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Epileptic seizure is typically characterized by highly synchronized episodes of

neural activity. Existing stimulation therapies focus purely on suppressing the

pathologically synchronized neuronal firing patterns during the ictal (seizure)

period. While these strategies are e�ective in suppressing seizures when they

occur, they fail to prevent the re-emergence of seizures once the stimulation

is turned o�. Previously, we developed a novel neurostimulation motif, which

we refer to as “Forced Temporal Spike-Time Stimulation” (FTSTS) that has

shown remarkable promise in long-lasting desynchronization of excessively

synchronized neuronal firing patterns by harnessing synaptic plasticity. In this

paper, we build upon this prior work by optimizing the parameters of the FTSTS

protocol in order to e�ciently desynchronize the pathologically synchronous

neuronal firing patterns that occur during epileptic seizures using a recently

published computational model of neocortical-onset seizures. We show that the

FTSTS protocol applied during the ictal period can modify the excitatory-to-

inhibitory synaptic weight in order to e�ectively desynchronize the pathological

neuronal firing patterns even after the ictal period. Our investigation opens the

door to a possible new neurostimulation therapy for epilepsy.

KEYWORDS

epilepsy, FTSTS, neocortical, control, excitatory, inhibitory, desynchronization, spike-

timing dependent plasticity

1. Introduction

Epilepsy affects 65 million people world wide and is typically characterized by highly

synchronized episodes of neural activity that can lead to the loss of autonomy (Thurman

et al., 2011; Moshé et al., 2015). In most cases, epileptic symptoms are treatable with

anti-epileptic drugs, although not all patients respond to the drugs (Perucca, 1998; Kwan and

Brodie, 2000; Brodie et al., 2012). This type of epilepsy is coined as drug resistant epilepsy

(DRE). Patients with DRE become prime candidate for direct neurostimulation therapies,

such as vagus nerve stimulation (Handforth et al., 1998; Stefan et al., 2012) or deep brain

stimulation (DBS) (Fisher et al., 2010), which have been proven to be effective in reducing

the epileptic episodes. In case of DBS based therapy, the electrodes are implanted into a

specific part of the brain prone to initiate epileptic seizure and high frequency electrical

stimulation is applied to suppress the seizure activity (Zangiabadi et al., 2019). While this
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approach works well at suppressing the seizure when it arises, it

doesn’t address the reversal of the underlying network dynamics

that generates seizures. As a result, seizures reemerge once the DBS

is turned off and require its continued re-application.

Recently, we developed a novel neurostimulation strategy

called “Forced Temporal Spike-Time Stimulation” (FTSTS)

which showed, in simulation, promising results in efficiently

desynchronizing large excitatory-inhibitory (E-I) spiking neuron

networks by harnessing the long-term synaptic plasticity and

keeping the network in the desynchronized state over a long time

horizon after the stimulation was turned off (Schmalz and Kumar,

2019). Our FTSTS strategy consists of two biphasic out-of-phase

pulses. One of the pulses is delivered to the excitatory neuron

population and the other to the inhibitory neuron population.

The pulse pair controls the relative spike times of each neuron

population in order to control the average synaptic weight of

the network and moves the E-I network from the synchronous

to the asynchronous state. Furthermore, if the pulse-pairs are

exactly reversed, the FTSTS protocol is capable of synchronizing

an asynchronous neuron population. In simulation, we showed the

capability of this selective FTSTS protocol in desynchronizing and

resynchronizing neuron activity in a generic excitatory-inhibitory

(E-I) network model of various sizes and dynamics. Based on these

promising results, we wondered whether this FTSTS strategy could

potentially be applied to terminate epileptic seizures effectively.

To investigate this question, in this paper, we consider a

recently published biophysically constrained in silico model of a

neocortical-onset seizure which has been validated using seizure

data from human epileptic patients (Liou et al., 2020). The model

captures the key features of the underlying neocortical-onset

seizure dynamics, such as the fast inward moving ictal discharges

and the slow outward wavefront of ictal recruitments. Additionally,

the model captures the pre-disposition of subsequent seizures after

an initial seizure. Using this model, we systematically explore the

parameter space of our FTSTS protocol to investigate the efficacy

of the FTSTS strategy in reducing or increasing the neocortical-

onset seizure prevalence. To determine the efficacy of the FTSTS

protocol, we measure the changes in the average excitatory-

to-inhibitory synaptic weights over the period of the applied

FTSTS protocol. In order to overcome the selectivity constraints

inherent in the electrical FTSTS protocol as it targets excitatory

and inhibitory populations, we further extend our electrical

FTSTS protocol to a realistic and realizable selective optogenetic

FTSTS protocol by integrating two optogenetic channelrhodopsin

dynamic models i.e., Chronos and Chrimson, into the neocortical-

onset seizure model.

2. Materials and methods

2.1. Neocortical seizure model

Throughout this paper, we have used a recently published

computational model of neocortical-onset seizures (Liou et al.,

2020), validated with clinical data from epileptic patients, to

simulate the seizure dynamics. Briefly, the model consists of a

spatially homogeneous one-dimensional neural network consisting

of 500 excitatory and 500 inhibitory neurons. The membrane

potential, V , of each neuron is described by the following

conductance-based integrate-and-fire model:

C
dV

dt
= gL(EL − V)+

gE

fmax
(EE − V)+

gI

fmax
(ECl − V)

+
gK

fmax
(EK − V)+ Iapp. (1a)

Here, C is the membrane capacitance, and Iapp is the external

electrical current. The model considers four conductances: leaky

(gL), glutamatergic synaptic (gE), GABAergic synaptic (gI), and

slow after hyperpolarization sAHP (gK). fmax is a scaling term equal

to the maximum firing rate or the inverse of the refractory period.

Each conductance has a corresponding reversal potential EL, EE,

EI , and EK . The spike-times are stochastically determined based

on the instantaneous firing rate f = f0 exp
(V−φ

β

)

, where f0 is a

scaling parameter, φ is firing threshold, and β is the uncertainty of

an action potential threshold. Since the spike times are determined

by an inhomogeneous Poisson process, the model deviates slightly

from a typical integrate-and-firemodel. The probability of a neuron

firing increases as the instantaneous firing rate increases due an

increase in the membrane potential and a decrease in the firing

threshold. If a spike occurs, the membrane potential is set to the

average of 40 mV and the current membrane potential V(ti) at

ti, where ti is the time of a spike. After the spike, the membrane

potential is reset to V(ti+1) = V(ti)− 20 mV at ti+1. The dynamics

of the firing threshold φ that dictates the probability of a spike

occurring is governed by Eq. (1b).

τφ

dφ

dt
= φ0 − φ for t ∈ (ti−1, ti], (1b)

φ ← φ +1φ for t = ti. (1c)

Here, τφ is a time constant, φ0 is the baseline threshold. After the

spike at t = ti, φ is reset to φ(ti)+1φ . The excitatory and inhibitory

synaptic dynamics are captured by gE and gI , respectively [see Eq.

(1a)]. The conductance dynamics of the excitatory and inhibitory

synapses are governed by the exponential decay functions shown in

Eqs. (1d), (1e).

τsyn
dgE

dt
= −gE, (1d)

τsyn
dgI

dt
= −gI . (1e)

Here, τsyn is the time constant. If an excitatory or inhibitory neuron

spikes, then the weight of the synapse between the ith presynaptic

neuron and the jth post-synaptic neuron is added to the jth post-

synaptic neuron’s conductance
[

i.e., gj(ti) = gj(ti−1)+W(i, j)
]

.

Furthermore, the inhibitory GABAergic synaptic input reversal

potential is dependent on the chloride concentration gradient. The

gradient determines the reversal potential (ECl) of the GABAergic

synapse using the following Nernst equation:

ECl = −26.7[mV] log
[Clout]

[Clin]
, (1f)

where [Clout] and [Clin] are the external and internal chloride

concentration, respectively. The external chloride concentration
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is assumed to be constant and the internal chloride dynamics is

modeled using the following equation:

d[Clin]

dt
= −

ICl

VdF
−

[Clin,eq]− [Clin]

τCl
. (1g)

Here, the chloride current ICl is defined by ICl = gI(V − ECl),

Vd is the volume of distribution of [Clin], F is the Faraday

constant, and τCl is the time constant. The equilibrium intracellular

concentration of chloride is [Clin,eq]. Finally, the slow after-

hyperpolarization (sAHP) conductance dynamics gK is modeled

as

τK
dgK

dt
= −gK , (1h)

where τK is a time constant. If a spike occurs, then 1K
τK

is added to

gK just after the spike.We provide the parameters for Eqs. (1a)–(1h)

in Table 1.

2.2. Network synaptic connectivity

The synaptic connection between an excitatory and an

inhibitory neuron is modeled in a distance-dependent form. First,

the excitatory synaptic weights WEEi, j and WEI i, j are calculated

as the probability density function (pdf) of the normal distribution

with mean zero and standard deviation σE evaluated at a distance

|i − j|, where i and j are the indices of neurons forming a synapse

from the neuron i to neuron j. For this, we used the MATLAB

function “normpdf ". Then the weights are normalized such that the

sum of the synaptic weights for neuron i to all j neurons is one, and

the weights scaled byWEE
0 for excitatory to excitatory projections or

WEI
0 for excitatory to inhibitory projections. Thus, the strength of

the synpase from the excitatory neuron i to neuron jwith a distance

of |i− j| for excitatory to excitatory projections are described by Eq.

(2b) and excitatory to inhibitory projections are described by Eq.

(2d).

WEEi, j =
e−

1
2 (|i−j|/σE)

2

√

2πσ 2
E

, (2a)

W̄EEi, j =
WEE

0 WEEi, j
∑j

i=1 W
EEi, j

, (2b)

WEI i, j =
e−

1
2 (|i−j|/σE)

2

√

2πσ 2
E

, (2c)

W̄EI i, j =
WEI

0 WEI i, j
∑j

i=1 W
EI i, j

(2d)

The strength of inhibitory to inhibitory (W̄II i, j) and inhibitory

to excitatory (W̄IEi, j) synaptic connections are described in Eqs.

(3b), (3d), respectively. Similar to the excitatory projections, the

inhibitory projection weights (WII i, j and WIEi, j) are calculated

as pdf of the normal distribution with mean zero and standard

deviation σI evaluated at a distance of |i − j|, as described by

Eqs. (3a), (3c). The weights are normalized and scaled by WII
0 and

WIE
0 . There also exists a weak uniformly distributed synapse from

TABLE 1 Model parameters of spiking neurons (Liou et al., 2020) and

channelrhodopsin photocurrent parameters (Witt et al., 2013; Shewcraft

et al., 2020).

