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Abstract: The mechanisms of network and transition dynamics of epileptiform activity remain unclear.
In general, the transitions of epileptiform discharges comprise slow interictal discharges, ictal discharges
and postictal depression. Studies have indicated that network properties and the inherent parameters of
neuronal models have great impacts on the transitions. Recently, a novel neuromodulation technique,
transcranial magneto-acoustical stimulation (TMAS), has been tested for its efficiency experimentally and
computationally. In this paper, we establish a biophysical computational network model of an ictogenic
hippocampus area to investigate the underlying transitions mechanisms and reveal neuromodulation
mechanisms combined with TMAS. Results demonstrate that long distance connections caused by
increased connection probability and the number of nearest-neighbour edges make the network more
random and focused. The cooperation of network topological structure and neuronal parameters including
ion concentration and inherent external input of neurons could induce epileptic transitions. Moreover, the
focused ultrasound transducer has the ability to launch and focus the transcranial ultrasound wave to the
hippocampal area in the depth of the three-layer tissue. By coupling with a static magnetic field, the
proposed modulated induced TMAS currents can terminate epileptiform activity but consumes more
energy by regulating magnetic strength. However, changing modulation frequency was unable to fully
suppress seizures. These computational results offer an explanation of the mechanisms of neurodynamics

of epileptiform discharges and its neuromodulation by TMAS.
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1. Introduction

Epilepsy is a chronic non-communicable disease of the brain that affects about 50 million people
worldwide, which makes it one of the most important neurological diseases globally [1]. Temporal lobe
epilepsy (TLE) is the most frequent type of drug-resistant epilepsy. TLE is also defined as a category of
focal epilepsy which is associated with hippocampal sclerosis [2]. Research using magnetic resonance
imaging (MRI) and functional MRI demonstrated that TLE is a network disorder [3], which enables us to
employ theories of network topology and network dynamics to quantify properties for such a complex
system. Evidence from MRI illustrated in TLE patients that brain networks have the characteristics of a
small-world [4], which is originally proposed by Watts and Strogatz in 1998 [5], and simulations of
seizure-like activity based on hippocampal slice electrophysiology also illustrated small-world property
[6][7]. Most biological and social networks are highly clustered as regular graph and have small
characteristic paths as predicted by random networks. Compared to random networks, systems with the
small-world structure have more efficient signal-propagation velocity and synchronization. In terms of an
ictogenic zone in the hippocampus area, the excitatory pyramidal cells and the inhibitory interneurons
communicate with each other mainly mediated by «-amino-3-hydroxy-5-methyl-4-isoxazole-
propionicacid (AMPA) and y-aminobutyric acid type A (GABAA) receptors [8]. Some observations that
epileptiform activities could be induced by increasing the extracellular concentration of potassium ions
[9]. Other research also demonstrated that the inherent external input of neurons can interfere with
epileptic seizure activity [10][11]. However, the neural circuits of hippocampus are complex, and the
mechanisms of seizure activity are not well revealed. Some hippocampal computational models have been
proposed to describe the dynamics of epilepsy, for example, cellular network models [12-14]. These
cellular network models allow to analyse the characteristics of the discharge patterns both as a function of
ion concentration and network topology. Another widely used approach is the Neural Mass Model (NMM),
which is a mesoscopic model considering the average activity of interneuron and principal neuron

populations [15]. It was used to describe epileptogenesis caused by the glutamatergic and GABAergic
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dynamics in a hippocampal region [16]. By adopting these modeling methodologies, we established a
computational biophysical network of the hippocampus with small-world connectivity structure to explore

the network dynamics of epileptiform transitions.

Neuromodulation techniques have been explored for the treatment of drug-resistant epilepsy and
other neurological diseases [17], examples being invasive vagus nerve stimulation (VNS) [18], and deep
brain stimulation (DBS) [19]. Optogenetic stimulation has also been used for the intervention in
spontaneous hippocampal seizures [20]. Besides this, some non-invasive methods, e.g., transcranial
magnetic stimulation (TMS), transcranial direct current stimulation (tDCS), and ultrasound technologies
have been shown to be efficient in suppressing seizures [21-23]. Computational studies also investigated
the stimulation mechanisms underlying a potential therapy for epilepsy [24][25]. Transcranial magneto-
acoustical stimulation (TMAS) is a novel brain neuromodulation that is noninvasivene, deep brain focused,
and has a high spatial resolution [26]. TMAS combines the advantages of magnetic and focused ultrasound
and employs the current induced by a static magnetic field and transcranial focused ultrasound to activitate
or suppress neurons [27]. The formation of TMAS was proposed by Norton [26] in 2003. Yuan et al.
investigated the influence of TMAS on the spiking rhythms of Hodgkin-Huxley neuronal model from a
computational view [28]. Zhou et al. built a Parkinson’s disease (PD) experimental mouse model to test
the effects of high-resolution transcranial electrical stimulation based on magneto-acoustics and then
explored the potential mechanism of TMAS [29]. In 2021, Zhang et al. designed a regular distribution
array ultrasound transducer of an opening diameter 112mm with a radius of curvature of 86mm to realize
focused ultrasound in a (computational) three-layer brain area. Numerical simulation results including the
influences of input intensity, repetition frequencies and duty cycle of TMAS were discussed for the
treatment of PD [27]. Previous studies have shown that both static magnetic field [30] and noninvasive
ultrasonic neuromodulation [31] can effectively suppressing seizures, which provided experimental basis

for TMAS in the treatment of epilepsy. However, the therapeutic effects of TMAS on epilepsy need further



research in both theoretically and experimentally. Motivated by these pioneering studies, we establish a
TMAS computational model consisting of a bowel shaped focused ultrasound transducer, a static magnet
and a three-layer brain area from anatomy data. We show that the simulated TMAS model has the ability
of focusing the neuromodulation effect on the deep hippocampus area. Moreover, induced TMAS current
is added to the biophysical network to explore the influence of modulating signals, the magnetic field
intensity, and the modulation frequency on epileptiform activities. Finally, dynamical transition

mechanisms underlying different TMAS strategies are investigated.

