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Abstract: The mammalian brain has an extremely complex, diversified and highly modular structure, and

information dissemination in the modular brain network affects various brain diseases. Although a variety of

neuromodulation techniques have been used to study the discharge characteristics of neural networks, the effects of

transcranial magneto-acoustic electrical stimulation(TMAES) have rarely been mentioned. Based on the excitatory

and inhibitory Izhikevich neuron model, we constructs a feed-forward neural network connected by electrical

synapses and chemical synapses, and analyzes the firing frequency of the neural network under TMAES and

magnetic stimulation and the differences in each layer types of firing patterns of neurons. The results showed that

the discharge patterns of neurons in each layer were different, the discharge frequency of inhibitory neurons was

higher than that of excited neurons, and the stimulation signal could be transmitted to the entire network layer.The

maximum discharge frequency of neural network connected by electrical coupling can reach 0.94kHz, and the

discharge frequency of neural network connected by chemical coupling is less than 0.5 kHz.With the increase of

the coupling degree, the discharge frequency of neurons in each network layer under TMAES is much greater than

that under magnetic stimulation.When the induced current is lower than 26.5μA/cm2, magnetic stimulation can

promote the inhibitory neurons, and TMAES has a variety of regulatory effects on the inhibitory neurons in the

neural network. The results show that TMAES has better regulation effect than magnetic stimulation, and the

regulation effect is affected by a neural network structure and stimulation parameters.
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1.Introduction
The nervous system is a highly modular

structure with strong information processing ability.

The information processing in the nervous system is

related to different functional groups of neurons.

Through these functional groups, information is

transferred from one group to its downstream

connection group[1]. Pulse activity affects neural

information coding[2].Abnormal information coding

will lead to brain dysfunction and lead to brain

functional diseases such as Parkinson's disease,

epilepsy and depression[3].Different stimuli will

produce different responses to information encoding,

which plays an important role in the realization of

advanced functions of the brain[4].Transcranial

magneto-acoustic electrical stimulation (TMAES) is a

new non-invasive technique for brain stimulation and

regulation. It is different from transcranial direct

current stimulation, magnetic stimulation and

transcranial ultrasound stimulation[5-9]. By using

ultrasound and static magnetic field to act on nerve

tissue, it can produce induced current in nerve tissue

and regulate nerve activity in the corresponding brain

regions. However, few scholars have studied the

influence of TMAES on neural network information

coding.

Existing scholars have analyzed the time coding

characteristics of SFNN under different stimulation

intensities such as Gaussian stimulation, pulse

stimulation, and AC electric field stimulation, and

found that the stronger the stimulation intensity, the

smaller the ISI; the time coding is specific; the

dynamic adjustment of synaptic plasticity is time

Intrinsic factors of the coding mechanism[10].In

addition, the Izhikevich network with excitatory and

inhibitory synapses was constructed, and it was found

that inhibitory synapses could not only prevent

synchronization by delaying the discharge of neurons,

but also promote synchronization by promoting the

transformation of oscillation modes[11].Eteme et al.

found that magnetic stimulation not only induces

spikes and bursts in regular neuronal activity, but also

induces synchronous firing of neurons[12].Tan et al.

considered the complex interaction between the

intrinsic properties of neurons and the network

structure in the propagation of impulses. Different

neuronal ratios will affect the propagation of

impulses[13].However, in the study of FFN, the

influence of TMAES parameters on the discharge

characteristics of FFN is rarely considered, and

whether the internal electrical characteristics of

different coupling types of neurons are considered in

the discharge behavior propagating in FFN.

Currently commonly used neuron models

include H-H neuron model, chay neuron model, ML

neuron model and Izhikevich neuron model[14-17]. The

Izhikevich neuron model has the electrophysiological

characteristics of the HH neuron model and the

computational efficiency of the ML neuron model.

Suitable for building neural networks on a large

scale[18]. Neurosynapses are divided into electrical

synapses and chemical synapses[19]. Electrical

synapses connect with each other through low-voltage

ion channels formed by the combination of proteins.

The signal transmission is bidirectional[20]. Chemical

synapses need to release neurotransmitters through

presynaptic neuron units. Sensors in the post synaptic

membrane line accept neurotransmitters and do not

have bidirectionality[21].