Neuron
parameters

Value Channelrhodopsin
photocurrent
parameters

Value

C 100 pF Winact 0.11

gL 4 nS τ
(1)
inact 9.06ms

EL −57mV dA 0.27

EE 0mV dB −0.05

EK −90mV dC −0.0126

f0 2 Hz τ
(0)
act 0.74 ms

β 1.5mV cact 12

τref 5ms kact 25

τsyn 15ms a0 1

τφ 100ms amin 0.4

φ0 −55mV W0.5 0.38

η 10−3 WChonos
light 0.0308

1φ −55mV WChrimson
light 0.0023

τCl 5000mS b0 0.16

Vd 0.2357 pL b1 0.013

[Cl]in,eq 6mM b2 0.027

[Cl]out 110mM τ
(2)
inact 59.6ms

τK 5000ms cinact 0.29

1K 40 nS kinact 2.4

σE 0.02 VChR2 0mV

σI 0.03 gChR2 294 nS

fmax 0.2 Hz τChronos
off 3.6ms

F 96500

C mol−1
τChrimson
off 15.8ms

τSTDP 15ms γ 1/6

WEE 104 nS WII 250 nS

WEI 100 nS WIE 250 nS

WI
U 50 nS

inhibitory neurons captured by adding WI
U/NI or W

I
U/NE to the

normalized weights.

WII i, j =
e−

1
2 (|i−j|/σI )

2

√

2πσ 2
I

, (3a)

W̄II i, j =
WII

0 W
II i, j

∑j
i=1 W

II i, j
+WI

U/NI , (3b)

WIEi, j =
e−

1
2 (|i−j|/σI )

2

√

2πσ 2
I

, (3c)

W̄IEi, j =
WIE

0 WIEi, j
∑j

i=1 W
IEi, j
+WI

U/NE, (3d)
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2.3. Spike-time dependent plasticity model

Based on the evidence of activity dependent plasticity observed

in projections from excitatory neuron, we have assumed that E-

to-E and E-to-I synapses in the neocortical model are plastic

throughout this work (Feldman, 2000; Lu et al., 2007; Sarihi

et al., 2008; Huang et al., 2013; Liou et al., 2020). Furthermore,

we have assumed that the change in the synaptic strength

is activity-dependent, and we modeled the changes in the

synaptic strength of both type of synapses using a Hebbian-

based spike-timing dependent plasticity (STDP) rule (Bi and

Poo, 1998; Song et al., 2000). Equation (4a)–(4e) describe the

STDP dynamics.

W
p
i,j(t +1t) =W

p
i,j(t)+1W

p
i,j(t), (4a)

1W
p
i,j(t) = −ηApost(t) at t = tpre, (4b)

1W
p
i,j(t) = ηApre(t) at t = tpost , (4c)

τSTDP
dApost

dt
= −Apost + A0

∑

tpost

δ(t − tpost), (4d)

τSTDP
dApre

dt
= −Apre + A0

∑

tpre

δ(t − tpre). (4e)

Here, W
p
i,j(t) represents the fractional change in the weight

(or strength) of a synapse connecting the jth presynaptic neuron

to the ith postsynaptic neuron. The synaptic weight fraction at

time t + 1t [i.e., W
p
i,j(t + 1t)] is updated by the change in

the synaptic weight (1W
p
i,j(t)), where 1t is the time difference

between the jth presynaptic (tpre) and ith postsynaptic (tpost)

neuron spike times, i.e., 1t = tpre − tpost [see Eq. (4a)]. The

synaptic weight of the synapse connecting the jth presynaptic

neuron to the ith postsynaptic neuron is determined by W
p
i,jW̄

EI
i,j

or W
p
i,jW̄

EE
i,j where the synaptic weight matrices W̄EI and W̄EE

are described in Eqs. (2b), (2d). The parameter η represents

the learning rate, i.e., the rate at which the synaptic weight is

updated each time. The contributions of the long-term potentiation

(LTP) and long-term depression (LTD) to the overall change in

the synaptic weight, depending on the time difference between

postsynaptic and presynaptic neuron spike-times, are modeled

using the functions Apost(t) and Apre(t), respectively [see Eqs.

(4d), (4e)]. The STDP time constant τSTDP defines the the STDP

spike time window (Song et al., 2000). At the time of the

postsynaptic neuron spiking (tpost ) or the presynaptic neuron

spiking at (tpre), Eqs. (4d), (4e) are updated by the Dirac-delta

functions δ(t − tpost) = 1 and δ(t − tpre) = 1, respectively.

Eq. (4a) updates the synaptic weight when either the presynaptic

neuron spikes, in which case the weight update in Eq. (4a) is

calculated according to Eq. (4b) (decrease in the weight), or

the postsynaptic neuron spikes, in which case the weight update

in Eq. (4a) is calculated according to Eq. (4c) (increase in the

weight). We provide the STDP parameters used in this paper

in Table 1.

2.4. Forced temporal spike-timing
stimulation

In this work, we will use our previously developed Forced

Temporal Spike-Timing Stimulation (FTSTS) strategy (Schmalz

and Kumar, 2019), which has shown to be effective in controlling

the synchronization of neurons in E-I networks by harnessing the

synaptic plasticity of the network. Briefly, our FTSTS protocol

consists of excitatory and inhibitory charge-balanced biphasic

stimulation pulses delivered to individual neurons in each of

the subpopulation. The positive portion of each individual

charge-balanced biphasic pulse of the FTSTS protocol forces the

neurons to fire, while the negative portion of the biphasic pulse

prevents neurons from firing. An example of the standard FTSTS

protocol is shown in Figure 1A. We showed in Schmalz and

Kumar (2019) that forcing the neurons in the excitatory and

inhibitory populations to fire in a postsynaptic (inhibitory) neuron

before presynaptic (excitatory) neuron firing pattern decreased

the excitatory-to-inhibitory synaptic weight. Additionally, if we

forced a presynaptic (excitatory) neuron to fire an action potential

before the postsynaptic (inhibitory) neuron, it increased the

excitatory-to-inhibitory synaptic weight. In order to induce one of

these firing patterns to increase or decrease the synaptic weight,

separate biphasic pulse trains were applied to the excitatory and

inhibitory neuron populations such that the biphasic pulse train

applied to the excitatory population was the exact inverse of

the biphasic pulse train applied to the inhibitory population.

For example, if the positive portion of the biphasic pulse is

applied to the excitatory neuron population, then the negative

portion of the biphasic pulse is applied to the inhibitory neuron

population, and vice versa when the negative portion of the

biphasic pulse is applied to the excitatory neuron population.

To induce a postsynaptic before presynaptic firing pattern to

decrease the synaptic weight that we call standard FTSTS, the

positive portion of the biphasic pulse is first applied to the

inhibitory population while the negative portion of the biphasic

pulse is applied to the excitatory population. Then, the negative

portion of the biphasic pulse to the inhibitory is applied while

the positive portion of the biphasic pulse is applied to the

excitatory neurons.

In order to fully consider the parameter space of the FTSTS

protocol in this work, we have modified our previously developed

FTSTS protocol as follows (see Figure 2). Particularly, we have

defined a FTSTS biphasic pulse based on its polarity. We say

that the FTSTS pulse has a polarity of +1 if the biphasic pulse

begins with the negative amplitude. Similarly, if a biphasic pulse

begins with the positive amplitude, we say that it has a polarity

of −1. Based on this definition, we have defined four FTSTS

protocols: (1) the standard FTSTS in which the neurons in the

excitatory population receive a biphasic stimulation pulse with

polarity of +1 (i.e., aE = +1) and the neurons in the inhibitory

population receive a biphasic stimulation pulse with polarity of

−1 (i.e., aI = −1); (2) the inverted-standard FTSTS protocol

in which the neurons in the excitatory population receive a

biphasic stimulation pulse with polarity of −1 (i.e., aE = −1)

and the neurons in the inhibitory population receive a biphasic

stimulation pulse with polarity of +1 (i.e., aI = +1); (3) the

mirrored FTSTS protocol in which the neurons in both the
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excitatory and inhibitory populations receive a biphasic stimulation

pulse with polarity of +1 (i.e., aE = aI = +1); and (4)

the inverted-mirrored FTSTS protocol in which the neurons in

both the excitatory and inhibitory populations receive a biphasic

stimulation pulse with polarity of −1 (i.e., aE = aI = −1). In

addition to the FTSTS pulse polarity as a parameter, we have also

considered the pulse amplitude, pulse width, inter-pulse interval

(or the stimulation frequency), and pulse-pair train-offset time

(1φ, which we defined as the time difference between the start

time of the inhibitory population pulse (t0I ) and the start time

of the excitatory population pulse (t0E) as shown in Eq. (5)) as

the parameters of the FTSTS protocol to be optimized. Figure 2

illustrates these parameters.

1φ = t0I − t0E (5)

2.5. Optogenetic FTSTS protocol

In section 3.9, we consider how to incorporate the FTSTS

into an optogenetic stimulation framework. To incorporate an

optogenetic-based stimulation in our FTSTS protocol, we modified

the dynamics of the neocortical-seizure model by incorporating

two different optogenetic channelrhodopsin ion channels, namely,

the channelrhodopsin Chronos into the excitatory neurons,

which selectively responds to blue light (460 nm), and the

channelrhodopsin Chrimson into the inhibitory neurons, which

selectively responds to red light (625 nm) (Klapoetke et al., 2014).

We modeled the channelrhodopsin light activated current using a

reduced model developed in Witt et al. (2013) and Shewcraft et al.

(2020). The channelrhodopsin dynamics induced by the optical

stimulation are shown in Eqs. (6a)–(7g). The channelrhodopsin

follows a simple exponential decay once the optical input is turned

off. In order to incorporate the optogenetic dynamics into the

neocortical-seizure model, the channelrhodopsin current (IChR2)

(see Eq. (6a)) is added to Eq. (1a). Equation (7a) defines the

conductance waveform FChR2, which is dependent on both the

intensity of the applied light (Wlight) and the duration the light is

applied (t − ton − d). Here, ton is the time the optical stimulation

is applied and d is a light dependent activation delay. τact and

τinact represent the activation and deactivation time constants.

