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Astrocytes have a regulatory function on the central nervous system (CNS), especially in the temperature-sensitive
hippocampal region. In order to explore the thermosensitive dynamic mechanism of astrocytes in the CNS, we establish
a neuron—astrocyte minimum system to analyze the synchronization change characteristics based on the Hodgkin—Huxley
model, in which a pyramidal cell and an interneuron are connected by an astrocyte. The temperature range is set as 0 °C—
40 °C to juggle between theoretical calculation and the reality of a brain environment. It is shown that the synchronization
of thermosensitive neurons exhibits nonlinear behavior with changes in astrocyte parameters. At a temperature range of
0 °C-18 °C, the effects of the astrocyte can provide a tremendous influence on neurons in synchronization. We find the
existence of a value for inositol triphosphate (IP3) production rate and feedback intensities of astrocytes to neurons, which
can ensure the weak synchronization of two neurons. In addition, it is revealed that the regulation of astrocytes to pyramidal
cells is more sensitive than that to interneurons. Finally, it is shown that the synchronization and phase transition of neurons
depend on the change in Ca** concentration at the temperature of weak synchronization. The results in this paper provide
some enlightenment on the mechanism of cognitive dysfunction and neurological disorders with astrocytes.

Keywords: astrocytes, synchronization, Hodgkin—Huxley model, thermosensitive neuron

PACS: 05.45.—a, 64.70.qj, 87.19.L—, 87.19.1k

1. Introduction

The brain contains copious and complex dynamic char-
acteristics, and is the most significant information process-
ing system. Synchronization of neuronal discharge activi-
ties is a typical dynamics phenomenon in complex systems,
and plays an especially vital role in the brain function of in-
formation processing.!"?! The complex network of the cen-
tral nervous system (CNS) plays a critical role in the main-
tenance of many activities including cognition and memory,
in which the hippocampus is a typical region including pyra-
midal cells (excitatory neurons), interneurons (inhibitory neu-
rons) and astrocytes.®>! From the perspective of complex net-
works, the resting state of the brain is the stable equilibrium
points of the system, and the firing activity of neurons with
external stimulation is the limit cycles of the system.[?! By
means of external stimulation, the interference of chaotic syn-
chronization and regulation of the phase coordination between
systems can improve cognitive function and treat nervous sys-
tem diseases.[*°! Obviously, the global dynamic behavior of

7-11

the system is very complex,”"!! and is subject to many fac-

12,13]

tors, such as network scale, ! initial value sensitivity,[”’lsJ

e.16-19] Therefore, it is very difficult to regu-

and system nois
late the complex network. Based on the medical significance
and theoretical value of neural regulation, the study of nonlin-

ear dynamic characteristics of neuronal discharge has attracted
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increasing attention recently.

In the past decade, it has been reported that astrocytes are
the main cells in the hippocampus, which interact with pyra-
midal cells and interneurons to provide structural, trophic and
metabolic support.[?’] Due to the loss of a Na’>* channel, as-
trocytes fail to generate action potential. Instead, astrocytes
respond to neuronal activity by increasing the level of Ca’*

21221 When firing, neurons produce neurotrans-

in neurons.!
mitters, such as glutamate and adenosine triphosphate (ATP),
which bind to the transmitter receptors on astrocytes./>*! In
this process, the production of inositol triphosphate (IP3) is
promoted with the release of Ca>* by activating astrocytes. >4
With the increase in intracellular Ca>* concentration, the as-
trocytes release glutamate, ATP and other glial transmitters
back to the neurons.>*! These transmitters can regulate the
information transmission and excitability of synapses.!>>-?6] In
particular, Ca>* oscillation plays a central role in neurons with
a close relationship of periodic bursting oscillation.*”] Ac-
cording to the bidirectional feedbacks of astrocytes and neu-
rons, a tripartite synapse is conceptualized.?"! It is indicated
that the connection between presynaptic and postsynaptic neu-
rons is regulated by astrocytes. %8

Astrocytes can dynamically regulate neuronal excitabil-
ity and synaptic plasticity. It is reported that astrocytes with
the best coupling strength significantly improve the weak

S.[29

signal detection performance of neurons.?! In addition, as-
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trocytes are confirmed to have significant consequences for

synchronization. For example, it is found that healthy as-

trocytes may cause two neurons to lose synchronization.??!
Hence, astrocytes display an obvious function of regulating
synapses, which can trigger neuronal desynchronization to a
certain extent. Moreover, a recent study indicated that over-
active astrocytes can produce a large amount of Ca’*, lead-
ing to high-frequency discharge of neurons.!?”! In this context,
@yehaug!*’! revealed that the local uptake of astrocytes is an
important factor in inducing epileptic discharge. In particu-
lar, it is observed that glial networks exhibit strong synchro-
nization with high activity over long distances before epilep-
tic seizures, rather than neurons with a small amount of syn-

1311 Considering the above results of

chronous activity locally.
astrocytes, we establish a neuron—astrocyte minimum model
to study the characteristics of neuronal discharge in this paper.

On the other hand, temperature (7') is a non-negligible
factor in the nervous system. It has been shown that an in-
crease in temperature increases the intrinsic excitability of
excitatory pyramidal cells and inhibitory interneurons in the
hippocampus.'??! With increasing temperature, the nervous
system changes from a conventional spike discharge state to
a chaotic burst state, and finally stabilizes to a conventional
burst state.[33] Hence, it is obvious that the pyramidal cells
and interneurons in the hippocampus are thermosensitive. At
low temperature, with an increase in temperature, the neu-
ronal clusters show the transition of desynchronization and
burst synchronization, as well as promoting an in-phase syn-

(341 At high temperature, the low variability of

chronous state.
burst intervals of neurons results in synchronization of phase.
If it further increases, an over level temperature leads to spike
synchronization. 3! In addition, temperature affects the action
potential of neurons by regulating the conductance and gating
kinetics of ion channels. 338! The experimental results show
that alterations to the gating kinetics of ion channels are asso-
ciated with temperature, which leads to changes in the inherent

1391 1t has been experimentally verified

membrane excitability.
that the input resistance of pyramidal cells and interneurons
decreases with an increase in temperature.>?! Based on neu-
ral computing, temperature can affect the conductance of ion
channels. Moreover, ion channel current can regulate the ex-
citability of neurons. 3% Therefore, we establish a thermosen-
sitive coupling model of pyramidal cells and interneurons for
dynamics analysis.

Temperature not only affects the function of neurons,
but can also cause changes in the activation intensity for
astrocytes.[*?) Experiments have shown that astrocytes have
a slow increase in transient Ca’" at warming temperature. [*!]
In addition, the metabolic cycle and activation degree of as-
trocytes are inhibited by lowering the temperature.[*’! Hence,

temperature variation can influence neural activities in brain,

especially in the CNS with many astrocytes. Recently it was
revealed that the ion channels associated with calcium are tem-
perature sensitive in astrocytes, e.g., the TRP channel*?! and
Kir.4.1 channel.[*3 In addition, Zhang [42] ghowed that the
calcium flow through IP3; receptor channels in astrocytes is
strongly dependent on temperature. Therefore, the IP3 recep-
tor channel is affected by temperature.