2. Methods and materials

2.1. Configuration of hippocampal neural network

The hippocampal pyramidal cell model of Olufsen and colleagues [32] is used as a hippocampus
network model. Two ionic currents are used: a fast sodium current and potassium hyperpolarization. For
the soma compartment of a pyramidal cell, the membrane potential and ionic current can be computed by

the equations:

CmV = gNamoo(V)3h(VNa -+ gKn4(VK - +g,(V,=-V)+1,
. ho(V)-h
%) (D)
_ Ne(V)-h
o Tn(V)

The corresponding parameter values for a pyramidal cell are C,, = 1uF/cm?, gy, = 100mS/cm?, g, =
80mS/cm?, g, = 0.1mS/cm?, Vy, = 50mV and V, = —67mV . These state variables follow the
Hodgkin-Huxley type equations [33] in Eq. (1) is this paper where xo, (V) = a, (V) /(a, (V) + B, (V))for
x=mhorn,t,(V) =1/ (ax () + B, (V)) for x = h or n. The rate functions are presented in Table 1.

Here the potassium ion potential Vi, and the external current input for the excitatory cell I, are crucial



parameters which respond to the inherent neuronal characteristics of the network. We consider their ranges

from -50mV to -100 mV and 0.2 pA/cm? to 1 puA/cm?, respectively.

A single compartmental model is used for the inhibitory interneuron [34], which follows the current
equations as in the pyramidal cell. The respective parameter values are C,, = 1uF/cm?, gy, =
35mS/cm?, gy = 9mS/cm?, g, = 0.1mS/cm?, Vy, = 55mV, Vy, = —90mV and V, = —65mV. The
external driven current for the inhibitory cell I; = 0.3uA/cm?. In the equations of state variables, 7, (V)
isreplaced by 7,,(V) = 0.2/ (ax (V) + By (V)) for the interneuron model, other rate functions are specified

in Table 1.

For synaptic connections between cells, the synaptic gating variable s obeys the principle s =
p(V)(A —s)/tg —s/tp [35]. Here p(V) = (1 + tanh(V/4))/2 is a Heaviside function. Furthermore,
the synaptic current can be expressed as Isynl.]. = gijsi(t) (Vrev - V]) which indicates the synaptic current

from cell i to cell j. An AMPA-type synapse connects pyramidal to pyramidal cells and pyramidal cells
to interneurons. The parameters for AMPA synapses from pyramidal to pyramidal cell are gpc_;y =
0.001mS/cm?, gpcpc = 0.0001mS/cm?, t; = 0.1, T, = 3, and V,,,, = OmV. The GABA, synapses
originating from interneurons target both pyramidal cells and interneurons. The values of the parameters

are gIN—>PC = O.OOlmS/CmZ, gIN—>IN == O.OBmS/CmZ, TR = 0.3, TD = 9 and Vrev == —80mV.

Studies have shown evidence that epilepsy is a network-level disorder and exhibits characteristics of
small-world network topology [36]. In addition, Netoff et al. introduced a hippocampal slice model (CA1
and CA3 regions) with small-network structure [6]. They reproduced normal, seizing and bursting
behaviors by changing the synaptic strengths and other parameters. They employed this network model to
explain specific changes in topology or synaptic strength induce transitions from normal to epileptic
bursting. Therefore, we use the small-world network topology to construct a hippocampal neuronal

network. From Watts and Strogatz’s study, the rule of the rewiring procedure can be described as: start
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from a ring lattice with N nodes and K edges per node, rewire each edge at random with probability p(0 <
p < 1). When p = 0 the network shows the property of characteristic path length L(p) growing linearly
with N, i.e., a highly clustered regular network, and L(p) grows logarithmically with N and demonstrates

less clustered (random network) if p = 1 [5]. In general, the structural properties of the above graphs can

be quantified by L(p) and clustering coefficient C(p). The quantitative description is: L(p)~ % > 1 and

In (n)
In (k)

C (p)~% as p goes to 0, while L(p)~ and C (p)~§when p goes to 1[5]. The detail theory can be

found in Ref.[5]. The configuration of our small-world networks is characterized by the network size N =
1000 (800 pyramidal cells and 200 interneurons, we consider this size as an example), K edges per node,
i.e., the number of synaptic connections per neuron, and the connection probability p. We scan K from 50
to 450 and p from 0.1 to 0.9, respectively. By combing the inherent neuronal characteristics with the

network configuration properties, we are able to induce normal and epileptiform behaviors.