The parameters of the light dependent delay variable d are dA,

dB, and dC [see Eq. (7b)]. The light intensity dependent variables

Aact , A
(1)
inact , A

(2)
inact , and Apersist modulate the open state of the

channelrhodopsin. Aact represents the light dependent activation

of the channelrhodopsin and is modeled using Eq. (7d). A
(1)
inact

and A
(2)
inact determine closing the rate of the channelrhodopsin

and are modeled using Eqs. (7e)–(7f). Finally, Apersist is the

persistent activation of the channelrhodopsin during a prolonged

optical stimulation is modeled using Eq. (7g). The activation and

deactivation parameters in Eqs.(7d)–(7f) are a0, amin, b0, b1, b2,

cinact , an kinact .

IChR2 = −gChR2FChR2(V − VChR2), (6a)

FChR2 = Aact

(

1− e
−

t−ton−d
τact

)(

Apersist + A
(1)
inacte

−
t−ton−d

τ
(1)
inact

+ A
(2)
inacte

−
t−ton−d

τ
(2)
inact

)

, (7a)

d = dA + dBWlight +
dC

Wlight
, (7b)

τact = τ
(0)
act + cacte

−kactWlight , (7c)

Aact = a0 +
amin − 1

1+
(

W0.5
Wlight

)2
, (7d)

A
(1)
inact = b0 +

b1

b2 + (Wlight −Winact)2
, (7e)

A
(2)
inact = cinacte

−kinactWlight , (7f)

Apersist = 1− A
(1)
inact − A

(2)
inact . (7g)

The exponential decay parameters were set as the

experimentally measured values for each channelrhodopsin

(Klapoetke et al., 2014). Additionally, the light needed to stimulate

the two different channelrhodopsin ion channels (i.e., WChronos
light

and WChrimson
light

) was determined from the literature, such that

there was no light interference (Klapoetke et al., 2014). The

channelrhodopsin parameters are listed in Table 1.

2.6. Numerical methods

All of the simulations were run on MATLAB R2019b, and the

differential equations were solved using Euler’s method with a step

size of 0.5 ms.

3. Results

3.1. Novel FTSTS reduces seizure
prevalence

We begin this section by showing simulation results from the

in silico seizure model (Liou et al., 2020) described in Section 2 to

illustrate the changes in the network synaptic strengths mediated

by the episodes of seizure. We initiated a seizure in the model

using a seizure initiating input of 200 pA applied for 3 sec to 50

neocortical excitatory neurons in the network of 500 excitatory (E)

and 500 inhibitory (I) neurons. Here, we chose an equal number of

excitatory and inhibitory neurons in a similar fashion to Liou et al.

(2020), since they demonstrated their model was able to capture key

biophysical characteristics of a neocortical seizure. Figure 3A shows

the raster plot of the emergence of three episodes of seizure.

The first episode of seizure propagated through the entire

network and terminated after 40 sec. After the initial episode

of seizure, spontaneous spiking activity was observed for

approximately 50 sec. Then, a second seizure spontaneously

emerged, which was followed by a third seizure. As the

seizure propagated throughout the network, the plastic synaptic

connections between the excitatory and inhibitory (E-to-I) neurons
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FIGURE 1

Forced temporal spike-time stimulation (FTSTS) parameters. The FTSTS pulse-pair parameters consist of amplitude (A), pulse width (W), inter-pulse

interval (T), and polarity (aE and aI). The four di�erent polarities are shown in (A) standard FTSTS, (B) mirrored FTSTS, (C) inverted-standard FTSTS, and

(D) inverted-mirrored FTSTS.

were rewired by the seizure-like activity. In particular, the average

E-to-I synaptic weight of the network increased during and

after each seizure episode (see Figure 3B). More importantly,

the seizure significantly modified the synaptic weights such that

the outward excitatory-to-inhibitory synaptic projections were

strengthened, and conversely, the inward excitatory-to-inhibitory

synaptic projections toward the seizure center were weakened

(see Figure 3F). The weakening of the inward synaptic projections

allows excitatory neurons to fire in a sequential pattern toward

the center of the network creating ictal discharges, which are

uninhibited by inhibitory neurons due to the reduced excitatory-

to-inhibitory synaptic strength.

Next, we applied our FTSTS protocol to this in silico seizure

model to investigate whether our protocol could suppress the

prevalence of spontaneous seizures (see Section 2.4 for the details

of the FTSTS protocol). After initiating a seizure in the model

by applying the seizure initiating input (200 pA applied for 3 sec

to 50 neocortical excitatory neurons), we applied the inverted-

standard FTSTS protocol (see Figures 4D, 1C) at the 10 sec mark

for 5 sec (see Table 2 for the FTSTS parameters). The inverted-

standard FTSTS protocol consists of the excitatory population

pulses having the polarity of −1 (i.e., the positive phase of the

biphasic pulse followed by the negative phase) and the inhibitory

population pulses having the polarity of 1 (i.e., the negative phase

of the biphasic pulse followed by the positive phase). In this setting,

the applied FTSTS protocol forces more neurons to fire in a

temporal pattern of presynaptic (excitatory) neurons before post-

synaptic (inhibitory) neurons. Thus, the stimulation protocol leads

to increase in the average E-to-I synaptic weight of the network

and reduces the chances of the spontaneous emergence of future

episodes of seizure.

As shown in Figure 3C, the inverted-standard FTSTS protocol

disrupted the synchronous spiking activity of neurons and

terminated not only the initiated seizure immediately but also the

future episodes of spontaneous seizure activity. Furthermore, this

protocol induced a fast increase in the average E-to-I synaptic

weight, as shown in Figure 3D. We note that the average E-to-I

synaptic weight also increased (although at a much slower rate) in

Figure 3B, but in that case, the E-to-I synapses projecting outward

were potentiated, and the E-to-I synaptic weights projecting

inward toward the seizure focal point were depressed. This created

conditions for fast inward ictal discharges that initiate spontaneous

seizures (see Figure 3F). In contrast, the applied FTSTS protocol

increased the strength of all the connections between the excitatory

neurons and inhibitory neurons, which is shown in Figure 3H in

the form of a heat map. This increase in the synaptic strengths

erased the pattern of the synaptic connections induced by the

seizure and thus reduced the predisposition of the neocortical

network to spontaneous seizures, as shown in Figure 3E. This

highlights the ability of the inverted-standard FTSTS protocol in

harnessing the E-to-I synaptic plasticity of the neocortical network

to suppress the prevalence of spontaneous seizures.
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FIGURE 2

The train-time o�set of the FTSTS pulse-pair. (A, C, E, G) Show examples of a train-o�set time of −1 ms for standard FTSTS, inverted-standard FTSTS,

mirrored FTSTS, and inverted-mirrored FTSTS, respectively. (B, D, F, H) Show examples of a train-o�set time of 1 ms for standard FTSTS,

inverted-standard FTSTS, mirrored FTSTS, and inverted-mirrored FTSTS, respectively.
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FIGURE 3

Propagation of the neocortical seizure through network. A seizure initiating input applied for 3 s (red-bar) to the in silico seizure model from Liou

et al. (2020) initiates a seizure. (A) Shows the propagation of the initial seizure and the emergence of a second seizure after the first seizure

terminates. (B) Shows the increase in the average excitatory to inhibitory (E-to-I) synaptic weight during each seizure event. (C) Shows the

suppression of neocortical seizure activity by our inverted-standard FTSTS protocol (green-bar). Our FTSTS protocol increased the average synaptic

weight (D) While it was applied. Then, we applied a second seizure input for 3 sec at 30 sec. (E) Shows that during the application of the second

seizure initiating input a new seizure starts to propagate. As soon as the second seizure input is turned o�, then the seizure stops propagating. (F)

Shows the percent change in the strength of E-to-I synaptic weight of each synapse at the end of the simulation (t = 150 sec). (G) Shows the

inverted-standard FTSTS stimulation protocol where the polarity of the biphasic pulse delivered to the excitatory population is aE = −1 and the

polarity of the biphasic pulse delivered to the inhibitory population is aI = 1. (H) Shows the percent change in the excitatory-to-inhibitory synaptic

weights at the end of the simulation [t = 150 sec in (A)].
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FIGURE 4

The standard FTSTS protocol enhances the prevalence of spontaneous seizures. A seizure initiating input applied for 3 sec (red-bar) to in silico

seizure model initiated a seizure that begins to propagate through the network. The standard FTSTS protocol was applied at 10 sec. (A) Shows that

the standard FTSTS protocol further enhanced the prevalence of spontaneous seizures. (B) The standard FTSTS protocol decreased the average

synaptic (B) while it was applied. (C) Shows the appearance of more episodes of seizure after the initial application of the standard FTSTS protocol.

(D) Shows the change in the average excitatory-to-inhibitory synaptic weight. (E) Shows the standard FTSTS stimulation protocol where the polarity

of the biphasic pulse delivered to the excitatory population is aE = 1 and the polarity of the biphasic pulse delivered to the inhibitory population is

aI = −1. (F) Shows the percent change in the excitatory-to-inhibitory synaptic weights at the end of the simulation [t = 150 sec in (A)].

3.2. Exact reverse of the inverted-standard
FTSTS enhances seizure prevalence

We applied the exact reverse of the inverted-standard FTSTS

protocol at the 10 sec mark for 5 sec after initiating the seizure

in the model, which we call standard FTSTS (see Figure 4D), to

the in silico seizure model to investigate whether our protocol

could enhance the prevalence of spontaneous seizures (see Section

2.4 for the details of the standard FTSTS protocol and Table 2

for the standard FTSTS parameters). Compared to the inverted-

standard FTSTS protocol, our standard FTSTS protocol consists of

the excitatory population pulses having the polarity of 1 (i.e., the

negative phase of the biphasic pulse followed by the positive phase)

and the inhibitory population pulses having the polarity of−1 (i.e.,

the positive phase of the biphasic pulse followed by the negative

phase). In this setting, the applied FTSTS protocol forces more

neurons to fire in a temporal pattern of post-synaptic (inhibitory)

neurons before presynaptic (excitatory) neurons. This leads to a

decrease in the average E-to-I synaptic weight of the network (see

Figure 4B), lowering the activation of the inhibitory neurons during

the seizure and increases the chances of the spontaneous emergence

of future episodes of seizure (Figure 4C).

