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A computational model for focal brain cooling
as a thermal neuromodulation treatment for

medically intractable epilepsy*

Jaymar B. Soriano

Abstract

An estimated 50 million of world’s population is afflicted with epilepsy and
20%-40% of diagnosed cases are found refractory to medical treatment. An alter-
native therapeutic treatment that has been extensively studied in the past decade
is focal brain cooling which has shown consistent success in animal studies and
also preliminarily in an intraoperative study with a surgical patient. In most in
vitro studies, cooling suppresses epileptic discharges by reducing their magnitude
and frequency and eventually terminates them. However, in vivo experiments
with rats showed that epileptic discharges were generally persistent during cool-
ing and some even showed slight increases in frequency. In this study, we utilize a
computational approach in understanding the mechanisms of focal brain cooling

for thermal modulation of epileptic discharges.

In the first part of the study, we formulated temperature dependence in
a neural mass model of epileptic discharges. Based from experimental evidences
regarding the effect of cooling on synaptic dynamics of neurons, we assumed a
mean-field attenuation of post-synaptic potential by using a Q1o factor in the post-
synaptic impulse response function of the neural mass model. Simulated activity
showed that a low attenuation could already result in reduction of frequency of

discharges but with no significant decrease in magnitude, and termination could

*Doctoral Dissertation, Graduate School of Information Science,
Nara Institute of Science and Technology, NAIST-IS-DD1561033, March 5, 2018.



be achieved with further attenuation. Persistent discharge activity although sup-
pressed in magnitude was otherwise observed from in vivo experiments, which
led us to conjecture that a concomitant mechanism opposes the reduction in the
average firing frequency. We integrated this in the model by adding a reciprocal
Q10 factor in the firing response function. Using both mechanisms, the effect
of cooling on epileptic discharges observed from in vivo experiments were repro-
duced. We also explored the possibility that cooling has differential effect on PSP
generation mechanisms of different neuronal populations as different neurotrans-

mitters are involved.

In the second part of the study, we explored the applicability of focal cool-
ing for secondary generalized epilepsy in which seizure activity spreads to other
brain regions. A coupling model was proposed to simulate the propagation of
brain activity between two brain regions encompassing the phenomenon of ax-
onal sprouting. Different types of seizure activity can be initiated in a reciprocally
coupled non-pathological neural masses depending on the strength of the coupling
parameter. We found that the coupling strength required to propagate epileptic
discharge activity from one brain region to another brain region is much lower
than the coupling strength required to initiate seizure activity, playing a criti-
cal role in the spread of seizure activity in a network of brain regions. Using
the temperature-dependent model, simulations show that focal cooling stops the
spread of low-frequency epileptiform discharge activity; on the other hand, it in-
creases the strength of coupling required to propagate high-frequency discharge
activity to other brain regions. The results suggest feasibility of focal cooling
as an effective alternative treatment for medically intractable epilepsy even with

secondary generalization.
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1 Introduction

1.1 Epilepsy and treatment

The World Health Organization identifies epilepsy as one of the most common
neurological diseases affecting approximately 50 million people across all ages
across the world [1]. According to the International League Against Epilepsy, a
patient has epilepsy if he has had a seizure and his brain activity demonstrates
a pathologic and enduring predisposition to have recurrent seizures [2]. Epilep-
tic seizures are a result of abnormalities in brain’s electrical activity which can
consist of impaired higher mental function or altered consciousness, involuntary
or cessation of movement, sensory or psychic experiences, or autonomic distur-
bances [3]. Because of the risks involved with unanticipated seizures, treatment

of the disease is required to improve long-term quality-of-life of the patients.

Antiepileptic drugs such as anticonvulsants are usually given as first line
treatment after being diagnosed with epilepsy. Pharmaceutical researches con-
tinually seek antiepileptic drugs that are more effective and have less side ef-
fects [4,5]. However, 20%-40% of patients diagnosed with epilepsy are found
refractory to antiepileptic drug treatment [6,7]. Thus, alternative treatments
are still being sought after [8,9]. Surgical treatment, which requires pre-surgical
diagnosis, is done by performing a resection of the epileptic foci of the brain. Ab-
solute remission however is not guaranteed, let alone possibilities of unintended
outcomes since the method is largely invasive [10,11]. Although the success rate
of surgical treatment is high, limitation in indication and cost significantly hin-
der medically-intractable epilepsy patients in acquiring it. Another increasingly
attractive treatment option involves electric or magnetic stimulation of specific

neural region of the brain such as deep brain stimulation and vagus nerve stim-



ulation respectively. These neuromodulation therapies are still under extensive
study [12,13].

1.2 Focal brain cooling as alternative

therapeutic treatment

In the previous decade, focal cooling of the epileptic brain area has been pursued
as an alternative therapeutic treatment for epilepsy and other seizure-inducing
brain injuries [14-16]. Studies in animals have shown that reversible cooling to
a temperature as low as 15°C using an implantable cooling device (Figure 1.1)
is able to terminate epileptic discharges without affecting the normal brain tis-
sue [17-20]. Earlier experiments even noted that focal cooling of the cortex for one
hour above 0°C did not induce any irreversible histological change or motor dys-
function [21]. Focal cooling at 25°C was also demonstrated to suppress epileptic
discharges in an intraoperative study with a human brain [22]. Epileptic seizures
arising from post-traumatic brain injuries were also shown to be suppressed and
can be further prevented by moderately cooling the brain down by a temperature
reduction of 2°C [23]. In other studies, focal brain cooling has found potential
use for treatment of other brain diseases such as ischaemia, stroke, and neonatal
encephalopathy [24-27].

The ultimate goal of focal brain cooling studies especially for epilepsy is
to develop a technique for epileptic seizure suppression by a temperature control,
when detected, via an implantable cooling device as a solution for thermal neuro-
modulation. This is feasible if we have precise knowledge of how temperature can
suppress or terminate seizures. While temperature effects on physiological prop-
erties of animal neurons have been well-studied in vitro [28-32], mechanisms of
how cooling suppresses epileptic discharges especially in vivo are still not clearly
understood.
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Figure 1.1: Implantable brain cooling device in rats. (Figure from [18].)

1.3 Research overview

In this study, we aim to identify prospective mechanisms of cooling and investi-
gate them using a computational modelling approach. Neural mass models have
been widely utilized to study brain activities [33-38] and gain bio-physiological
insights from them. The model introduced by Wendling et al. in particular was
shown to produce different types of brain activities similar to intracranial EEG
recordings from epilepsy patients. We explore prospective mechanisms of cool-
ing on epileptic discharges by introducing temperature dependence in the neural
mass model of Wendling et al. in light of findings observed from in wvitro and
in vivo experiments published in literature. In particular, changes in synaptic

dynamics (Figure 1.2) were reported from in wvitro cooling experiments such as



reduction in the efficacy of neurotransmitter vesicle release [39], loss of dendritic
spines [40] and reduced glutamate concentrations [41,42], suggesting a possible
synaptic mechanism. A recent study with patients with intractable epilepsy also
reports reduced extracellular glutamate and GABA concentrations during focal

brain cooling [43].

We then formulated temperature dependence in our chosen neural mass
model by introducing a temperature factor in the post-synaptic impulse response
function. Parameter estimation of the model is performed using EEG recordings
from in vivo cooling experiments with an animal model of epilepsy. Although
the model is able to reproduce termination of epileptic discharges reported in in
vitro studies [44,45], the results of modelling our in vivo experimental data reveal
that this synaptic mechanism is not sufficient to explain epileptic discharges that
were persistent during cooling although suppressed in magnitude (see Chapter
2). We propose that another mechanism is required to compensate the effect of
this synaptic mechanism to be able to reproduce observed suppression of epileptic
discharges during cooling in terms of reduction in both frequency and magnitude
of discharges. We discuss some biological plausibility of this compensatory mech-
anism based from published results from cooling experiments. The temperature
dependence is in the form of a temperature coefficient (Q0) which represents the
factor by which the rate of a process increases for every ten-degree rise in the
temperature at which it takes place [46]. In this study, the Qo values determine
whether suppression or termination of epileptic discharges can be achieved. Such
heterogeneous response of epileptic discharge activity to cooling is revealed by

bifurcation patterns found using numerical continuation.

1.4 Research contribution

Alternative treatment for medically intractable epilepsy will be available in the
future that will significantly reduce cost and risk involved compared to surgery. In
collaboration with neurosurgeons from Yamaguchi University School of Medicine
under the Japanese Consortium for Advanced Epilepsy Treatment (CADET)

Project, our study attempts to start an initiative on thermal neuromodulation
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Figure 1.2: Fluorescence imaging of synaptic terminals during cooling. (Top)

Reduction in neurotransmitter concentrations in presynaptic terminal
(Figure from [39]). (Bottom) Loss of dendritic spines in post-synaptic
terminal (Figure from [40]).

of epileptic brain activity using a computational approach that can soon be vali-

dated with animal experiments and clinical tests.



1.5 Thesis organization

This thesis is organized as follows:
e Chapter 2 describes the experimental data used in the study.

e Chapter 3 discusses the neural mass model used to simulate the epileptic

discharge activity of the animal model of epilepsy.

e Chapter 4 presents our formulation of temperature dependence in the neural
mass model together with an analysis of the model estimation results and

a discussion of the physiological plausibility of the formulated model.

e Chapter 5 takes up on the second part of the study which extends on the
case of a spreading seizure activity and how thermal neuromodulation can

be possible.

e Chapter 6 ends the thesis with a conclusion and recommendations about

what can be pursued as future direction of the study.



2 Focal brain cooling experiment

in rats

Focal brain cooling experiments were performed at Yamaguchi University School
of Medicine. The study utilized their data for parameter estimation of our model.
All experiments were performed according to the Guidelines for Animal Exper-
imentation of Yamaguchi University School of Medicine. The following sections
describe the animal model of epilepsy used and experimental setup of focal brain
cooling taken from [47], preprocessing procedure, and a summary of the prepro-

cessed experimental data.

2.1 Animal model of epilepsy

Male Sprague-Dawley rats, 11-12 weeks old at the start of the study, were anaes-
thetized with urethane (1.25 g/kg, i.p.). Lidocaine, a local anaesthetic, was
applied at pressure points and around the area of surgery. After initial surgery,
the animals were fixed in a stereotaxic apparatus (SR-6, Narishige Co., Tokyo,
Japan). Body temperature was maintained at 374+1° C with a heating pad (BWT-
100, Bio Research Center Co., Japan). The depth of anaesthesia was monitored
throughout the experiment by testing for reflexes and monitoring changes in heart

rate in response to tail pinching.