The main contributions of this paper are as

following. Based on the Izhikevich neuron model, the

specificity of information encoding of neural networks

with different structures under transcranial

magneto-acoustic stimulation, magnetic field

stimulation and direct current stimulation is studied,

and the information transfer efficiency of neural

networks is considered under different coupling

forms.

The rest of this study is arranged as follows. In

the second part, a feed-forward neural network is

constructed. The third part focuses on the coding

information of feed-forward neural network under

different stimuli. The fourth part focuses on the

conclusion.

2.Model and Methods

2.1 Principle of TMAES



Transcranial magneto-acoustic electrical

stimulation is a neural regulation method that

combines static magnetic field and ultrasound to

stimulate organisms. There are charged ions in

biological tissues, and the ions in biological tissues

will shift due to ultrasonic vibration after applying

ultrasound[22]. Under the action of a static magnetic

field, these charged ions will deflect under the action

of the Lorentz force, resulting in the induced current.

Through the combined effect of ultrasound and

induced current, the activity of neurons and their

discharge rhythm can be affected to achieve effective

regulation of the nervous system.

The induced current generated by

magneto-acoustic stimulation on nerve tissue is :
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Where  denotes the ultrasonic intensity, 

denotes the tissue density, and 0c denotes the

propagation velocity of ultrasound in biological

tissues. f means ultrasonic frequency, B means

magnetic induction intensity of static magnetic field in

magneto-acoustic stimulation,  means electrical

conductivity of nervous tissue.

2.2 Neuron model

Eugene M.Izhikevich established a simple

pulsed neuron model by combining the biodynamics

of the Hodgkin-Huxley neuron model and the

computational efficiency of IF neuron model, which

can reproduce the electrical activity of a large number

of cortical neurons. Its dynamic equation is as

following:
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Here, v represents the neuronal membrane potential, u

represents the membrane recovery variable, and

provides negative feedback to the membrane potential.

The neuron model parameter a represents the recovery

constant, b describes the susceptibility of the recovery

variable to the subthreshold fluctuation of membrane

potential, c represents the reset value of membrane

potential when the voltage reaches 30 mV, d

represents the reset of recovery variables.

During AC magnetic stimulation, the neuron

model is shown in Equation 5.
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Here,the variable I represents the synaptic current, and
its value is equal to 10. cos( )e A wt  is the

external flux applied to the neuron and A = 5, w =
0.2.The third variable  represents the magnetic

flux. ( )  is the memory conductance, which defines

the relationship between the membrane potential and

magnetic flux.Membrane resistance used is flux
controlled, and 2( )       represents

its conductance.Here α, β,ᵧ are constant parameters
α=0.01,β = 0.5, γ = 0.5.The expression of

1
( )k v 

depends on the change of magnetic flux, which

determines the current added to the right side of the

membrane voltage equation.Constant parameters

k1=0.35.

2.3 Neural network

There are billions of neurons in the cerebral

cortex, electrical synapses and chemical synaptic

interactions.The neurons in front of the synapse are

called presynaptic neurons, and the neurons behind

the synapse are called post synaptic neurons[23].In

chemical synapses, presynaptic neurons secrete

neurotransmitters that affect post synaptic neurons. In

excitatory inhibitory interaction of presynaptic

neurons, the intramembrane charge is more than the

extracellular charge, while the intramembrane charge

of postsynaptic neurons is mostly negative[24].That is,

chemical synapses can only transmit in one direction.



In this study, ten layers of feed-forward neural

network were constructed, each layer contained five

neurons, and the excitation inhibition ratio was

4:1.The neurons in the same layer are not connected,

and the neurons between layers are connected by

chemical coupling. In the current study, a 10-layer

feed-forward network was constructed, each layer

containing 200 Izhikevich neurons. There is no

connection between neurons in the same layer. Each

neuron from the previous layer of neurons, access to

chemical synaptic input.The neural network is

expressed as:

2,
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Where Vl,i represents the membrane potential of the

ith neuron in layer L, and ul, I represents the recovery

variable of the i th neuron in layer L,Isynext represents

external stimulation current, Isynl,i represents chemical
synaptic current, as shown in the following formula:

( ), 1,
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Where H is the chemical coupling strength , Vsyn

represents synaptic reversible potential, σ is the ratio
constant, θ represents synaptic threshold.(Vsyn= -65，σ

= 10，θ = -45, N = 200). Isynl,i represents electrical
synaptic current, as showing in the following formula:

, , 1,( )syn

l i l j l jI g V V
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Where g is the electric coupling strength ,Vl,i

represent the membrane potential of the ith neuron in

layer l.Vl-1,i represents the membrane potential of the

i th neuron in layer l-1.

