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Coexistence of fast and slow traveling waves without synaptic transmission has been found in hhhippocampal tissues,
which is closely related to both normal brain activity and abnormal neural activity such as epileptic discharge. However, the
propagation mechanism behind this coexistence phenomenon remains unclear. In this paper, a three-dimensional electric
field coupled hippocampal neural network is established to investigate generation of coexisting spontaneous fast and slow
traveling waves. This model captures two types of dendritic traveling waves propagating in both transverse and longitude
directions: the N-methyl-D-aspartate (NMDA )-dependent wave with a speed of about 0.1 m/s and the Ca-dependent wave
with a speed of about 0.009 m/s. These traveling waves are synaptic-independent and could be conducted only by the
electric fields generated by neighboring neurons, which are basically consistent with the in vitro data measured experi-
ments. It is also found that the slow Ca wave could trigger generation of fast NMDA waves in the propagation path of slow
waves whereas fast NMDA waves cannot affect the propagation of slow Ca waves. These results suggest that dendritic
Ca waves could acted as the source of the coexistence fast and slow waves. Furthermore, we also confirm the impact of
cellular spacing heterogeneity on the onset of coexisting fast and slow waves. The local region with decreasing distances
among neighbor neurons is more liable to promote the onset of spontaneous slow waves which, as sources, excite propa-
gation of fast waves. These modeling studies provide possible biophysical mechanisms underlying the neural dynamics of
spontaneous traveling waves in brain tissues.

Keywords: hippocampal network, epileptiform, dendritic oscillation, traveling wave, electric field coupling

PACS: 87.19.1q, 87.19.11, 87.19.1j, 07.05.Tp

1. Introduction

Hippocampus plays a key role in memory and learning.[!!
Abnormalities in the structure of hippocampus have been iden-
tified in patients with epilepsy.[?! Studies on electroencephalo-
gram of epilepsy patients have shown that there are two types
of traveling waves associated with hippocampus activity.!3 In
the study of epilepsy, the speed of epileptic electrical signals
propagating along the temporal and septal axes is always close
to 0.1 m/s.[*! However, more in-depth experiments cannot be
conducted on living human brain, which limits exploration of
the mechanism of these traveling waves. "]

Due to the limitations of in vitro experiments, many

sI8] ysed the isolated hippocampus tissue to repro-

studie
duce this traveling wave and study its transmission mech-
anism. Measured in vitro in the hippocampus of rats, the
wave propagation speed is about 0.1 m/s.[%! This measurement
differs greatly from traditional synaptic transmission speed
and gap junction. In vitro experiments using chemical an-
tagonists and other means in several studies have shown that
the transmission of epileptiform activity can be transmitted
through a special mechanism without synapses.!” The ap-
plication of electrical stimulation to hippocampal CA1 neu-
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rons elicits dendritic oscillations within the hippocampus,
providing evidence for the association between hippocam-
pal dendritic oscillations and electric field coupling.”! After
blocking synapses, chemical synapses, electrical synapses and
other mediators between neurons in rat hippocampus by using
blockers (such as 4-aminopyridine (4-AP), which can block
synapses between neurons), fast waves can still be found. It
is well known that neuron excitation is accompanied by gen-
eration of transmembrane currents frequently, which induce
spontaneous weak electric field within the neural network.
Many studies have shown that the spontaneous weak elec-
tric field effect of neurons can affect the neuron’s own exci-
tation. This phenomenon has been confirmed by in vitro ex-
periments of neural networks in both the hippocampus and
the cortex.!®! Further experiments found that the fast oscil-
lations are more likely to be related to spontaneous electric
fields generated by hippocampal cells that activate neighbor-
ing neurons.!'’ Subsequent experiments using dendritic N-
methyl-D-aspartate (NMDA) channel antagonists (2-amino-5-
phosphonovaleric acid, i.e., APV) have demonstrated that den-
dritic NMDA channels are involved in generation and propa-

gation of this traveling wave.[!!] All the above-mentioned tis-
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sue experiments in vitro indicate the properties of this traveling
wave in the hippocampus such that its generation and propaga-
tion depend on the dendritic NMDA channel and the electric
field coupling of neurons acting as the propagation medium.
In further in vitro experiments on the hippocampus, a
slow traveling wave with a slower propagation speed than the
fast spike was first found to coexist with the fast traveling wave
in the epileptic hippocampus.!'?! The movement speed of this
slow moving wave is only one tenth of that of fast waves, and it
does not require NMDA receptors for propagation. The study
used NMDA antagonists to demonstrate that the generation
and propagation of this slow wave are independent of NMDA
channels and the flow of calcium ions can be discovered in
the generation and propagation process. Further experiments
proved that the calcium channels of dendrites are involved in
the neuronal periodic activity.[! Another in vitro experiment
has found that there is a suspected source of fast and slow
waves coexisting in the hippocampus.!'°! By using experimen-
tal methods such as photosensitive calcium protein reaction
and Doppler effect, the continuous movement of wave source
during the conduction process was determined.!®) A number
of in vitro experiments have successfully reproduced this peri-

(131 The application

odic oscillation in the hippocampus of rats.
of electrical stimulation to hippocampal CA1 neurons elicited
dendritic oscillations within the hippocampus, providing evi-
dence for the association between hippocampal dendritic os-
cillations and electric field coupling.!'*) However, in vitro ex-
periments cannot confirm the existence of a common source
of fast and slow waves and can only be conducted based on
this assumption, in vitro experiments are extremely demand-
ing on the experimental environment and operation, and the
measurement and processing of experimental results are faced
with great difficulties, so it is impossible to deeply explore
the mechanism of inducing dendrite waves. Traditional elec-
trophysiological techniques obtain data through repetitive ex-
ploratory experiments, which are blind and have bioethical
limitations. Therefore, it is necessary to establish a model to
simulate the propagation process of fast and slow waves in the
hippocampus.

