel function from electrophysiology alone. Even activity at the neuron level may
be misleading; several have used computer models to predict changes in thalamic cell
bursting due to genetic changes or medications 122, with the assumption that increased
bursting implies a propensity for seizures. However, we found that this is not universally
true; although a left shift in steady state activation/inactivation curves of RE T-type calcium
channels increases spontaneous bursting, it does not lead to synchronous bursting necessary
for spike and wave oscillations (Fig 2C, 3C). As another example, past studies have focused
on conduction block as the primary mechanism by which succinimides act on T-type
calcium channels 2, but our results suggest that both conduction and inactivation time play
an important role.

Although it does not include developmental properties that correspond with age of onset or
offset of CAE, the thalamocortical model utilized incorporates many of the mechanisms
thought to underlie absence seizures. Although the mechanisms have long been debated 23,
key features are thought to be a thalamocortical loop including the thalamic reticular nucleus
24 transformation of sleep spindles to spike and wave discharges associated with increased
thalamic reticular nucleus bursting 25, and an associated increased T-type calcium channel
currents 9. Hyperactivity in cortical deep layer pyramidal neurons has also been implicated
in the initiation of absence seizures GAERS rats 26. Maheshwari recently outlined a
functional framework for absence epilepsy that incorporates four key features: cortical
hyperexcitability, decreased feedforward fast phasic inhibition, tonic inhibition (by both
GABAg and extra-synaptic GABA, receptors), and deinactivation of T-type calcium
channels 17. All of these features are included in the Destexhe model with the exception of
tonic inhibition.

A number of other potentially important physiologic features are not included in the model.
Consider ion channels: NMDA receptors were excluded from the original model because
they did not significantly change behavior of network 4. This is a limitation, as evidence
suggests that T-type calcium channels modulate NMDA signaling, resulting in increased
glutamate levels and absence seizures in rats 27. Additionally, the channel types represented
in this model have multiple isoforms differentially expressed throughout the brain 18, and
redundant systems likely modulate the expression of different isoforms and mask the effects
of some genetic variants. Maheshwari describes several such changes due to altered
feedforward inhibition that have been observed experimentally 17. This model does not
incorporate such changes, which may serve to reduce the effects of changes in calcium
channels and cortical excitation described in this study.

The model has a number of other functional and structural simplifications. Individual
neurons are represented as a single compartment, although this limitation was accounted for
(albeit imperfectly) when choosing parameters for the original single compartment RE cell
model 28, A recent study implicated copy number variants in a variety of genes that regulate
synaptic adhesion, organization, vesicle release and gap junctions in patients with CAE 2°;
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the effects of these variants cannot be directly tested with this model. The anatomic layout is
also vastly simplified; this is another significant limitation, as combined fMRI/MEG
evidence has pointed to possible focal cortical sources of absence seizures 30, Finally,
evidence suggests that metabolic pathways absent from this model could provide additional
redundant systems that compensate for channel variants 31. Each of these limitations offers
an avenue for future exploration with more complex multiscale models.

This study provides a useful general analysis of interactions of changes in T-type calcium
channel and cortical GABAx function. However, there are limitations inherent to this
approach. This study analyzed changes in each of 3 T-type calcium channel parameters in
isolation; in reality a genetic change or medication modulates these parameters in concert
1.2 Furthermore, in reality genetic changes affect the thalamocortical network in a number
of different ways simultaneously. For example, genetic changes in TCCs likely reach beyond
the reticular nucleus of the thalamus, as these channels are expressed in other parts of the
thalamus as well as the cortex 32, GABAR also is active in a number of different locations
including the reticular nucleus 433; the effects of gabaergic medications in locations outside
of the cortex were not explored in this study. Similarly, medications such as ethosuximide
act on a variety of calcium channels isoforms that are expressed throughout the brain, and
may act on other channels as well.

While it is not practical to simulate every possible combination of network parameters, an
alternative approach is to use a computer model to simulate a specific set of parameters for
channel electrophysiology, determined by an individual’s genetic profile. Computer
simulation could then be used to determine whether that particular genetic profile could lead
to epilepsy, as well as predict response to different anti-epileptic drugs. Obtaining a genetic
profile for an individual is already a reality thanks to high-throughput genetic testing 1234,
and efforts are being made to standardize reporting of electrophysiology features of channel
variants or medications in order to develop central databases 3°. More complex computer
models of mouse and human thalamocortical loops have already been created 3036 and
more ambitious projects to develop anatomic models of mouse or human brains are
underway 37. This combination of technologies promises to help untangle the mechanisms
underlying polygenic epilepsy and lead to novel treatments. They also could lead to a new
era of individualized medicine in which multiscale computer models are paired with a
patient’s genetic profile to predict that individual’s optimal drug combinations, saving
patients from morbidity and mortality due to both uncontrolled seizures and side effects of
unnecessary medications.
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Key Points

Increased T-type calcium channel currents act in concert with decreased
GABA currents to cause spike and wave oscillations

Medications acting on these channels abolish spike and wave oscillations,
provided they are well matched to changes in channel function

Computer models can be used to predict pathogenicity and medication
response for a combination of genetic variants
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Figure 1.