The average discharge rate f is used to represent

the discharge state of neural networks with different

connection structures. The definition formula is:

1

1 N

i
i

f f
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3. Results

When the feed-forward neural network is

connected in the form of electrical coupling and

chemical coupling, the neural signal transmission

characteristics of the neural network under TMAES

and TMS and the spike release rates of neurons with

different properties are analyzed.

3.1 Electrical coupling

When the feed-forward neural network is

connected in the form of electrical coupling with a

coupling strength of 0.2 and a transcranial

magneto-acoustic electrical stimulation current of 100

μA/cm2, the membrane potential changes of excitatory

and inhibitory neurons in each layer are shown in

Figure 3.1(a) and (b). With the increase of network

layer number, the spikes of excitable neurons become

sparse, sub-threshold oscillation occurs, but the fifth

layer network basically does not discharge. The spikes

of inhibitory neurons become sparse, but they are still

denser than the excitable neurons, which can transmit

more coding information.As shown in Fig. 3.1 (c) and

(d),Changes in membrane potential of excitatory and

inhibitory neurons in feed-forward neural networks

under TMS.The interpeak period of excitatory

neurons in the stimulation layer was larger than that in

the TMAES group under the same conditions. With

the increase of the number of network layers, the

number of spikes of excitatory neurons decreased.The

interpeak period of inhibitory neurons in stimulation

layer is less than that of excitatory neurons. With the

increase of network layer, the number of discharge

peaks decreases and the interpeak period

increases.The spike number of neural network in

TMAES group was significantly greater than that in

TMS group, and the depth of neural signal

transmission generated by stimulation was deeper.

Compared with excited neurons, the number of spikes

that inhibit neurons is more, and the depth of nerve

signal transmission is deeper.



Figure 3.1 Membrane potential of neurons under different external stimuli. a)Membrane potential of excitable neurons under
TMAES.b)The membrane potential of inhibitory neurons under TMAES. c)Membrane potential of excitable neurons under
TMS.d)The membrane potential of inhibitory neurons under TMS.

The synapses in the feed-forward neural

network are connected in the form of electrical

coupling. When the induced current is 100 μA/cm2,

the discharge frequency of neurons in each layer

increases with the increase of electrical coupling, and

decreases with the increase of layers, as shown in Fig.

3.2 (a) and Fig. 3.2 (b). When the coupling degree is

0~0.9, the discharge frequency of excitable neurons in

each layer increases with the increase of coupling

degree, and the discharge frequency of the third layer

and deeper network is approximate. After the

electrical coupling degree is greater than 0.9, the

discharge frequency of the last three layers decreases,

and the other layers maintain an upward trend. The

discharge frequency of inhibitory neurons in each

layer fluctuated violently with the increase of

coupling degree. When the electrical coupling

strength is 0.5~0.6, the discharge frequency of the

second layer neurons decreases and is approximately

equal to the discharge frequency of the third layer

neurons. When the electrical coupling degree is

0.6~0.9, the discharge frequency of the second layer

and the third layer is basically unchanged, and the

discharge frequency of the deep network increases

with the increase of the coupling degree. When the

coupling degree is greater than 0.9, the network

discharge frequency of the second and third layers

increases significantly, and the discharge frequency of

the third layer is still smaller than that of the second

layer. It shows that the discharge frequency of

inhibitory neurons is easily affected by the electrical

coupling strength, and it is more significant with the

increase of network layers.

As shown in Fig. 3.2 (c) and Fig. 3.2 (d), Under

transcranial magnetic stimulation, the firing rate

curves of excitatory and inhibitory neurons in the

stimulation layer of feed-forward neural network with

the increase of coupling degree.The firing rate of

excitatory neurons in each layer increases with the

increase of coupling degree.The excitatory neurons in

the fourth layer of the network start to discharge when

the coupling degree is 0.3, and no longer change when

the electrical coupling degree is greater than 0.4,

which is 0.16 kHz.Excited neurons in the tenth layer

of feed-forward network start firing when the

coupling degree reaches 0.9, that is, when the



coupling strength reaches a certain value, the stimulus

Figure 3.2 Neuron discharge frequency under different external stimuli. a)Excitable neuron discharge frequency under
TMAES.b)Discharge frequency of inhibitory neurons under TMAES. c)Excitable neuron discharge frequency under
TMS.d)Discharge frequency of inhibitory neurons under TMS.