In order to study neuronal activity in the hippocampus
more conveniently, hippocampal neuronal models with differ-
ent propagation modes have been established in many studies.
The earliest studies utilized model simulations to test the role
of electric fields in neural tissue.['>) By modeling and sim-
ulating the state changes of individual neurons during den-
dritic oscillations in the hippocampus, we have gained a bet-
ter understanding of the process of dendritic oscillations. 16!
The hippocampus was expanded from the middle to simulate
the activity of neurons on a square array, which was propa-
gated by two-way synapses between CA1-CA3 regions of the
hippocampus.!®1% This model provides a simplified idea to

unfold the hippocampus before simulation but only consid-
ers the activity of synaptic transmission pyramidal neurons
on one plane, and fails to use models to study electric field
coupling and fast and slow waves. In subsequent research,
a larger scale two-dimensional neural model was established
to achieve bidirectional propagation of hippocampus in the
model.!'"!l A two-compartment electric field coupled model
was established to study the transmission of noise disturbance
to hippocampus stimulation.!!”) The simulation of the above-
mentioned two models in the direction of electric field conduc-
tion is only unidirectional, which is different from the actual
electric field conduction in the hippocampus. In epilepsy-like
simulation, the propagation of fast and slow waves is bidirec-
tional in the temporal septal direction. By establishing a 10 x 3
pyramidal neuron model, it is proved that electric field con-
duction can be conducted in the hippocampus at 0.1 m/s.!
This model is small in structure, with only three layers of
neurons. The propagation of nerve excitation in this model
is one-direction, which can only verify the basic conclusions
such as for the speed of the propagation. In our previous re-
search, we established a two-compartment model to simulate
the periodic activity of fast spikes and found that their prop-
agation is closely related to the distance between hippocam-
pal pyramidal neurons and NMDA channels. ! Unfortunately,
that two-compartment model cannot simultaneously arrange
NMDA channels and calcium ion channels and was not com-
prehensive enough to study the coexistence of fast and slow
waves. The present model simulates the bidirectional conduc-
tion of electric field in the longitudinal direction, ignoring the
electric field propagation in the transverse axis. Although both
the models provide a valuable foundation for our study, re-
search of coexistence of fast and slow dendritic waves requires
a more complete-structural and larger-scale model.

In this paper, we provide a novel three-compartment neu-
ron array model based on our previous study. The model in-
cludes both NMDA channels and Ca?* channels, as well as
other neuronal structures, with a larger scale of 200 x 200
pyramidal neurons. Electric field coupling can occur in both
longitude and traverse axes. This model enables us to ex-
plore the propagation mode and to identify common source
of NMDA-dependent waves and Ca waves in the coexistence
state. Using this model, we describe a new mechanism that
dendritic Ca wave could act as the source of coexistence fast
and slow waves. The model data validation verifies that the
abnormal reduction of cell spacing reduces the threshold of
stimulation required for generation of fast and slow waves,
and increases the transmission speed of fast and slow waves.
This type of hippocampus tissue isomerism is closely related
to brain diseases such as epilepsy.

The rest of this paper is organized as follows: In Sec-
tion 2 we introduce the basic structure and working method of
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the model. In Section 3 we mainly present the data and con-
clusions obtained from model simulation in six sections. Sub-
sections 3.1 and 3.2 show the bidirectional electric field con-
duction in the model on both transverse and longitude axes.
In Subsections 3.3 and 3.4, we explore the roles of calcium
ion channels and NMDA channels in the process of dendritic
coexistence waves. In Subsection 3.5, it is verified that elec-
tric field coupling is the propagation medium of fast and slow
coexisting waves. In Subsection 3.6, we explore the influence
of cell spacing on the stimulation threshold and propagation
speed of fast and slow waves, and simulate the relationship
between local tissue spacing heterogeneity and epileptiform
traits. Finally in Section 4, we presented a comprehensive
analysis of the simulation results.

2. Materials and methods
2.1. Neuronal firing network

Based on the above-mentioned existing neuronal struc-
ture, we constructed the neuronal firing network. The object
selected for simulation was a section of the rat hippocam-
pus. The neuronal array simulates a region of approximately
350 um(X) x 300 um(Y) x 360 um(Z) in the hippocampus,
from the hippocampal septum to the temporal lobe for the lon-
gitudinal part of the neural network, and from area CA1 to area
CA3 for the lateral part of the neural network (see Fig. 1).[8]
The neuronal network is located in an approximate rectangular
space with the x-axis direction representing the longitudinal
direction and the y-axis direction representing the transverse
direction, as shown in Fig. 1. The z-axis represents the stack-
ing of multiple layers of neurons (see Fig. 1), and to simplify
the model, we introduced a stacking factor (SF) to replace
the mutual influence between different layers of neuronal net-
works. Therefore, the object of our study is a single-layer
200(X-axis) x 200(Y -axis) neuron matrix (see Fig. 1).1191

CA3
f’ 000000000

X 000000000
000000000

200 cells © © 00 0 0-0 6 0
000000000
000000000

CA1l
200 cells

Fig. 1. Transmittance for the eigenvalues of the cavity including
the BP and BC, plotted as a function of A¢ for the case of f = 45°.