In this paper, we establish a thermosensitive neuron—
astrocyte minimum system based on the Hodgkin—Huxley
model. We focus on the inference of astrocyte parameters and
temperature in the synchronization behavior by using the max-
imum synchronization error and phase difference. The results
indicate that the production rate of IP3 and feedback intensi-
ties of astrocytes induce the periodic oscillatory activity of IP3
and Ca’>* concentration envelope curves. The synchronous
phenomenon and asynchronous state between firing neurons
at the temperature of weak synchronization is also explained.

The paper is organized as follows. In Section 2, we de-
scribe the details of the neuron—astrocyte minimum system
based on the Hodgkin—Huxley neuron model with major pa-
rameters, which is indispensable in neuron dynamics and syn-
chronization quantifications. In Section 3, we analyze the ef-
fects of positive and negative feedback intensities of astrocytes
on neuronal synchronization, and the production rate of IP3 on
neuronal synchronization. We study the relationship between
concentration of Ca>* and synchronization further. Finally,
the discussion and conclusion are presented in Section 4.

2. Model and methods

Based on the hippocampal CA1 neuron—astrocyte net-
work structure, we establish the neuron—astrocyte minimum
system shown in Fig. 1, which consists of a pyramidal cell, an
interneuron and an astrocyte.?°! With regard to computation,
we select a modified version of the Hodgkin—Huxley model 44!
and Li-Rinzel calcium model!>! to apply to the minimum
model. Moreover, it is reported that excitatory pyramidal cells
and inhibitory interneurons in the hippocampus are sensitive to
temperature. 324341 Additionally, Stephan’s experiment veri-
fied that astrocytes are temperature dependent.!*!! Thus, we
introduce a temperature factor into the minimum model ref-
erence to Ref. [47].
astrocyte minimum model, we study the synchronous regula-

Based on the thermosensitive neuron—

tion mechanism for the connection of pyramidal cells and in-

5.148] The mathematical descrip-

terneurons through astrocyte
tion of the improved neuron model is illustrated below.

The dynamics of the pyramidal cell are as follows:

Cn—gp = ~ha— kR I R o (1)
The dynamics of the interneuron are as follows:
dv
Cn=gp = = KA+ e )
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Here Cp, represents the capacitance of the lipid bilayer, with a
value of 1 uF/cm?, and I5Y and I'Y are the external stimulation
currents of the pyramidal cell and interneuron, respectively.
They provide different stimulus intensities to the system. Vpy
is the membrane potential of the pyramidal cell, and Viy is
the membrane potential of the interneuron. IFY. and IIN . de-
note the feedback currents produced by the astrocyte in re-
sponse to neuronal spiking. In practice, the electrical activity
of the neuron also depends upon the temperature environment
to which the neuron is exposed. Thus, it is necessary to incor-
porate temperature into the neuron equation and cable model,
which is inextricably linked with the neuron dynamics of the
thermosensitive neuron—astrocyte minimum system. 3%4° The

channel currents are given by the following balance equations:

Ing = P8y, (Ve — Exa),
Ik = pgen* (Vi — Ex),
I =g (Vi—EL), x=PY,IN. (3)

where g, = 120 ms-cm ™2, g, =36 ms-cm 2 and g, =

2 are the maximum conductance of the sodium

0.3 ms-cm™
channel, potassium channel and leakage channel, respectively,
Ena = 50 mV, Ex = —77 mV, and E;, = —54.5 mV are
recorded as the sodium ion balance voltage, potassium ion bal-
ance voltage and leakage balance voltage, respectively. In ad-
dition, it is verified that temperature can affect the ion conduc-
tance and ion gate channel variable in neurons.3®#—471 Ac-
cording to Ref. [47], the parameter p denotes the temperature
scale factor of ion conductance in Eq. (3), for which the ex-

pression is shown below:

T-T;

p=13e . (4)

Moreover, in Eq. (3), the expression for sodium channels con-
tains activation variable m and inactivation variable A, and that
for potassium channels contain activation variable n. These
activation variables and inactivation variables vary with the
change in membrane potentials. The dynamics of the gating
channel depend on the following equations:

= Wl (1 —m) — ),
& = wlou(1—h)~ i),
& = w(an(1 =)~ fun). ®)

Similarly, the parameter W denotes the temperature scale fac-

tor of the ion gating channel variable in Eq. (5), for which the
expression is shown below:[47]

T-Ty

y=23e 0. (6)

According to the results of experiments, 7j is selected at 25 °C
in Egs. (4) and (6).[*” Specifically, the expressions of activa-
tion variables and inactivation variables in Eq. (5) are shown

as follows:
0.1(V,+40)
O =~ —ra0)
l—e 10
—(Vy+65)
Bu=de i,
—(Vx+65)
a,=0.07e” 20 |
1
Br = —(Vxt35) \
(1 + eT>
0.01 (V, +55)
O = “(Vetss) N
(1 — CT)
—(Vy+65)
Br =0.125¢ x=PY, IN. @)

The synaptic currents of I%Y and IIN

synt syn are expressed as
follows: 133501

1
[A]X = =6
1+e 7§
ds,
T o [A](1 —sy) — Bysy, x=PY, IN,
ISP?I{I = 845N (Vsi — Wpy),
I, = g..spv (Ve — Vin), ®)

where g, and g are the inhibitory and excitatory coupling
intensities, and Vi and V. are the inhibitory and excitatory
synaptic reversible potentials, respectively. [A]py and [A]iN are
the respective concentrations of neurotransmitters released by
the pyramidal cell and interneuron, depending on their respec-
tive membrane potentials. The synaptic variables spy and s,y
reflect the effect of neurotransmitters that activate the neuron
to release.