can be transmitted to the tenth layer network.In

addition, the seventh-layer network has the highest

discharge rate, indicating that there is a coupling

threshold for the stimulation depth.The firing rate of

inhibited neurons in each layer increased with the

increase of coupling degree, but the stable value was

greater than that of excited neurons in each

layer.When the degree of electrical coupling is 1, the

neurons in each layer of the feed-forward neural

network are all firing, and the firing rate is about 300

Hz.This indicates that magnetic stimulation has a

stronger effect on inhibitory neurons in the network

In Fig. 3.3 (a) (b) shows that the synapses in the

feed-forward neural network are connected in the

form of electrical coupling. When the coupling

strength is 0.5, the discharge frequency of neurons in

each layer of the network increases with the induction

current. The discharge frequency of excitable neurons

in the stimulus layer changed linearly with the

increase of the induction current. When the induction

current was 100μA/cm2, the discharge frequency

reached 0.75kHz. The discharge frequency of the

second layer excitable neurons increased with the

increase of the induced current ; the discharge

frequency of excitatory neurons in the 3rd to 10th

layers of the network fluctuated little, basically

stabilized at 0.1 kHz. With the increase of current, the

discharge frequency of inhibitory neurons fluctuates

greatly in each layer. When the induced current of the

inhibitory neurons in the stimulus layer was less than

48μA/cm2, the discharge frequency of the inhibitory

neurons increased with the increase of the induced

current. When the induced current of the inhibitory

neurons in the second layer was 40μA/cm2, the

discharge frequency decreased, and showed a

fluctuating upward trend in the range of 0μA/cm2~

100μA/cm2. From the third layer to the tenth layer, the

fluctuation of discharge frequency of inhibitory

neurons is small, but it is greater than that of

excitatory neurons, which indicates that inhibitory

neurons are more susceptible to the change of induced

current and more information is transmitted in the



network.

As shown in Fig. 3.3 (c) and Fig. 3.3 (d), the

variation of neuron discharge rate with induced

current in each layer of feed-forward neural network

under transcranial magnetic stimulation.The discharge

rate of neurons in the stimulating layer increased

linearly with the increase of induced current,when the

induced current is greater than 30μA/cm2, the rising

trend of the discharge rate of the second layer slows

down, and the discharge rate of excited neurons from

the third layer to the tenth layer is basically

unchanged.When the induced current was less than

22μA/cm2, the discharge frequency increased with the

increase of induced current, and reached the

maximum of 0.82 kHz when the induced current was

22μA/cm2.When the induced current is 22~80μA/cm2,

the discharge frequency decreases with the increase of

induced current; When it is greater than 80μA/cm2,

the discharge frequency of inhibitory neurons in the

stimulation layer is basically zero.The change trend of

the discharge rate of inhibitory neurons with the

induced current in the second to tenth layers of the

network is basically the same as that in the stimulation

layer, but the amplitude of the discharge rate is

smaller than that in the stimulation layer.From the

second layer to the tenth layer, the variation trend of

the discharge rate of inhibitory neurons with the

induced current is basically the same as that of the

stimulation layer, but the amplitude of the discharge

rate is smaller than that of the stimulation layer.This

shows that the effect of magnetic stimulation induced

current on inhibitory neurons is stronger than that on

excitatory neurons.

Figure 3.3 Neuron discharge frequency under different induced currents. a)Discharge frequency of excited neurons under
TMAES.b)Inhibition of neuronal discharge frequency under TMAES. c)Discharge Frequency of Excited Neurons under
TMS.d)Inhibition of neuronal discharge frequency under TMS.



3.2 Chemical coupling

As shown in Fig. 3.4 (a) and Fig. 3.4 (b), the

synapses in the feed-forward neural network are

connected in the form of chemical coupling. When the

induced current is 100μA/cm2 and the coupling

strength is 0.8, the excitability and inhibitory neuronal

membrane potential changes in each layer. The

discharge of excitatory neurons in the stimulation

layer is regular, and the number of spikes decreases

with the increase of the number of network layers, and

the waveform is missing. The peak-peak interval of

inhibitory neurons in the stimulus layer became

smaller and subliminal oscillation appeared ; with the

increase of the number of network layers, the changes

of inhibitory neuron membrane potential in the third

layer and later network layer were similar, and the

subthreshold oscillation decreased.