2.2. Electric field coupling

When an action potential occurs at the dendrite, current
flows out the soma and in at the dendrites, creating a local cur-
rent loop. This loop will in turn depolarize the adjacent neu-
ron that was originally at rest and modulate its electrical activ-
ity (see Fig. 2). The conduction of electric fields is isotropic,
whereas it is not realistic to fully achieve electric field conduc-
tion in all directions in the model. Researchers have showed
that the multidirectional electric field conduction of neurons
mainly follows these two vertical directions.? To verify that
the neuronal spontaneous electric field is able to induce the
slow oscillations found in in vitro experiments, the model as-
sumes that the neuronal electric field is conducted in both the
X and Y directions and that the electric field is bidirectional
in each axis. The calculation of the neuronal electric field fol-
lows exactly the laws of electrical correlation.?!l Since each
neuronal cell can be approximated as a point current source,
according to Ohm’s law and the potential calculation formula,
the potential at any point in the electric field it forms can be
given such that p is the equivalent resistance between the point
and the current source, [ is the current source strength, and r is
the linear distance between the point and the center of the cur-
rent source. Based on the electric field coupling relationship
between cells (Fig. 3) with Eq. (1), we can calculate all extra-
cellular potential to any compartment in the neuronal network

as follows:
_a I
0= dmegr  Amr’ M
V(k 0 = ﬁ Z ( )-tran_d + I(i,j),tranJ )
,b)-ez ,
4 (i) Tand—=khz)  Tij)-s—kD)z)

(z=d.s), @

BRI

Apical dendrite
calcium ion channel

_I_

Basal dendrite
NMDA channel

Fig. 2. Graphical demonstration of electrical field effect for cell to
cell interaction. In ion flow, pyramidal neurons can be regarded as
an independent current source, generating an electric field centered
around the current source.
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In Eq. (2), V{x1)_ is the extracellular potential inserted
at target compartment z of the target cell(k,!), I(; j) tran_q 1S the
transmembrane current of two compartments in source cell([) )

located at distances r(; j) 4 (k). and 7(; j) s (k1)) from the

i.J

Ica
\ Cell(w) Cell(k.l)
Ixpr jApical /Apical
_B dendrite ¢ » | dendrite
X \ /
W7 /

Iy eax
e

It eax

Basal

Q&ndrite

INMDA 3 Basal
1 dendrite

K

z.1221 To better observe the propagation of

target compartment
fast spikes and slow waves in the model, simulated electrodes
were applied to the exterior of the hippocampus to measure the

traveling wave data in the model (see Fig. 4).
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Fig. 3. Neuron model ion channel distribution and bidirectional electric field coupling (left), as well as the circuit model of conical

neurons used in simulation (right).
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Fig. 4. A virtual 3 x 3 electrode array is placed at 30 pm away from
the neuronal array. The electrodes measure potential information in
the apical dendritic layer, the somatic layer and the bottom dendritic
layer, respectively.

2.3. Model operation method

The structure of the model consists of weight matrix, co-
Based on the
weight matrix, coordinate matrix and initial extracellular stim-

ordinates matrix, state variables matrix, etc.

ulus, the initial state matrix of the neuron is obtained. The
state matrix contains neuronal transmembrane potential, cal-
cium channel coefficients, etc. To describe the simultaneous
conduction of the spontaneous electric field in the X and Y
axes for simplifying the calculation, we take into account the
superposition effect of the electric field. The model is used to
calculate the electric field in both directions separately, super-
imposing them together and including them in the iteration of
the state matrix. The single step of state iteration is 0.1 ms,

and the total iteration time is 5000 ms. The model assumes
that the iteration time exceeds half of the total period before
reverse conduction begins, and the updated weight matrix is
used to simulate bidirectional conduction. The data are pro-
cessed separately outside the model, and the neuronal state
matrix at each time point allows us to observe the electric field
conduction of the same neuron at different times, in the same
way as data from in vitro experiments. ]

2.4. Single neuron structure
2.4.1. Cell scale

In the hippocampal neural network model, each hip-
pocampal pyramidal neuron cell contains three compartments,
one of which, as the cell body of the neuron, contains only one
leakage channel and is in a passive state in the whole oscilla-
tion process. The other two compartments are the apical den-
drites and the basal dendrites. We used Matlab simulation to
conduct mathematical modeling of this neuron structure (see
Fig. 3). This model can be used to test the slow oscillations
of pyramidal neurons under various experimental conditions
in vitro. In the model, the spacing between adjacent neuron
centers was 15.8 pm, which mimics the diameter of pyrami-
dal neuron cells under normal physiological conditions. The
cell radius and cell spacing of pyramidal neurons are affected
by concentration in the environment. Low calcium environ-
ment induces cell swelling, and the spacing of adjacent cells

[23

decreases accordingly.!?* The effect of concentration on slow

wave propagation was tested by changing the radius of cone
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cells in the model.