In fact, after the FTSTS protocol, the duration of the initial

seizure was much longer and the second seizure was much larger

compared to the two small seizures observed in Figure 3A. The

final change in the average E-to-I synaptic weight at the end

of the simulation is shown in Figure 4F in the form of a heat

map. Again, the outward projecting synapses from E-to-I neurons

were potentiated, while synapses projecting inward were depressed

(similar to the case where the standard FTSTS protocol was not
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TABLE 2 FTSTS protocols and parameters.

FTSTS parameters Inverted-standard Standard Mirrored Inverted-mirrored

aE −1 1 1 −1

aI 1 −1 1 −1

Pulse waveform biphasic square biphasic square biphasic square biphasic square

Amplitude (nA) 2 2 2 2

Frequency (Hz) 83 83 83 83

Pulse width (ms) 1 1 1 1

Inter-pulse interval (ms) 10 10 10 10

Train-offset time (ms) 0 0 0 0

Duration (sec) 5 5 5 5

applied, see Figure 3C). This change in the neural synaptic weight

structure made the neocortical network prone to spontaneous

seizure in the future.

Clearly, the proposed inverted-standard and standard

FTSTS protocols can control the epileptic seizures effectively

by modulating the average E-to-I synaptic weight of the

neocortical network. Next, we systematically investigated

the effect of the FTSTS parameters on its efficacy in

suppressing/enhancing seizures.

3.3. E�ect of the pulse amplitude on the
FTSTS e�cacy

We considered four FTSTS protocols (see Table 2), which

we describe in detail in the Materials and Methods Section 2.4.

Briefly, we define our FTSTS pulse based on its polarity. We say

that the FTSTS pulse has a polarity of +1 if the biphasic pulse

begins with the negative amplitude. Similarly, if the biphasic pulse

begins with the positive amplitude, we say that it has a polarity

of −1. Based on this definition, we defined four FTSTS protocols:

(1) the standard FTSTS in which the neurons in the excitatory

population receive a biphasic stimulation pulse with polarity of+1

and the neurons in the inhibitory population receive a biphasic

stimulation pulse with polarity of −1; (2) the inverted-standard

FTSTS protocol in which the neurons in the excitatory population

receive a biphasic stimulation pulse with polarity of −1 and the

neurons in the inhibitory population receive a biphasic stimulation

pulse with polarity of+1; (3) themirrored FTSTS protocol in which

the neurons in both the excitatory and inhibitory populations

receive a biphasic stimulation pulse with polarity of +1; and (4)

the inverted-mirrored FTSTS protocol in which the neurons in

both the excitatory and inhibitory populations receive a biphasic

stimulation pulse with polarity of−1.

We initiated a seizure in the neocortical model using the

protocol described in the previous section (i.e., 200 pA applied

at 1 sec mark for 3 sec to 50 excitatory neurons). We applied

our four FTSTS protocols at the 10 sec mark for a duration

5 sec, where we kept the stimulation parameters same as those

given in Table 2 except the amplitude of the pulses. We varied

the amplitude of the FTSTS protocols between 1 nA and 2.5

nA. The efficacy of the applied FTSTS protocol was determined

in terms of the rate of change of the average E-to-I synaptic

weight in the neocortical-seizure model, which we define as the

difference in the average E-to-I synaptic weight before and after

the FTSTS protocol divided by the duration of the FTSTS protocol.

Figure 5 shows the rate of change in the average E-to-I synaptic

weight of the neocortical network for each corresponding FTSTS

protocol amplitude for the inverted-standard, standard, mirrored,

and inverted-mirrored.

As shown in Figure 5A, the standard FTSTS protocol led to

a negative rate of change in the average E-to-I synaptic strength

for all amplitudes greater than 1.25 nA. As we increased the pulse

amplitude, more neurons fired their action potentials in a temporal

pattern of post-before-pre which led to a larger negative rate of

change in the average E-to-I synaptic strength. Since the negative

rate of change in the average E-to-I synaptic strength correlates

positively with the increased prevalence of seizures, our simulation

result suggests that applying the standard FTSTS protocol at large

pulse amplitude will effectively increase the prevalence of epileptic

seizure (see Figure 5).

The inverted-standard FTSTS protocol led to an increasing

positive rate of change in the average E-to-I synaptic strength with

the amplitude (see Figure 5A). This increase in the average E-to-I

synaptic strength was saturated for amplitude greater than 2 nA.

Since the positive rate of change in the average E-to-I synaptic

strength positively correlates to the suppression of seizures, our

simulation result suggests that applying the inverted-standard

FTSTS protocol at large pulse amplitude will effectively decrease

the prevalence of epileptic seizure (see Figure 6).

Since the same pulse was applied to the excitatory and

inhibitory populations in mirrored FTSTS and mirrored-inverted

FTSTS protocols (see Table 2), there was no temporal difference

in the spike times induced by the FTSTS protocols. As a result, as

shown in Figure 5, both themirrored FTSTS protocol and inverted-

mirrored FTSTS protocol failed to induce any changes in the

average E-to-I synaptic weight of the neocortical network (shown

in terms of the rate of change in the average E-to-I synaptic weight).

In conclusion, our results show that the standard FTSTS

protocol and the inverted-standard FTSTS protocol at a

higher amplitude and in the absence of the train-offset

time are most effective in increasing and suppressing the

prevalence of epileptic seizures, respectively, in this in silico

seizure model.

Frontiers inComputationalNeuroscience 10 frontiersin.org

https://doi.org/10.3389/fncom.2023.1084080
https://www.frontiersin.org/journals/computational-neuroscience
https://www.frontiersin.org


Schmalz et al. 10.3389/fncom.2023.1084080

FIGURE 5

E�ect of the pulse amplitude on the e�cacy of FTSTS protocols.

The amplitude of the FTSTS protocol was varied from 1 nA to 2.5 nA.

In (A), we measured the induced change in the average synaptic

weight at each pulse amplitude with a standard FTSTS polarity

where aE = 1 & aI = −1 (black-square), inverted-standard FTSTS

polarity where aE = −1 & aI = 1 (red-circle), mirrored FTSTS polarity

where aE = 1 & aI = 1 (blue-triangle), and inverted-mirrored FTSTS

polarity where aE = −1 & aI = −1 (greed-diamond). The standard

FTSTS protocol was applied for 5 sec at t = 10 sec with an

amplitude of 1.5 nA (B), 2 nA (C), and 3 nA (D).

3.4. Simultaneous e�ect of the train-o�set
time and amplitude on the FTSTS e�cacy

We varied the train-offset time of the FTSTS protocol (defined

as the time difference between the start time of the inhibitory

population pulse and the start time of the excitatory population

pulse, also see Figure 2 in Section 2) at various pulse amplitudes for

each of the four FTSTS protocols (i.e., inverted-standard, standard,

mirrored, and inverted-mirrored). Similar to previous sections, we

induced a seizure in the model by applying the seizure initiating

input current (200 pA applied at 1 secmark for 3 sec to 50 excitatory

neurons) and applied the FTSTS protocols to the model at the 10

s mark for a duration of 5 sec. For all four FTSTS protocol, we

kept the stimulation parameters same as given in Table 2 except we

varied the pulse amplitude between 1 nA and 2.5 nA and the train-

offset time between 0 ms and 12 ms. We noted that the train-offset

time completes a cycle every 12ms for the specified pulse width and

inter-pulse interval, such that the excitatory and inhibitory pulses

were in the same position relative to each other again. Thus, a train-

offset time of 0 ms is equal to a train-offset time of 12 ms and a

train-offset time of −1 ms is equal to a train-offset time of 11 ms.

This allowed us to construct a surface plot of the full train-offset

cycle vs pulse amplitude for each pulse-pair polarity.

Figure 7A shows a surface plot displaying the effect of the pulse

amplitude versus train-offset time on the rate of change in the

average E-to-I synaptic weight (i.e., the efficacy of the protocol).

As shown in this figure, the standard FTSTS protocol with a train-

offset time of 0.5 ms or −11.5 ms led to the maximum decrease in

the average E-to-I synaptic weight over the span of the considered

amplitude parameters with a higher amplitude producing a larger

decrease. A train-offset time of 0.5 ms (or −11.5 ms) for the

standard FTSTS polarity occurred when the positive portion of

the inhibitory population pulse began 0.5 ms before the positive

portion of the excitatory population pulse. The optimal train-offset

times at other amplitudes to decrease the average synaptic weight is

shown in Figure 7E.

Based on the above result of the optimal train-offset time

to decrease the average E-to-I synaptic weight, one would have

expected the optimal train-offset for increasing the average E-to-I

synaptic weight to be the reverse order. This would correspond to

the positive portion of the excitatory population pulse arriving 0.5

ms before the positive portion of the inhibitory population pulse.

Due to the asymmetrical nature of the standard FTSTS protocol

(see Figure 4E), this would correspond to the train-offset time of

1.5 ms (−10.5 ms). However, we did not observe this optimal

train-offset time in our simulations. We observed that the optimal

train-offset time to increase the average E-to-I synaptic weight

was 2 ms (−10 ms) with a larger amplitude producing greater

increase (other optimal train-offset times at various amplitudes are

shown Figure 7F). A possible reason for this deviation was that

we defined the positive polarity (+1) of the biphasic pulse as the

stimulating pulse starting with the negative portion of the biphasic

pulse, which is then followed by the positive portion. Therefore, the

positive portion of the excitatory population pulse must overcome

the inhibition of the excitatory neuron population by the negative

portion of the pulse, which resulted in a slower response of the

excitatory neurons. This required the inhibitory neurons to be

stimulated a little later to achieve a more favorable temporal spike-

time pattern between the excitatory and inhibitory populations.

Since the inhibitory population pulse had a negative polarity (−1),

the positive portion of the pulse led the negative portion. Therefore,

the positive portion of the biphasic pulse did not have to overcome

any inhibition of the neuron population by its negative counterpart.

While our investigation of the amplitude and train-offset time

parameter space highlighted the optimal amplitude and train-offset
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FIGURE 6

The increase in the pulse amplitude of the inverted-standard FTSTS

protocol suppresses the prevalence of spontaneous seizures in the

in silico seizure model. The inverted-standard FTSTS protocol was

applied for 5 sec at t = 10 sec with an amplitude of 1 nA (A), 1.25 nA

(B), and 2 nA (C).

parameters to decrease or increase the average E-to-I synaptic

weight of the network, it also highlighted the importance of the

FTSTS pulse polarity.