In Fig. 3.4 (c) and Fig. 3.4 (d) shows the change

of neuron membrane potential in feed-forward neural

network under magnetic stimulation.There were

discharge spikes in all layers of excitatory neurons

within 50ms at the beginning of stimulation.The

stimulation layer changes from chaotic discharge to

regular discharge mode, and the hyperpolarization

process is deformed.With the deepening of network

layers, the number of discharge spikes of excited

neurons decreased. When t>40ms, the excited neurons

in the third to tenth layers of the network no longer

discharge. All layers of inhibitory neurons produced

discharge spikes in the stimulation stage.The

discharge mode of inhibitory neurons in the

stimulation layer changes alternately from cluster

discharge to regular discharge. The discharge mode of

inhibitory neurons in the second layer network is peak

discharge, but the waveform is distorted.The

discharge waveforms from layer 3 to layer 10 are

consistent and only two discharge spikes appear.The

effect of stimulation on inhibitory neurons is stronger

than that on excitatory neurons, and Magnetoacoustic

electrical stimulation can stimulate more nerve

discharges than magnetic stimulation

Figure 3.4 Membrane potential of neurons under different external stimuli. a)Membrane potential of excitable neurons under
TMAES.b)The membrane potential of inhibitory neurons under TMAES. c)Membrane potential of excitable neurons under
TMS.d)The membrane potential of inhibitory neurons under TMS.



As shown in Figure 3.5 (a) and Figure 3.5 (b),

the synapses in the feed-forward neural network are

connected in the form of chemical coupling. When the

induced current is 100μA/cm2, the discharge

frequency of each layer of neurons changes with the

degree of chemical coupling. When the chemical

coupling intensity was less than 0.6, the discharge

rates of excitatory and inhibitory neurons in each layer

were 0. When the chemical coupling strength is 0.6 ~

0.7, the discharge rate of excitatory neurons in the

neural network increases with the increase of

chemical coupling strength, and the discharge rate of

inhibitory neurons is still 0. When the chemical

coupling strength was 0.7~1.0, with the increase of

chemical coupling strength, the discharge frequency

of excitatory neurons in each layer decreased 0.02

kHz, and the discharge frequency of inhibitory

neurons in each layer increased from 0 to 0.37 kHz. It

shows that the chemical coupling strength has

different effects on neurons of different properties.

The discharge frequency of neurons connected by

chemical coupling is less than that of neurons

connected by electric coupling, which may be due to

the process of endocytosis and exocytosis of chemical

coupling, which slows down the transmission of

neural information.In Fig.3.5 (c) and Fig.3.5(d), The

discharge rate of excitatory and inhibitory neurons in

feed-forward neural network under transcranial

magnetic stimulation changes with the increase of

coupling degree.The firing rates of excited neurons in

each layer remained basically unchanged with the

increase of coupling degree, and the firing rates were

less than 200Hz.The firing rate of neurons excited by

the stimulating layer was greater than that from the

second layer to the tenth layer.The discharge rate of

inhibitory neurons in each layer increased with the

increase of coupling degree, but the stable value was

greater than that of excitatory neurons in each

layer.When the electrical coupling degree is 1, the

neurons in each layer of feedforward neural network

discharge, and the discharge rate is about 150Hz.This

shows that magnetic stimulation has a stronger effect

on inhibitory neurons in the network.The effect of

magnetic stimulation on feed-forward neural network

is greatly affected by the coupling degree.

Figure 3.5 Neuron discharge frequency under different external stimuli. a)Excitable neuron discharge frequency under

TMAES.b)Discharge frequency of inhibitory neurons under TMAES. c)Excitable neuron discharge frequency under

TMS.d)Discharge frequency of inhibitory neurons under TMS.