2.4.2. NMDA channel

NMDA receptors are widely distributed in the dendritic
portion of pyramidal neurons. To scientifically describe the
activity of neuronal arrays, we included NMDA receptors in
the neuronal model, located on the parietal dendrites. Mag-
nesium is a negative allosteric at NMDA glutamate receptors.
The extracellular concentration of magnesium ions determines
the degree of opening and closing of NMDA channels, and we
take the coefficient B to express the effect of magnesium ion
concentration in the extracellular environment on the conduc-
tance of NMDA channels.!?*! This gating function is

B= 1 . 3)

2+]

1+exp(—kBde)M1§70

2.4.3. Leaky channel

Since somatic cells are passive interneurons, there is only
one channel for leakage current on the cytosolic neurons. Such
a design can also test the spike found in in vitro experiments
that do not require NMDA channels.

2.4.4. Ca?** channel

Calcium channels are located on the cell membrane and
allow calcium ions to enter the neuron upon opening.!?>! The
influx of calcium triggers a variety of neuronal processes such
as neurotransmitter release, gene transcription, and plasticity
mechanisms that enable learning and memory. Voltage-gated
calcium channels open in response to membrane depolariza-
tion caused by neuronal excitation. Calcium channels have
also been shown to play a key role during fast and slow-wave
conduction in hippocampal neurons, which in models are lo-
cated on the apical dendrites of neurons. To better characterize
the function of calcium channels, relevant potassium channels
were also introduced into the model. The inverse relationship
between potassium and calcium channels establishes a feed-
back loop that underlies action potential. In the model, this
operation can be simulated by the conductance value of the
potassium channel g, .

2.4.5. Other fixed parameters of neurons

In order to be comparable with the in vitro experimen-
tal conditions, we designed some neuronal parameters as fol-
lows: somatic membrane resistance R, = 680 Q/cm?, the
membrane resistance of parietal dendrites and bottom den-
drites are the same, Rmg; = Rma1 = 780 Q/cm?, intracellu-
lar resistance R; = 530 Q/cm?2, extracellular resistance R; =
530 Q/cm?. Dendrites and somatic membrane capacitance are
equal, Cpg = Cps = 1 pF/cm?. The other fixed parameters are
listed in Table 1.

Table 1. The electronic parameters in the computational model.

Parameter Symbol Value
Somatic membrane resistance R 680 Q/cm?
Dendritic membrane resistance Rind1 Rmd1 780 Q/cm?
Intracellular resistance R; 530 Q/cm?
Extracellular resistance R. 300 Q/cm?
Dendrites membrane capacitance Cind 1 pF/cm?
Somatic membrane capacitance Chns 1 uF/cm?

2.4.6. Hudgkin—Huxley model

The cell membrane model used in the model is the
Hodgkin—Huxley model, which is closer to the physiological,
electrochemical properties of real neurons (see Fig. 3). Ac-
cording to the gating function of this model, the ion current
values of each ion channel of the neuron are obtained, and
then we can obtain the transmembrane potential by the fol-
lowing equation:

Dot _ L(*IdU\JMDA —Is a1 — 1a1 Leak — La1 stim
dt Cnd
—Ig1.a2 — IxDR), “)
% = (L1 — Iy Leak — L stim — La2s), (5)
d‘;n;dz = Cimd (—Ii21eak — laz.ca — lao ke — Lz xAnP
— g2 stim — Is_a2), (6)
InvpA = — gNMDAB(Vind1 — ENmbA ), @)
Ikpr = — gmxprRN* (Va1 — Ex), ®
Deak = — &mLeakB(Vin — ELeak) ©)
Ixanp = — gmxaHPG(Vin — ELeak), (10)
Ica = — gm.camiahca(Vinaz — Eca). (1)

Some fixed conductance and potential in the model are listed
in Table 2.1%2)

Table 2. Some fixed conductance and potentials in the equation.

Parameter Symbol Value
NMDA channel conductance gnvpa 6.5 ms/cm?
Potassium ion channel conductance 8KDR 200 ms/cm?

Somatic membrane leak conductance gmsLeak 1.4706 ms/cm?

Dendritic membrane leak conductance 8gmdLeak 0.0292 ms/cm?

Resting potential of NMDA channels Exmpa ov
Resting potential of ion channel conductance Ex —60 mV
Resting potential of leaking channel conductance  Ej ¢ax —58 mV
Resting potential of calcium ion channels Eca 10 mV

The dynamics of gate variable n for Ixpr and mca, hca
for Ic, are described by

d

T =a-n@+p), (12)

ey = <l (13)
TmCaH
h

hey = —2L (14)
ThCaH
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with the variable rate functions

0.00049V,
a=—— (15)
1 —exp(—39)
0. 00008( md —10) (16)
exp( 10 —1.0)’
1
MCaH = (17)
CaH — 1 + exp( md+20)
1
hcaH= ———————5— (18)
CaH = l4+e Xp( md+40)

3. Results

3.1. Simulation of bidirectional electric field conduction

3.1.1. Slow periodic waves propagating
synaptically in the model

non-

Before proceeding with the simulation of the relevant ex-
periments, we first verify that the model is able to simulate fast
and slow waves in the hippocampal phenomenon while cutting

off other neuronal connections. 18]

Vitudl rec 3
(row 135)

Vitual rec 1 Vitual rec 2
(row 2) (row 58)

/ foin

CA3
200 cells

Vitual rec 1
(column 162)

Fig. 5. Virtual electrode measurement membrane potential in three
different neurons from the same column and row in two directions
in an array of hippocampal neurons.