Astrocyte

Fig. 1. Illustration of the neuron—astrocyte minimum system. The model in-
cludes a pyramidal cell (PY), interneuron (IN) and astrocyte (AS). The pur-
ple arrow represents the inhibitory coupling and the pink arrow represents
the excitatory coupling between the pyramidal cell and interneuron. After
the neurons have stimulated the astrocyte, the astrocyte feeds back to the
pyramidal cell and the interneuron as currents, in which the red arrow repre-
sents the positive feedback to the inhibitory interneuron and the green arrow
represents the negative feedback to the excitatory pyramidal cell.
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When activated, the neuron releases a certain amount of
neurotransmitters into the synaptic gap. The main neurotrans-
mitters bind to the postsynaptic membrane. Other neurotrans-
mitters can bind to astrocytes, resulting in the release of IP3.
The regulation of IP3 in astrocytes can be expressed by the
equation below:

d[(IIPt’a] LT [1P3]) + 1y, ([Alpy + [Aln), (9)

1P3

where [IP3]* is the equilibrium concentration of IP3, Tp, is the
decay rate of IP3, and "p, is the production rate of IP3. IP;
promotes the release of Ca’*. The kinetic equation of Ca>*
concentration is as follows:

d[Ca®*]

T = _Jchannel - qump - Jleak7 (10)

where Jehannel represents the calcium flux moving from the
endoplasmic reticulum to the inner space of the astrocytes
through the IP; channel, Jyump represents the pump flux
pumped into the endoplasmic reticulum from the astrocytes,
and Jjeax is defined as the leakage flux from the endoplasmic
reticulum to the astrocytes. The specific expressions are as
follows:

Jehannel = pclvlminiq3([caz+] - [Ca2+]ER)7
B V3 [Ca2+]2
pump k% + [Caz+]2 )
Jieak = c1va([Ca®] — [Ca*¥]gr),
dg
5, = V(g1 =)= Bqa), (11)

where ¢ is the activation variable of the [P35 receptor on the en-
doplasmic reticulum surface, also affected by temperature. [4]

The expressions of the parameters in Eq. (11) is as follows:

[1P3]
[IP3] +d;’

[Ca*]
[Ca®>]+ds’

co— Ca2+

[Ca®F|gr = %7
[IP3] +d;
[IP3] +ds’

B, = az[Ca>"]. (12)

th = a2d2

According to Ref. [51], the feedback currents of astrocytes to
neurons are described as follows:

dF F
- = +(1-F)kO([Ca®"] — [Ca®t]y),
dr ”L'Ca2+
Izi‘ﬁt{ro = —&F,
IN =gF, (13)

where O (x) is the Heaviside ladder function, k is the scale
factor, and 7,2+ is the relaxation time constant. When the cal-
cium concentration of astrocytes exceeds [Ca’* ]y, the feed-
back current of astrocytes to neurons can be activated. €
and & represent the proportional coefficients of feedback cur-
rents of astrocytes, which are used to simulate the regulation
of synaptic plasticity of neurons under the influence of astro-
cytes. When € = & = 0, astrocytes do not play a role in the
synaptic plasticity of neurons.

According to Refs. [51,52], all necessary parameters in
this paper are listed in Table 1.

Table 1. Parameters of the neuron—astrocyte minimum system.

Parameter Value Unit Parameter  Value Unit
Cn 1.0 pF-cm™2 k3 0.1 pmol - L1
&L 0.3 ms-cm ™2 di 0.13 pmol -L~!
S 120 ms-cm~2 d 1.049 pmol -L~!
2 36 ms-cm~? ds 0.9434 umol - L1
EL —54.4 mV ds 0.08234  umol-L!

Ena 50 mV ap 0.2 pmol - L1.s!
Ex —77 mv [Ca® ), 0.2 pmol - L~!
0 2 - Vii —-70 mV
5 20 - Vee 0 mV
k 0.5 s O 0.1 57!
[IP5]* 0.16 umol-L™! Bs 0.05 57!
1z, 014 57! Tt 6 s
co 2.0 pmol-L~! & 0.6 ms-cm 2
c1 0.185 - 8 0.05 ms-cm™2
V1 6 g1 €] variable -
v 0.11 s7! & variable -
V3 0.9 pmol-L~! Tip, variable puM-s~!

A major goal of this paper is to study the temperature
affecting the synchronization between pyramidal cells and in-
terneurons under the regulation of astrocytes. For illustrative
purposes, we use the maximum synchronization error®3 of
the neuron membrane potential max(|e|) defined as

max(|e|):max(|VIN—pr|). (14)

The maximum synchronization error max(|e|) can measure
completely the synchronization in the oscillation of membrane
potentials of pyramidal cells and interneurons. The lower the
value of max(|e|), the stronger the neuron synchronicity, and
the higher the value, the weaker the synchronicity.

Along with the order parameter max(|e|), we have also
calculated a more common order parameter, the phase differ-
ence Ag, 3+

ts—1

Ap =21
¢ P

<ty <ty, (15)

where #; and #, are the corresponding times of the adjacent
peak action potentials in the pyramidal cell. 7 is the time cor-
responding to the peak action potential of the interneuron. A
is bounded between 0 and 27r. When the fixed phase difference
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is not completely O or 27,the neuron is in the out-of-phase syn-
chronization state. For states with in-phase synchronization,
A@ = 0 or 2. When the two neurons are in an asynchronous
state, the phase difference presents a disordered state. In cal-
culation, ordinary differential equations were solved using the
Euler algorithm with a time step of 0.01 ms.

3. Results

3.1. Effect of r;,  on the electrical activity of thermosensi-

tive neurons

First, we study the effect of IP3 production rate on the dis-
charge synchronization in thermosensitive neurons. Max(|e|)
was calculated between a pyramidal cell and an interneuron
depending on the temperature 7 (0 °C < T < 40 °C) for var-
ious rates of IP3 production (rIP3 =0uM- s71 0.7 UM - s
1.7uM-s~', 3 uM-s~!) in Fig. 2.

105
10071
951 3
= 90 -1
v, —e— 7rp, =0 pM:s
S 85t
p= —e— rp,=0.7 pM-s~1
80r rip, = 1.7 pM-s™1
75k —— rp, =3 pM-s~!
70 - : :
0 10 20 30 40

T(°C)

Fig. 2. Maximum synchronization error of neurons (max(|e|)) with astro-
cytes depending on the temperature (7) for various IP3 production rates (rn,g )

(e1=1,8=1,0°C<T <40°C).

According to Fig. 2, the variation of max(|e|) is related
to temperature. Specifically, a range of temperature, approxi-
mately 18 °C < T < 30 °C, is associated with the weak syn-
chronization of two neurons. Max(|e|) first increases and then
later decreases with an increase in IP3 production rate, which
reaches the maximum at Tipy = 1.7 uM -s~!. In the range
18 °C < T < 40 °C, max(|e|) does not show significant dif-
ferences in the regulation of Tipy- It is shown that the increase
in IP3 production rate can induce a weak synchronization ef-
fect of neurons. In addition, at a range of temperatures, "p,s
can induce weak synchronization.

In order to obtain more details about the effects of 7 and
Tipy
maximum synchronization error max(Je|) of two neurons in a
wide range of T (T = 0°C—40°C) and ryp, (ryp, =0 uM-s~'—
3 uM-s~!). The results are presented in T—rIP3 parameter

on the synchronization of two neurons, we calculate the

space in Fig. 3.