Penicillin G potassium (Sigma, Japan) was dissolved in 0.9% saline at a
concentration of 400 IU/Il. A rectangular opening (4mmx10 mm) in the cranium
was made above the left sensorimotor cortex to allow insertion of a guide cannula.
Penicillin G potassium was administered into the left sensorimotor cortex for 5

min at a rate of 5ul/min (total 2000 IU). Administration was performed via a 10ul



Hamilton syringe (MS-10 type, Ito Corp. Fuji, Japan) attached to a microinfusion
pump (ESP-64, Eicom, Japan), after the dura-arachnoid membrane had been
carefully incised at the point of entry of the needle. The stereotactic coordinates

relative to the bregma were 1 mm (posterior) and 3 mm (lateral).

2.2 Focal cooling and EEG recording

The cooling device was placed on the dura-arachnoid membrane. A thin ther-
mocouple (IT-24, Physitemp, Japan) was placed between the cooling device and
the brain surface. A small slit in the dura was made and the injection cannula
(0.4mmx19mm, NN-2719S, Terumo, Japan) was inserted at a depth within 1
mm from the brain surface. An Ag/AgCl electrode for recording EEG (Unique
Medical Co., Fukuoka, Japan) was positioned stereotactically 2 mm below the
cortical surface at the left sensorimotor cortex just beneath the cooling device.
A reference electrode was inserted in the neck muscle and EEG were recorded
continuously by a digital electroencephalograph (GE Healthcare, Japan). The
conditions for recording EEG were namely: time constant: 0.3 s; high-frequency
filter: 10 kHz; notch filter: on. Five different rat experiments each were done at
cooling temperatures 25°C, 20°C, and 15°C.

electrode for EEG detection water channel

cooling device
(Peltier chip)

thermocouple

kainic acid injection
1 ul (3 mg/ml)

Figure 2.1: Focal brain cooling setup. Schematic setup of focal brain cooling (left)
and an actual setup in a human brain intraoperative study (right).

(Figures are taken from [22].)



2.3 Data preprocessing

To remove high frequency components, the raw recordings underwent a 40-Hz
low-pass filter using a fifth order Butterworth filter in Matlab©. The frequency
range [0-40] Hz also matches the represented frequencies in the model. One-
minute steady-state intervals before and during cooling were identified by an
expert neurosurgeon and were taken from the filtered data for the study. For
the model estimation procedure, first, the data is further downsampled to 2kHz
corresponding to a step size of 0.5 ms in the model simulation. Next, both the
downsampled data and the simulated EEG were normalized by dividing by their
respective standard deviations of activity before cooling, thus, they are reported

in arbitrary units (au) unless otherwise stated.

2.4 Summary of experimental data

Figure 2.2 shows a summary of the preprocessed data in which we concate-
nated one-minute steady state activities before and during cooling. Suppression
of epileptic discharges during cooling was observed especially with 15°C-cooling
temperature (Figure 2.2). Epileptic discharges were suppressed in terms of mag-
nitude (lower magnitude during cooling) in all cases. In most cases, frequency of
epileptic discharges is lower during cooling, and is slightly higher in some cases.
The average magnitude and frequency of epileptic discharges before and during
cooling are summarized in Figure 2.3 with error bars indicating minimum and
maximum values from five rats. In general, we can say that epileptic discharges
were suppressed during focal cooling at all three cooling temperatures. Surpris-
ingly, significant termination of epileptic discharges was observed only in two out
of five rats with 15°C cooling temperature compared to most in wvitro record-
ings reported in literature; epileptic discharges were generally persistent during

cooling from these in vivo recordings.
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Figure 2.2: Experimental data. Concatenated one-minute steady state activities
before (0s-60s) and during (60s-120s) cooling identified by an expert.
(From top to bottom: rat 1 to rat 5.)
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Figure 2.3: Magnitude and frequency of epileptic discharges before and during
cooling. Magnitude of epileptic discharges before cooling (red) de-
creased during focal cooling (blue) in all cases (left). Frequency of
epileptic discharges also decreased during cooling in most cases (right)
with slight increases seen in some cases (Figure 2.2). Error bars indi-

cate minimum and maximum observations from five rats.
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3 Computational model of

epileptic discharge activity

The following section gives a comprehensive discussion about neural mass models.
A particular neural mass model was used to simulate the epileptic discharge
activity of the animal epilepsy model used in the study. The parameters of
the model were estimated using the experimental data from Chapter 2. Details
of the parameter estimation procedure, results, and discussion are given in the

succeeding sections.

3.1 Neural mass model

Different intracranial EEG activities such as spike-wave discharges and low-voltage
high-frequency activity, have been widely explained using neural mass models -
a class of models based on a mean-field approximation of the activity of a popu-
lation of neurons. Neural mass models involve two major processes described by
two functions: a firing response function and a post-synaptic impulse response
function. The firing response function approximates the average firing rate of
a population in response to an average input potential (the average membrane
potential of the population). Assuming a unimodal distribution of threshold po-
tentials, the firing response function of a population of neurons can be described

by a sigmoid function [48] given by
260
1+ e( om )

where vy, is the average threshold potential at which the population fires at half

S(v) = (3.1)

the maximum firing rate eg. The steepness of the sigmoid curve 1 /0y, is inversely

12



related to the variability in thresholds of excitation of neurons in the popula-
tion [48]. On the other hand, the average post-synaptic potential (PSP) input
of a neuronal population to other populations to which it provides excitation
or inhibition is given by the convolution of the post-synaptic impulse response
function h(t) of the population and its average firing rate u(¢). Originally, the
post-synaptic impulse response function is modelled using a sum of two exponen-

tials [33] as compared from experimental data but was later simplified to
hx(t) = Gxgxte 9"t >0, (3.2)

where Gx is the average post-synaptic gain and gx is the reciprocal of the average
synaptic time constant of population X. The convolution vx(t) = hx(t) * u(t) is
equivalent to the solution of the following second-order differential equation using

Green’s Formula [49]:
v + 29xVy + ¢*vx = Gxgxu. (3.3)

The primary cell population also receives additional noisy input from subcortical
afferents and other brain regions which makes the differential equation stochastic.
Such can be solved numerically using stochastic methods such as Euler-Maruyama
scheme. This noisy input is in terms of firing rate and contributes as excitatory
PSP input. Finally, the average membrane potential of a population, which
is the input to Eq. (3.1), is taken as the weighted summation of the average
post-synaptic potentials of the afferent populations (inhibitory populations have
negative contribution). The respective weights are determined by the number
of synaptic connections from the afferent populations. The average membrane
potential of the primary cell population is taken as representative of the local
field potential (LFP) from cortical activity [33].

Different neural mass models vary in terms of the types of neurons that
comprise a population and the interconnections among the populations (feed-
back loops). Da Silva et al. [33] tried to explain alpha rhythm of brain activity
by considering two populations: excitatory thalamocortical neurons as primary
cell population and a population of inhibitory interneurons. Jansen and Rit [34]

extended this model using pyramidal cells as the primary excitatory neurons and

13



two types of interneurons - excitatory and inhibitory. They also estimated the
relations among the number of synaptic interconnections between neuronal popu-
lations using animal records of cortical synapses found in literature. Wendling et
al. [35] further differentiated slow and fast inhibitory interneurons based on the
studies of [50,51] from hippocampal connections. In their model, slow inhibitory
interneurons project to the dendrites while fast inhibitory interneurons project to
the soma or near the soma of pyramidal cells. Moreover, slow inhibitory interneu-
rons provide inhibition to fast inhibitory interneurons. Although the model was
patterned after neuronal connections in hippocampus, similar architecture has
been seen in the neocortex (see [52] for an extensive review). The block diagram
of the model is shown in Figure 3.1. The parameters of the model are summarized

in Table 3.1 together with the standard values adopted in this study.

== Excitatory
=== |nhibitory
PY — Pyramidal Cells
EX — Excitatory Int.

SIN — Slow Inhibitory Int.
FIN — Fast Inhibitory Int.
Iy — Subcortical input

Iy

c4 hS\N(t)
‘@ L he(t) J L S(v)

Figure 3.1: Neural mass model by Wendling et al. Block diagram of the model

showing the interconnections among the neural populations (left) and

the corresponding neural circuit (right).

Wendling et al. showed that their model is able to capture different brain
activities observed in intracranial EEG recordings from epilepsy patients [35]. By
fixing the value of average excitatory synaptic gain, an activity map (Figure 3.2)
shows regions of different brain activities by varying the average synaptic gains
of slow and fast inhibitory neuronal populations. They used their model to ex-
plain that fast epileptic activity can arise due to impaired GABAergic inhibition

by slow inhibitory interneurons. They demonstrated this by estimating average

14



synaptic gains in the model from intracranial EEG recordings of temporal lobe
epilepsy (TLE) patients. In this study, we used the same model and show that it
strongly captures the discharge activity of the animal model of epilepsy used in
the experiments.

Low-voltage rapid Gpy =Ggx =5 Normal Activity

[] I oo

2 25

Slow rhythmic
B e
| |

High-voltage periodic Sustalned spiking

[] : | . []
i =X
U] 5 10 15 20 25 30 35 40 45
GSIN

Wendling et al. (2002)

Spike-wave discharges

15

w‘\

| | g

10

1s

Figure 3.2: Activity map simulated using the neural mass model by Wendling
et al. Different brain activities can be simulated by Wendling et al.

model by varying average slow and fast inhibitory gains (Center figure
from [35]).

3.2 Parameter estimation

Since the cooling experiments were performed on five rats, model parameters
were estimated per rat from three experiments at different cooling temperatures.