Figure 3.6 Neuron discharge frequency under different external stimuli. a)Discharge frequency of excited neurons in feedforward

neural network under TMAES.b)Inhibiting neuron discharge frequency in feedforward neural network under TMAES.

c)Inhibiting neuron discharge frequency in feed-forward neural network under TMS.d)Inhibiting neuron discharge frequency in

feed-forward neural network under TMS

As shown in Figure 3.6 (a) and 3.6(b), when the

chemical coupling strength is 0.8, the feed-forward

neural network increases the discharge frequency of

each layer of neurons with the induced current. With

the increase of coupling degree of stimulation layer

neural network, the discharge rate of excitatory

neurons increased linearly. In the network of the

second layer to the tenth layer, the discharge rate

fluctuates with the increase of the induced current,

and the discharge frequency is below 200Hz. The

discharge rate of neurons inhibited by the stimulation

layer increased stepwise when the induced current

was less than 45μA/cm2, and the discharge frequency

did not change when the induced current was greater

than 45μA/cm2. From the second layer to the tenth

layer, the change trend of discharge rate of inhibitory

neurons was the same. When the induced current was

38~48μA/cm2, the discharge rate of inhibitory neurons

in each layer had a sharp peak, and the larger the

number of layers, the smaller the discharge frequency

48~78μA/cm2, the inhibitory neurons in each layer of

the network did not discharge ; when it is greater than

78μA/cm2, the network discharge frequency does not

change. The discharge frequency of the second layer

of inhibitory neurons is 0.32 kHz, and that of the other

layers is less than 0.1kHz. In Fig. 3.6c and d show the

variation of neuron discharge rate with induced

current in each layer of feed-forward neural network

under transcranial magnetic stimulation.The discharge

rate of excitatory neurons in the stimulation layer

increased linearly with the increase of induced current,

and the discharge rate from the second layer to the

tenth layer decreased successively with the increase of

the number of layers, and the discharge rate of

excitatory neurons in each layer remained basically

unchanged.When the induced current was less than

22μA/cm2, the discharge frequency increased with the

increase of induced current, and reached the



maximum 0.82 kHz when the induced current was

24.5μA/cm2.When the induced current is

24.5~80μA/cm2, the discharge frequency decreases

with the increase of induced current; When it is

greater than 80μA/cm2, the discharge frequency of

inhibitory neurons in the stimulation layer is basically

zero.When the induced current was less than

24.5μA/cm2, the discharge rate waveform showed an

upward trend, and the waveform slope was less than

that of the stimulation layer; When the induced

current is 24.5~60μA/cm2, the fluctuation of discharge

rate is small and stable near 210Hz. When the induced

current is 60~72μA/cm2, the discharge rate of

inhibitory neurons in layer 2 to layer 10 networks

decreases to 0 Hz with the increase of induced current.

This shows that the regulation effect of magnetic

stimulation induced current on inhibitory neurons is

stronger than that on excited neurons.
4.Conclusion

In this study, by constructing a ten-layer

feed-forward neural network under TMAES and TMS,

it analyzed the firing frequency of excited and

inhibited neurons under different coupling degrees

and induced currents, and concluded that TMAES has

more significant adjustment effect.

When the feed-forward neural network is

stimulated by TMAES, the firing frequency of excited

neurons increases from 0 to 0.4kHz, and the firing

frequency of inhibitory neurons varies from 0 to

0.92kHz, which is more susceptible to electrical

coupling. Under TMAES, the nerve signal has a

discharge spike during the entire stimulation time, but

it is only transmitted to the fourth layer; TMS can

transmit the stimulation signal to the tenth layer in a

short time, but as the stimulation time increases, the

deep network nerve signal is missing.This indicates

that inhibitory neurons in neural networks are more

sensitive to external stimuli and are easily regulated

by external nerves. This reflects that inhibitory

neurons can transmit more coded information in

neuromorphic calculations.

As the degree of electrical coupling increases,

the firing frequency of neurons in each layer shows an

upward trend under TMAES. When the electrical

coupling degree is 0.5, the second layer of inhibitory

neurons reached a maximum discharge frequency of

0.94kHz under TMAES, and the discharge frequency

of inhibitory neurons in the same layer was higher

than that of excited neurons. Under TMS neurons

begin to discharge only when the coupling degree

reaches a certain value, and the discharge frequency is

smaller under the same conditions. With the increase

of induced current, the discharge frequency of excited

neurons of neural network under TMAES presents

three waveforms. The discharge frequency of the

stimulus layer increases linearly with the rise of the

induced current ; the discharge frequency of the

second layer network rises in fluctuation, and the

fluctuation range is getting larger and larger. The

maximum discharge frequency is 0.48 kHz. The

discharge frequency of other layers is stable below 0.1

kHz. The discharge frequency of inhibitory neurons

has three similar waveforms. When the induced

current density is less than 48μA/cm2, the stimulation

layer shows a step-up trend, and remains unchanged

when it is greater than 48μA/cm2. The discharge

frequency of the second layer fluctuates greatly with

the change of the induced current. The discharge

frequency waveform of the other layers is similar to

that of the second layer, but smaller than that of the

second layer. Under magnetic stimulation, the change

trend of discharge frequency of excitatory neurons in

the stimulation layer is the same as that of TMAES,

and there is a turning threshold for inhibitory neurons.