In Fig. 3, a certain region constraint by ", and T rep-
resents weak synchronization, and max(|e|) reaches the maxi-
mum at about 23 °C. The trend of max(|e|) is consistent with

that reflected in Fig. 2. There is a triangular region of weak ir-
regular variation with an increase of r, at0°C <T <37°C.
In this region, when ", increases to a certain threshold, the
synchronization is not affected by Ty In addition, the thresh-
old decreases with an increase in temperature. However,
the trend of max(Je|) increase is approximately linear above
37 °C. In other words, the higher the temperature, the harder
it is to change the neuronal discharge synchronization under
the regulation of astrocytes. It is indicated that increased tem-
perature reduces the synchronization sensitivity of astrocytes

about ryp, .

Max(e])

rp, (WML

Threshold

O0 5 10 15 20 25 30 35 40

T (°C)

Fig. 3. Contour map of max(|e|) depending on the IP3 production rate (ip,)
and the temperature (7) (g =1, & =1,0°C < T <40 °C). '

To quantify the phase synchronization of two neurons at
a certain temperature, the phase difference (A@) as a function
of IP3 production rate is shown in Fig. 4. In Fig. 3, the differ-
ent synchronization state features under different temperatures
are obvious. In order to study the typical synchronization sit-
uation, we select the temperature values of 10 °C, 18 °C, and
23 °C to analyze the relationship between phase synchroniza-
tion and the astrocyte parameters.

When T = 10 °C, the neurons are in an out-of-phase syn-
chronization state, and the astrocytes have no effect on the
phase synchronization of the neurons within the set parame-
ter range in Figs. 4(a)-4(d). At T = 18 °C, when the feed-
back intensity of the astrocytes is sufficiently large, the phase
of the neurons can shift from out-of-phase synchronization to
an asynchronous state in Figs. 4(e)-4(h). For example, the
neurons enter the asynchronous state when "p, exceeds 0.7 in
Fig. 4(h). At T = 23 °C, the neurons are under weak synchro-
nization in Figs. 4(i)—4(1). When the feedback intensity of the
astrocytes is small, the two neurons tend to stay in an out-of-
phase synchronization state. Under this condition, r, ~does
not change the phase synchronization state of the two neu-
rons as the feedback intensity is too low to induce the asyn-
chronous state. According to Figs. 4(j)—4(1), in the range of
0uM-s~! < Fip, < 0.6 uM -s~!| the phase of the neurons
changes from out-of-phase synchronous to asynchronous with
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an increase in Tipy- When "ip, increases to 0.6 UM - s~ the In order to investigate the interaction mechanism between

two neurons are stable in an asynchronous state. It is shown IP3 concentration, Ca?* concentration and neuronal synchro-

that the variation in "ps affects the phase synchronization at a nization, the time series of IP3, Ca%*t concentration and two

temperature under weak synchronization. neuron membrane potentials are shown in Fig. 5.

g,=0.1, e,=0.1 e,=0.1, £5=0.5 g,=0.5, e,=0.8 €,=0.5, g,=2

2 2T 2T 2
@ © ©) @
3 g 3 T 3 s 3] b T=10"°C
00 1 2 3 00 1 2 3 OO 1 2 3
rp, (WML rp, (WML rp, (UML)
27 2 2
(e) (f) (&)
‘—\———————————
3 s 31 ™ 31 s T=18 °C
00 1 2 3 00 1 2 3 OO 1 2 3
rp, (UML) rp, (WM-LTY) rp, (WM-LTY)
27 —
(1)
3 T=23°C
00 1 2 3
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Fig. 4. Three row pictures represented by the phase difference with the action of different Tip, with 7 =10°C, T =18 °C, and T = 23 °C from top

to bottom.
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Fig. 5. Three rows of images representing the time series of neuronal membrane potential, IP3 concentration and Ca>* concentration from top to
bottom. (¢, =0.5, & =2,T =23°C).
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It is shown that the two neurons are in the state of peak
firing with several values of Ip, at T = 23 °C under weak syn-
chronization in Figs. 5(a)-5(c). The state of the neurons in
Fig. 5(a) is out-of-phase synchronous. The state of the neu-
rons in Figs. 5(b) and 5(c) is asynchronous, with another repre-
sentation of the characteristics of intermittent synchronization.
Comparing the results in Figs. 5(d) and 5(g), Figs. 5(e) and
5(h) to Figs. 5(f) and 5(i), respectively, the envelope curves of
IP; and Ca?t concentration oscillate. In addition, the oscil-
Py Thus, the
high oscillation frequency of the envelope curves is accompa-

lation frequency increases with an increase in r,

nied by the asynchronous phenomenon of neurons. Moreover,
at the peak of the envelope curves of IP3 and Ca>* concentra-
tion, the neuronal discharges are in synchronization. There-
fore, the spiking synchronization is related to the peaks of the
envelope curves of IP3 and Ca®" concentration.

3.2. Effect of ¢; on the electrical activity of thermosensitive
neurons

The &; is one of the important coefficients of negative
feedback in the communication between an astrocyte and a
pyramidal cell. Indeed, the parameter €; can reflect the inac-
tivation intensity of ATP concentration produced by the astro-
cyte to the excitatory pyramidal cell.

For the purpose of investigating the role of the nega-
tive feedback coefficient of astrocytes on the synchronization
of thermosensitive neurons, we calculate max(|e|) with dif-
ferent values of & (g = 0,1,2,3) in the temperature range
0°C < T <40 °C. The comparison curve for different values
of &1 is shown in Fig. 6.

105

100}

95+ B
= 9ot
! —e—¢c; =0
s 851

—e—ce;=1

SOA 81:2

75 —a—e =3

70 1 v v

0 10 20 30 40
T(°C)
Fig. 6. Maximum synchronization error of neurons (max(|e|)) with astro-
cytes depending on the temperature (7') for various negative feedback coeffi-
cients (¢1) (rp, = 0.8 uM-s~1, £, =0.1,0°C < T < 40 °C).

As shown in Fig. 6, with an increase in temperature,
max (|e|) first rises sharply and then decreases. When the tem-
perature is varied over the range 0 °C-18 °C, max(|e|) in-
creases with an increase in €;. This trend of max(|e|) means
that the increase in the negative feedback coefficient plays
a role in the weak synchronization of neurons. In addition,
when 27 °C < T < 40 °C, max(|e|) hardly changes with an

increase in €;. Accordingly, the negative feedback coefficient
and temperature have a great influence on the synchronization
of neurons. Moreover, when the negative feedback coefficient
€1 = 3, weak synchronization occurs in the temperature range
19°C< T <26°C.

To investigate the phenomenon in more detail, we calcu-
late the maximum synchronization error max(|e|) in a wide
range of negative feedback coefficient €; (¢, = 0-3) and tem-
perature T (T = 0 °C—40 °C). The obtained results are pre-
sented in 7—¢; parameter space in Fig. 7.