TABLE 1 Rate functions for pyramidal cell and interneuron [33][34]

Neuron type Forward rate function Backward rate function
0.32(V + 54) 0.28(V + 27)
1—exp(—(V + 54)/4) (V) = exp((V + 27)/5) — 1
4
1+exp (—(V +27)/5)

am(V) =

Pyramidal cell a,(V) = 0.128exp (—(V +50)/18) B (V) =

0.032(V +52)
—exp(—(V +52)/5)
0.1(V + 35)
1 —exp(—(V + 35)/10)

a,(V) = T B(V) = 0.5exp (—(V + 57)/40)

(V) = B (V) = 4exp (—(V + 60)/18)

1
exp(—0.1(V +28)) + 1

Interneuron a,(V) = 0.07exp (—(V +58)/20)  Br(V) =

0.01(V + 34)
1 —exp(—0.1(V + 34))

a,(V) = Bn(V) = 0.125exp (—(V + 44)/80)

2.2 Principle of TMAS on neural stimulation



The principle of TMAS is a low-intensity focused ultrasound waves moves charged ions in the brain
tissue. Combined with the magnetostatic field, the ions move accelerated by a Lorentz force and form an
induced electric current I 45 Which is perpendicular to the direction of the magnetostatic field and the
propagation of ultrasound wave, which can be written as the vector expression: E = V X B. Therein, E is
the equivalent electrical field, V is the velocity of longitudinal particle motion of an ultrasonic wave in the
medium, and B is the static magnetic field. Based on the priori knowledge, the principle of ultrasound
propagation, the ion movement, and the Lorentz force could be achieved according to Montalibet’s theory
[37]. More detail could be found in Ref. [37]. The schematic of TMAS principle is shown in Fig. 1(a).
Based on pioneering research of TMAS, the relationship between and among the ultrasonic intensity /,
the ultrasonic fundamental frequency f,, the magnetostatic fields intensity B, and the electric current

density /,, can be expressed as [37][38]:

Iy = an\/% sin(2nfyt) )

From the Eq. (2) we could observe that J,, is produced by the electro-magnetic induction. The unit of J,,
is pA/cm?. Therefore, we assign the value of J,, to the induced electric current which is regarded as an
external stimulus of the neuronal network, i.e., the induced electric current Iy 45. 0 = 0.55/m is the
conductivity of the tissue of background, ¢, = 1540m/s is the ultrasound speed in the background

medium. Therein, the relationship between the ultrasonic intensity I, and the maximum acoustic pressure

P can be depicted as [38][39]:
Iy =>— (3)

where p is the tissue density.



2.3 Numerical implementation of TMAS

The schematic diagram of the TMAS system for hippocampal neuronal network is illustrated in Fig.
1. According to the principle of TMAS, we need to produce a low-intensity focused ultrasound wave that
can reach to the target position at first. We use MRI data from the standard head model in Brainstorm
(https://neuroimage.usc.edu/brainstorm), a collaborative open application to analysis of brain recordings.

The anatomy template in Brainstorm we used is ICBM125 2009¢ (https://nist.mni.mcgill.ca/icbm-152-

nonlinear-atlases-2009/). The anatomical data from MRI has the real meaning, i.e., in a three-layer brain

medium including scalp, skull and brain tissue in Fig. 1(b) (the average thicknesses for each layer are
labeled in Fig. 1(b)), the central hippocampus locates at the 26mm right and 119mm below from the center
focused ultrasound stimulation transducer. We use MRI data to design the focused ultrasound transducer
and simulation experimental area. Therefore, the numerical simulation area of pressure distribution is
60mm X 60mm X 130mm, and the acoustic axis is the z-axis, which satisfies the real location. We
employ k-wave (http://www .k-wave.org/), an open-source MATLAB toolbox, to simulate the propagation
of acoustic waves in the three-layer brain medium [40]. The more detail parameter setting could be found
in Ref. [40]. The acoustical properties of tissues in numerical three layers is given in Table 2. We consider
a single element bowel-shaped focused transducer with bowl radius of curvature is 130mm and bow
aperture diameter 130mm (as shown in Fig. 1(c)). Moreover, the initial ultrasonic fundamental frequency
fo = 0.7MHz, the focal pressure pr = 0.07MPa, and the ultrasound focus hippocampus is located at
119mm from the midpoint of the computational domain. From these numerical settings, we could obtain
the maximum acoustic pressure P in Eq. (3). Then, we consider the magnetostatic field intensity B, varies
from 0.05T to 1T. Combing the effects of magnetostatic field with the procedure of produce a low-

intensity focused ultrasound waves, we get the electric current density J,, according to Eq. (2).

In addition, previous studies demonstrated that both continuous and modulated ultrasound waves can

be used for modulating brain areas safely [41]. In our research, we consider two kinds of modulated TMAS
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currents, one is a continuous ultrasound wave modulated by a sine wave, and the other one is modulated

by a pulse wave. The modulation frequency MF has a range from 0.5Hz to 10Hz. Thus, the modulation

TMAS currents can be explained as [28]:

which is modulated by a sine wave, and

Iy = an\/Z—E (sin 2r(MF)t) X (sin(2nf,t) + 1)) )]

Jy = chx\/;—E ((square(2m(MF)t, Duty)) x (sin(2rfyt) + 1)) (5)

which is governed by a pulse wave. Here the duty cycle Duty is equal to 50%. In our study, the modulated

TMAS currents are inject to each pyramidal cells and interneurons as electrical perturbation equally.
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Fig. 1. (Color online) (a) The configuration of TMAS principle. (b) The locations of the focused ultrasound stimulation
transducer, three layers (scalp, skull and brain tissue), and hippocampus. The dimensions in (b) are from the real MRI
data. (c) Specification of the focused ultrasound stimulation transducer. The single element bowel-shaped focused

transducer with bowl radius of curvature is 130mm and bow aperture diameter 130mm.