Vitual rec 2
(column 68)

Vitual rec 3
(column 2)

95.9ms

100 ms
149.6 ms 6

5 va

500 ms

—60mV:

W W

Row Column

Fig. 6. Slow waves measured by three virtual electrodes in the lon-
gitude and traverse directions and the time interval between them.

We adjusted all channel conductance of the model to
normal values and simulated the maintenance of extracellular
magnesium and calcium ion concentrations at equilibrium. In

the simulated hippocampal sections, we inserted virtual ‘elec-
trodes’ to record the membrane potential changes of the neu-
ronal cells in two directions during the simulation (see Fig. 5).
With three simulated electrodes in the same row and column
in both of the traverse and longitudinal directions, we can esti-
mate the speed of propagation (see Fig. 6). Due to the random
nature of the initial state of the model, the propagation speed
is subject to error, and we obtain multiple sets of data from
multiple simulations to estimate the propagation speed statis-
tically.

The results obtained from the simulation show that the
model can generate and propagate slow periodic waves nor-
mally under the initial conditions, and the slow wave is con-
ducted in traverse and longitude directions at an approximately
constant speed. Based on the distance between the measured
neuron cells and the time of wave peak arrival, the speed of
slow waves in the simulation can be roughly calculated. "1 Af-
ter several experiments, the slow periodic propagation speed
was statistically obtained to be 0.009 £0.003 m/s.

3.1.2. Fast traveling spikes propagating spontaneously
in the model

Using the same method while observing slow waves, we
observed spike continuous discharges in neuronal cells. Ac-
cording to the relevant parameters of the in vitro experiment,
the conductivity value of the NDMA channel was set. The
results obtained from the simulation show that the model can
generate and propagate fast spikes spontaneously normally un-
der the initial conditions. Within a period, the propagation of

19 4 ms

5mV

200 ms

—60mV

Fig. 7. Fast spikes measured by three virtual electrodes and the
time interval between them.

12 12

10

Frequency
(=2 e
Frequency
-
=2} e (=}

I
'

0 0

0.00 0.05 0.10 0.15 0.20 0.25 5 6 7 8 9 10 11 12 13
Spike speed (m/s) Wave speed (1072 m/s)

Fig. 8. To exclude the effect of experimental error, 35 replicate

tests were performed. The speed histogram displays the statistical
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fast waves takes on the form of clustered spikes (see Fig. 7).
The fast wave propagation speed was statistically obtained to
be 0.1 £0.02 m/s (see Fig. 8).

3.1.3. Coexsistence of fast spikes and slow waves in
hippocampal

Fast spikes and slow-wave propagation can be found si-
multaneously in the model. To better observe the propaga-
tion of fast spikes and slow waves in the model, simulated
electrodes were applied to the exterior of the hippocampus
to measure the traveling wave data in the model. The neural
electric field of the hippocampus measured by virtual in vitro
electrodes. The maximum electric field in the hippocampus
was 11 mV/mm, and the peak appeared at a time that basi-
cally coincided with the firing spikes of neuronal cells (see
Fig. 9). The fast spikes were filtered out by a high-pass filter,
and the fast spikes at different locations maintained essentially
the same frequency and speed. Similarly, using a low-pass fil-
ter, slow wave data at different locations can be obtained (see
Fig. 10), again with similar frequencies and propagation ve-
locities. To further compare the reproduction of the model
for the in vitro experiments, multiple repetitions of the experi-
ment varying the parameters were performed. By varying the
stacking factor (SF) of neuronal cells, multiple sets of experi-
mental data were obtained (see Fig. 11). It can be found that
when the cell stacking factor increases, the neuronal cell field
strength increases continuously to about 21 £0.5 mV/mm, the
field strength increase becomes smaller and the field strength

[26] The distance between neurons

remains basically constant.
(D¢c) decreases to 2 mm and 3 mm, respectively, under con-
stant neuronal stacking factor. The electric field intensity in-
side neurons significantly increases. At the same time, the
measured speed of fast- and slow-wave propagations also in-
creases (Fig. 11). If the stacking factor of the cells is too low,
no wave will be generated in the simulated neural network.
The frequency of continuous fast spikes fluctuated between
0.5 Hz and 1.1 Hz, with an average value of 0.72 +0.25 Hz,
and the speed ranged from 0.04 m/s to 0.2 m/s, with an aver-
age value of 0.12£0.04 m/s. The ratio of the speed between
fast and slow waves during propagation is in the range of 9—
11, with an average value of 9+ 1.2, and the ratio of amplitude
is in the range of 7—13, with an average value of 10£1.5. The
traveling waves obtained from the simulations have similar-
ity to the data obtained in the experiments.?’! Simulations are
basically consistent with the in vitro experimental data. How-
ever, the error of model simulation for the same data is smaller

than that of in vitro experiments.

W?