Max(|e])
3
100
95
2
90
o
85
1
80
75
0
0 10 20 30 40

T(°C)

Fig. 7. Contour plot of max(|e|) depending on negative feedback coefficient
(&1) of astrocytes to pyramidal cells and temperature (') (r"’x =0.8uM-s 1,

&6 =0.1,0°C<T <40°C).

(a) 2m (b) 2=

&1

Fig. 8. Phase difference with the action of different £ with (a) Tp, =
08 uM-s7!, & = 0.1, (b) 1y, = 0.8 UM 57, £ = 0.3, (©) 1y,
0.8 uM- s~ !, & =0.5,(d) Fip, = 0.8 M- s71, e =0.7(T=23°C).

It is obvious that the oscillation behavior of neurons ap-
pears with the change in temperature and feedback coefficient
for max(|e|) intuitively shown in Fig. 7. The maximal re-
gion of max(|e|) (red irregular area in Fig. 7) results from a
range of T and €1, which are selected at 19 °C < T < 28 °C,
0.7 < & < 3. The maximal region of max(|e|) represents
weak synchronization, which is consistent with the temper-
ature range and negative feedback intensity value in Fig. 6.
Interestingly, we find that the value of max(|e|) presents an
obvious segmentation line in the combination range of T and
£ (0°C<T<16°C,0< g <3). The area on the left of the
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segmentation line is in stronger synchronization, and that on
the right is in weaker synchronization.

In addition, for temperature (7 = 23 °C) under weak
synchronization, the phase synchronization of neurons with
changing negative feedback coefficient (0 < & < 3) is shown
in Fig. 8.

As shown in Fig. 8(a), when & = 0.1, the two neurons
are in a state of out-of-phase synchronization, and the phase
differences are between 0 and 27w. As €& exceeds 0.5, the
phase differences become chaotic, and their values are irregu-
lar between 0 and 27. In this state, the two neurons fire asyn-
chronously. In Fig. 8(b), when & = 0.3, the two neurons are
in a state of out-of-phase synchronization. As &; exceeds 0.25,
the phase differences become chaotic, and the two neurons be-
come asynchronous. In Figs. 8(c) and 8(d), the neurons re-
main almost asynchronous with a change in &;. Thus, the syn-

chronous state of the neurons transits from out-of-phase syn-
chronization to asynchronous with an increase in €. Through
comparison of Figs. 8(a)-8(d), it can be seen that the thresh-
old of & for the neuron transition to the asynchronous state
decreases gradually with an increase in &. Significantly, the
negative feedback overactivation of astrocytes to neurons leads
to an asynchronous state in the neuron—astrocyte system. It is
speculated that the increase in negative feedback intensity may
promote confusion of pyramidal cell discharge and the asyn-
chronous state of neurons.

In some cases, the Ca>* concentration is possibly associ-
ated with the two neurons’ synchronization. To investigate the
relationship between the synchronization and the concentra-
tion changes of IP3 and Ca’*, figure 9 depicts the time series
of TIP3, Ca®>* concentration and the two neurons’ membrane
potentials under various & (¢; =0.3,1.3,2.3).
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T (d) 7 (e) T (f)
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S 2 ) 2 S 2
£ g g
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508 & 508 5 0.8
° ° °
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Fig. 9. Three rows of images representing the time series of neuronal membrane potential, IP3 and Ca®>* concentration from top to bottom (rIP3 =

0.8 uM-s~!, & = 0.1) (T =23 °C).

In order to study the dynamic mechanism of the effects
of IP3 and Ca®* concentration on the neuronal membrane po-
tential, we take the temperature under weak synchronization
(T =23 °C).
state of peak firing under weak synchronization in Figs. 9(a)—

It is shown that the two neurons are in the

9(c). Specifically, figure 9(a) illustrates the out-of-phase syn-
chronous state, and figures 9(b) and 9(c) illustrate the asyn-
chronous state. Meanwhile, the wave crest spacing of enve-
lope curves of IP3 and Ca®* concentration decreases gradu-
ally with an increase in €;. In other words, with an increase in
&1, the oscillation frequency of the IP3 and Ca®>* concentration

envelope curves increases. The above analysis clearly shows
that the asynchronous phenomenon of neurons is related to the
high-frequency oscillation of the IP3 and Ca>* concentration
envelope curves.

3.3. Effect of & on the electrical activity of thermosensitive
neurons

Finally, the parameter &, can reflect the activation inten-
sity of the glutamate concentration produced by astrocytes to
inhibitory interneurons. We discuss the effect of a positive
feedback coefficient of an astrocyte on the maximum synchro-
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nization error in the neuron—astrocyte minimum system. The
curves of max(|e|) depending on T are shown in Fig. 10 for
different feedback coefficients (&, =0,1,2,3).
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Fig. 10. Maximum synchronization error of neurons (max(|e|)) with astro-
cytes depending on the temperature (7') for various positive feedback coeffi-
cients (&) (ru,3 =08uM-s!, g =0.1,0°C < T <40 °C).

According to Fig. 10, the maximum synchronization er-
ror max(|el) first increases with 7 and then decreases after ex-
ceeding 26 °C. When the temperature is below 18 °C, the
curves of max(|e|) slightly decrease as & increases. This
means that the increase in & promotes the synchronization
level of neurons. The results of Fig. 10 show the opposite
characteristics to € (Fig. 6). This discrepancy may be due to
the different feedback characteristics of astrocytes to pyrami-
dal cells and interneurons.

In order to obtain detailed information on the synchro-
nization of neurons affected by the variation in both & and
T, we select a wide range of & (0 < & < 3)and T (0 °C <
T < 40 °C) to calculate the maximum synchronization error
max(|e|) of neurons in Fig. 11.

Max(e])

0 10 20 30 40

T (°C)
Fig. 11. Contour plot of max(|e|) depending on positive feedback coefficient
(&) of astrocytes to interneurons and temperature (7') (r“,3 =0.8 uM- s
g =0.1,0°C< T <40°C).

In Fig. 11, the region in red represents almost weak syn-
chronization of neurons, which is probably the maximal value
of max(|e|) in the range of & (0 < &, < 3,20°C < T < 32°C).
The results mean the interaction between astrocytes and ther-
mosensitive neurons depends on & and T under weak syn-
chronization, which echoes the verification of Fig. 10. Similar

to €;, under the joint action of & and T, there is also a line
dividing areas of synchronization level. The area on the left
of the line is with a stronger synchronization level, and that
on the right is with a weaker synchronization level. It is inter-
preted that the synchronization of neurons can be changed by
adjusting to a suitable feedback coefficient of astrocytes. In
addition, compared with the negative feedback of astrocytes
in Fig. 7, the positive feedback effect is weaker in regulatory
synchronization.

Figure 12 depicts the change in phase synchronization of
neurons under the influence of & (0 < & < 3) at temperature
(T = 23 °C) under weak synchronization.