Modified from [53], the objective function involved in the estimation is given by

=Y Erpr + Egffirag, (3.4)

where FE, is the mean absolute percentage error (MAPE) of feature x computed

as |Tmodel — Tdata| / |Tdata|. The summation is over the three cooling experiments

15



Table 3.1: Description of model parameters and adopted values

Parameter Description Values adopted in this study
€ Average synaptic gain (mV) Gpy = Gpx =5.0;Ggrny € [25.0,31.0]; Gpry € [85.0,105.0]
g Reciprocal of average synaptic time constant (Hz) gpy = grx = 100; gsrn = 50; gy = 500
Cpy_px = 135;
Cpx—py = 0.8Cpy_px;
C Cpysiv = 0.25Cpy px
Average number of synaptic connections Cpy_rin = 0.3Cpy_px;

Csinspy = 0.25Cpy spx

Crinspy = 0.8Cpy - px;

Csinsrin = 0.1Cpy L px
Vih Average threshold potential of firing (mV) 6.0
2eq Maximum firing rate (Hz) 5.0
1/ow Steepness of sigmoid curve 0.56
Iy Subcortical input firing rate N(p=190,0 = 30)

per rat. The features used in the estimation are the average inter-discharge
interval (IDI) over the one-minute series and the effective magnitude (Ef fMag)
of epileptic discharges. I DI is computed as

Np—1

1
IDI = — >t —t;, (3.5)
Np i=1

where ¢; is a time at which a discharge (exceeding three standard deviations of
the activity) occurs, and Np is the number of discharges within the one-minute
activity. Ef fMag, on the other hand, is defined as

EffMag = Foy — Pi, (3.6)

where P, denotes n'® percentile of the activity. Since the model is stochastic, ten
different simulations were taken for each set of parameters from which the MAPE

is computed against the experimental data.

Finally, after we are able to narrow down the parameter space to opti-
mize the objective function, a global search is employed [54]. We used Dividing
Rectangle (DiRect) method [55,56], a deterministic global optimization method
(illustrated in Figure 3.3) that is less computationally expensive than stochastic
evolutionary methods such as Genetic Algorithm which was used in [53]. More-
over, estimation was performed using a one-minute steady-state activity in con-
trast to short-period dynamic estimation procedures such as Kalman Filtering [57]
and Dynamic Causal Model [58].

16
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Figure 3.3: Illustration of the Dividing Rectangle algorithm. Dividing rectangle
is a deterministic global search algorithm for optimization of a mul-
tivariate objective function (Figure from [56]).

3.3 Results of model estimation

It is generally accepted that epileptic activity results from changes in excitation-
inhibition ratio. In the neural mass model, keeping the average excitation gain
constant, excitation-to-inhibition ratio increases as Gg;n or Gprry is decreased
thereby simulating epileptic discharge activity. Exploration of the model shows
that EEG recordings from the animal model of epilepsy used in the study are
best explained by high average fast inhibitory gain Grry and low average slow
inhibitory gain Gg;ny (Table 3.2). This is consistent with previous findings that
epileptic activity can arise when dendritic inhibition is impaired [35]. Figure 3.4
shows a reproduction of epileptic discharge activities before cooling for two of the
five rats. We observe that lower values of Ggry reproduce a discharge activity
that is asymmetric with respect to baseline while higher values of Gg;y reproduce

a discharge activity that tends to be symmetric with respect to baseline. On the
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other hand, increasing both Ggrny and Grry reduces the frequency of epileptic

discharges by effectively reducing the average membrane potential of the primary

cell population which is basically the simulated EEG.

Table 3.2: Estimated values of the parameters for the model of discharge activity

before cooling

Rat GSIN (HIV) GFIN (HlV) MAPE (Min, Max)
1 29.23 86.22 (1.24, 3.93)
2 26.67 97.91 (1.54, 16.33)
3 25.01 101.44 (11.08, 16.54)
4 28.66 87.73 (1.49, 11.72)
5 25.32 102.75 (1.87, 5.44)
5 5 5 - 5
g
-5 -5 -5 cn_5
0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
Time (s) Time (s) Time (s) Time (s)
5 5 5 - 5
% 0 % 0 (é 0 é 0
g
-5 -5 - cn_5
0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
Time (s) Time (s) Time (s) Time (s)

Figure 3.4: Estimation of Wendling et al.

model from activity before cooling.

Wendling model captures several features of epileptic discharges be-

fore cooling such as average inter-discharge interval, discharge magni-

tude, and asymmetry of epileptic discharges with respect to baseline.

Epileptic discharge activity before cooling (left) and simulated activ-

ity (right). Top plots are for rat 3 while bottom plots are for rat

4.
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3.4 Discussion

Estimation results confirm the ability of Wendling et al. model to capture differ-
ent brain activities particularly epileptic discharge activity induced in the animal
model of epilepsy used. After a brute-force search in the Gg;n and Gp;y space
(with Gpy = Ggx = 5.0), we find that the epileptic discharge activities from our
animal model of epilepsy are best estimated in the range [24.0, 31.0] mV for Gg;n
and [80.0, 110.0] mV for G gy, the latter of which is not explored in the original
study. Alternatively, we can keep Gr;y in standard range [20.0, 50.0] mV but
would entail that the number of synaptic connections from fast interneurons to
pyramidal cells is twice than the standard value or that the maximum average
firing rate of fast inhibitory interneurons is twice than that of the others (see Eq.
(3.3)). This is still consistent with the findings of Wendling et al. [35] suggest-
ing that impaired dendritic inhibition alters excitation-inhibition balance giving
rise to rhythmic discharge activity capturing the effect of Penicillin G potassium
in cortical tissues inhibiting GABA receptors [59]. Nevertheless, the estimated
parameters indicate that our animal model of epilepsy can be best explained by
much lower dendritic inhibition and much higher perisomatic inhibition compared
to the standard range of values reported. High Gg;x values in fact supports [60]
which reported high somatic inhibition together with impaired dendritic inhibi-

tion in experimental epilepsy.

Meanwhile, asymmetric epileptic discharge activities with respect to base-
line activity as seen from experiments with rat 3 can be reproduced with lower
value of Gg;y (25.012 mV) and higher value of Gpry (101.44 mV). On the other
hand, symmetric discharge activity with respect to baseline is observed when
dendritic inhibition is increased with lower perisomatic inhibition. Figure 3.5 il-
lustrates that this symmetry (asymmetry) of the discharge activity (which is the
summation of the average PSP from excitatory and inhibitory interneurons) is
largely due to the PSP response of excitatory interneurons showing faster (slower)
repolarization while the PSP responses of the inhibitory interneurons do not show

significant changes.
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Figure 3.5: Symmetry or asymmetry of discharge activity with respect to baseline.

Average PSP from excitatory interneurons determine whether the sim-
ulated discharge activity tends to be symmetric (left) or asymmetric
(right) with respect to baseline. Gray line indicates that symmetric
(asymmetric) discharge activity arises when average excitatory PSP
has faster (slower) repolarization.
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4 Computational model of focal

brain cooling

The main component of this study is to construct a computational model for
focal brain cooling based from the results of experiments published in literature.
In the following section, we discuss our formulation of temperature dependence
in the neural mass model presented in Chapter 3. A similar parameter estima-
tion procedure is employed to estimate the temperature parameters introduced
in the model. The results of the parameter estimation is presented in the suc-
ceeding section followed by a discussion of the bio-physiological implications of

the proposed temperature dependent model.

4.1 Formulation of temperature dependence

In this study, we try to explain how cooling works in suppressing epileptic dis-
charges by introducing temperature dependence in the neural mass model of
Wendling et al. particularly for epileptic discharges. Our formulation starts with
reduction in concentration of neurotransmitters as reported in in vitro studies.
We model this effect as an attenuation factor in the post-synaptic impulse re-
sponse function. Specifically, we assume a temperature dependence in terms of a

Q10 factor as follows:
hx(t) = Qi G xgxte ™"t > 0, (4.1)

Here, Tj is the baseline temperature which is 31°C in the experiments. This tem-
perature dependence attenuates the average synaptic gain and thus reduces the
average PSP (Figure 4.1) which contributes to the average membrane potential

of the population to which it provides excitation or inhibition. For excitatory
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and slow inhibitory interneurons, their average membrane potentials are solely
contributed by the average PSP from pyramidal cell population, thus, are also at-
tenuated and consequently result in reduced firing frequency. For the pyramidal
cell population and fast inhibitory interneurons, negative average inhibitory PSP
contributes to their average membrane potential. If the weighted effect (in terms
of synaptic connections) of temperature on inhibitory PSP is less than that on
excitatory PSP, a net decrease in average membrane potential results. With the

parameter values chosen in the model (Table 3.1), this is more likely the case.

pu |
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w
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0
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Figure 4.1: Response functions and the effect of Q9. Different populations of neu-
rons have different post-synaptic impulse response (solid lines, left)
but are assumed to have the same firing response (solid line, right).
(10,5yn Scales down the post-synaptic impulse response curves (broken
lines, left) while QQ10,+ changes the properties of the firing response

curve (broken line, right).

In Figure 4.2, we can see that as Q19 sy is increased from unity, frequency
of discharges during cooling is decreased until termination. However, the value
of Q10,syn at which termination is nearly achieved (Q10,5,,=1.085) does not sig-
nificantly attenuate PSP magnitude (Figure 4.1), consequently the magnitude
of isolated discharges. In contrast, persistent discharges were observed during
cooling in the experiments (Figure 2.2). These are suggestive that another mech-

anism is involved.
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Figure 4.2: Effect of Qi0syn. As Q1osyn is increased from unity, frequency of

epileptic discharges during cooling (60 s - 120 s) becomes less until

complete termination. (From top to bottom: (Qos,, = 1.0, 1.007,
1.013, 1.085.)

To model persistent discharges during cooling period, we conjecture that

the reduction in the average frequency of firing caused by the first temperature
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dependence should be compensated. This can be achieved through the firing re-
sponse function negating the effect of Q19 sy, (see Discussion). A second temper-
ature dependence is thus put forward involving a reciprocal Q¢ factor multiplied

to the average membrane potential:

260

—(T—T, 0 :
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Figure 4.1 illustrates the effect of this temperature dependence in the original

S(v) = (4.2)

firing response curve. The modified firing response curve is translated to the left
and has steeper slope. In summary, two temperature parameters are introduced
in this study - Q10,syn and Q10,ine. The latter part of this study also looks at the
possibility that Q19 sy, varies for different populations related to the differences

in their respective PSP generation mechanisms.

4.2 Parameter estimation

Similar parameter estimation procedure was done to estimate the temperature
parameters of the model from the epileptic discharge activity during cooling. The

objective function involved in the estimation is modified as
J(0) :ZEIDI+EEffMag+P(9). (4.3)

The penalty term P(#) imposes the constraint that the range of discharge activity
during cooling (DC) is contained within the range of the discharge activity before

cooling (BC), that is, epileptic discharges are indeed suppressed during cooling:

P(0) = K ([max{vpc} — max{vpc}|+ + [min{vpc} — min{vpc}]),  (4.4)

where [-]; = max{0,-}, {v} is the simulated discharge activity centered with re-

spect to the baseline, and K is the strength of penalization set to 1000.