1mV/mmT_>

500 ms

Fig. 9. The neural electric field of the hippocampus measured by
virtual in vitro electrodes.
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Fig. 10. Local electric potential recorded at a medium virtual elec-
trode close to the somatic. The simulated spikes can demonstrate
the coexistence of fast wave oscillations with slow wave propaga-
tion. By high and low pass filtering of the data measured at the
electrodes at different locations, the wave speed and amplitude of
the fast and slow waves can be measured.
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3.2. The source of the fast spike moving in a train of spikes

Although the propagation direction of slow waves is basi-
cally fixed, in the simulation, it was found that the propagation
direction of fast spikes is not the same as slow waves. Because
of the high propagation speed of fast waves, it is hard to de-
termine the position change of wave source only by the mem-
brane potential of several neurons. In the model simulation,
the membrane potential heatmap can help us better judge the
change of the fast spike source. Utilizing the recorded mem-
brane potential data from a single nerve cell, we choose the
membrane potential distribution across an entire neuronal ar-
ray in a specific spike train.

Subsequently, a heat map representing the neuronal mem-
brane potential is generated to reconstruct the origin and direc-
tion of propagation for these spike events. The membrane po-
tential heatmap in this study is derived from a segment of the
membrane potential within the neuronal array at coordinates
(100, 100) of the pyramidal neurons. It captures six moments
within the array corresponding to three instances of fast peaks
and troughs. By analyzing the changes in the membrane po-
tential before and after the peaks, we attempted to determine
the source location of the fast wave. It can be observed that
prior to the first peak in the pyramidal neuron, action poten-
tials are first generated in neurons on the septal side. Locally
activated dendrites discharge, and under the influence of elec-
tric field coupling, activate nearby dendrites in the region. The
fast wave propagates to the target neuron, resulting in a peak.
It can be observed that in this instance, the fast wave propa-
gates from the septal to the temporal lobe. In the next mo-

ment, we captured the generation of new action potentials in
the middle of the neuronal array, spreading outward in all di-
rections, as observed in the membrane potential heatmap. The
source of this fast wave oscillation was located in the middle
of the neuronal array. The last two heatmaps depict the process
of the final excitation of the pyramidal neuron at coordinates
(100, 100). The fast wave initially appeared in the lower right
corner of the neuronal array (i.e., the temporal lobe side). Fur-
thermore, the sequence of spike trains recorded by extracel-
lular electrodes in the subsequent figure provides additional
evidence, supporting the conclusion that the source of the fast
wave underwent a movement from the septal to the temporal
lobe. During this movement, one or multiple discharge events
also occurred (see Fig. 12). This particular phenomenon has
also been observed in in vitro experimental settings,!®! with
the model demonstrating the capacity for accurate replication.

One potential explanation for this occurrence is that the
wave source undergoes a continuous movement, with the
source’s velocity being considerably lower than that of the
wave propagation. Through the examination of the membrane
potential’s thermodynamic diagram, a distinct pattern of wave
source movement can be discerned. The simulation data un-
equivocally supports the notion that the wave source’s move-
ment is not a fleeting event, but rather a gradual process that
unfolds in tandem with the wave propagation (Fig. 12). The
three electrodes recorded the arrival time of three peaks in a
peak queue, indicating that the order of wave peak arrival is
not fixed.

(©)]
Vi
°
Unit: mV

—20

T S | —25

—30

—35

N —40

—45

‘ —50

. | —55

CA3 - — —60

—— Virtual rec 1 Wayve propagation in a spike train
—— Virtual rec 2
—— Virtual rec 3
18.3 ms
@ @ 9.1 ms 21.1 ms
10.2 ms
6 m

i

Second spike

First spike in a train

in a train Last spike in a train

Fig. 12. The location of the wave source for the multiple spike queue (35 events) (top left). It can be found that the change in the
position of the wave sources occurs under the current simulation conditions.
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3.3. The function of NMDA channels in propagation

In our study, we demonstrated with model simulations
that NMDA waves play a key role in the generation of fast and
slow waves of dendrites in hippocampus.[?®! In this subsec-
tion we explore the role played by NMDA channels in genera-
tion of slow waves. The first method is to dynamically change
the conductance of the NMDA channel in conduction and to
observe the effect of this dynamic change on the generation
of slow oscillations. Neurophysiological studies have shown
that NMDA channels are populated with magnesium ions that
block the passage of other ions to stifle the generation of neu-
ral excitation (see Fig. 13). If the extracellular magnesium
ion concentration rises, it affects the degree of opening of the
NMDA channel with the gating function shown in Eq. (1).
Therefore, the second method is to change the extracellular
magnesium ion concentration and to explore the role of the
degree of opening and closing of NMDA channels on slow-
wave propagation.

®©

NMDA channel

( Mg?H>
QM2

226 o3

Fig. 13. NMDA receptors possessing a magnesium ion block
mechanism.

—— Somatic membrane potential
— Basal dendrite membrane potential

gnmpa = 0.1 mS/cm? —— Apical dendrite membrane potential

60 mV

A

Fig. 14. Method 1: after removing the NMDA channel wave
(NMDA conductivity is reduced to 0.5 mS/cm?), the slow wave
generation of calcium ions is not affected.