TABLE 2 Numerical simulation constant parameters [27]

Sound speed Acoustic absorption coefficient
Tissue Density p (kg/m?)
c (m/s) a (dB/cm MHz)
Scalp 1537 1116 0.85
Skull 2652 1796 4.11
Brain 1500 1000 0.10

3 Results

3.1. Features of the network configurations

In this section, we test how specific changes to the hippocampal network topology and neuronal
inherent characteristics cause transition from normal to epileptic activity. Fig. 2 illustrates the plane
connection matrices between hippocampal network neurons with different probability p and the nearest
neighbor number K. Cell indexes from No.1 to No. 200 are the interneurons, and No. 201 to No.1000 are
the pyramidal cells. In the most left column in Fig. 2 (p = 0.1), there are three dominant coupling types:
the self-connection ranks first, the nearest-neighbor connection ranks second, and the long-distance
connection ranks third. In Fig. 2(al), the network behaves as a regular network. Few spare connections

are employed to rewire neurons. By increasing the nearest neighbor number K from 50 to 450 (Fig. 2(a2)

10



and (a3)), next-nearest-neighbor connections appear along the diagonal, at the top left and lower right
corner appear. Also, few sparse random connections are added to the network. The neuronal nodes are
closely connected at first, then more sparsely the bigger K gets. More connections are broken and
replaced by long-distance connections at more random locations. Synaptic connections between and
among neurons are replaced by long-distance connections.

The middle column in Fig. 2 demonstrates connection matrices as p = 0.5. Note that the density of
self-connection and nearest-neighbor connection are getting lower compared to p = 0.1. More random
connections contribute to the network assembly. In addition, similar conclusion about the appearance of
nearest-neighbor connections and long-distance connections with increased K can be seen in Fig. 2(bl)
to (b3).

For the rightmost column in Fig.2, p is increased to 0.9, i.e., the higher rewiring probability shapes
a more random network. Both the density of the self-connection and the nearest-neighbor connection are
decreased. Random connections are dominant and thus neurons are widely randomly coupled when p =
0.9. The core neurons are more densely connected comprising short, medium, and long distance
connections. Using these features of the network structure, we produce the epileptogenic network and

investigate the dynamic mechanisms underlying seizures.
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Fig. 2. (Color online) Connection matrix with topology determined by the probability p and the nearest neighbor
number K. The yellow dots indicate that there is a connection (“1”’) between two nodes, and blue dots (“0”’) otherwise.
Cell indexes from No.1 to No. 200 are the interneurons, and No. 201 to No.1000 are the pyramidal cells. The columns
from left to right are organized as p = 0.1, 0.5 and 0.9, respectively. The rows from upper to lower are correspond to

K = 50,150 and 450, respectively. The horizontal and vertical coordinates denote the cell index.

3.2. Dynamical properties of the epileptic hippocampal network

Combining previous research on network topology with the studies of epileptiform activities in
vitro, we construct the epileptic network to investigate the dynamical properties of the epileptic
hippocampal network. By changing network topology and neuronal inherent parameters, we first
reproduce the complete epileptic dynamics transitions from slow interictal discharges, ictal discharges,
then to postictal activity [14] Fig. 3(al) presents the stimulated local field potentials (LFPs) for 50s
corresponding to the hippocampal area. From Fig. 3(a) we reproduce the slow interictal discharge (green
background) which is a kind of synchronized activity (the synchronization is examined in Fig. 3(b3))
with a duration of about 10s. It is known to originate from the entorhinal cortex (EC) and propagate to
other subareas of the hippocampus [42] [43]. The sporadic spiking at a frequency of 1~3Hz with an
amplitude of about 100uV are a typical time-frequency feature of slow interictal discharges. In addition,
they are frequently observed before ictal onset discharges. The ictal discharges are highlighted by the
blue background. The seizure-like event lasts about 28s with a dominant frequency of about 15Hz.
Sustained irregular spike waves can be found during the seizures. The last phase is the postictal
discharge pattern which is highlighted by the light yellow background. Following ictal discharges, the
whole network is in a saturated state and thus the postictal discharges have a small amplitude during that
phase. Fig. 3(a2) is a detail of clinical scalp electroencephalogram recording for right posterior temporal,
which contains the hippocampal area. Comparing Fig. 3(al) with (a2), we clearly observe that the

simulation results show similar shape and rhythm to clinical recording.
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Next, we show time series and spike raster diagrams of individual neurons corresponding to the
three typical discharge patterns. Experimental observations show that epileptiform activities could be
induced by increasing the extracellular concentration of potassium ions and the inherent external input,
here we consider the potassium ion potential Vi, and the external current input for the excitatory cell I,
are crucial parameters. Fig. 3(b1) to (b3) demonstrate time series and spike raster diagram of excitatory
pyramidal cells and inhibitory interneurons with parameters K = 200,p = 0.1,1, = 0.3pA/cm?,V,, =
—75mV. All neurons show synchronized spiking discharges. We then reproduce the ictal discharge (Fig.
3(cl) to (c3)) and postictal discharges (Fig. 3(d1) to (d3)) by changing the critical parameters,
respectively. For the ictal discharge state, the synchrony of pyramidal cells is a bit of lower than during
slow interictal discharge and the interneurons show synchronized bursting discharges as K = 200,p =
0.5,1, = 0.3pA/cm?,V, = —100mV. For the postictal discharge, the interneurons show synchronized
fast rhythmic activity, while the pyramidal neurons demonstrate oscillations with small-amplitude as

K =50,p=0.1,I, = 0.2pA/cm?, V= —50mV.