Note that a two-part estimation is performed for each experiment. The
first part estimates the parameters of the Wendling et al. model (no temperature-

dependent parameters) that describes the activity of epileptic discharges before
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cooling. The second part estimates the temperature-dependent parameters (Qo
factors) during cooling using the result of the first part describing the pathological
activity of the brain. Simultaneous estimation of all model parameters (before
and during cooling) can be done, however, the two-part approach circumvents
search issues in high-dimensional space. Furthermore, to address possible over-
fitting, estimation of the Q¢ values was done using the first 40 seconds of the
one-minute activity during cooling. The next 20 seconds of the activity were used

for validating the model estimates from which statistical tests are performed.

4.3 Results

4.3.1 Estimation of temperature parameters

The estimation of average slow inhibitory gain and fast inhibitory gain of Wendling
et al. model was aimed to reproduce epileptic discharge activity recorded from
the animal model of epilepsy used. Next, we estimate the parameters involved
in the temperature dependence of the model from the activity during which fo-
cal cooling is applied in the epilepsy-induced area of the brain. To assess our
temperature-dependent formulation, three models were estimated from the ex-
perimental data namely: SYN (synaptic mechanism only: estimate Q¢ sy, With
Qro,int = 1.0), INT (intrinsic mechanism only: estimate Q19nt With Q1osyn =
1.0), and SYN INT (synaptic and intrinsic mechanisms: estimate Q19yn, and
(Q10,int)- The results of the estimation were compared to no-temperature depen-
dence (NTD) model (Q1o,5yn = 1.0, Q1o,5yn = 1.0). As discussed earlier, SYN
captures changes in the frequency of epileptic discharges but not their magnitude
(Figure 4.2). On the other hand, INT, as expected, yields estimates that are
almost unity (like in the case of NTD) since the model does not have anything
to compensate for having Q19 s, = 1.0, i.e. no changes in average PSP yield no

changes in the average firing rate.
The results suggest that temperature dependence in the post-synaptic im-

pulse response function or firing response function alone does not capture the

effect of cooling on the epileptic discharges (Figure 4.3). In fact, when both
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functions have temperature dependence as formulated (SYN INT), we see that
suppression of epileptic discharges is reproduced. Figure 4.4 shows the boxplots of
the mean absolute percentage error (MAPE) of the different models from fifteen
cooling experiments. Recall that the MAPE are computed from the last twenty
seconds of the epileptic discharge activity during cooling which is apart from that
used for the estimation (see Materials and Methods). A Wilcoxon signed rank
test shows that SYN INT is significantly different from NTD model (p = 0.0034).

It is also interesting to look at the estimated values of Q19 syn and Q1o int
using SYN INT model (Table 4.1). We can clearly see that Q19 ¢ is only slightly
less than (10,syn- This is consistent in all estimations performed from experiments
on five rats. We also performed estimation of Qo factors from each cooling
experiment per rat where we find cases in which Q10 is slightly greater than
Q10,syn- These cases correspond to experiments where there are slight increases
in the frequency of epileptic discharges during cooling. However, in the results
that we present here, Qio factors are estimated from three cooling experiments
per rat which yield Q19 n: values that are all slightly less than Q19 syn-

Table 4.1: Estimated values of Qg factors from SYN_INT model
Rat | Qio.syn | Q10,int

1.9254 | 1.9108

1.8375 | 1.8279

1.7726 | 1.7634

1.7273 | 1.7217

1.0926 | 1.0925

Ol = W N~

4.3.2 Bifurcation with respect to temperature parameters

Fixing Qio,syn at 1.8, we vary Qion¢ from 1.0 to 2.0 at intervals of 0.01 and
performed ten simulations of SYN_INT model with different random generator
seeds. We find that the magnitude and frequency of simulated activity during
cooling exhibit bifurcation behavior for different temperatures (Figure 4.5). There

are three apparent bifurcation regions found for cooling temperatures 15°C and
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Figure 4.3: Effect of Q10,syn and Q19,ine. Synaptic or intrinsic firing mechanism
alone does not capture suppression of epileptic discharges observed in
experiment. (From top to bottom: Experimental Data, SYN, INT,
SYN_INT.)
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Figure 4.4: Comparison of models based on MAPE. Boxplot of MAPE of different
models from experimental data. (*p. < 0.05, Wilcoxon signed rank

test with Bonferroni correction)

20°C. From baseline activity, a bistable region occurs at around Q19 = 1.5 and
vanishes at around Q19,,: = 1.66 going back to baseline activity until a sudden
transition to discharge activity at around ()19, = 1.8 which is the same value
at which Q1¢syn is fixed.

The results of estimation from experiments lie around the third region
where Q10,in: values are only slightly less than ()19 sy, values. This region corre-
sponds to termination of epileptic discharges or suppression of epileptic discharges
to a fixed magnitude. The bistable region, on the other hand, correspond to two
possible activities depending on the initial condition of the simulation- a baseline
activity and an activity characterized by low-amplitude high frequency oscilla-
tions. This region, however, was not realized in the experiments. Hypothetically
though, this suggests that seizure may occur with cooling when the compensatory
mechanism that involves the intrinsic excitability of neurons operates with Q19 ins

values in this region. This bistable region vanishes at weaker cooling tempera-
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Figure 4.5: Bifurcation with respect to Qio,int. With Q10syn = 1.8, magnitude
and frequency of discharges exhibit bifurcation behavior with re-
spect to Q19,n¢ at different cooling temperatures. (From left to right:
T=15°C, 20°C, 25°C.)

tures (Figure 4.6) indicating that such possibility of seizure may be prevented.
Similar pattern of bifurcation is also observed with a bistability region that is
wider at higher values of Q19,, and vanishes at lower values of Q10yn (Figure
4.6).

To gain more insight about the bifurcation behavior observed in the model,
we performed a numerical continuation of the deterministic version of the model
(standard deviation of input is zero) using MatCont [61]. Similarly, we fixed
Q10,syn at 1.8. Continuing from a fixed point with Q19 s = 1.0, two saddle node
bifurcations were found at around Q19 = 1.7996 and Q19 = 1.1702 (Figure
4.7). From the second bifurcation point, a Hopf bifurcation was found at around
Q10,int = 1.5662 with negative first Lyapunov coefficient. This implies that a
stable fixed point transitions into a stable limit cycle. These bifurcation points
explain the observed bistable region in the original stochastic model above where
low-amplitude high-frequency oscillations or a baseline activity can be observed
depending on the initial state of the system. (Note that stationary state in the
noiseless model corresponds to baseline activity in the stochastic model.) Further-

more, continuing from the Hopf bifurcation point, a limit point of cycles (LPC) is
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Figure 4.6: Bifurcation with respect to Q10,in: at different temperature and Q1 syn
values. Region of bistability with respect to (Q10,in: vanishes at higher
cooling temperatures (left). Similar bifurcation pattern is also ob-
served at arbitrary Q10 sy, values with T=15°C (right). The colorbars

indicate discharge magnitude in arbitrary units.

found at around Q19,: = 1.68. A LPC is a saddle node bifurcation for periodic
orbits where two limit cycles coalesce and annihilate each other. This explains
the recovery of stationary state until the first bifurcation point at which the sys-
tem exits the bistable region and goes back to stable periodic orbits (discharge
activity). The transition point observed in the stochastic model (termination to
suppression of discharge activity) is then a sudden jump from baseline activity re-
sulting in a magnitude of suppressed discharge activity that is proportional to the
width of the hysteresis loop for a particular temperature and does not gradually
increase from the magnitude of a baseline activity. At weaker cooling tempera-
tures, such bifurcation is not observed at least in the physiologically explicable

region of Qo values.
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Figure 4.7: Numerical continuation of the noiseless model. Observed bifurcation
patterns of discharge activity during cooling (T=15°C, Q10 syn = 1.8)

are revealed using numerical continuation of the noiseless model. Ex-
istence of a bistable region is confirmed within which a Hopf bifur-
cation point is found indicating the possibility of seizure initiation

at intermediate values of Q19n:. A limit point of cycles inside the
bistable region explains transition from stationary activity (termi-
nation of seizures) to rhythmic discharge activity corresponding to
suppressed discharge activity during cooling. (Green lines indicate

maximum and minimum of limit cycles.)

4.3.3 Differential effect of temperature on PSP generation

We also explored the possibility that cooling has differential effect on PSP gen-
eration of different neuronal populations. We investigate this by assuming that
Q10,syn is not homogeneous for different populations with different average synap-
tic gains. SYN assumes homogeneous effect of cooling across different popula-

tions. Two more models were estimated to account for the possibility of such dif-
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ferential effect of cooling. In EXC INH, we assume differential effect of cooling
on excitatory and inhibitory PSP generation involving production of glutamate
and GABA respectively. In EXC__SIN_FIN, we further assume differential effect
of cooling on slow and fast inhibitory PSP generation involving slow GABA and
fast GABA respectively. Estimation of these two models were also found to yield
significant difference from NTD (p = 0.0034 and p = 0.0034 respectively). The
two models however are not significantly different from SYN_INT (p > 0.01,
Figure 4.4).

Table 4.2: Estimated values of Q¢ factors from two other models

Model Rat QlO,syn,EX QlO,syn,SIN Q10,syn,F1N Q 10,int

1 1.8056 1.8549 1.7500

2 1.8333 1.8219 1.8333

EXC_INH 3 1.8333 1.7963 1.8538
4 1.8379 1.8219 1.8461

) 1.1667 1.1665 1.1668

1 1.7222 1.5000 1.8457 1.8333

2 1.6111 1.8004 1.1667 1.8333

EXC_SIN FIN | 3 1.8333 1.7597 1.9774 1.7963
4 1.8333 1.7958 1.8774 1.8333

5 1.1666 1.1661 1.1670 1.1667

It is interesting to note that EXC SIN FIN is able to capture termina-
tion of epileptic discharges from rat 1 under cooling temperature of 15°C which is
roughly captured using SYN_ INT or EXC_INH. Estimated Q¢ values in Table
4.2 present some general observations. In EXC_INH model, Q10sy, values are
now slightly less than Q19 sy» values except for rat 1 in which termination of epilep-
tic discharges was observed. In EXC SIN FIN, higher Q1 syn,rrn values were
estimated especially with rats 3 and 4. On the other hand, lower Q10 syn, zx values
were observed for rats 1 and 2 in which termination of epileptic discharges were
found while lower Q10 syn,srv values for rats 3 and 4 in which epileptic discharges

are only suppressed during cooling. These observations suggest that termination
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or suppression of epileptic discharges can result from different synaptic responses
of different neuronal populations to cooling. Figure 4.8 and Figure 4.9 show how
the different models reproduce termination or suppression of epileptic discharges

in rats 4 and 1, respectively.
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Figure 4.8: Simulated activity from rat 4. Suppression of epileptic discharges are
replicated by the different models. (From top to bottom: Experimen-
tal data, SYN_INT, EXC_INH, EXC_SIN_ FIN)