10mV >

1000 ms

We set the conductivity of the NMDA channel to a lower
physiological value. Try to limit the role of NMDA channel
in membrane potential through low conductivity [Eq. (3)]. In
the model simulations, no clear change in the slow wave prop-
agation process was observed (Fig. 14), where fast spikes no

longer generated. Calcium waves generated by calcium chan-
nels also disappear after a spike and cannot propagate inde-
pendently of NMDA waves. For the tests of method 2, we
set the extracellular magnesium ion concentration at 0.5 mM
and 2 mM, respectively, to compare the propagation produced
with the normal concentration of 1 mM used in the in vitro
experiments. Decreasing the concentration of Mg?* would
increase the ion inflow of NMDA channels, raising the rest-
ing potential of NMDA channels and greatly increasing the
difficulty of spike generation. The NMDA channel activity
decreases after increasing the magnesium ion concentration.
The peaks of NMDA spike and firing frequency decrease (see
Fig. 15). Both the above model experiments demonstrate the
critical role of NMDA channels in fast spikes activity. How-
ever, calcium wave production is not affected by changes of
NMDA channel activity in the experiments, which is consis-
tent with the results of method 1.

— Somatic membrane potential
— Basal dendrite membrane potential
— Apical dendrite membrane potential

[Mg] = 0.5 mMol [Mg] =2mMol 1¢ v

—30mV|

—60mV

Fig. 15. Method 2: after adjusting the concentration of extracellu-
lar magnesium ions, the NMDA peak disappears and the generation
of slow waves of calcium ions is not affected.

3.4. The function of calcium ion channels in propagation

Calcium channels serve as crucial ion channels that sig-
nificantly contribute to the modulation of various aspects of

(291 These channels are implicated in the ini-

neuronal activity.
tiation and propagation of action potentials, as well as in
synaptic plasticity and the regulation of neurotransmitter re-
lease. Moreover, they have been identified as playing a pivotal
role in the generation of slow wave activity and modulating
the activity of other ion channels, such as NMDA channels.
Compared to in vitro experiments, computational models en-
able the fine-tuned regulation of calcium channel opening and
closing, providing a clearer visualization of the impact of these
channels on slow-wave conduction. Calcium channel conduc-
tance may range from 0.1 to 56. The influence of calcium
channels on NMDA wave and slow wave propagation can be
ascertained by observing the alterations in membrane potential
within various compartments of the same cell, as conductance
values span different ranges (see Fig. 16). Changes of hip-
pocampal neuronal cell membrane potential in calcium chan-
nel conductance are observed. When calcium channel activity
is overactive, fast spikes and slow waves are no longer gener-
ated after a continuous spike train. Changes of membrane po-
tential during fast and slow wave propagation will affect hip-
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pocampal neuron cells under normal conditions. When reduc-
ing the calcium channel conductance to 0.5 times the normal
value, the slow waves generated by calcium channels are not
affected, but the NMDA spike train excitability is reduced, and

gca=42mS/cm?

—20mV

gca=25mS/cm?

|

—20mV

—60mV

the original three spikes in a train are reduced to two spikes.
When decreasing the calcium channel conductance of neu-
ronal cells to 0.1 ms/cm?2, the neuronal fast- and slow-wave
propagations will completely disappear.

Somatic membrane potential
Basal dendrite membrane potential

Apical dendrite membrane potential

gca=5mS/cm?

Fig. 16. The generation of fast and slow waves in pyramidal neurons during changes in calcium ion channels.

In scenarios where either calcium channels are absent or
they exhibit minimal opening, neuronal electrical field con-
duction is entirely obstructed. As calcium channels progres-
sively open, slow-wave conduction is observed within the
neuronal array. However, NMDA wave excitability remains
low, and the frequency of spike occurrences diminishes. It
is only upon restoring the degree of calcium channel opening
that NMDA excitability reverts to normal levels. These sim-
ulations demonstrate the critical role of calcium channels for
slow-wave conduction. This role is reflected in the direct in-
volvement of calcium channels not only in the formation of
slow waves, but also in their modulation of NMDA channels.

3.5. Electric field conduction plays a key role in slow con-
duction

In order to further investigate the influence of electric
field effects on slow-wave propagation, relevant electric field
experiments were conducted using the model. According to
Eq. (17), the intensity of electric field induction between neu-
rons is inversely related to the distance between them. In
vitro experiments often involve physically severing the rat hip-
pocampus to examine the dependence of slow wave propaga-
tion on the physical spacing between neurons. (!

Vitual rec 1 Vitual rec 2

(cell 2) (CCH 15(])

T

200 cells
r A
060/0-- 0000087 .....
o F@-n -t
CAl 00 @-cc s
080000 a0 CA3
Gap { 200 cells

LN O RTRT °oe .E' 9 0. o q L
PP 000000...... 0oe

S

Fig. 17. Physical severance performed between the two columns
of cells and between rows 100 and 101 in the hippocampus. The
size of the gap gradually increases, and the changes of membrane
potential of neurons before and after the gap are observed.

Model simulations can conveniently replicate in vitro ex-
periments by adjusting the distance between adjacent neuronal
cells. In the model, the center of the neuronal cell array (be-
tween columns 100 and 101) is severed, and the distance is set
to 2000 times the adjacent cell spacing (see Fig. 17). Sim-
ulated electrodes are positioned at one neuronal cell before
and one after the break to monitor excitation conduction (see
Fig. 18). The membrane potential changes of the cells in front
of the gap can be observed. Some NMDA spikes in spike train
are missing, and it is inferred from previous simulations that

068702-10



Chin. Phys. B 33, 068702 (2024)

== Apical dendrite membrane potential

the wave source located in the hippocampal septal lobe could — Basal dendsite membrane patential
not propagate through the gap. For the cell membrane poten- —
tial after the gap, no electric field propagation occurs in neu-

rons, which remains at resting potential.