13



slow interictal
discharge

(al)

interictal

(a2)

Pyramidal cell

(b1) '

A
SomV [ {
o |2rIn[‘l.:w::urunr r

<A

—

(b2)

Cell Index

JJ/J
5 Spike Raster Diagram
Time(s)

2
(b.” 1000
; '_’('C'I'r- I
n
K =200,p =011, =

3 10 L5 20
03pAfem®, ¥, = —=75mV

Fig. 3. (Color online) Epileptiform activities produced by the hippocampal network model. (al) Time series includes
the slow interictal discharge (green shadow), the ictal discharge (blue shadow) and the postictal discharge (light yellow
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The data was obtained from Sanbo Brain Hospital of Capital Medical University in Beijing. The
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electroencephalography (EEG) was recorded with a Nicolet video-EEG monitoring system (Thermo-Fisher Scientific,
Waltham, MA, USA) and digitized at a rate of 512Hz with the international standard 10-10 electrode montage. The
online band-pass filter was preset to 1.6-150Hz. (b1) to (b3), (c1) to (¢3) and (d1) to (d3) illustrate the respective
epileptic oscillatory activities. (bl), (c1) and (d1) represent time plots for the pyramidal cell as K = 200,p = 0.1,1, =
0.3pA/cm?, V= —75mV, K = 200,p = 0.5,1, = 0.3pA/cm?,V}, = —100mV and K = 50,p = 0.1,], =
0.2uA/cm?, Vi,, = —50mV, respectively. (b2), (c2) and (d2) represent time plots for the interneuron in the same

condition with the above panel. (b3), (¢3) and (d3) are the corresponding spike raster diagrams of the network.

These plots in Fig. 3 illustrate that the basic pyramidal-interneuron hippocampal network has the
capability to produce typical epileptic discharge from the point of view of the LFP. However, is essential
to quantify the influence of crucial parameters including the network topology (K and p) features and
the neuronal inherent characteristics (I, and Vi, ) on the dynamics. Here, we first to explore the
influence of K and p in terms of the neuronal state with fixed I, and Vi__. There are four states of the
neurons: the oscillations with small-amplitude (1) (typical time series is shown in Fig. 3(d1)), the
synchronized spiking discharge (2) (typical time series are shown in Figs. 3(b1) and (b2)), the
desynchronized spiking discharge (3) (typical time series is shown in Fig. 3(cl)) and the synchronized
bursting discharge (4) (typical time series is shown in Fig. 3(c2)). Fig. 4(a) shows the parameter space of
pyramidal cell by designing various network topologies with fixed I, and Vi, from which we see that
the pyramidal cell is in the synchronized spiking state when K is smaller than 300 and p is smaller than
0.6. By increasing K and p together, we find the pyramidal cell transit to the desynchronized spiking
state. We find similar dynamical transition pattern in the parameter space of interneurons, so we only
demonstrate the situation of pyramidal cell. Next, consider two typical types of network structures: one
is when the self-connection ranks first and the network behaves as a regular network (connection matrix
shown in Fig. 2(al)), and the other one is when long-distance connections are in the dominant position

and the network topology tends to a random configuration (connection matrix is similar to Fig. 2(b2)).
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For the former (results are shown in Fig. 4(b1) and (b2)), the pyramidal cells demonstrate oscillations
with small-amplitude when Vi is not small enough, while the interneurons show synchronized spiking
discharges. By decreasing Vi, we get the synchronized spiking of pyramidal cells and the interneurons
persist spiking. If we continue decreasing Vi, to -75mV, we get the desynchronized spiking state when
1, is smaller than 0.5uA/cm?. However, the interneurons switch states from synchronized spiking to
synchronized bursting discharge when I, increases to 0.9uA/cm?. For the later one (results are shown in
Fig. 4(cl) and (c2)), similar results as in Fig. 4(b1) and (b2)) could be found in both the pyramidal cells
and interneurons by regulating Vy__. Note that the state of desynchronized spiking in pyramidal cells
also appears when I, increases to 0.9pA/cm? and Vi, decreases to -85mV. In comparison to Fig.
4(b2), the interneurons will transit early to the state of synchronized bursting when I, increases to
0.7pA/cm?. In conclusion, the two-dimensional parameter spaces with K and p and with I, and Vy__,

respectively, provide structural proofs for essential dynamical state transitions of the epileptic

hippocampal network.
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Fig. 4. (Color online) Parameter spaces for neuronal transition states in two dimensions. (a) demonstrates the two-
dimensional structural network parameter (K and p) diagram for pyramidal cells. The four states (shown in colorbars)
considered are the oscillations with small-amplitude (OSA) (1), the synchronized spiking discharge (SSD) (2), the

desynchronized spiking discharge (DSD) (3) and the synchronized bursting discharge (SBD) (4). (b1) to (b2) and (c1)

to (c2) are two-dimensional neuronal inherent parameter (I, and Vi, ) diagrams for pyramidal cells and interneurons,

respectively. (b1) and (b2) are plotted as K = 50 and p = 0.1, while K = 200 and p = 0.5 are for (c1) and (c2).

3.3. Exploring the effects of TMAS modulation strategy on the epileptic hippocampal network

According to the theory of TMAS, we need to produce a low-intensity focused ultrasound wave at
first. The more detail procedure of k-wave toolbox to simulate the propagation of acoustic waves and the
parameter setting could be found in Ref. [40]. The acoustic source is defined to be a focused transducer
driven by a continuous wave sinusoid at 0.7 MHz with a surface pressure of 0.07MPa. By employing
the bowel-shaped focused transducer we designed in Fig. 1(c), we simulate the ultrasound pressure field
and the distribution of ultrasonic intensity in a three-layer brain medium (shown in Fig. 1(b)),
respectively. Fig. 5(al) and (b1) show the sound pressure field for the z — x panel when z = 119mm
and x = 26mm and the y — x panel when y = Omm and x = 26mm, respectively (these dimensions
are according to the location of hippocampus area in Fig. 1(b)). It can be observed that the hippocampal
area is accurately focused transcranially. Fig. 5(a2) and (b2) are the distribution of ultrasonic intensity
for the z orientation (x = 26mm) and the y orientation (x = 26mm), respectively. The change curves
of the sound and non-sound axis ultrasonic intensity, especially the maximum intensity, are consistent
with the distribution (e.g. the focus position) of the ultrasound pressure field. These results illustrate that
the transcranial focused ultrasound is well focused and has the ability to reach the position of the
hippocampus. This setup lays the foundation of the subsequent movement transition from the magnetic

to the electric field.
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Fig. 5. (Color online) (al) and (a2) are ultrasound pressure field distribution at z — x panel (z = 119mm, x = 26mm)
and y — x panel (y = O0mm, x = 26mm), respectively. (a2) and (b2) are the curves of sound intensity of pulsed

sinusoidal ultrasonication in z orientation (x = 26mm) and y orientation (x = 26mm), respectively.