Figure 7C shows a surface plot displaying the effect of the

pulse pair train-offset time and pulse amplitude of the inverted-

standard FTSTS protocol on the rate of change in the average

E-to-I synaptic weight of the neocortical network. For all train-

offset times, the magnitude of the efficacy of the inverted-standard

FTSTS protocol increased with the pulse amplitude. As shown in

Figure 7C, themost effective train offset time to increase the average

E-to-I synaptic weight was −0.5 ms (11.5 ms) and to decrease

the average E-to-I synaptic weight was −2 ms (10 ms). Similar

to the standard FTSTS protocol, we observed asymmetry in the

optimal train-offset time for the inverted-standard FTSTS protocol.

Since the pulses delivered to the inhibitory population led with

the negative portion of the biphasic pulse, the positive portion of

the biphasic pulse must overcome this initial inhibition caused by

the negative portion of the pulse. Since the inhibitory population

is required to fire before the excitatory population, the train-offset

timemust increase to accommodate for the delay in the spike times.

Figures 7B, D show the surface plots displaying the efficacy of

the mirrored and inverted-mirrored FTSTS protocols, respectively,

at various train-offset time and pulse amplitudes. As noted in

these figures, the magnitude of the efficacy of the FTSTS protocol

increased with the pulse amplitude. We found that the most

effective train-offset time to increase the average E-to-I synaptic

weight was 1 and 0.5 ms (−11 and −11.5 ms) for mirrored and

inverted mirrored, respectively. While the most effective train-

offset time was 11.5 ms (−0.5 ms) to decrease the average E-to-

I synaptic weight for both protocols. Unlike the standard FTSTS

protocol and the inverted-standard FTSTS protocol, we found that

the optimal train-offset time was almost symmetric in these cases.

Since themirrored FTSTS protocol ends with the excitatory portion

of the biphasic pulse, the excitatory neurons continue to fire during

the inter-pulse interval. This shifts the optimal train-offset time

slightly to −1 ms to increase the synaptic weight and reduced the

efficacy. In the case of the inverted mirrored FTSTS protocol, it

ends with the inhibitory portion of the FTSTS protocol, which

stops the neuronal firing. This creates the symmetric train offset

times of −0.5 and 0.5 ms to increase and decrease the average

synaptic weight respectively.We further observed that the inverted-

mirrored FTSTS protocol was more effective in modulating the

average E-to-I synaptic weight compared to the mirrored FTSTS

protocol.

In conclusion, our simulation results highlight the train-

offset time as a critical FTSTS parameter to be optimized

to achieve optimal efficacy of the applied FTSTS protocol in

decreasing/increasing the prevalence of epileptic seizures in an in

silico seizure model.

3.5. Simultaneous e�ect of the pulse
frequency and the train-o�set time on the
FTSTS e�cacy

In this section, we investigated how the FTSTS pulse frequency

and the pulse pair train-offset time of the delivered FTSTS pulses

simultaneously affect the efficacy of the four FTSTS protocols in

modulating the average E-to-I synaptic weight of the neocortical

network in the in silico seizure model. Similar to previous sections,

we induced a seizure in the model by applying the seizure initiating

input current (200 pA applied at 1 secmark for 3 sec to 50 excitatory

neurons) and applied the FTSTS protocols to the model at the 10

sec mark for a duration of 5 sec. For all four FTSTS protocol, we

kept the stimulation parameters the same as those given in Table 2

except we varied the pulse frequency and the train-offset time.

Specifically, we considered seven different stimulation frequency

(143 Hz, 83 Hz, 45 Hz, 31 Hz, 24 Hz, 19 Hz, and 9.8 Hz) and varied

the train-offset time between−3.5 and 3.5 ms.

Figure 8A shows our simulation results in the form of a

surface plot displaying the efficacy of the standard FTSTS protocol,

measured in the form of the rate of change in the average E-

to-I synaptic weight, at various stimulation frequency and the

pulse pair train-offset time. As shown in this figure, the efficacy

of the standard FTSTS protocol enhanced with the increase in the

stimulation frequency for all train-offset time with an exception at

143 Hz. Particularly, when we increased the stimulation frequency

from 83 Hz to 143 Hz in our simulation, the efficacy of the

standard FTSTS protocol decreased at high values of the train-offset

time. A potential explanation for this observation is as follows.

The highest frequency that we considered was 143 Hz, which

corresponds to a inter-pulse interval of 5 ms. This short inter-pulse

interval not only forced the presynaptic (excitatory) neurons before
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FIGURE 7

E�ects of the train-o�set time and amplitude on the e�cacy of the FTSTS protocols in suppressing or enhancing the prevalence of epileptic seizure.

The e�cacy of the FTSTS was measured for various amplitudes and phase di�erences. The change in the average synaptic weight from the 5 sec

application of the FTSTS protocol during a seizure. The e�ect of the amplitude and phase di�erence of the FTSTS protocol for the four possible

polarities (A) the standard FTSTS polarity (aE = 1 and aI = −1), (B) mirrored FTSTS polarity (aE = 1 and aI = 1), (C) inverted standard FTSTS polarity

(aE = −1 and aI = 1), and (D) inverted mirrored FTSTS polarity (aE = −1 and aI = −1) on FTSTS e�cacy were considered. (E, F) Show the optimal

train-o�set time at each stimulation amplitude to decrease or increase the average synaptic weight, respectively.

the postsynaptic (inhibitory) neurons but also the postsynaptic

(inhibitory) neurons before the presynaptic (excitatory) neurons

with spike time differences that were within the timescale of the

Hebbian STDP. For example, consider the case of the standard

FTSTS protocol with a train-offset time of 0 ms and an inter-

pulse interval of 5 ms (i.e., 143 Hz) in Figure 8A. This protocol not

only induces a pre-post firing with a pre-post spike time difference

of 1 ms in the neocortical network but also induces a post-pre

Frontiers inComputationalNeuroscience 13 frontiersin.org

https://doi.org/10.3389/fncom.2023.1084080
https://www.frontiersin.org/journals/computational-neuroscience
https://www.frontiersin.org


Schmalz et al. 10.3389/fncom.2023.1084080

FIGURE 8

E�ects of the pulse frequency and train-o�set time on the FTSTS protocols in suppressing or enhancing the prevalence of epileptic seizure. We

measured the e�cacy of the FTSTS protocol at di�erent frequencies, train-o�set times, and polarity pairs. The e�cacy was measured as the rate of

change in the average synaptic weight over the 5 second interval the FTSTS was applied for the (A) standard (aE = 1 and aI = −1), (B) mirrored (aE = 1

and aI = 1), (C) inverted standard (aE = −1 and aI = 1), and (D) inverted mirrored (aE = −1 and aI = −1) FTSTS protocols. (E, F) Show the optimal

train-o�set time at each stimulation frequency to decrease or increase the average synaptic weight, respectively.

firing with a post-pre spike time difference of 5 ms. This closeness

of the spike time difference in both pre-post and post-pre firings

counteracted the change mediated by the Hebbian STDP (timescale

of 15 ms) in the E-to-I synaptic weights and reduced the protocol’s

efficacy in increasing or decreasing the average E-to-I synaptic

weight of the neocortical network. This highlights that both the

lower and higher frequencies are less efficient.

For the standard FTSTS protocol, we found that the optimal

frequency was 83 Hz, which balanced the increased efficacy from

more desired forced spike time difference (post-pre firing) and

decreased efficacy from the undesired forced spike time difference

(pre-post firing) at higher frequencies. Particularly, we found that

the optimal stimulation frequency and train-offset time for the

standard FTSTS polarity to increase the average E-to-I synaptic

weight was 143 Hz and 1.5 ms, respectively. Additionally, the

optimal stimulation frequency and train-offset time to decrease the

average E-to-I synaptic weight was 83 Hz and 0.5 ms, respectively.

Figures 8E, F shows the optimal train-offset time at each pulse

frequency. Although the inherent seizure frequency in the in silico

seizure model was in the Theta range (5–7 Hz), we found that the

Frontiers inComputationalNeuroscience 14 frontiersin.org

https://doi.org/10.3389/fncom.2023.1084080
https://www.frontiersin.org/journals/computational-neuroscience
https://www.frontiersin.org


Schmalz et al. 10.3389/fncom.2023.1084080

optimal FTSTS frequency was independent of the inherent seizure

frequency and suppressed the LFP power in all frequency ranges

(not shown here).

Next, we examined the effect of the frequency and the train-

offset time on the efficacy of the inverted-standard FTSTS protocol.

Figure 8C shows the average E-to-I synaptic weight change at

different frequency and train-offset times for the inverted-standard

FTSTS polarity. The efficacy of the FTSTS protocol increased with

the frequency of stimulation except at the highest two frequencies.

At these frequencies, the efficacy decreased for all train-offset values

when the frequency was increase from 83 Hz to 143 Hz. Again, this

is due to the undesired forced spike-times counteracting the desired

forced spike-time difference at the shorter inter-pulse interval (i.e,

higher frequency). The optimal stimulation frequency and train-

offset time for the inverted-standard FTSTS polarity to increase the

average E-to-I synaptic weight was 83 Hz and−0.5ms, respectively.

Furthermore, the optimal stimulation frequency and train-offset

time to decrease the average E-to-I synaptic weight was 83 Hz and

−2ms, respectively.

Then, we analyzed the effect of frequency and train-offset

time on the efficacy of the mirrored FTSTS protocol. Figure 8B

shows that the efficacy of the FTSTS protocol increases with the

frequency except for the two highest frequencies. We observed

a decrease in the average E-to-I synaptic weight rate change

when the frequency was increased from 83 Hz to 143 Hz for

all train-offset times except 0.5 ms. This corresponds to the

positive portion of the inhibitory biphasic pulse arriving half

of a millisecond before and after the positive portion of the

excitatory biphasic pulse. We observed the same trend for the

standard FTSTS polarity. The general decrease in the efficacy of

the FTSTS protocol going from a stimulation frequency of 83 Hz

to 143 Hz was from the undesired forced spike-time difference

between the two neuron populations counteracting the desired

forced spike-time difference at the higher frequency. An exception

to this trend occurred when the difference between desired and

undesired forced spike-times of the two neuron populations was

the smallest (0.5 ms). The optimal stimulation frequency and

train-offset time for the mirrored FTSTS polarity to increase

the average E-to-I synaptic weight was 143 Hz and 0.5 ms.

Additionally, the optimal stimulation frequency and train-offset

time to decrease the average E-to-I synaptic weight was 83 Hz and

−0.5ms.