60 mV
~58.6
—58.8 | L —80mV
N
£ -59.0
N External electric field addition
—59:2 Fig. 19. Neuron membrane potential before and after the gap with
504 2000 cell spacing (left: after the gap right: before the gap).
~ 7770 200 400 600 800 1000
t (ms) o .
The results show that excitation cannot be conducted in
both directions across the break. These experiments suggest
that increasing physical distances can hinder neuronal excita-
—20mV . . . . . .
tion conduction, and this phenomenon is explained in terms of
electric field conduction. Moreover, electric field conduction
0 my is proposed as the mediator of slow-wave conduction through
- m
the applied electric field in the model. When an electric field is
omy L. introduced to the neuronal array from the septum to the tempo-
100 ms

ral lobe, and the reverse electric field is continuously strength-
Fig. 18. Neuron membrane potential before and after the gap with

2000-cell spacing (left: after the gap, right: before the gap). ened.
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Fig. 20. Effect of cell isomerism in hippocampus on slow wave generation. When the cell spacing decreases to a certain extent,
slow-wave sources tend to be generated on the isomeric side rather than the initial stimulation side.
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It is observed that the neuronal firing spikes gradually de-
creases. Eventually, when the applied electric field strength
reaches 10 mV/mm, neuronal excitation ceases (see Fig. 19).
After a minimal applied electric field is applied, the neu-
ronal pulse disappears completely, and the fast wave spikes
of NMDA channels disappear with the slow waves of calcium
channels. The transmembrane potential of the neuron fluctu-
ates in the form of a square wave.

3.6. Influence of cell intercellular spacing on slow oscilla-
tions

Studies have shown that epileptic-like production is re-
lated to the heterogeneity of nerve cells in the brains of human

[30] Related experiments were carried out in the

with epilepsy.
established model to test this conjecture. A 20 x 20 neuronal
region in the neuronal array was selected for the experiment.
The spacing of neurons (d..) within this region was reduced
and the spacing of the rest of the region was kept constant (see
Fig. 20).

A below-threshold stimulus was applied to the opposite
side of the neuronal array and gradually increased until neu-
ral excitation was generated in the neuronal array. Neuronal
arrays do not produce propagation of neural excitation when
external stimuli are less than half the normal value. Slow wave
propagation was found in the neuronal array when the external
stimulus continued to increase to 0.6 times (—10 mV). Com-
parison with the experimental phenomenon of normal neu-
ronal arrays leads to the conclusion that abnormal spacing of
neurons affects the electric field conduction of neuronal arrays
in the hippocampus and induces the generation of abnormal
slow waves. In order to better judge the direction of propa-
gation of the wave, we selected the direction of movement of
the slow wave peak to study. The peak of the slow wave in
previous studies was found to be higher than the fast spike,
and the membrane potential peak could reach 0 V. For this
wave source, an isochrone plot was constructed. The direction
of slow-wave conduction can be seen as septal isomerism to
the temporal lobe by the difference in time to peak arrival at
0 V31 It can be found by the neuronal potential thermogram
that the slow waves are first generated in the neuron-dense area
toward the area of normal neuronal spacing.

4. Conclusion

Hippocampal traveling wave oscillations are observed in
the hippocampal cortex and are associated with brain activ-
ity. In vitro experiments suggest that these oscillations rely
on electric field coupling between neurons, involving calcium
and NMDA channels. However, the exact roles of these chan-
nels are not fully understood. Simulations in silicon models
can provide a useful alternative to in vitro experiments.

Our model consists of a 200 x 200 neuron array and fo-
cuses on ephaptic coupling in the hippocampus. It accurately
reproduces the bidirectional propagation of slow waves ob-
served in previous studies. By applying virtual electrodes, we
can separate fast- and slow-wave data. The model’s reliability
is confirmed by comparing wave characteristics with in vitro
data.

Modulating ion channel conductance in the model reveals
that NMDA channels are involved in fast-wave generation,
while calcium channels play a key role in slow-wave formation
and conduction. Calcium channels influence NMDA channel
activity and are crucial for slow periodic oscillations.

Experiments on the model demonstrate that slow-wave
conduction can occur even when the neuron array is physi-
cally severed, indicating the involvement of electric field con-
duction. Increasing the gap distance disrupts the propagation
of slow waves. Simulations of neural arrays with abnormal
neuron spacing reveal that dendritic oscillations can sponta-
neously occur without external stimulation, shedding light on
potential triggers for neurological disorders such as epilepsy.

In summary, our silicon model provides insights into the
mechanisms of hippocampal traveling wave oscillations in the
hippocampus and confirms the importance of electric field
coupling, calcium channels, and NMDA channels in these pro-
cesses. The findings of this study will provide a valuable refer-
ence and foundation for further research on hippocampal wave
propagation. In future studies, we plan to refine the model
used in this paper by considering factors such as model scale
and neuron models. This will enable us to conduct more com-
prehensive investigations into hippocampal wave propagation
and its underlying mechanisms. By improving the model,
we aim to gain a deeper understanding of the dynamics and
functional significance of hippocampal waves, which will con-
tribute to the broader field of neuroscience. [3?!
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