Pictorial representation of the thalamocortical model. The network scale shows the

Page 13

arrangement of neurons (represented as dots) into pyramidal (PY) and inhibitory (IN) layers

in the cortex, as well as reticular nucleus (RE) and thalamocortical (TC) layers in the

thalamus; synaptic connectivity is also shown. The neuron scale lists the types of channels
incorporated into each neuron type. The molecular scale depicts Hodgkin-Huxley functions

used to represent each channel, which directly correspond to electrophysiology
measurements. The network scale image is adapted from “Mechanisms underlying the
synchronizing action of corticothalamic feedback through inhibition of thalamic relay cells.

Destexhe, A., D. Contreras, and M. Steriade, J Neurophysiol, 1998. 79(2): p. 999-1016,

adapted with permission.
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Figure 2.
Raster plots showing representative simulation results for different oscillation types. Each

panel corresponds to a cell layer; within each panel, each row (1-100) shows the activity of
a specific neuron over time. Plots of IN layer activity were similar to PY layer activity and
so were excluded. A) 8-10 Hz spindle oscillation with alternating thalamic bursts, B) 34
Hz spike and wave oscillations with synchronized thalamic bursts, C) transitional pattern
with fragments of 8-10 Hz and 3—-4 Hz oscillations, and D) disorganized spontaneous RE
neuron bursting with no network oscillations. Panels E and F contrast two different
mechanisms of spike and wave oscillations. E) 3Hz spike and wave oscillations mediated by
T-type calcium channel dependent RE neuron bursting, F) 4-5Hz spike and wave
oscillations elicited by a large coordinated stimulus that are mediated by RE tonic bursting
alone that occur even in the absence of T-type calcium channel currents. Oscillations in
panel E are more suggestive of spike and wave oscillations seen in CAE.
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Figure 3.
Heat maps showing network oscillation frequency and character for combinations of A) RE

T-type calcium channel conductance vs cortical GABA conductance, B) RE T-type calcium
channel Inactivation Time vs cortical GABA, conductance, and C) RE T-type calcium
channel Steady State Activation/Inactivation Shift vs cortical GABA, conductance. Blue
data points represent individual simulations and are labeled with the overall oscillation
frequency; several points also labeled with a figure number that corresponds to that
particular simulation. Oscillation type is represented by color: spindle oscillations are blue,
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transitional oscillations are yellow, spike and wave oscillations are red, disorganized spike
and wave oscillations are pink, and absence of oscillation is white.
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Figure 4.
Predicted response to ethosuximide for A) individuals with wild type T-type calcium

channel and B) P640L variant T-type calcium channel. The white region represents the set of
parameters for which the model predicts 3mM ethosuximide will convert spike and wave
oscillations to spindle oscillations, corresponding to individuals who would be expected to
be adequately treated. Panel B shows a reduced parameter space expected to be treated with
the P640L T-type calcium channel, consistent with clinical observations of reduced response
to ethosuximide in individuals with this variant.
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Figure 5.
Examples of pathogenesis of channel variants and treatment. A) Four hypothetical

individuals (1-4) with different combinations of genetic variants. #1 and #2 have single
variants leading to change in GABAA conductance alone, while #3 and #4 have a
combination a shared T-type calcium channel variant increasing inactivation time and a
second variant altering GABA conductance. Note that individuals #1 and #3 are predicted
to have seizures, while #2 and #4 are not. B) Treatment responses for three different
hypothetical individuals (5-7) predicted to have seizures. #5 shows a treatment response for
VPA but not ETX, while #6 shows a response to ETX but not VPA. #7 represents a patient
with the P640L variant that blunts response to ETX, leading to treatment failure.
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Wild type and P640L Channel Electrophysiology and Predicted Network Effects

Table 1

Page 19

Glauser et al Electrophysiology Results

Ethosuximide 0mM 3mM
Channel Type Wild | P640L Variant wild P640L Variant
Conductance 100% 100% 98% 102%
Shift of SS Activation / Inactivation Window
(mv) 0 2 -75 -11
Inactivation Time Constant Tau (ms) 19.8 18.1 14.2 (5.7ms decrease) 16.2 (1.9ms decrease)
Model Predicted Network Effects
Ethosuximide 0mM 3mM
Channel Type Wild | P640L Variant wild | P640L Variant
Conductance No effect No effect
Shift SS Activation / Inactivation Window No effect No effect
Inactivation Time Constant Tau No effect Large decrease in SW (Fig 5A) | Small decrease in SW (Fig 5B)

The upper portion of the table summarizes changes in wild type and P640L variant T-Type Calcium Channel Electrophysiology when exposed to
ethosuximide as reported by Glauser et al. The lower portion of the table shows the network effect the model predicts for each change in T-type
calcium channel parameters. Statistically significant differences in T-type calcium channel parameters from baseline that emerged during
electrophysiology experiments are highlighted in bold. Note that although ethosuximide caused a significant right shift in steady state activation/
inactivation, the model predicts that this change will not alter overall network behavior. In contrast, the model predicts that decreased inactivation
time constant will treat seizure (convert spike and wave oscillations to spindle oscillations) for an area in parameter space. This effect is reduced for

the variant calcium channel (see Fig 5).
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