Finally, we considered the effect of frequency and train-offset

time on the efficacy of the inverted-mirrored FTSTS protocol.

This is shown in Figure 8D. The magnitude of the average E-

to-I synaptic weight rate change (efficacy) increased with the

stimulation frequency up to a frequency of 83 Hz. We observed

when the frequency was increased from 83Hz to 142Hz the efficacy

decreased for all train-offset times. Similar to the other three

polarities, this occurred due to the induced undesired forced spike-

times counteracting the desired forced spike-time difference at the

shorter inter-pulse interval (higher frequency). For the inverted-

mirrored FTSTS protocol, the stimulation frequency and train-

offset time to increase the average synaptic weight was 83 Hz and

0.5 ms. Additionally, the optimal stimulation frequency and train-

offset time to decrease the average synaptic weight was 83 Hz and

−0.5ms.

In conclusion, our simulation results show that n general an

increase in the stimulation frequency increased the efficacy except

at the highest frequency. Additionally, at the highest frequency

there were less deviations from this trend with the inverted

polarities. Clearly, this established the optimal polarity of the

excitatory population biphasic pulse as aE = −1. A possible reason

for this observation is the negative polarity begins with the positive

portion of the biphasic pulse. Therefore, the pulse can more quickly

force the neurons in the excitatory population to fire, since it is not

required to overcome any inhibition from the negative portion of

the biphasic pulse. These results highlight the importance of the

ability of FTSTS to force the neurons to fire during the positive

portion of the biphasic pulse and follow the targeted spike-time

pattern. Therefore, optimizing the remaining FTSTS parameter,

pulse width, may further increase the efficacy of the protocol.

3.6. Simultaneous e�ect of the pulse width
and the train-o�set time on the FTSTS
e�cacy

In this section, we present our results on the simultaneous effect

of the pulse width and the pulse pair train-offset time on the efficacy

of all four FTSTS protocols in suppressing or enhancing the seizure

prevalence. Similar to previous sections, we induced a seizure in

the model by applying the seizure initiating input current (200 pA

applied at 1 sec mark for 3 sec to 50 excitatory neurons) and applied

the FTSTS protocols to the model at the 10 sec mark for a duration

of 5 sec. For our investigation, we considered the pulse width values

between 1 ms and 5 ms and the train-offset time between −10 ms

to 10 ms. All other stimulation parameters were same as given in

Table 2.

We first considered the standard FTSTS protocol and

investigated the effect of the pulse width at different train-offset

time on the efficacy of this protocol in modulating the average E-

to-I synaptic weight of the neocortical network. Figure 9A shows

the simultaneous effect of the pulse width and the train-offset time

on the efficacy of the standard FTSTS protocol in decreasing the

average E-to-I synaptic weight. In general, the optimal train-offset

time to decrease the average E-to-I synaptic weight occurred at W

ms, where W is the pulse width, which can be seen in Figure 9E

of the optimal train-offset times for each pulse width. This timing

attempted to force the inhibitory neurons to fire immediately before

the excitatory neurons by delivering the positive portion of the

biphasic pulse to the inhibitory population before the positive

portion of the pulse delivered to the excitatory population. The

exception to this general train-offset timing pattern occurred at

pulse widths less than 1 ms. For a pulse width of 1 ms, the optimal

train-offset time occurred at 0.5ms.

Then, we examined the efficacy of the parameters pulse width

and train-offset of the inverted-standard FTSTS polarity. The

optimal train-offset time at each pulse width to increase or decrease

the average E-to-I synaptic weight is shown in Figure 9C as the

peak or trough, respectively. The efficiency of the inverted-standard

FTSTS protocol decreased with the pulse width for both increasing

and decreasing the average E-to-I synaptic weight. The trend of
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FIGURE 9

E�ects of the pulse width and train-o�set time on the FTSTS protocols in suppressing or enhancing the prevalence of epileptic seizure. We measured

the e�cacy of the FTSTS protocol at di�erent pulse widths, train-o�set times, and polarity pairs. The e�cacy was measured as the rate of change in

the average synaptic weight over the 5 second interval the FTSTS was applied for the (A) standard (aE = 1 and aI = −1), (B) mirrored (aE = 1 and

aI = 1), (C) inverted-standard (aE = −1 and aI = 1), and (D) inverted-mirrored (aE = −1 and aI = −1) FTSTS protocols. (E, F) Show the optimal

train-o�set time at each pulse width to decrease or increase the average synaptic weight, respectively.

the optimal train-offset time for each pulse width to increase the

average E-to-I synaptic weight is −W + 0.5 ms, where W is the

pulse width. This resulted in the positive portion of the biphasic

pulses delivered to the excitatory population arriving 0.5ms before

the positive portion delivered to the inhibitory population. Due to

the opposite polarities of the pulses delivered to each population,

the negative portion of the biphasic pulse arrived before the positive

portion of the pulse. This prevented the inhibitory neurons from

firing before the excitatory neurons. Additionally, the negative

portion of the biphasic pulse delivered to the excitatory population

arrived mostly after positive portion was delivered to the inhibitory

population, which prevented the excitatory neurons from firing

after the inhibitory neurons. The optimal train-offset time to

decrease the average E-to-I synaptic weight followed a general trend

of −W − 1 ms for a pulse width less than 4 ms and a trend of

−W − 1.5 ms for pulse widths greater than or equal to 4 ms. For

pulse widths less than 4 ms, the positive portion of the biphasic

pulse delivered to the inhibitory population arrived 1 ms prior

to the positive portion delivered to the excitatory population. As

the pulse width increased, the optimal train-offset time decreased
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to −W − 1.5 ms. This may result from the increased inhibition

of the inhibitory neurons by the negative portion of the biphasic

pulse as the pulse width increased, which the positive portion of

the biphasic must overcome to force the inhibitory neurons to fire.

Therefore, the inhibitory neurons responded slower and required a

larger gap between when the excitatory and inhibitory neurons are

stimulated to ensure that most of the inhibitory neurons fire before

the excitatory neurons.

Next, we determined the efficacy of the pulse width and train-

offset time on the efficacy of the mirrored FTSTS polarity. The

symmetric polarities result in optimal train-offset times to increase

or decrease the average E-to-I synaptic weight that were the same

across all pulse widths as shown in Figure 9B. The optimal train-

offset time to increase the average E-to-I synaptic weight for all

pulse widths was 1 ms. This resulted in the positive portion of the

biphasic pulse delivered to the excitatory neurons arriving 1 ms

before the positive portion delivered to the inhibitory population.

Due to the symmetry of the polarity, the neurons consistently

respond to the positive portion of the pulse train in both of the

neuron populations. The optimal pulse width and train-offset time

to increase the average E-to-I synaptic weight was 2 ms and 1 ms,

respectively. Additionally, the best train-offset time for all pulse

widths to decrease the average E-to-I synaptic weight was−0.5ms.

Therefore, the positive portion of the biphasic pulse delivered to the

inhibitory population arrived 0.5 ms before the portion delivered

to the excitatory neurons. Again, the symmetry of the polarities

ensured the neurons in both of the populations responded on the

same timescale. The optimal pulse width and train-offset time to

decrease the average E-to-I synaptic weight of the network was 2

ms and−0.5ms, respectively.

Finally, we analyzed how the pulse width and train-offset

time parameters influenced the efficacy of the inverted-mirrored

FTSTS protocol. The surface plot of the change in average E-to-I

synaptic weight for the different parameter combinations of pulse

width and train-offset time is shown in Figure 9D. The efficacy

of the inverted FTSTS protocol decreased with pulse width for

both increasing and decreasing the average E-to-I synaptic weight.

For pulse widths between 1 ms and 3 ms, the optimal train-

offset time was 0.5 ms. The symmetric polarities results in the

positive portion of the biphasic pulse delivered to the excitatory

population arriving 0.5 ms before the positive portion delivered to

the inhibitory population. Also, the negative portion following the

positive portion of the biphasic pulse prevented unwanted neuron

firing in both populations after forcing the neurons to fire. At the

longer pulse widths considered, the train-offset times for a pulse

width of 4 ms and 5 ms was 3.5 ms and 3 ms, respectively. These

train-offset times result in a majority of the positive portion of the

biphasic pulse delivered to the excitatory population arriving before

the positive portion delivered to the inhibitory population. This

may be due to the longer pulse width forcing unwanted firing when

the positive portions of the the biphasic pulse overlapped, which

occurred less at shorter pulse widths due to the 2 ms refractory

period. The optimal train-offset times to decrease the average E-to-

I synaptic weight was −0.5 ms for all pulse widths. This resulted in

the positive portion of the biphasic pulse delivered to the inhibitory

population arriving 0.5 ms before the positive portion delivered to

the inhibitory population for all pulse widths. Due to the inhibitory

input to the excitatory neurons resulting from the forcing the

inhibitory neurons to fire, there was less unwanted firing when the

positive portions of the biphasic pulses delivered to each population

overlapped. Additionally, the negative portion of the biphasic pulse

prevented unwanted firing in both populations, after forcing the

neurons of the opposite population to fire. The optimal train-offset

time and pulse width to decrease the average E-to-I synaptic weight

was−0.5ms and 1ms, respectively.

In conclusion, our simulation results show a linear relationship

between the optimal train-offset time and the FTSTS pulse width in

increasing or decreasing the average E-to-I synaptic weight in the

neocortical epileptic computational model for all FTSTS protocols

except themirrored FTSTS protocol. This can be seen in Figures 9E,

F showing the optimal train-offset time at each pulse width.

3.7. E�cacy of inverted-standard FTSTS
protocol in partially inseparable E-I
population

One potential limitation of testing our designed FTSTS

protocol in animal experiments is that our electrical FTSTS

protocol, described in the previous sections, requires spatially

separable targeted excitatory and inhibitory populations. To

address this issue, in this section, we investigated whether our

inverted-standard FTSTS protocol can efficiently suppress the

prevalence of spontaneous seizures in the in silico seizure model

when a fraction of the excitatory and inhibitory neurons receives

both the excitatory and inhibitory FTSTS pulses. We varied the

percentage of neurons in each population that receives excitatory

and inhibitory FTSTS pulses from 0% to 80%. Here, 0% means

that excitatory neurons only receive excitatory FTSTS pulses

and inhibitory neurons only receive inhibitory FTSTS pulses. In

contrast, 80% means that 80% of randomly selected excitatory

neurons also receive inhibitory FTSTS pulses, and 80% of the

randomly selected inhibitory neurons also receive excitatory FTSTS

pulses. In each case, we induced a seizure and applied the inverted-

standard FTSTS protocol using the same protocols described in

previous sections. All other stimulation parameters were the same

as those given in Table 2 for the inverted-standard FTSTS protocol.