Next, we exert the magnetostatic field to the hippocampus. The magnetostatic fields intensity B,
varies from 0.05T to 1T. Combing the effects of magnetostatic field with the focused ultrasound waves,
we get the TMAS currents. Here we consider two types of modulated TMAS currents, the sine wave-
modulated and the pulse wave-modulated. In our study, the modulated TMAS currents are inject to each
pyramidal cells and interneurons as electrical perturbation equally.

Fig. 6 shows an example of the original induced TMAS current (a), the sine wave-modulated
TMAS current (b), the sine wave (c), the pulse wave-modulated TMAS current (d) and the pulse wave
(d). Here the magnetic intensity is B, = 0.2T and the modulation frequency MF = 0.5Hz. From Fig.
6(a) we can observe that the original TMAS current is a very intensive sine wave. The sine wave-
modulated TMAS current shown in Fig. 6(b) has a sine wave envelope and lower frequency compared

with Fig. 6(a), while the pulse wave-modulated TMAS current in Fig. 6(d) has a pulse wave envelope
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line and the same frequency a sine wave-modulated TMAS. It is worthy to note that the sine wave-
modulated (Fig. 6(b)) and pulse wave-modulated rectangular TMAS pulses (Fig. 6(d)) are filled. To load
the original carrier frequency signals (Fig. 6(a)) onto modulating signals (Figs. 6(c) and (e)) with a
certain frequency, the TMAS pulses are produced. Details are shown from 4 to 4.005s in Figs. 6(d) and

(d), respectively. The filled TMAS pulses in Figs 7 and 8 are as well.

i Tin(s)

Limes

R

Timale

Fig. 6. (Color online) Time plots for TMAS current with different modulation signals. (a) is the original TMAS current.
Detail is shown from 4 to 4.005s. (b) and (c) are the sine wave-modulated TMAS current and its modulation signal,
respectively. Detail is shown from 4 to 4.005s. (d) and (e) are the pulse wave-modulated TMAS current and its
modulation signal, respectively. Detail is shown from 4 to 4.005s. The filled with activity in (b) and (d) have the same

meaning for Figs. 7 and 8.

Starting from the different modulation signals and their modulated TMAS currents, we investigate
the characteristics of the LFP curves, modulated TMAS currents plots, and the spike raster diagrams of
the network for different TMAS parameters in Figs. 7 and 8. In our control strategy, we try to prevent
the network entering into the state of ictal discharge. The network is in a state of interictal discharge,
postictal discharge, or periodic spiking, which suggests our control strategy is successful. In Fig. 7, the
fixed parameter is MF = 1Hz and the adjustable parameter B, is from 0.1T to 1T. The initial state of the

hippocampal network is the ictal discharge state and the TMAS current is injected at 10s. The settled
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epileptic network structure is assembled based on the analysis in Fig. 4. Perturbation control results are
presented with two kinds of modulation signals. As shown in Fig. 7(al) to (a3), the plots of LFP slowly
transits to the slow interictal discharge state at about 18s and the amplitude of the TMAS current is
small. Furthermore, the control results by the pulse wave-modulated has similar transitions as shown in
Fig. 7(d1) to (d3). As B, increases to 0.4T shown in Fig. 7(b1) to (b3), a TMAS current with higher
amplitude density is injected to the network and the LFP shifts to slow interictal discharge state quickly.
Similar results could be also found in Fig. 7(el) to (e2). Then, we continue increasing B, to 1T, the
outcome shown in Fig. 7(c1) to (c3). The epileptic network responds to the TMAS control as soon as the
current is injected. The firing pattern of LFP changes from slow interictal discharge to the phase-locking
periodic spiking pattern. In addition, Fig.7 (f1) to (f3) demonstrate that the epileptic network has a
similar response to the pulse wave-modulated TMAS current under the same conditions as the sine
wave-modulation. We conclude that as the magnetic density increases, the dynamics of the network will
transit from the ictal discharge state to slow interictal discharge state then to the phase-locking periodic
spiking state, and the corresponding speed is also increased under the two types of TMAS control

strategies.
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Fig. 7. (Color online) Different discharge patterns with various B,. (al), (a2), (a3) are time plots of LFP, sine-wave
modulated TMAS current, and the spike raster diagrams of the network as B, = 0.1T. (b1) to (b3) are plotted as B, =
0.4T. (c1) to (c3) are described as B, = 1T. (d1) to (d3), (e1) to (e3) and (f1) to (f3) are plotted under pulse wave-

modulated control strategy.