(a) 27 (b) 27

Fig. 12. Phase difference with the action of different & with (a) Tip, =
0.8 uM-s~!, g = 0.01, (b) Fp, = 0.8 uM s~ g =02, () Ty =
0.8 uM-s~!, & =0.4, (d) Fip, = 0.8 M- sl g =0.6 (T =23°C).

As shown in Fig. 12(a), when & = 0.01, the two neurons
are in a state of out-of-phase synchronization in the range of
0 < & < 0.55, and the phase differences are between 0 and
27. As & exceeds 0.55, the phase differences become chaotic,
and their values are irregular between 0 and 27. In this state,
the two neurons fire asynchronously. When &, = 0.2, the two
neurons are in a state of out-of-phase synchronization in the
range 0 < & < 0.4 in Fig. 12(b). As & exceeds 0.4, the
phase differences become chaotic, and the two neurons be-
come asynchronous. Similarly, when & = 0.4 and &, exceeds
0.2, the two neurons transit from out-of-phase synchronization
to asynchronization in Fig. 12(c). When & = 0.6, & can only
cause the asynchronous phenomenon of neurons as shown in
Fig. 12(d). As with the regulation of &, the phase synchro-
nization of two neurons transits from the out-of-phase syn-
chronization to the asynchronous state when the strength of
positive feedback (&) reaches a certain threshold. According
to Figs. 12(a)-12(d), an increase in & promotes the critical
value of the neuron synchronization state transition to become
smaller. It is indicated that the negative feedback of astro-
cytes to excitatory pyramidal cells and the positive feedback
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to inhibitory interneurons have the same effect on the phase
transition between neurons.

In order to further investigate the effect on network syn-
chronization development by gliotransmitter diffusion, we dis-
cuss the relations between the concentrations of IP; and Ca®*t
and synchronization with various & (& = 0.5,1.5,2.5) at the
temperature of weak synchronization (7' = 23 °C) in Fig. 13.

Figures 13(a)-13(c) show the membrane potential of two
neurons, which are in a state of peak firing. At & = 0.5, the
neurons are in an out-of-phase synchronous state in Fig. 13(a).

At & = 1.5 in Fig. 13(b) and & = 2.5 in Fig. 13(c), the neu-
rons are in an asynchronous state. Compared with Figs. 13(d)—
13(f), the peak-to-peak spacing of the IP3 concentration en-
velope curves gradually decreases. Likewise, compared with
Figs. 13(g)-13(i), the peak-to-peak spacing of the Ca>* con-
centration envelope curves decreases. Moreover, the envelope
curve peaks of IP3 and Ca>* concentration correspond to the
spiking synchronization of neuronal membrane potential. The

results are the same as the characteristics of &;.
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Fig. 13. Three rows of images representing the time series of neuronal membrane potential, IP3 and Ca>* concentration from top to bottom.

(rp, =08 uM-s~!, & = 0.01) (T =23 °C).

4. Discussion and conclusion

It has been widely verified that temperature plays an
important role in neuronal discharge and astrocyte function
by many experiments. Hence, we studied and analyzed
the dynamic mechanism of a temperature-dependent neuron—
astrocyte coupling system in this paper. We focused on the
synchronization in the thermosensitive neuron—astrocyte min-
imum system.

Firstly, it is indicated that the synchronization of neurons
under the influence of temperature can be nonlinearly regu-
lated by the IP3 production rate in astrocytes and the feedback
coefficients of astrocytes to pyramidal cells and interneurons.
Recently, experiments have shown that the apoptosis and ac-
tivation of astrocytes are inhibited by low temperature.4?! In
this paper, we also observed that neuronal synchronization was
strongly regulated by the presence of astrocytes at low temper-

ature (probably 0 °C < T < 18 °C). This phenomenon proba-
bly results from astrocytes which are not fully activated under
the condition of low temperature. Additionally, the change
of temperature can lead to a change in the activation degree
of astrocytes. Therefore, under the condition of low tempera-
ture, astrocytes have a stronger synchronous regulation effect
on neurons. However, it is a little effect that the astrocytes
impose on the synchronization between pyramidal cells and
interneurons in the normal physiological temperature range of
the brain. It is shown that astrocytes are more likely to be fully
activated with increased temperature, interacting with neurons
to stabilize the brain. Note that this is consistent with some
results of previous experiments.**#!] More interestingly, the
experiment in Ref. [56] showed that an increase in tempera-
ture leads to a decrease in the behavior variability of single

neurons. In this paper, it is further verified that the influence
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of astrocytes on the behavioral variability of neurons decreases
with increasing temperature.

In addition, it is revealed that the synchronization be-
tween pyramidal cells and interneurons can be prominently
decreased by the temperature at a range of IP3 production rates
02uM-s~ ! < Tip, < 3 uM-s~1). For feedback coefficients of
astrocytes, the maximum synchronization error of neurons ex-
hibits a similar dependence on the negative and positive feed-
back intensities of astrocytes to neurons. It is shown that cor-
responding temperature and feedback coefficients can promote
the state of weak synchronization of neurons. In particular,
comparing the effects of & (Figs. 6 and 7) and & (Figs. 10
and 11) on the synchronization of two neurons, it is indicated
that the change of neuronal synchronization is more dependent
on the negative feedback intensity of astrocytes to pyramidal
cells. In other words, the regulation of astrocytes on pyramidal
cells is more efficient than that on interneurons, even with the
same feedback coefficients.

Then, we studied the effect of a change in IP3 production
rate and the feedback coefficients of astrocytes on the phase
synchronization of two neurons at temperature (7 = 23 °C).
The two neurons can be in weak synchronization at 23 °C.
According to the phase diagrams of Figs. 4, 8 and 12, with
an increase of IP3 production rate and feedback intensities for
astrocytes, two neurons transit from out-of-phase synchroniza-
tion to an asynchronous state at the temperature of weak syn-
chronization.

Finally, we studied the interaction mechanism between
synchronization and the concentrations of IP3 and Ca>* at a
temperature under weak synchronization (7 = 23 °C). With
increases in Fipy» €1 and &, the oscillation frequency of the
IP3 and Ca?t concentration envelope curves increases, and the
peak-to-peak distance of the envelope curves decreases. Note
that we have previously analyzed that an increase in astro-
cyte parameters promoted the phase transition of neurons. The
phase transition of neurons is closely related to the oscillation
frequency and peak-to-peak distance of the envelope curves of
IP; and Ca®* concentration. Furthermore, we found that inter-
mittent synchronization occurs when neurons are in an asyn-
chronous state. This result is consistent with the finding that
astrocytes can induce intermittent synchronization of neurons
in Ref. [26]. In particular, Makovkin 126 showed that the fre-
quency of calcium oscillations in astrocytes was not sensitive
to the synchronization between neurons. However, we found
that the frequency of the Ca®* concentration envelope was re-
lated to the phase synchronization of neurons. Analyzing the
results of the neuronal membrane potential and the Ca>* con-
centration, it was observed that the envelope curve peaks of
Ca’* concentration corresponded to the spiking synchroniza-
tion state of neurons. This difference in results may be due
to the temperature fact. In summary, it is interpreted that the

neuronal discharge activity is regulated by Ca>*, a result that
is consistent with Ref. [50].