Finally, it can also be observed that the estimated Q¢ values are between
1.7 and 2.0 except those estimated from rat 5 in which case the estimated val-
ues are less than 1.2. The estimation result from rat 5 can be substantiated by
observing the activities during cooling of rat 5 at different temperatures showing

less evidence of suppression of epileptic discharges (Figure 2.2).
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Figure 4.9: Simulated activity from rat 1.  Termination of epileptic dis-
charges at cooling temperature of 15°C is captured by model 5 .
(From top to bottom: Experimental data, SYN_INT, EXC_INH,
EXC_SIN_FIN)

4.4 Discussion

Neurotransmitters play a central role in the generation of PSP [62]. They are
released in response to Ca** influx after depolarization of pre-synaptic terminal
and bind to their receptor molecules at the post-synaptic membrane, opening or
closing ion channels, and thereby generate excitatory or inhibitory PSP. It has
long before suggested that neurotransmitter release has temperature dependence
which causes changes in PSP generation [63]. This was confirmed by experimental
observations of reduced efficacy of neurotransmitter vesicle release and reduced
extracellular glutamate concentration during cooling [39,41] that imply lower neu-
rotransmitter concentration at the synapses to bind at the post-synaptic receptor

and generate PSP. In light of this, it was straightforward to assume a tempera-

34



ture dependence on the post-synaptic impulse response function in a neural mass
model of the population activity’. Similar to temperature-dependent formulation
of Hodgkin-Huxley type neurons [64-66|, temperature dependence in Wendling et
al. model is modelled using a temperature coefficient given by a Q¢ factor. This
factor accounts for mean-field effect of temperature to several processes occurring
during PSP generation across the neuronal population. For example, diffusion
of neurotransmitters, Ca*", and receptor proteins [67-69] are slowed down at
different rates at decreasing temperatures affecting efficacy of neurotransmitter
vesicle release and the binding of neurotransmitters at the post-synaptic terminal
receptors which regulate the activities of specific ion channels. Simply, Q10.syn is
added to the post-synaptic impulse response function and can be interpreted as
direct attenuation of the average post-synaptic gain of the population or synaptic
conductance of one neuron. This yields lower average PSP values when temper-
ature is decreased from a baseline temperature. This decreases or increases the
average membrane potential of the populations to which the population provides
excitation or inhibition respectively. Reduced average membrane potential yields
lower frequency of firing. In fact, we saw that termination of epileptic discharges
results when the firing frequency approaches zero with Q0,5 ~ 1.085 but with
nonsignificant decrease in the magnitude of isolated discharges. In contrast, what
was actually observed from experiments is that epileptic discharges were persis-
tent during cooling but suppressed in magnitude. This is not reproduced by the
model because of the nonlinearity of the firing response function. A Qo value of
1.085 does not significantly suppress the magnitude of discharges but its effect on
attenuated PSP responses significantly reduces the firing activity of the receiv-
ing population. Interestingly, in some cases in the experiment, slight increases
in frequency of epileptic discharges were observed (Figure 2.2). These lead us
to assume that a concomitant mechanism plays a role during cooling which may
involve the intrinsic excitability mechanism of neurons compensating for the ef-
fect of reduced PSP on the average firing activity of the populations. Thus, a
reciprocal Qo factor was formulated as put forward in Eq. (4.2). Similarly, the
Q10 factor involved here accounts for mean-field effect of temperature to several
processes occurring during action potential generation such as diffusion of ions

and temperature effects on ion channel gating across the neuronal population.
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Figure 4.1 shows how the average firing rate is compensated by the second
temperature dependence. The firing frequency of a positive average membrane
potential in the original firing response curve corresponds to an increased firing
frequency at the same value of average membrane potential in the temperature
dependent curve. The effect is opposite for negative average membrane potentials
and rather minimal. A direct physiological interpretation of this mechanism can

be examined if we write the equation in its equivalent form
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where the Q¢ factors are now with the parameters vy, and oy,. Recall that

S(v) = (4.5)

vy, is the average threshold of firing of neurons and oy, is the variability in the
thresholds of excitation of neurons. This then implies that as a compensatory
mechanism, cooling lowers both the average and variance of the distribution of
the firing thresholds of neurons in the population. Hence, even if the average PSP
is reduced resulting in lower average membrane potential, epileptic discharges can
still be persistent since lower average threshold of firing allows for subthreshold
activity before cooling to become suprathreshold during cooling. This can be
seen as a form of homeostasis in the firing activity of the neuronal population
involving both synaptic and intrinsic excitability mechanisms. Surprisingly, the
combined mechanisms result in suppression of epileptic discharges in terms of
magnitude which is not captured if we assume temperature dependence in the
post-synaptic impulse response function alone. This is because higher Q10 syn
values now significantly reduce PSP responses (Figure 4.7(b)) but the effect of
which is compensated by the reciprocal of (Q10:n:. Slight increase in frequency
of discharges observed in the some of the experiments can be realized if Q19 in:
is made slightly greater than )19 yn. Further increasing ()10n+ proportionately

increases the frequency of discharge activity (Figure 4.5).
Reduced threshold potential of firing during cooling has been reported

on an early experiment with squid axons [28]. Experiments with mammalian

brains [29, 70, 71] reported that cooling depolarizes cell membrane potential and
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increases input resistance. In [71], Volgushev et al. noted that cooling-induced de-
polarization of cell membrane occurs with an even higher gradient giving a marked
decrease in the difference between the spiking threshold and the actual resting
membrane potential. Thus, cooling brings the cells closer to spiking threshold,
increasing excitability and decreasing variability in excitation levels across neu-
ronal population. They proposed that such cooling-induced depolarization of the
cell membrane may be attributed mainly by reduction of partial K+ conductance.
Variability in threshold potential of firing has also been reported to increase with
recent spiking activity [72]. We suppose that the opposite happens during cooling.
As discussed earlier, cooling can decrease average firing rate of neurons which can
imply less recent spiking activity. Henze and Buzsaki [72] suggested that prior ac-
tion potentials cause Nat channel inactivation that recovers with approximately
a one-second time constant, increasing action potential threshold during this pe-
riod. On the other hand, a study by Yu et al. [73] suggests that firing threshold
variability can be explained by backpropagation of action potentials. Moreover,
cooling was shown to strongly inhibit A-type K* channels in DRG neurons [74]
while these channels are reported to regulate action potential backpropagation
in CA1 pyramidal neurons [75]. This might be in conflict with our finding that
cooling reduces variability in firing thresholds since inhibited A-type KT channels
enhance backpropagating action potentials which in turn increases variability in
firing thresholds. Then again, it is also possible that a net decrease in action
potential backpropagation results as cooling can attenuate other critical factors
such as density of Na™ at axon initial segment [76] and ion transport at nodes of
Ranvier [77].

Estimation of the model from cooling experiments indicated that the Qg
factor for the firing response function is only slightly less than the Qo factor for
the post-synaptic impulse response function. This means that during cooling, the
intrinsic excitability mechanisms of neurons just balance out the effect of temper-
ature change on PSP generation. At first, it seemed that when Q19 int = Q10 syn;
discharge activity is suppressed but not terminated and when Q¢ ;. is strictly
less than (19 syn, discharge activity is terminated. To verify this generalization,

we simulated the model for different values of Q19 ins fixing Q19 syn = 1.8. This led
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us to discover bifurcation patterns in the model which were confirmed using nu-
merical continuation on the noiseless version of the model. First, we have verified
that when Q10,int = Q10,syn, discharge activity is suppressed but not terminated.
At this point, the intrinsic mechanism just "fully" compensates the effect of the
synaptic mechanism resulting to a discharge activity that has approximately the
same frequency but reduced in magnitude. However, we found out that when
Q10,int < Q10,syn, discharge activity is terminated only up to a certain value of
Q10,int and a high-frequency seizure activity can arise with a wide range of in-
termediate ()19n¢ values. As far as we are knowledgeable, there has been no
report that seizure activity was ever observed in focal cooling of epileptic dis-
charges. Moreover, Q19 n¢ values are not interpretable in terms of how intrinsic
firing mechanisms can give rise to such values which would allow experiments to
verify such finding. In theory, this should guide the design of implantable cooling
devices which would necessitate a feedback control law to terminate cooling or
use weaker cooling temperature when a possible seizure can arise. Figure 4.10
indicates that both the pyramidal cell population and the interneuronal popula-
tions exhibit the same activity resulting in either seizure activity or suppressed
discharge activity depending on (10,;+ and initial conditions. Similar bifurcation
patterns were observed for arbitrary values of Q19 sy, other than 1.8. Our estima-
tion results indicated Q9 values around 1.8 which was, surprisingly, also reported
in previous studies involving voltage-gated Na™ channel (VGNC) dynamics [14].
Then again, in vitro studies [71,78] suggest that involvement of VGNC might be
ruled out as abortion of epileptiform discharges were seen to be associated with
a depolarization block. Perfect depolarization is against changes in the gating
property of Na™ channels as initially hypothesized, i.e., cooling is not inducing a
liquid phase transition in phospholipid bilayer of the membrane thereby distort-

ing the channel’s property, rather through other mechanisms.

Another interesting study by Motamedi et al. [78] with an in vitro epilepsy
model showed that cooling has differential effect on the firing rates of pyramidal
cells and interneurons. This actually motivated the models where we included
more temperature dependent parameters to investigate possible differential effect

of cooling on PSP generation. This relies on the assumption that cooling may have
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Figure 4.10: Contribution of population activity to LFP at different Q10 int. (Left)
PSP inputs from pyramidal cells and interneurons are attenuated re-
sulting to suppression of discharge activity during cooling. (Right)
PSP inputs from pyramidal cells and interneurons exhibit low ampli-

tude rhythmic activity contributing to initiation of seizure activity.

differential effect on different neurotransmitters responsible for generating PSP.
However, in this study, the model parameters were estimated from in vivo EEG
recordings which have clear departures from the aforementioned in vitro study.
We can speculate though that it may be possible to reproduce such differential ef-
fect of cooling on the activity of pyramidal cells and inhibitory interneurons if we
had isolated EEG recordings from pyramidal cell population and interneuronal
population activities and from which we could estimate the model parameters
with an appropriate modification of the objective function (Eq. (4.3)). Neverthe-
less, when the effect of cooling on inhibitory interneurons is much less than on
excitatory interneurons, reduced average membrane potential of pyramidal cell
population results and consequently, reduction in the average firing frequency of

the population is observed as reported in the study.