Our simulation results shown in Figure 10 indicate that our

inverted-standard FTSTS protocol can increase the average E-to-

I synaptic weight and thus suppress the prevalence of spontaneous

seizures for the stimulation overlap up of up to 60%with a decaying

efficacy. For the scenario with 80% overlap, the inverted-standard

FTSTS protocol failed to prevent a seizure, which can be seen

in the steady increase of the average synaptic weight at 70 sec

(blue line). In conclusion, our simulation results show that if

there exists a moderate level of inseparability in the excitatory and

inhibitory neurons in an E-I population, our inverted-standard

FTSTS protocol will still be able to control the synaptic weight and

prevent a seizure in the in silico seizure model.

3.8. Optimal FTSTS protocol for
suppressing/enhancing seizure

After systematically analyzing the FTSTS pulse design

parameters on the efficacy of 4 different FTSTS protocols in

modulating the average E-to-I synaptic weight of the neocortical
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FIGURE 10

E�cacy of the inverted-standard FTSTS protocol in suppressing the

prevalence of epileptic seizures where E-I population is partially

separable. We applied our inverted-standard FTSTS protocol with

parameters listed in Table 2 with 0% (black line), 20% (green line),

40% (red line), 60% (cyan line), and 80% (blue line) overlap of both

the excitatory and inhibitory neuron population.

network in the previous sections, we investigated the optimal

FTSTS protocol and corresponding pulse design parameters in this

section. In particular, we found that the inverted-standard FTSTS

protocol with biphasic pulses consisting of a inter-pulse interval of

10 ms (or equivalently the stimulation frequency of 83 Hz), a pulse

width of 1 ms, a train-offset time of −0.5 ms, and an amplitude

of 2 nA is optimal to increase the average E-to-I synaptic weight

of the neocortical network. It should be noted here that the rate

of change in the average synaptic weight to increase the average

E-to-I synaptic weight plateaued at amplitudes greater than 2 nA

(see Figure 5 in Section 3.3). Moreover, we found that the same

protocol (i.e., the inverted-standard FTSTS protocol) with biphasic

pulses consisting of a pulse interval of 10 ms (or equivalently

the stimulation frequency of 83 Hz), a pulse width of 1 ms, a

train-offset time of −2 ms, and an amplitude greater than 2 nA is

most effective in decreasing the average E-to-I synaptic weight of

the neocortical-seizure model.

To demonstrate the efficacy of the optimal FTSTS protocol

in suppressing and enhancing the seizure prevalence, we applied

these protocols to the neocortical-seizure model at the 10 sec mark

for 5 sec. Figure 11A shows our simulation results for the applied

inverted-standard protocol to increase the average E-to-I synaptic

weight of the neocortical network. As shown in this figure, the

optimal FTSTS protocol terminated the initial seizure induced by a

seizure-like input in the neocortical network immediately after the

applied duration of the FTSTS protocol. Additionally, we did not

observe the emergence of any spontaneous seizure over the period

of 150 sec, and due to the increased E-I, a spontaneous seizure

shouldn’t emerged after 150 sec. Figure 11B shows the increase

in the average E-to-I synaptic weight of the neocortical network

induced by the FTSTS protocol.

Figure 11C shows our simulation results for the optimal

inverted-standard protocol to decrease the average E-to-I synaptic

weight of the neocortical network. As shown in this figure, the

optimal FTSTS protocol terminated the initial seizure induced

by a seizure-like input in the neocortical network immediately

after the applied duration of the FTSTS protocol. Shortly after the

termination of the first episode of seizure, the changes in the E-to-I

synaptic weights induced by the applied FTSTS protocol led to the

emergence of full network seizures, which continued spontaneously

throughout the simulation. Figure 11D shows the decrease in the

average E-to-I synaptic weight of the neocortical network induced

by the applied FTSTS protocol. As shown here, the average E-to-

I synaptic weight decreased by 30 nS immediately after the FTSTS

protocol. Figures 11E, F show the percentage change in the synaptic

strength between the excitatory and inhibitory neurons by the

optimal inverted-standard FTSTS protocol during the suppression

and enhancement of the prevalence of the epileptic seizures,

respectively.

3.9. Extension of electrical FTSTS protocol
to optogenetics

From the perspective of testing our designed FTSTS protocol

in animal experiments, one of the potential limitations is that

our electrical FTSTS protocol, described in the previous sections,

requires spatially separable targeted excitatory and inhibitory

populations. Although we addressed this limitation in the previous

section by showing how our protocol can be applied to partially

inseparable E-I networks, it may still be a limiting factor in many

brain regions including the neocortex. To address this issue and to

enable use of the FTSTS protocol in more realistic and practically

realizable scenarios, in this section, we extend our electrical FTSTS

protocol to an optogenetic-based FTSTS protocol (see Section 2.5,

and Figure 12A for details).

To test the efficacy of the optogenetic stimulation in the in

silico seizure model, we initiated a seizure with a seizure initiating

input applied for 3 sec shown as the red-square in Figure 12B.

Then, we applied the optogenetic FTSTS protocol at 10 sec for a

10 sec duration. The optogenetic FTSTS was less efficient than the

electrical stimulation with the biphasic pulse trains so the protocol

required a 10 sec stimulation duration to increase the average

synaptic weight by at least 15 nS, which is shown in Figure 12C.

After the optogenetic FTSTS, we did not observe any spontaneous

seizures for the rest of the simulation (see Figure 12B). Therefore,

the integration of optogenetic techniques into our FTSTS protocol

was able to overcome the spatial constraints of the FTSTS protocol

in the neocortex and to prevent the emergence of spontaneous

seizures.

After showing that the integration of the optogenetic technique

into our FTSTS protocol was able to increase the average

synaptic weight of the network, we examined whether the

optogenetic FTSTS protocol would be able to decrease the

average E-to-I synaptic weight of the network and increase the

prevalence of spontaneous seizures, as well. Since the Chrimson

channelrhodopsin dynamics were much slower than the Chronos

channelrhodopsin dynamics, we swapped which channelrhodopsin
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FIGURE 11

Optimal FTSTS Parameters to suppress or enhance the prevalence of the episodes of epileptic seizure. We applied our FTSTS protocol with a pulse

amplitude of 2 nA, inter-pulse interval of 10 ms, a pulse width of 1 ms, and an inverted standard polarity (aE = −1 and aI = 1). The initial seizure was

induced by a seizure inducing input of 200 pA (red-bar). We applied a train-o�set time of −0.5 ms to increase the average synaptic weight in (A) In

order to stop the initial seizure and prevent future seizures. (B) Shows the increase in the average synaptic weight induced by FTSTS protocol

(green-bar). We applied a train-o�set time of −2 ms to decrease the average synaptic weight in (C), which initially stopped the first seizure but

produced strong spontaneous seizure for the rest of the simulation. (D) Shows the decrease in the average synaptic weight induced by FTSTS

protocol (green-bar). (E, F) show the percent change in the excitatory-to-inhibitory synaptic weights at the end of the simulation in (A, C),

respectively.

was inserted into the excitatory and inhibitory neuron populations.

In order to decrease the average synaptic strength, the Chronos

channelrhodopsin was inserted into the inhibitory population and

the Chrimson channelrhodopsin was inserted into the excitatory

population. We were required to flip which channelrhodopsin

was inserted into each population because the slower Chrimson

dynamics caused unwanted neuron firing after optically stimulating

the Chronos channelrhodopsin. Then, we initiated a seizure with

a seizure initiating input (red-box) and applied the optogenetic

FTSTS protocol at 10 sec for a 40 sec duration as shown

in Figure 12D. The optogenetic FTSTS protocol stimulated the

inhibitory neurons with blue (470 nm) light 2ms before stimulating

the excitatory neurons with red (625 nm) light. We applied the

optogenetic FTSTS protocol for 40 sec to decrease the average

synaptic weight 15 nS as shown in Figure 12E. After the FTSTS

protocol, very strong seizures across the entire neocortical network

emerged for the rest of the simulation. This highlights the ability

of the optogenetic FTSTS to spatially and temporally selectively

stimulates the excitatory and inhibitory neurons to not only

increase the synaptic weight but also decrease the average synaptic

weight of the network.

4. Discussion

In this paper, we systematically investigated the parameter

space of our previously developed “Forced Temporal Spike-Time

Stimulation” (FTSTS) strategy (Schmalz and Kumar, 2019) to
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FIGURE 12

Optogenetic FTSTS control of the average synaptic weight. We

incorporated optogenetic stimulation techniques into our FTSTS

protocol to spatially and temporally selectively stimulate the

excitatory and inhibitory neurons with blue (470 nm) and red (625

nm) light as shown in (A). A seizure was initiated with a seizure

initiating input of 200 pA applied for 3 sec shown as the red-box.

Then, we applied our optical FTSTS to control the average synaptic

weight of the network (green-bar). In order to increase the average

synaptic weight, the Chronos channelrhodopsin was inserted into

the excitatory neurons and the Chrimson channelrhodopsin was

inserted into the inhibitory neurons. The raster plot in (B) shows the

forced firing by the optical stimulation and that no further seizure

were observed after the optogenetic FTSTS protocol. (C) Shows the

decrease in the average synaptic weight by the optogenetic FTSTS

protocol. In order to decrease the average synaptic weight of the

network, the Chronos channelrhodopsin was inserted into the

inhibitory neurons and the Chrimson channelrhodopsin was

inserted into the excitatory neurons. (D) Shows the raster-plot of the

excitatory neocortical neurons and the increased prevalence of

strong seizures after the optogenetic FTSTS protocol. (E) Shows the

decrease in the average synaptic weight induced by the optogenetic

FTSTS protocol.

determine the efficacy of the FTSTS in reducing or increasing

the neocortical-onset seizure prevalence. By harnessing the

long-term synaptic plasticity between excitatory-to-inhibitory (E-

to-I) connections in a in silico seizure model, we first showed

that our FTSTS strategy (inverse-standard FTSTS) can effectively

stop seizures and prevent further spontaneous seizures by

increasing the average E-to-I synaptic weight (see Figure 3). By

applying the exact reverse of our FTSTS protocol (standard

FTSTS), we showed that the applied FTSTS protocol can

increase the prevalence of spontaneous seizures by decreasing

the average E-to-I synaptic weight (see Figure 4). Next, we

explored the FTSTS pulse parameters, such as pulse amplitude,

pulse-pair train-offset time, stimulation frequency, pulse width,

and pulse polarity, on the efficacy of the FTSTS protocol

in decreasing or increasing the prevalence of spontaneous

seizures. Through our simulations, we found that the FTSTS

efficacy enhanced monotonically with the pulse amplitude,

the pulse width, and the inter-pulse interval (or stimulation

frequency). Overall, we found that the most critical FTSTS

parameters in determining the FTSTS efficacy were the train-

offset time and the pulse-pair polarity. Table 3 summarizes

the best parameter combinations to increase and decrease the

average E-to-I synaptic weight, respectively, from each of these

investigations.