When the synchronization level of neurons is very weak,
cognitive function is impeded. In this paper, we have studied
a synchronous regulation mechanism based on a thermosen-
sitive neuron—astrocyte minimum system model in the hip-
pocampus, especially under the temperature of weak synchro-
nization. These results can provide a helpful basis to under-
standing cognitive impairment and treating nervous system
diseases. In future work, we will consider a complex model
more approximate to a realistic brain, including more func-
tional neurons, e.g., dopaminergic neurons, medial septum
neurons and guardian neurons in the preoptic area of the hy-
pothalamus. We hope to contribute to the exploration of the
mechanism of cognitive dysfunction and neurological disor-
ders such as epilepsy.

Acknowledgments

Project supported by the National Natural Science Foun-
dation of China (Grant Nos. 51607056, 51737003, and
51877069) and State Key Laboratory of Reliability and Intel-
ligence of Electrical Equipment, Hebei University of Technol-
ogy (Grant No. EERI_P12020006).

References

[1] Shu R, Chen W and Xiao J H 2019 Acta Phys. Sin. 68 180503 (in Chi-
nese)
[2] Ding X L, JiaB and Li Y Y 2019 Acta Phys. Sin. 68 180502 (in Chi-
nese)
[3] Han F, Wang Z J, Fan H and Gong T 2015 Chin. Phys. Lett. 32 040502
(in Chinese)
[4] DuanL,LiuC, Zhao L C and Yang Z'Y 2020 Acta Phys. Sin. 69 010501
(in Chinese)
[5] Zhang D, ShiJ Q, Sun Y, Yang X H and Ye L 2019 Acta Phys. Sin. 68
240502 (in Chinese)
[6] Wang T, Zhou M Y and Fu Z Q 2020 Chin. Phys. B 29 058901
[7]1 Yue X L, Xiang Y L and Zhang Y 2019 Acta Phys. Sin. 68 180501 (in
Chinese)
[8] Shao S L, Wang T, Song C H, Cui E N, Zhao H and Yao C 2019 Acta
Phys. Sin. 68 178701 (in Chinese)
[91 Zhao W L and Jie Q L 2020 Chin. Phys. B 29 080302
[10] Ouannas A, Khennaoui A A, Momani S, Pham V T and Khazali R E
2020 Chin. Phys. B 29 050504
[11] Chen C, Ding Z X, Li S and Wang L H 2020 Chin. Phys. B 29 040202
[12] LiJ H 2016 Chin. Phys. Lett. 33 120501
[13] SunJ C 2016 Chin. Phys. Lett. 33 100503
[14] WangR, GuoJ B, HuiJP, Wang Z, Liu HJ, Xu Y N and Liu Y F 2019
Acta Phys. Sin. 68 180701 (in Chinese)
[15] Ding P F, Feng X' Y and Wu C M 2020 Chin. Phys. B 29 108202
[16] Huang F, Chen H S and Shen C S 2015 Chin. Phys. Lett. 32 118902
[17] Wang Y X, ZhaiJ Q, Xu W W, Sun G Z and Wu P H 2015 Chin. Phys.
Lett. 32 097401
[18] ZhaiJQ,LiY C, ShiJ X, Zhou Y, Li X H, Xu W W, Sun G Z and Wu
P H 2015 Chin. Phys. Lett. 32 047402
[19] Huang J W, Lv S X, Zhang Z S and Yuan H Q 2020 Chin. Phys. B 29
060505
[20] Araque A, Parpura V, Sanzgiri R P and Haydon P G 1999 Trends Neu-
rosci. 22 208
[21] DuM M, LiJJ, Yuan Z X, Fan Y C and Wu Y 2020 Chin. Phys. B 29
038701
[22] Amiri M, Montaseri G and Bahrami F 2011 Biol. Cybern. 105 153
[23] Araque A, Carmignoto G, Haydon P G, Oliet S H R, Robitaille R and
Volterra A 2014 Neuron 81 728

080507-11


https://doi.org/10.7498/aps.68.20190308
https://doi.org/10.7498/aps.68.20190308
https://doi.org/10.7498/aps.68.20190197
https://doi.org/10.7498/aps.68.20190197
https://doi.org/10.1088/0256-307X/32/4/040502
https://doi.org/10.1088/0256-307X/32/4/040502
https://doi.org/10.7498/aps.69.20191385
https://doi.org/10.7498/aps.69.20191385
https://doi.org/10.7498/aps.68.20190919
https://doi.org/10.7498/aps.68.20190919
https://doi.org/10.1088/1674-1056/ab81fe
https://doi.org/10.7498/aps.68.20190155
https://doi.org/10.7498/aps.68.20190155
https://doi.org/10.7498/aps.68.2019037
https://doi.org/10.7498/aps.68.2019037
https://doi.org/10.1088/1674-1056/ab8a3a
http://dx.doi.org/10.1088/1674-1056/ab820d
https://doi.org/10.1088/1674-1056/ab7803
https://doi.org/10.1088/0256-307x/33/12/120501
https://doi.org/10.1088/0256-307x/33/10/100503
https://doi.org/10.7498/aps.68.20190414
https://doi.org/10.7498/aps.68.20190414
https://doi.org/10.1088/1674-1056/ab9dea
https://doi.org/10.1088/0256-307x/32/11/118902
https://doi.org/10.1088/0256-307x/32/9/097401
https://doi.org/10.1088/0256-307x/32/9/097401
https://doi.org/10.1088/0256-307x/32/4/047402
https://doi.org/10.1088/1674-1056/ab8a3b
https://doi.org/10.1088/1674-1056/ab8a3b
http://dx.doi.org/10.1016/S0166-2236(98)01349-6
http://dx.doi.org/10.1016/S0166-2236(98)01349-6
https://doi.org/10.1088/1674-1056/ab6961
https://doi.org/10.1088/1674-1056/ab6961
http://dx.doi.org/10.1007/s00422-011-0455-5
http://dx.doi.org/10.1016/j.neuron.2014.02.007

Chin. Phys. B 31, 080507 (2022)

[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

[40]

Porter J T and McCarthy D K D 1995 Glia 13 101

Nadkarni S and Jung P 2004 Phys. Biol. 1 35

Makovkin S Y, Shkerin I V, Gordleeva S Y and Ivanchenko M V 2020
Chaos Soliton. Fract. 138 109951