The results presented in this paper only considered the steady-state ef-
fect and does not include transient dynamics of cooling on epileptic discharges
although some experiments have noted the effect of rate of cooling on termina-
tion of epileptic discharges. For instance, an in vitro study [45] reported that

during slow cooling, epileptic discharges persist with decreasing amplitude un-
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til termination is achieved with further temperature drop. In contrast, rapid
cooling achieves immediate termination of the discharges. The gradual decrease
in amplitude of epileptic discharges during slow cooling can be captured by the
model using an appropriate model for temperature dynamics (e.g. Newton’s Law
of Cooling). In its present form, immediate termination of discharges by rapid
cooling can be explained by our model as a case where Q19 .int < Q10,syn, i.€. Te-
duction in average and variance of firing thresholds across neuronal population is
not able to compensate reduction in discharge frequency due to reduced average
membrane potential resulting from attenuation of post-synaptic activity. Alter-
natively, such transient effect may be modelled by a ;9 dynamics that decays
from a non-steady state value to a steady state value proportional to the rate
of cooling. In most in vitro studies that we reviewed, steady-state termination
of epileptic discharges was achieved using either slow or rapid cooling down to a
constant temperature. In contrast, termination may not be always possible in in
vivo setting. We surmise that the compensatory mechanism put forward by the

model is more concomitant in in vivo than in in vitro environment.
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5 Focal brain cooling for

secondary generalized epilepsy

In the previous chapter, we considered the case in which focal cooling is applied
to the region of an animal brain induced with seizure. In real situations, how-
ever, seizure activity can propagate from one region of the brain, which is usually
pathologic, to nearby and possibly distant regions of the brain. This is the case
for secondary generalized epilepsy (SGE) or the generalization of partial epilepsy.
To address whether or not thermal neuromodulation is effective in this setting,
it is necessary to first simulate how brain activity propagates from one brain
region to another. In the following sections, we review earlier coupled neural
mass models and present the problem of dimensional inconsistency or physiolog-
ical interpretability of the model. We then propose a coupling model that has
both dimensionally consistency and physiological interpretability, and investigate
the parameters of the model with which we can simulate propagation of seizure
activity. Thence, we simulate cooling of the pathologic region of the brain and

find out whether it is effective against the spreading of seizure activity.

5.1 Problem overview

Recent studies are trying to establish that epilepsy is a network disease; that
is, surgical removal of the pathologic area of the brain in medically-intractable
epilepsy patients may not be sufficient to guarantee remission. Using a phe-
nomenological model of brain activity, Petkov and colleagues put forward that
the network has a critical role in brain ictogenecity or the ability to initiate

seizure activity [79-81]. Hebbink et al. [82] illustrated using simulations of the
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same model, that the removal of the pathologic brain region, in most cases, is
not the best approach to reduce frequency of seizure activity. Goodfellow et
al. [83] utilized a physiological model based from the earlier work of Wendling
et al. [84] and proposed an ictogenecity index that quantifies the contribution of
one brain region in a network of brain regions to seizure activity. The coupling
model, which was originally proposed by Jansen and Rit [34], involves a constant
gain function that could however lack direct physiological interpretability. Re-
cently, Lopes et al. [85] used a different coupling model proposed by Goodfellow
et al. [86] with the same underlying neural mass model in [83] to identify optimal
resection sites for surgical treatment. The coupling model, however, dismisses the
originally proposed mechanism that brain activity is propagated to a connected
brain region via a different post-synaptic impulse response function with slower
synaptic time constant. This begs the question of which between the two cou-
pling models is more appropriate to use. This could be crucial in understanding

precise mechanisms of seizure activity initiation and propagation.

We propose a coupled neural mass model reconciling the existing two cou-
pling schemes. Moreover, the coupling parameter can be interpreted as strength
of synaptic connectivity between primary cell populations from two brain re-
gions. This can translate to new synapses formed via axonal sprouting [87, 88|
or enhancement of functional connectivity [89] between two brain regions. We
show that the strength of coupling determines whether a seizure activity can
initiate in one brain region and propagate to connected brain regions. This of-
fers a parsimonious yet physiological model that can generate a network of brain
regions that participate in the initiation and propagation of seizure activity in
the brain. Using sophisticated technologies such as advanced diffusion magnetic
resonance imaging [90,91] that can resolve the strength of structural connections
between brain regions, the coupling model can be used for pre-surgical diagnosis
of medically-intractable patients to identify optimal sites for resection. In this
study, we investigate the feasibility of focal brain cooling as an alternative ther-

apeutic treatment for secondary generalized epilepsy cases.
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5.2 Review of coupled neural mass models

One of earliest model for coupled neural masses was introduced by Jansen and
Rit to investigate visual evoked potentials [34]. In the model, two neural masses,
simulating the visual cortex and prefrontal cortex, are coupled together. The
double column model was extended by Wendling et al. to multiple brain regions
to analyze epileptic intracranial EEG signals. The model has been adopted in
several including recent studies on propagation of seizure activity in brain net-
works [83,92].

The coupled neural mass model involves an average post-synaptic potential
from the afferent neural mass ¢ that is multiplied by a coupling parameter K;
and is added to the subcortical input to the receiving neural mass j. In detail, the
post-synaptic impulse response function hy(t) for the propagated signal between
the coupled neural masses was assumed to involve a time constant 1/g,; that is

slower than that of between populations within the same neural mass:
hd(t) == Gdgdte_gdt;t Z 0. (51)

The propagated average post-synaptic potential from the afferent neural mass ¢

is given by
v (t) = ha(t) * S(VEY) (5.2)

where V]%)/ is the average membrane potential of the pyramidal cell population
of neural mass i, and S(-) is the firing response function in Eq. 3.1. This is then
added as an input to an receiving neural mass j, contributing to the excitatory

post-synaptic potential as

: , 1 ;
r0) = hex) + (S0 + o () + D Rl0) ) 63)
EX—PY 3
where uy(t) is a noisy subcortical input and VE%)( is the average membrane poten-
1
Cex—pry

is due to the fact that the average membrane potential of the pyramidal cell

tial of the excitatory interneuron of neural mass j. Note that the factor

population is computed as:

Véjy)(t) = CEX%PYU(E]‘;( — CSIN%PYUA(SJ}N - CFINHPYU;J}N- (5.4)
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Inspecting Eq. (5.3), we can say that the model has dimensional incon-
sistency if the coupling parameter were taken as a dimensionless quantity since
the first two terms in the input are both in terms of firing rate while vc(;)(t) is a
potential term. Otherwise, K;; represents a constant gain function that converts
the propagated potential to firing frequency, which may not be physiologically
interpretable. In fact, Goodfellow et al. [86] proposed a dimensionally consistent

model as follows:

1

oh(0) = haxlt) ¢ (SO +

(uw) S wwé%»)) (55)
The model, however, altogether dismisses the proposed mechanism by the former
that the propagation of brain activity to a connected neural mass involves a
different impulse response function with slower average synaptic time constant.
Since hgx(t) = hpy(t), Eq. (5.5) is equivalent to

V}%)(t) = CEX—)PYUJ(EZ))( — CSINaPYUg}N - CFIN—)PYU%}N + Z Kijv%(t)- (5.6)

separating the excitatory contribution of afferent neural masses from that of

within the neural mass (excitatory interneurons and subcortical input).

5.3 Proposed coupled neural mass model

For the reason discussed in the previous section, we propose a coupled neural
mass model that has both dimensional consistency and direct physiological in-
terpretability of the coupling parameter. We retain the important aspect of the
coupling model by Jansen and Rit regarding the propagation mechanism that
involves a different impulse response function with slower average synaptic time
constant and possibly different average synaptic gain as in Eq. (5.1). This is then
used to modify the equivalent coupling model by Goodfellow et al. (Eq. (5.6)).
Specifically, the proposed model puts forward that the propagated post-synaptic

potentials from the afferent neural masses contribute to the local field potential
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of the receiving neural mass. The coupling term is then given by:
V() = Coxopyvdk — Cornapyviiy — Crinopyviy + > Kol (). (5.7)

The first three terms are synaptic contributions from excitatory and inhibitory
interneurons within the neural mass and the last term sums all propagated post-
synaptic input from afferent neural masses. Clearly, the model is dimensionally
consistent since all terms involved are potential terms. Moreover, the coupling
parameter K;; can now be interpreted in the same way as Cpy_,gx, in particu-
lar, it is the average number of synaptic connections between the pyramidal cell

populations of the coupled neural masses.

5.4 Results

5.4.1 Coupling gives rise to seizure activity

We investigate the parameters of the proposed coupling model and how changing
them can give rise to different kinds of seizure activity. In the original model
of Jansen and Rit [34], the authors stated that the average synaptic time con-
stant involved in the propagated activity between neural masses is slower than
within a neural mass and proposed gpy =~ gpy/3 without further justification.
We simulated the model with varying values of g4 and K (K;; = Kj;) for two
neural masses that demonstrate normal activity (Gg;y = 50) when not coupled
together. In Figure 5.1, we show a map of the amplitude and band powers of
simulated activity of the coupled neural masses with respect to the varied pa-
rameters. We can observe that seizure can arise when the neural masses are
coupled together for a range of K values that increases with increasing value of
gq. Interestingly, we find that at around g; = 0.33gpy, different types of seizure
activities are demonstrated with increasing K as evident from powers of theta, al-

pha, and beta-gamma bands. A simulation of these activities is shown Figure 5.2.

Notably, a minimum value of K is needed before a discharge activity

emerges. We suppose that this is the strength of coupling required that could alter
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Figure 5.1: Activity map from reciprocally coupled neural masses with varying
values of gy and K. Different kinds of seizure activity are observed at
around g; = 0.33gpy characterized by band powers with increasing

values of coupling parameter.

the excitation-inhibition balance by increasing excitatory contribution to the local
field potential and consequently would give rise to seizure activity even when the
neural masses are intrinsically non-pathological. Increasing this coupling strength
increases the degree of pathology in terms of frequency of discharges, developing
into high-frequency periodic oscillations. Upon further increases in K, this oscil-
latory activity decreases in amplitude, higher frequency components are removed,
then waxes and wanes; after a maximum value of K, the neural masses no longer
demonstrate seizure activity; rather high theta activity is exhibited with higher

baseline value (Figure 5.3). On the other hand, if the initially uncoupled neural
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Figure 5.2: Simulated activity of coupled neural masses with increasing values of
K. Initially uncoupled neural masses are non-pathologic (Gg;n = 50)
and pathologic (Gg;y = 40) in top and bottom plots respectively.

masses already demonstrate pathological activity (Gs;y < 40) such as epileptic
discharges, coupling them only results to increased level of pathology but exhibit

similar evolution to different kinds of seizure activity as the strength of coupling
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between them is increased until a maximum coupling strength is reached after

which seizure activity ceases.
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Figure 5.3: Seizure activity with respect to K. Ten simulation runs for two re-

ciprocally coupled neural masses at different coupling strengths.