Throughout our investigation, we found that the train-offset

time induced the largest changes in the E-to-I synaptic weights.

As the train-offset time between the two pulses delivered to

the excitatory and inhibitory neuron populations was shifted,

the efficacy of the FTSTS protocol in terminating or facilitating

seizure activity drastically changed. For example, as shown in

Figure 7A, when the train-offset time was changed from 0.5 ms

to 2 ms, the effect of the FTSTS protocol flipped from decreasing

to increasing the excitatory-to-inhibitory average synaptic weight,

or equivalently from increasing to reducing the prevalence of

spontaneous seizures. Since the FTSTS protocol is based on

controlling the spike-times of the two neuron populations, it

follows that slightly shifting the offset time between the two

pulse trains will have a significant effect on the efficacy of the

stimulation protocol. This result has a broader implication to

already existing desynchronizing stimulation protocols, such as,

coordinated reset (Tass, 2003a,b) and deep brain stimulation (DBS)

(Fisher et al., 2010; Zangiabadi et al., 2019; Krauss et al., 2020).

While it was shown in Schmalz and Kumar (2019) that integration

of the FTSTS protocol into coordinate reset could improve the

desynchronization protocol, these results showed that offsetting

stimulation trains of the different stimulating electrodes may

further improve the efficacy of the desynchronization protocol

by forcing spiking patterns in different neural population that

could result in the long-term desynchronization of a synchronous

neural network. Recently, Asl et al. (2022); Kromer and Tass

(2022) also explored this approach and showed that the phase-

shift between two stimuli, which is explored as train-offset time

in our work, was one of the most important parameters to

consider when designing a stimulation protocol to effectively

control the synaptic weight and desynchronize separable neural

populations. These recent computational studies and the results

presented in our work suggest that if multiple high frequency

stimulation (HFS) stimulating electrodes are inserted into separate

neural populations for DBS, then offsetting the pulse trains

of each electrode may improve the existing FDA approved
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TABLE 3 List of best parameters to increase and decrease the average synaptic weight.

Amplitude Pulse width Frequency O�set time aE aI Rate of weight change

(nA) (ms) (Hz) (ms) (nS/s)

2.0 2.0 83 3.0 1 -1 5.281

2.0 2.0 83 2.0 1 1 5.397

2.0 1.0 83 0.5 -1 -1 6.161

2.0 1.0 83 -0.5 -1 1 6.237

2.0 2.0 83 2.0 1 -1 -4.373

2.0 2.0 83 -0.5 1 1 -4.77

2.0 1.0 83 -0.5 -1 -1 -5.589

2.0 1.0 83 -2.0 -1 1 -5.933

neurostimulation-based therapies for brain disorders, such as

epilepsy (Zangiabadi et al., 2019) and Parkinson’s Disease (Krauss

et al., 2020).

Our investigation into the effect of the inter-pulse interval

(related to stimulation frequency) on the efficacy of the FTSTS

protocol highlighted that the smaller inter-pulse interval

(equivalently, higher stimulation frequency) is more effective

in suppressing or enhancing the prevalence of spontaneous

seizures. One exception, we observed, to this trend occurred

when the inter-pulse interval was decreased from 10 ms (83 Hz)

to 5 ms (142 Hz). Here, the efficacy generally decreased, since

the lower inter-pulse intervals (higher stimulation frequencies)

produced an undesired spike-time pattern that counteracted the

desired spike-time temporal pattern. Another computational

study showed how a single pulse or a burst of pulses at a low

intraburst frequency down-regulated the synapses between sub-

populations of neurons, but high frequency intraburst pulses

up-regulated synaptic connections (Kromer and Tass, 2022).

While we saw an increase in the efficacy at some of the higher

frequencies, the highest frequency protocol was less effective

at controlling the synaptic weight. This is likely due to the

inability to effectively control the spike-time differences between

two populations at the highest frequency. While the optimal

FTSTS protocol inter-pulse interval was 10 ms, large inter-pulse

intervals (lower frequencies) were still able to control the E-to-I

synaptic weights. These lower frequencies might be more desirable

in experiments or potentially in neurostimulation devices for

epileptic patients, since the lower frequency may lead to fewer side

effects. Furthermore, if our protocol would be used to stop and

prevent spontaneous seizures in in vivo experiments or in epileptic

patients, the inter-pulse interval (stimulation frequency) could

be used in a closed-loop control protocol to oppose quickly or

slowly the changes in synaptic weights mediated by higher or lower

frequencies, respectively.

In general, we found that the pulse amplitude and the

pulse width influenced the efficacy of the FTSTS protocol as

expected. An increase in the pulse amplitude increased the efficacy

of the FTSTS protocol, but the efficacy plateaued when the

amplitude increased beyond 2nA. Additionally, we observed that

smaller pulse widths favored a more effective FTSTS protocol.

This results from the higher temporal specificity in the induced

spike-times of each neuron population, which reduces extra

unwanted induced spiking. Here, we considered longer pulse

width of 1 ms to 5 ms than are typically used for HFS protocol

to treat epilepsy (10 µs to 450 µs) (Feddersen et al., 2007;

Jobst et al., 2010). With a longer pulse width, a lower pulse

amplitude can be utilized during the stimulation protocol, which

can preserve the battery life. We showed that even with the

extra spiking induced by longer pulse width, the FTSTS protocol

was able to control the average E-to-I synaptic weight of the

network.

One factor that would influence the effectiveness of the

FTSTS protocol or any protocol that relies on controlling the

spike-times between neurons in separate neuron populations

is the synaptic transmission delay. Morrison et al. (2007);

Knoblauch et al. (2012); Madadi Asl et al. (2017) showed how the

synaptic transmission delay influenced the spike time differences

and how the synaptic weights changed overtime, which would

influence the optimal phase-shift between sub-populations of

neurons or the optimal train- offset time explored in this work.

Here, we used a previously validated biophysically constrained

model of neocortical-onset seizures that didn’t consider variable

transmission delays. Before this approach could be implemented

to address drug resistant epilepsy, a more biophysically detailed

model could be employed to further optimize the train-offset time

parameter, and further optimization would be required in in vivo

studies, as well.

In our electrical-based FTSTS protocol, we have assumed

that the excitatory and inhibitory populations are well separated.

This might not be the case for many brain regions including

neocortex. In order to address this limitation, we integrated

optogenetic stimulation dynamics into our electrical-based FTSTS

protocol. Particularly, we inserted the Chronos channelrhodopsin

into the excitatory population and the Chrimson channelrhodopsin

into the inhibitory population. One of the advantages of

optogenetic based stimulation is that it has high spatial selectivity.

Since the FTSTS protocol requires the selective stimulation

of separate neuron populations, optogenetic stimulation would

be ideal for implementing FTSTS in animal experiments. Our

simulation results showed that our optogenetic FTSTS protocol

could effectively control the E-to-I synaptic weights in the

neocortical-onset seizure network model (see Figure 12). One

Frontiers inComputationalNeuroscience 21 frontiersin.org

https://doi.org/10.3389/fncom.2023.1084080
https://www.frontiersin.org/journals/computational-neuroscience
https://www.frontiersin.org


Schmalz et al. 10.3389/fncom.2023.1084080

potential experiment that would confirm the efficacy of our

stimulation protocol would be to optogenetically stimulate the

excitatory neurons in layers 1-3 of the cortex and the inhibitory

neurons in layers 2/3 (Harris and Shepherd, 2015) and record

the changes in the dynamics of the excitatory and inhibitory

neurons population in response to the optogenetic FTSTS. If

the FTSTS increases the average synaptic weight between the

excitatory and inhibitory neocortical neurons, and the inhibitory

population activity increases, this would suggest that the FTSTS

protocol is able to control the synaptic strength between the two

populations.

In this work, our goal was to investigate the parameter space of

the FTSTS protocol to determine the efficacy of the FTSTS protocol

in controlling the excitatory-to-inhibitory synaptic weights and as

a consequence, the seizure state of the biophysical neocortical-

onset seizure model. While we determined the optimal FTSTS

parameters to control the synaptic weights, our protocol relies

on the assumption that the excitatory and inhibitory neurons

can be separately stimulated. We show that this major limitation

could be overcome by integrating the FTSTS protocol with an

optogenetic stimulation protocol of the two neuron populations.

Additionally, the in silico seizure model we used (Liou et al., 2020)

only considered neocortical excitatory and inhibitory neurons

and ignored any interconnectivity between neocortical neurons

and neurons from other brain regions, such as the thalamus

(Allendoerfer and Shatz, 1994; Harris and Shepherd, 2015). While

we didn’t consider internetwork connections with neurons of

other brain regions, our protocol could be easily tested for this

scenario. Also, the more separable the neuron population are

from each other, more the efficacy and practicality of the FTSTS

protocol would increase. When considering the implementation

of this protocol, one factor to consider is that applying the

FTSTS protocol to such a large population of neurons may

harm patients and cause a small seizure-like response in some

patients. Since this protocol would only be used in situations of

DRE, the potential benefit of less seizure, in the long run, may

outweigh the risk of inducing temporary seizure-like symptoms in

a patient. Throughout this work, we only considered an open-loop

FTSTS protocol. One future direction of this project would be to

close-the-loop and develop an optimal closed-loop framework to

prevent the emergence of seizures to treat epilepsy. Finally, one

of the ultimate goals of this project is to show in experiment that

the FTSTS protocol is able to control the synaptic weight between

two neuron populations and control the synchronous state of a

pathological synchronous neuron network.
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