Ji Q B, Zhou Y, Yang Z Q and Meng X Y 2015 Chin. Phys. Lett. 32
050501

Nadkarni S and Jung P 2007 Phys. Biol. 4 1

Erkan Y, Sara¢ Z and Yilmaz E 2019 Nonlinear Dyn. 95 3411
@yehaug L, @stby I, Lloyd C M, Omholt S W and Einevoll G T 2012
J. Comput. Neurosci. 32 147

Carmen DV, Sverre M S, Ecem A, Evelien V H, Celine D, Slike V, Julie
V, Robbrecht P, Mehmet I C, Akira M, Caghan K, Koichi K, Nathalie J
Y and Emre Y 2019 Nat. Commun. 10 3830

Kim J A and Connors B W 2012 Front. Cell. Neurosci. 6 27

Feudel U, Neiman A, Pei X, Wojtenek W, Braun H, Huber M and Moss
F 2000 Chaos 10 231

Rossi K L, Budzinski R C, Boaretto B R R, Prado T L, Feudel U and
Lopes S R 2021 Chaos 31 083121

Budzinski R C, Boaretto B R R, Prado T L and Lopes S R 2019 Chaos
Soliton. Fract. 123 35

Xu Y, Liu M H, Zhu Z G and Ma J 2020 Chin. Phys. B 29 098704
DeMaegd M L and Stein W 2020 PLoS Comput. Biol. 16 €1008057
Lu L L, Kirunda J B, Xu Y, Kang W J, Ye R, Zhan X and Jia Y 2018
Eur. Phys. J. Special Top. 227 767

Hyun N G, Hyun K, Oh S and Lee K 2020 Korean J. Physiol. Pharma-
col. 24 349

Kitamura M, Ishikawa K, Nei K, Nakajima K, Yamanoha B and
Shimizu A 2018 High Pressure Res. 38 348

[41]
[42]
[43]
[44]
[45]
[46]
(471
(48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]

[56]

080507-12

Leisengang S, Ott D, Gerstberger R, Rummel C and Roth J 2018 Neu-
roreport 29 1468

Zhang Y H, Liu H, Han Y R, Chen Y F, Zhang S H and Zhan Y 2017
Chin. Phys. Lett. 34 098701

DuMM,LiJJ,WuY and Yu G Y 2021 Cogn. Neurodyn.
Hodgkin A L and Huxley A F 1990 Bull. Math. Biol. 52 25

Fujisaki T, Wakatsuki H, Kudoh M and Shibuki K 1999 Neurosci. Res.
33307

Postlethwaite M, Hennig M H, Steinert J R, Graham B P and Forsythe
1D 2007 J. Physiol. 579 69

Braun H A, Huber M T, Dewald M, Schafer K and Voigt K 1998 Int. J.
Bifurcat. Chaos 8 881

Hodgkin A L and Huxley A F 1952 J. Physiol. 117 500
Tchaptchet A 2018 Chaos 28 106327

YuYY, YuanZ X, Fan Y C, Li J J and Wu Y 2020 Neural Plast. 2020
8864246

Amiri M, Bahrami F and Janahmadi M 2012 J. Theor. Biol. 292 60
LiJJ, DuM M and Wang R 2016 Int. J. Bifurcat. Chaos 26 1650138
Wang Q Y, Shi X and Lu Q C 2008 Coupling System Synchronized
Dynamics (Beijing: Science Press) p. 62 (in Chinese)

Budzinski R C, Boaretto B R R, Prado T L and Lopes S R 2019 Com-
mun. Nonlinear Sci. 75 140

Wang J, Ye W J, Liu S Q, Liu B and Jiang X F 2016 Chaos Soliton.
Fract. 93 32

Boaretto B R R, Budzinski R C, Prado T L, Kurths J and Lopes S R
2018 Chaos 28 106304


http://dx.doi.org/10.1002/(ISSN)1098-1136
http://dx.doi.org/10.1088/1478-3967/1/1/004
http://dx.doi.org/10.1016/j.chaos.2020.109951
http://dx.doi.org/10.1016/j.chaos.2020.109951
https://doi.org/10.1088/0256-307x/32/5/050501
https://doi.org/10.1088/0256-307x/32/5/050501
http://dx.doi.org/10.1088/1478-3975/4/1/001
http://dx.doi.org/10.1007/s11071-019-04764-6
http://dx.doi.org/10.1007/s10827-011-0345-9
http://dx.doi.org/10.1007/s10827-011-0345-9
http://dx.doi.org/10.1038/s41467-019-11739-z
https://doi.org/10.3389/fncel.2012.00027
https://doi.org/10.1063/1.166488
http://dx.doi.org/10.1063/5.0041064
http://dx.doi.org/10.1016/j.chaos.2019.03.039
http://dx.doi.org/10.1016/j.chaos.2019.03.039
https://doi.org/10.1088/1674-1056/ab9dee
http://dx.doi.org/10.1371/journal.pcbi.1008057
http://dx.doi.org/10.1140/epjst/e2018-700140-1
http://dx.doi.org/10.1140/epjst/e2018-700140-1
http://dx.doi.org/10.4196/kjpp.2020.24.4.349
http://dx.doi.org/10.4196/kjpp.2020.24.4.349
http://dx.doi.org/10.1080/08957959.2018.1468442
http://dx.doi.org/10.1097/WNR.0000000000001134
http://dx.doi.org/10.1097/WNR.0000000000001134
https://doi.org/10.1088/0256-307x/34/9/098701
https://doi.org/10.1088/0256-307x/34/9/098701
http://dx.doi.org/10.1007/s11571-021-09706-w
http://dx.doi.org/10.1016/S0092-8240(05)80004-7
http://dx.doi.org/10.1016/S0168-0102(99)00023-1
http://dx.doi.org/10.1016/S0168-0102(99)00023-1
http://dx.doi.org/10.1113/jphysiol.2006.123612
http://dx.doi.org/10.1142/S0218127498000681
http://dx.doi.org/10.1142/S0218127498000681
http://dx.doi.org/10.1113/jphysiol.1952.sp004764
http://dx.doi.org/10.1063/1.5040266
http://dx.doi.org/10.1155/2020/8864246
http://dx.doi.org/10.1155/2020/8864246
http://dx.doi.org/10.1016/j.jtbi.2011.09.013
https://doi.org/10.1142/s0218127416501388
http://dx.doi.org/10.1016/j.cnsns.2019.03.028
http://dx.doi.org/10.1016/j.cnsns.2019.03.028
http://dx.doi.org/10.1016/j.chaos.2016.09.024
http://dx.doi.org/10.1016/j.chaos.2016.09.024
http://dx.doi.org/10.1063/1.5023878

	1. Introduction
	2. Model and methods
	3. Results
	3.1. Effect of rIP3 on the electrical activity of thermosensitive neurons
	3.2. Effect of 1  on the electrical activity of thermosensitive neurons
	3.3. Effect of 2  on the electrical activity of thermosensitive neurons

	4. Discussion and conclusion 
	References