When the electrical coupling degree is greater than

22μA/cm2, the discharge frequency begins to decrease,

and the maximum discharge frequency is 0.82 kHz.

That is, magnetic stimulation has a promoting effect

on inhibitory neurons under low stimulation intensity,

and high intensity stimulation has an inhibitory effect.

When the synapses of neurons are connected by

electrical coupling, the signal is transmitted directly

through the ion channels on the neural membrane, and

the signal transmission speed is faster. To a certain

extent, it also reflects the importance of synaptic

coupling strength for neural information coding.

The peak-to-peak interval of the chemical

coupling neurons under TMAES and TMS is smaller,

and the information can be transmitted to the entire



network layer. However, as the stimulation time

increases, the neural signal in the deep network under

TMS is no longer transmitted. For inhibitory neurons,

magnetic stimulation can transmit signals to the tenth

layer during the stimulation period, and the

peak-to-peak interval remains unchanged after the

third layer, ensuring the accuracy of information

transmission and the ability to transmit signals for a

long time. When the chemical coupling degree

increased to 0.6, the neural network began to

discharge under TMAES. When the coupling degree

was 0.7, the discharge frequency of excited neurons

reached the maximum of 0.17 kHz, and the inhibitory

neuron discharge frequency increased with the

increase of the coupling degree. Besides stimulus

layer under the magnetic stimulation, other basic layer

excited neuron discharge, but the chemical coupling,

every 0.1 increase inhibitory neurons discharge layer

and add a layer, and discharge frequency is still

greater than excited neurons. The mechanism may be

related to endocytosis and exocytosis between nerve

cells.

With the increase of inductive current, the firing

frequency of excitatory neurons in the neural network

under the action of TMAES presents two waveforms.

The first type is oblique, and the discharge frequency

of the stimulus layer increases linearly with the

increase of the induced current. The second type is

horizontal, and the discharge frequency of the second

layer and deep layer network fluctuates slightly with

the increase of the induced current and is lower than

0.1 kHz. The inhibitory neuronal discharge frequency

also showed two types. The first type was ladder type.

When the current density was less than 48μA/cm2, the

neuronal discharge frequency in the stimulus layer

showed a ladder upward trend, and remained

unchanged when it was greater than 48μA/cm2. The

second type is the peak type, and the discharge

frequency of the second layer and deep layer

fluctuates greatly with the change of the induced

current. At 38μA/cm2 and 78μA/cm2, the discharge

frequency of each layer has a steep rise waveform,

indicating that when the induced current reaches a

certain range, it has a regulatory effect on inhibiting

neurons in the neural network. The discharge

frequency waveform of excited neurons in the neural

network under magnetic stimulation was similar to

that under TMAES, but the amplitude was small.

The inhibitory neurons in the stimulus layer showed

an upward trend when the induction current was less

than 24.5μA/cm2, and a downward trend when the

induction current was more than 24.5μA/cm2. The

discharge frequency of the second layer and deep

layer networks was less than 0.3 kHz. Magnetic

stimulation only had dual regulation effect on the first

layer network.

In summary, when the neural network transmits

information, the transmission efficiency and excitation

degree of deep network are related to the form and

coupling strength of synaptic connections. External

stimuli can change the efficiency of neural

information transmission. Magnetic stimulation

improves the depth of information transmission to a

certain extent. Induction current can double regulate

and inhibit the discharge rate of neurons, and TMS

can significantly change the information encoding and

transmission of electrochemical coupling network,

resulting in one-way improvement.

The results of this paper are helpful to further

study the discharge frequency adaptability of the

nervous system, explore the signal processing

mechanism of the nervous system under the action of

external electric field, and provide a theoretical basis

for exploring the impact of external electric field on

the biological nervous system.It is of positive

significance to explore the effect of TMAES on

information transmission in neural network, help to

deeply understand the modeling of real neural

mimicry, and provide some theoretical guidance for

the treatment of neurological diseases.
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