Next, we analyze the response of the epileptic network to TMAS control strategy with various
values of MF. The fixed parameter is B, = 0.2T and the TMAS current is injected at 10s. Fig. 8(al) to
(a3) demonstrate the TMAS results by sine-wave modulation as MF = 0.1Hz. The epileptic network
slowly responds to the TMAS and does not achieve a dynamical transition from ictal discharge to slow
interictal or postictal discharge. In comparison with Fig. 8(d1) to (d3), we find that the network intends
to transit to the slow interictal discharge state when the TMAS current is injected about 7s later. After
that, the firing pattern of the network reaches the slow and fast mixed periodic spiking state. When
increasing MF to 0.3Hz, the epileptic network responds to the TMAS current modulated by sine wave
quickly and transits to the slow interictal discharge at about 13s (Fig. 8(bl) to (b3)). The LFP modulated
by the pulse wave does not seem to be periodic (shown in Fig. 8(el) to (e3)). Finally, we increase MF to
2.5Hz. Results illustrated in Fig. 8(cl) to (c3) and (f1) to (f3) show that the epileptic LFPs fail to be
terminated with both types of modulated TMAS currents because the morbid rhythm is not be decreased.
Therefore, the epileptic network could transit to the slow interictal discharge state as the modulation

frequency MF increases to a proper value.
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Fig. 8. (Color online) Different discharge patterns with different MF. (al), (a2), (a3) are time plots of LFP, sine-wave
modulated TMAS current, and the spike raster diagrams of the network as MF = 0.1Hz. (bl) to (b3) are plotted as
MF = 0.3Hz. (c1) to (c3) are described as MF = 2.5Hz. (d1) to (d3), (el) to (¢3) and (f1) to (f3) are plotted under the

pulse wave-modulated control strategy.

Furthermore, we quantitatively investigated the interspike interval (ISI) bifurcation diagrams of the
epileptic network under the two types of TMAS modulation strategies. The transitions for neurodynamic
are usually illustrated by means of ISI bifurcation of stable bursting orbits as one parameter changes[44].
This kind of diagrams presents various cascades of period or chaotic phenomena. In this study, ISI is
calculated from the sampled series for LFP. Fig. 9(al) and (b1) show ISI bifurcation diagrams of
parameter B, (MF = 0.1Hz) under both stimulation strategies. It is observed in Fig. 9(al) that the
epileptic network shows ictal discharges before reaching the bifurcation point at around B, = 0.4T, then
transits to the phase-locking periodic spiking state. A similar transition can be seen in Fig. 9(b1) under
the pulse-modulated stimulation. Here, the epileptic network transits to the other state earlier than under
the above strategy, i.e., the bifurcation point is earlier than the above. Fig. 9(a2) and (b2) are ISI
bifurcation diagrams of MF (B, = 0.2T). In Fig. 9(a2), the epileptic network seems to be very stable at
the ictal state and slowly transits to the slow interictal discharge state by increasing MF, and finally gets
to be chaotic. In terms of the pulse-modulated case, the epileptic network responses to the TMAS is

more active. However, the epileptic network is slightly chaotic eventually.
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Fig. 9. (Color online) Analysis of dynamical transitions for the epileptic hippocampal network under different
modulation parameters. (al) and (a2) are illustrations of ISI bifurcation diagrams under sine wave-modulated TMAS.
The modulation parameters are B, (al) and MF (a2), respectively. (b1) and (b2) are ISI bifurcation diagrams

modulated by the pulse wave. B, (bl) and MF (b2), respectively.

To further make comparisons between different TMAS strategies considering modulation modes

and regulatory parameters, we calculate the energy of the TMAS current for each trial (conditions are
settled in Fig. 9). The energy can be obtained as Energy = | OT | /y |2 dt where T is the total trial time. We
also mark the valid point (begin) and the invalid point (end) for the modulation strategy. From Fig. 10
we observe that in the control valid regions the epileptic network needs more energy to accomplish
transitions by increasing B,, and that the sine wave-modulated strategy needs less energy. In terms of
the modulation strategy by regulating MF, the sine wave-modulated TMAS strategy also consumes less
energy, but this strategy has small control valid region in comparison with the B, driven strategy. In

general, the MF driven modulation strategy shows better energy efficiency.
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Fig. 10. (Color online) Energy variation of different TMAS modulated strategies. The green line with circles represents
the MFdriven pulse wave modulated strategy, the black line with triangles illustrates the M Fdriven sine wave
modulated strategy, the red line with stars demonstrates the B, driven pulse wave modulated strategy, and the blue line
with forks denotes the B, driven sine wave modulated strategy. The detailed drawing shows the vertical coordinate for
the energy is from 0 to 1000. The blue arrow indicates the valid point begin from the eighth trial for B, driven pulse
wave and the red arrow indicates the valid point begin from the fifth trial for B, driven sine wave, respectively. There
are no invalid points under these two strategies. The left and right black arrows present the valid point begin from the
first trail and end at the fifth trail (the invalid point) for MF driven sine wave, respectively. The left and right green
arrows present the valid point begin from the first trail and end at the fifth trail (the invalid point) for MFdriven pulse
wave, respectively.
4. Discussion and Conclusions

In this work, we proposed a comprehensive hippocampal computational network model that
reproduces epileptiform activities including slow interictal discharge, ictal discharge and postictal
discharges and investigated dynamical mechanisms underlying epileptic activities and different TMAS
strategies. We first explored the effects of network configurations on the dynamical mechanisms. We

employ the Olufsen model and the Wang and Buzséki (WB) model, two types of Hodgkin-Huxley like

neuronal computational models, to represent pyramidal cell and interneuron cell, respectively. Neurons
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are assembled based on the small-world network structure. By deriving a variety of network structures,
we analyse the influence of structural parameters on the network dynamics. By increasing the
probability p and we demonstrate the network tends to be more random. As the nearest neighbor number
K is increased, the nearest-neighbor connections appear first and long-distance connections dominate
later. In terms of the graph structure, neurons distribute sparsely at first, and then connect in a more
focused way due to the wide-spread long-distance connections.