5.4.2 Effective coupling from multiple afferents

In real brain networks, one brain region may be coupled with several other brain
regions. It is then interesting to look at the case where a neural mass is coupled
with multiple afferent neural masses and define an effective coupling strength
as the sum of coupling strengths from all afferent neural masses. We then ask
whether this situation requires the same minimum effective coupling strength for
seizure activity to emerge. To answer this, we simulated one neural mass that is
reciprocally coupled with N afferent neural masses, each with coupling strength
K. The effective coupling strength is then NK. In Figure 5.4, we can observe
that the minimum effective coupling strength needed to initiate seizure activity

increases and approaches a threshold as the number of afferent neural masses is
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increased. For example, a neural mass that is reciprocally coupled with four neu-
ral masses requires ~ 0.4Cpy_ gx in total to initiate seizure activity compared to
~ 0.24Cpy_,px with just one neural mass. This can indicate desynchronization
between the excitatory contributions of the afferent neural masses that are each

reciprocally coupled to the same neural mass.

We also simulated the case in which the coupling of a neural mass with
multiple afferent neural masses is unidirectional as shown in Figure 5.4. Initi-
ation of seizure activity on the receiving neural mass requires greater effective
coupling strength around 0.6C'py_,gx regardless of the number of afferents that
individually demonstrate normal activity. This suggests that reciprocal coupling
lowers the required effective coupling strength to initiate seizure activity by en-
hancement of recurrent excitation. We suppose that if the afferent neural masses
themselves are receiving from other neural masses, then the effective coupling
strength required to initiate seizure activity will be less. Such could be the case

in more complex networks.

5.4.3 High synaptic gain requires low coupling strength

to initiate seizure activity

With the interpretation of the coupling parameter as similar to that of con-
nections between two neuronal populations within one neural mass, it may be
thought that the value of this coupling parameter will not likely be greater than
Cpy_Ex, which is the maximum connectivity between populations within a neu-
ral mass. For this reason, low-K values could probably be more physiologically
plausible. This can in fact be realized by increasing the average synaptic gain G4
in the post-synaptic impulse response function (Eq. (5.1)). Figure 5.5 shows that
the range of K values for which seizure activity is exhibited is narrower as G is
increased and wider as it is decreased from Gpy which is the average synaptic
gain of the impulse response function of pyramidal cell population within a neural
mass. This suggests that to initiate seizure activity with lower coupling strength

values between neural masses, the pyramidal cell population of an afferent neural
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Figure 5.4: Seizure activity initiation from multiple afferents. (Top) Minimum
effective coupling strength required to yield seizure activity increases
with increasing number of coupled afferent neural masses up to a
threshold. (Bottom) Minimum effective coupling strength required to
yield seizure activity is the same regardless of the number of afferent

neural masses.

mass propagates its activity to the pyramidal cell population of receiving neural
mass with greater synaptic gain. This result is mathematically trivial from Eq.
(5.7).
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5.4.4 Propagation of seizure activity

We have demonstrated that seizure activity can arise from intrinsic activity of a
pathological neural mass or from coupling of two or more neural masses that are
not necessarily pathologic. Now, we look at how a neural mass that demonstrates
seizure activity propagate this activity to another neural mass that exhibits nor-
mal activity when uncoupled. Seizure activity from an afferent source mass is
simulated using impaired dendritic inhibition [35] (Gg;n € [36,40]). Note that
lower G gy yields discharge activity with higher frequency. The strength of uni-

directional coupling Kpy from the pathologic mass to the non-pathologic mass
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is varied from 0.01 to 0.25. Propagation of seizure activity was quantified by
counting the number of discharges, using signal processing methods [93], from
the simulated LFP of the coupled neural masses and taking their ratio. In Figure
5.6, we find that a minimum coupling strength around 0.05Cpy . gx is required to
completely propagate the seizure activity to the non-pathologic mass regardless
of the degree of pathology of the source mass. It can also be observed that low-
frequency discharge activity (around Ggry = 40) yields bursting activity when
propagated with high coupling strength values.
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Figure 5.6: Propagation of pathologic discharge activity. A pathologic source
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mass propagates its discharge activity to a non-pathologic mass with
a minimum coupling strength Kpy around 0.05Cpy_, gx regardless of

the degree of pathological activity.

There seems to be a substantial difference in the required coupling strength
to initiate seizure activity and to propagate it. This difference can play a critical
role in the spread of seizure activity in a network of neural masses - it requires
a significant strength of coupling to initiate a seizure activity in one brain re-
gion but once seizure activity is initiated, it requires lower amount of coupling
to propagate it to connected brain regions.To illustrate this, we simulated a grid
network of 25 non-pathologic brain regions, each connected to its four nearest
neighbors (up, down, top, bottom). The coupling strength from one brain region

i to one of its neighbor j is randomly set as K;; = iKe ££.mazt4[0,1]. Using a fixed
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random generator seed, we gradually increase K.ffmq, until the network starts
to demonstrate seizure activity as shown in Figure 5.7, where K.tf pmar = 0.402.
Looking at the activities of the neural masses, we can see that discharge activ-
ity first appears in the neural mass that has the largest K. ;s value (center) and
propagates it to its neighbors with high K ¢ values (up and right). The propa-
gated seizure activity is then cascaded to connected neural masses satisfying the

required minimum effective coupling strength as indicated by the red arrows.
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Figure 5.7: Initiation and propagation of discharge activity in a grid network of
neural masses. Twenty-five neural masses are arranged in a grid, each
connected to their four nearest neighbors with a random coupling
strength value. The effective coupling strengths are shown in the left

plot.

5.4.5 Effect of focal cooling on the propagation of seizure
activity

Using the temperature dependence formulated in Chapter 4, we now investigate
whether thermal neuromodulation is effective in the case of spreading seizure ac-
tivity. By focally cooling a pathologic brain region that demonstrates epileptic
discharge activity, we have shown that the temperature dependence in the model

simulates suppression of discharge activity as observed in experiments with rats.

23



Suppression or termination of focally cooled discharge activity depends on the
temperature coefficients of the synaptic and intrinsic firing processes of the neural
mass model (Chapter 4). We simulate a neural mass that demonstrates epileptic
discharge activity and is afferent to a non-pathologic neural mass as in Figure
5.6. Temperature dependent parameters were set to simulate suppression only of

discharge activity (Q10,syn = Q10,int = 1.8).

In Figure 5.8, we show the amplitude and frequency of the discharge ac-
tivity of the non-pathologic neural mass. (Discharges whose amplitude is less
than 5mV are considered subthreshold and are not included in frequency count.)
The figure depicts that focal cooling of the source of seizure activity can stop
the propagation of low frequency discharge activity (Gsrn € [38.5,40]). If the
discharge activity has higher frequency (Gg;y € [36,38.5]), the minimum cou-
pling strength required to propagate the seizure activity to the connected brain
region is increased from 0.05Cpy _,gx to around 0.15Cpy ,gx and 0.20Cpy _,gx
with 20°C and 15°C cooling, respectively. Above this coupling strength values,
discharges are propagated to the non-pathologic brain region but are lower in
both magnitude and frequency. These effects were also observed when we used
the original coupling model of Jansen and Rit (not shown). Significance of these

simulated effects of focal cooling to ictogenesis is discussed in the following section.

5.5 Discussion

The proposed coupling model offers a physiological mechanism that can simulate
initiation of seizure activity in a non-pathologic brain region and propagation of
seizure activity from one brain region to nearby and distant regions. The model
retains the mechanism proposed in Jansen and Rit model that the signal prop-
agated to an connected region is via a different impulse response function. This
can translate to axonal sprouting in which axonal processes of a neuron grow out
and create synaptic connections with the dendritic processes of other neurons. In-
terestingly, axonal sprouting phenomenon is observed in temporal lobe epilepsy,

both human and animal models [94-96], wherein mossy fibers sprout and form

o4



without cooling cooling at 20°C cooling at 15°C

=70
bai
—
> .
£ =
o E w
3 E
2 7 2
E o
g P
<
10
0
Kon Cpy  ex! L ——
8
—
N
T 39
=
>
gz
GC, z38 3
@
3o
5 2
= a7
L 1
k) 0

01 02 0.3 04 05 X o1 02 03 0.4 05 . o1 0z 03 0.4 05 0.6

Kon Coy e Ko Cpy e Ko Coy .

Figure 5.8: Effect of focally cooling the pathologic brain region on the propaga-
tion of seizure activity. Focal cooling stops the propagation of low
frequency discharge activity while it increases the minimum coupling
strength required to propagate high-frequency seizure activity to the
connected brain region. Propagated discharges at higher coupling
values, on the other hand, are observed with lower amplitude and

frequency.

new synapses with denrites in the granule and molecular layers. It is also observed
to be induced in CA3 pyramidal cells in a hippocampal lesion [97] and in layer V
pyramidal cells of chronically injured epileptogenic rat neocortex [98]. The study
by Buckmaster et al. [99] showed that a predominantly excitatory feedback cricuit
is created via axon sprouting in a TLE model and reported that sprouted mossy
fibers project locally and not distally as with normal mossy cell axons. McKinney
et al. [97] also reported that lesion-induced axonal sprouting leads to an increased
excitatory connection between CA3 pyramidal cells without apparent decrease in
synaptic inhibition. These observations somehow validate how our model can
generate seizure activity from coupling of two brain regions that are not neces-
sarily pathologic. In contrast to impaired inhibition [35], hyperexcitability still

arises via an altered excitation-inhibition balance but in a different way - excita-
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tion is increased because of recurrent excitatory connections via axonal sprouting.

We showed that different kinds of seizure activity can actually arise de-
pending only on the strength of reciprocal coupling between two neural masses
that initially demonstrate normal activity. Hence, we propose a parsimonious
model that can can explain how another type of seizure activity such as high-
frequency periodic oscillation or waxing and waning oscillations, can evolve from
a spontaneous discharge activity for example. Use of ultrastructural studies in
hippocampal TLE showed that sprouted axons exhibit formation of aberrant
synaptic contacts such as changes in spine morphology, perforated post-synaptic
densities, and multiple spine boutons that could be associated with enhancement
of synaptic efficiency which is similarly observed in long term potentiation stud-
ies [88]. These are possible physiological translations of how hyperexcitability
arises from increase in synaptic connectivity or alternatively in synaptic gain as

we have shown in Figure 5.5.

We found that the coupling strength required to propagate a seizure activ-
ity to a non-pathologic brain region is less than to initiate it. This is a critical
finding since it can shed light on how some seizures are localized on one brain
hemisphere while some spreads across other brain regions. The effective coupling
strength that results from the connectivity of one brain region with other brain
regions determines its ability to initiate a seizure activity which it can more eas-
ily propagate to brain regions connected from it. It was reported that functional
networks constructed from EEG of epilepsy patients revealed significantly higher
mean degree compared to control patients [81]. Analogously, effective coupling
strength is increased when a brain region has more afferent connections, and it
can then potentially initiate seizure activity. In the same way, seizure activity is
easier to propagate to a brain region that have more inward connections. This
is in agreement to the idea that epilepsy is indeed a network disease and that
treatment of intractable epilepsy patients may require individualized connectome-

based interventions [100].

We have have shown in Chapter 4 that focal cooling can suppress epileptic
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discharge activity as consistently shown in animal experiments. However, there
have been no experiments that look into the applicability of focal cooling for sec-
ondary generalized epilepsy in which seizure activity spreads to other brain re-
gions. The ultimate goal of focal brain cooling studies is to create an implantable
device that will cool the epileptogenic foci of the brain when seizure activity is
detected. This study investigates whether focal cooling will also be effective for
partial epilepsy with secondary generalization. Analysis of the results presented
here suggests the affirmative. First, focal cooling was found to stop the propaga-
tion of low-frequency discharge activity. This kind of activity is characteristic of
interictal spikes. Studies show that interictal spikes foreshadow the occurrence of
seizure activity and it is believed that they may drive epileptogenesis since they
can induce long-term changes in synaptic connections between neurons [102]. If
there is in fact truth to this hypothesis, focal cooling can be utilized as anti-spike
therapy not only to prevent or reduce epileptogenesis but also cognitive comor-
bidity in epilepsy [102]. Second, propagation of focally cooled high-frequency
discharge activity to the non-pathological brain region is unhindered but requires
more synaptic connections; using 150C cooling, four times more than the amount
of coupling required without cooling. Essentially, this could mean that cooling
may be able to stop the propagation of the discharge activity if this amount of
coupling results from a spatial recruitment process; i.e. discharges do not get
propagated with lower coupling and takes time to achieve the required amount
of coupling. Slow spatial recruitment was reportedly observed in a neocortical
secondary generalized epilepsy [103]. Proix et al. also suggest that seizure re-
cruitment and propagation is driven at a slow timescale [104]. With stronger
coupling, high-frequency subthreshold spikes are amplified and reinforced, and
become suprathreshold when propagated. Discharges that are propagated this
way, however, were observed to be lower in magnitude and less frequent to oc-
cur than without cooling, a result that is still indicative that cooling achieves a

therapeutic effect.
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6 Conclusion

6.1 Summary

The ultimate goal of focal brain cooling studies is to realize an implantable cool-
ing device that will be placed at the epileptic region of the brain, implementing
a temperature control when a seizure activity is detected. This neuromodula-
tion treatment is seen as a better alternative than surgical resection that involves
more cost and high risk. Extensive studies have been made, establishing that
cooling can suppress epileptic discharges. This study utilized a computational
approach to explain what possible mechanisms with which cooling suppresses or

even terminate discharge activity as seen in most in vitro studies.

We formulated a temperature dependent neural mass model that repro-
duces the effect of focal cooling of an animal model of epilepsy in wvivo. First,
based from experimental evidences that cooling reduces neurotransmitter con-
centrations at the synapses, we used a Q1o factor to attenuate the output of the
post-synaptic impulse response function. This attenuation results in reduction
of frequency of discharges with no significant suppression of magnitude. Experi-
ments with rats in vivo, however, showed that the discharge activity is generally
persistent during cooling but the discharge magnitude is clearly suppressed. Some
rats even exhibited slight increases in frequency during cooling. This implied that
the resulting reduction in frequency of discharges brought by the first mechanism
should be compensated, leading us to conjecture a reciprocal Q¢ factor multi-
plied to the input of the firing response function. Such formulation is equivalent
to the attenuation of both the average and variability of the firing thresholds
of excitation of neurons in the population. Surprisingly, these are supported by

earlier studies showing that cooling depolarizes the cell membrane of neurons
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bringing them closer to spiking threshold, thus increasing their excitability and

decreasing the variability in the excitation levels of neurons across the population.

The model puts forward that the two major processes involved in the neural
mass model that simulates epileptic discharge activity may have differential tem-
perature sensitivities, which determine the response of the discharge activity to
cooling. Suppression of discharge activity was seen when the intrinsic excitability
mechanism just compensates the effect of the synaptic mechanism. Increase in
the frequency of discharges results if the intrinsic mechanism overcompensates the
effect of the synaptic mechanism while termination of discharge activity results if

the intrinsic mechanism undercompensates the effect of the synaptic mechanism.

Seizure activity can start in one brain region and may spread to other brain
regions, recruiting a network of propagating nodes. We were interested to inves-
tigate whether focal cooling or cooling only the epileptogenic zone, can stop the
spread of seizure activity such as in secondary generalized epilepsy. This part
of the study required a physiologically interpretable coupling model to simulate
propagation of brain activity. We proposed a coupling model that reconciles ex-
isting coupling schemes in coupled neural mass models. The proposed method
was able to simulate seizure activity initiation in non-pathological brain regions,
evolving into other types of seizure activity by further increasing the strength
of coupling. The mechanism can encompass axonal sprouting, a firmly estab-
lished phenomenon associated with seizure activity occurrence in human and an-
imal models of epilepsy and lesion models. We found that a minimum coupling
strength is required to initiate a seizure activity in one brain region depending
on its connection with afferent brain regions. Moreover, a much lower coupling
strength is required to propagate seizure activity to a connected brain regions.
The difference between these coupling strength requirements can be crucial in the
spread of seizure activity across brain regions. These results may shed some light
on how epilepsy can be seen as a network disease, which is the current focus of

several recent studies (see Chapter 5).

Finally, we conclude that focal cooling can be an effective treatment for
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partial epilepsy including secondary generalized epilepsy cases. It can stop the
propagation of low-frequency discharge activity that is suspected to be a driver of
epileptogenicity. On the other hand, focal cooling increases the required coupling
strength to propagate high-frequency discharge activity which could essentially

stop the spread of seizure activity if the spatial recruitment process is slow.

6.2 Recommendations

Our computational approach to model the effect of cooling on epileptic discharge
activity may be too simplistic. Recent studies on epilepsy and epilepsy models
have involved the role of non-neuronal cells such as astrocytes and microglia in the
mechanisms of seizure development such as reactive astrogliosis, glial-mediated
inflammation, and Ca?" signalling dysfunction [106,107]. It may also be pos-
sible that cooling can attenuate activation of both neuronal and non-neuronal
cells that will consequently impair their involvement in one or several hyperex-
citability mechanisms. While there have been recent attempts at modelling the
interaction of neuronal and non-neuronal cells [108,109], formulation of temper-
ature dependence on the models will require multimodal recordings other than
EEG (extracellular GABA and glutamate concentrations, cerebral blood flow) in

focal brain cooling experiments to estimate the model parameters.

The second part of the study (Chapter 5), in its current form, is purely
in silico, which we hope to be validated with experimental and clinical data in
the future. Using multi-channel EEG recording from epilepsy patients, we can
perform parameter estimation of the model to estimate the coupling strengths
between brain regions. We believe that the proposed model could be useful for
pre-surgical diagnosis of medically intractable epilepsy patients. This is already
possible with the recent technological advances in accurately estimating struc-
tural connectivities between brain regions such as advanced diffusion magnetic
resonance imaging. We can also come up with an index that could indicate the
ictogenecity of one brain region based from its structural connection with other

brain regions such as in [83, 85].
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The need to verify our findings regarding the feasibility of focal cooling for
secondary generalized seizures is imperative if the ultimate goal is to develop an
implantable cooling device. Experiments with multi-electrode grid EEG recording
during cooling will be necessary to establish this together with an appropriate
model for the spatial diffusion of temperature from the cooled brain region to

nearby and distant regions.

Capitalizing on the idea that the coupling model used in the study can
encompass axonal sprouting, it is interesting to explore the causative relation
between seizure activity occurrence and axonal sprouting and investigate the
temporal progression of the phenomenon. We could then come up with a time-
dependent model of axonal sprouting to simulate a realistic spread of seizure
activity. Ultimately, we would like to derive a generative brain network model

for secondary generalized epilepsy based on this phenomenon.

6.3 Pipeline for proposed thermal

neuromodulation

In Figure 6.1, we propose a pipeline that integrates the results of this study
with implantation of focal brain cooling device that will deliver thermal neuro-
modulation via a temperature control. The pipeline starts with pre-deployment
procedures that will delineate the epileptogenic zone (EZ) of a patient’s brain.
This may require several modalities including scalp EEG and MRI. Once the EZ
is delineated, preliminary experiments using focal cooling will be done with in-
tracranial EEG recordings from which the relevant parameters of the model will

be estimated offline.

A seizure detection algorithm is independently developed although several
seizure detection algorithms have already been proposed to date especially for
therapeutic devices (see [105] for review). Any particular method can be rectified

or personalized using the recently derived intracranial recordings from the patient.
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Additionally, diffusion MRI can be performed to identify potential brain regions
that significantly participate in the propagation of seizure activity in patients with
secondary generalized epilepsy. Knowledge of this may also help in the optimal
placement of one or several cooling devices. Finally, a temperature control will
then be developed using the estimated parameters of the model and integrated
together with the seizure detection algorithm in the brain cooling device. Thermal
neuromodulation will be delivered by the device every time a seizure activity is
detected.

Propagation
zones

Epileptogenic Seizure FBC device
zones detection implantation

iEEG Thermal
FBC trials diffusion

Estimate Ggy,

Temperature
control

GFIN: QlO,syn
and Qg;int

Figure 6.1: Pipeline for proposed thermal neuromodulation for medically in-

tractable epilepsy patients
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