Based on the understanding of the network dynamics, we form the epileptic hippocampal network
combining the structural parameters and neuronal inherent parameters (the potassium ion potential and
the external current input of the pyramidal cell). Usually, epileptic events arise due to the interaction
between relatively fast neuronal excitation and comparatively slower ion dynamics [45]. Especially, an
increase of extracellular potassium concentration is observed during the epileptiform bursting.
Researches also demonstrated the generation and persistence of epileptic seizure is affected by the
extracellular potassium changes [46]. In our study, the variation of reversal potential of potassium is in
accordance with the instantaneous changes of extracellular potassium concentration by Nernst equation
[45], which shows slow dynamics. In contrast, the membrane potential demonstrates relative fast
activity. In addition, the currents including inhibitory postsynaptic current mediated by GABAergic
dynamics, the external inputs and the TMAS currents are essential to maintain the balance of intra and
extra potassium concentration and potassium currents. Thus, our study could reduce a complete ictal
discharge, repeating ictal discharges, and transitions between ictal and interictal discharge. In more
detail, we will consider the specific potassium and pump, glia, and diffusion dynamics in the future
research.

We find that the influences of the pyramidal cells including their inherent and structural parameters
could induce transitions from interictal to ictal discharges and then to postictal discharges. The activities
of individual neurons and the synchronization of the network as a function of these parameters were

described. Furthermore, the two-dimensional parameter space in Fig. 4 provides a quantitative way to
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identify the respective dynamical states and the corresponding transitions. Here we take the size of 1000
neurons as an example. In the research of Howe et al [47], they construct a CA3 network with 240
basket cells and 1200 pyramidal cells and a CA1 network with 160 basket cells and 800 pyramidal cells,
respectively. They employ these hippocampal networks to study the effect of NMDA receptors on
sharp-wave ripples, and the size in this paper which is similar to our research, representing a proper size
for a small hippocampus area in the real mammalians brain. Thus, the network scale we choose is
reasonable. We also test the results with the number of neurons changing from 200 to 2000 (interval is
200). We find the results are robust. However, the network scale in our research is still small, we still
need to test the efficiency in large scale network (N>10000) and more hippocampal areas.

Various experiments [48] [49] have demonstrated the feasibility of TMAS in neuromodulation. In
this work, the k-wave is employed to simulate the propagation of a continuous acoustic wave. The single
element bowel shaped focused transducer is designed based on the numerical simulation area which
reflects a real distribution of the three-layer brain medium and the location of the hippocampus. We
demonstrated that the focused ultrasound system has the ability to transcranially target the hippocampal
area accurately. Based on the advanced TMAS techniques, we investigated two kinds of modulated
TMAS strategies to suppress seizures. Strategies based on magnetic intensity were tested in Fig. 7. The
epileptic network could transit from the ictal discharge to the phase-locking periodic spiking by
increasing the magnetic intensity and the network more actively responds to the pulse-wave modulated
TMAS strategy. However, the two modulation methods based on the modulation frequency seems not to
be able to terminate seizures activity. The epileptic network could transit to the slow interictal discharge
state only when the modulation frequency is settled within a specific range. Also, observations from the
ISI bifurcation diagrams in Fig. 9 confirmed the above conclusions. In this paper, we concentrate on
analysing the effects of TMAS on the whole network and don’t provide dynamical bifurcations of single
neurons. In our another paper, we calculate the ISIs of pyramidal cell and interneuron to study the

effects of TMAS on neuronal nonlinear dynamical properties at different magnetic field intensities and
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use the maximum ISI of neurons after TMAS as an indicator of epileptic latency. We quantitatively
identified three bifurcation points for state transitions by changing the magnetic field strength. The
results indicate that TMAS can increase the latency of hypersynchronous seizures and eventually result
in the transition to the resting state at sufficient intensity. Finally, the energy consumption for all trials
are calculated to quantificationally evaluate the neuromodulation performance. The pulse wave-
modulated TMAS strategy based on magnetic intensity shows the best performance in suppressing
seizures but requires maximum energy. The strategy based on sine wave-modulated TMAS using
magnetic intensity ranks second and needs less energy. Although, strategies based on modulation
frequency are energy saving, their performance in terminating seizures are the worst. From the
comparisons above, the TMAS strategy based on magnetic intensity is the most efficient for seizure
termination. With reference to ultrasonic fundamental frequency (f, = 1IMHz VS 0.7MHz) and
intracranial ultrasound stimulation pressure (pr = 3MPa VS 0.07MPa) in Ref.[29], and modulation
frequency (MF varies from 5 to 150Hz VS 0.5Hz to 10Hz) in Ref.[28], we set the TMAS parameters in
our paper. Besides, for the sake of safety, our magnetic field intensity (B, varies from 0.05T to 1T) is
also within the parameter range required for diagnosis. These parameters design is reasonable. Our paper
provides theoretical exploration evidences on TMAS for suppression of seizures, however, the accuracy
of stimulation parameters should be tested in further eletrophysiological experiments.

The limitations in this work are: 1) We need to consider more network structures with various
numbers of neurons to strengthen the reliability of this work. 2) This work only considers the local
stimulation effects of the induced TMAS current. The spatial distribution stimulation effect should be
considered in the future research. 3) We consider the interaction of two stimulation parameters at first,
but we find that the modulation frequency has a very narrow modulation range and the magnetic field
intensity acts dominantly in suppressing seizures. We will sake for other superior stimulation

parameters, €.g., the spatial-peak temporal-average intensity (I5y.q) and spatial-peak-pulse-average

intensity (Isppq). Our research provides a comprehensive view to assess the efficiency for different
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TMAS strategies together with their underlying mechanisms in a detailed computational model of the
epileptogenic hippocampus. Our results enrich the theoretical basis of epileptic dynamics and its
potential non-invasive control and we hope that such work will helpful for future clinical treatments of

neurological disorders.
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