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Experimental records in the cerebral cortex indicate that ammonia injection can lead to seizures. Considering that as-
trocytes play a vital role in mediating the uptake and absorption of ammonium ions in the extracellular space of the cortical
circuit, we constructed a new astrocyte neuron coupling model, which is composed of a neuron and its astrocytes connected
through the extracellular space, taking into account of the influence of extracellular ammonium ions. The numerical results
verified the previous experimental observation that obtained epileptic firing modes of neurons and postsynaptic GABA re-
versal potential depolarization triggered by ammonia injection. In addition, we also determined the concentration—response
relationship between the ammonium ion concentration and the time of entering epilepsy and predicted the threshold of the

ammonium ion concentration for the onset of epilepsy.
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1. Introduction

Ammonia is a common protein metabolic waste that
can accumulate in many metabolic disorders and contribute
to neurological dysfunction, including cognitive impairment,
seizures, stupor and even death.['?! In addition, ammonia
homeostasis is vital in the brain because ammonium ions pro-
mote the release of the excitotoxic neurotransmitter gluta-
mate during neuronal discharge.*! In the brain, glutamine syn-
thetase, an enzyme that removes ammonia and glutamate, has
a higher affinity for ammonia than for glutamate.*3 Astro-
cytes play a key role in the metabolism of ammonia and the
putative neurotransmitters glutamate and y-aminobutyric acid
by forming compartments related to glutamine synthetase, the
primary enzyme necessary for ammonia detoxification. 7]
The main route by which astrocytes detoxify ammonia is to
absorb excess ammonia and combine it with glutamate in-
tracellularly through glutamine synthase to produce nontoxic
glutamine.®°1 The experimental data suggested that the K+
uptake channel on the astrocyte membrane transports ammo-
nium ions through the membrane at high ammonia concen-
trations via their occupation of the uptake channel responsi-
ble for transporting potassium ions under normal physiolog-
ical conditions.!'”! The K* uptake channel of astrocytes pri-
marily includes the Nat/K*-ATPase pump and Kir4.1 chan-
nel (inward rectifier K channel), which absorbs excess K
in the extracellular environment. Many experimental studies
have shown that the Kir4.1 channel plays an important role in

the local absorption of extracellular K*.[1=13] For example,
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astrocyte Kir4.1 channel deficits lead to neuronal dysfunction

U141 Therefore, we inves-

in Huntington’s disease model mice.
tigated the dynamic mechanism of extracellular K* concen-
tration change and pathological epileptic discharge caused by
K™ uptake disorder under the condition of extracellular high
ammonia with a computational neuron-astrocyte model.
Research exploring the relationship between astrocyte K™
uptake channel regulation of Kt and seizures through theoret-

15-20] Cressman er

ical analysis has emerged in recent years.!
al. combined active and passive local KT uptake via astrocytes
into a simplified K uptake function in the shape of a sigmoid
that depends only on the extracellular K* concentration.!!>16]
Ostby et al. studied the mechanisms of extracellular space con-
traction and potassium clearance during neuronal discharge by
constructing a volume dynamic model!>!??! for astrocyte co-
transporters (e.g., Na™/K™ /2C1~ and K*/Cl~) and Nat/K*-
ATPase pumps. Witthof ef al. and Sibille et al. mathemat-
ically modelled the Kir4.1 channel, which depends on both
the astrocytic membrane potential and extracellular K* con-
centration, respectively,?>>4! and they verified the prominent
role of Kir4.1 channels in regulating excess [K*],. Du et al.
constructed an astrocyte-neuron network module consisting of
a neuron and four surrounding connected astrocytes and vali-
dated that both Kir4.1 channels and gap junctions play an im-
portant role in regulating the [K*], concentration. [>!
Considering these findings, we built a model of an
astrocyte-neuron model, considering the Kir4.1 channel,
Nat/K*/Cl~, KT/Cl~ cotransporters and Nat/K'-ATPase
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pumps. In order to describe the effect of ammonium ions
on extracellular potassium ion concentration, we created an &
function based on experimental data fitting to revise the Kir4.1
channel model.[%2®! Based on the model, we reproduced the
process of neuronal epileptic discharge caused by injection of
ammonium chloride found in physiological experiments, 026!
and the mechanism of neuronal Egapa depolarization caused
by impaired potassium buffer of astrocytes in ammonia neuro-
toxicity was also obtained. In addition, the timing of neurons
entering epilepsy decreased with increasing ammonium ion
concentrations, and the ammonium ion concentration thresh-

old causing epilepsy was determined.

Presynaptic
neuron

Postsynaptic
neuron

2. Materials and methods

To validate the intoxication effect of ammonium ions
on neuronal electric activities, we constructed a model con-
sisting of three parts: a neuron, an astrocyte and the con-
nected extracellular space (Fig. 1). In Fig. 1, several criti-
cal factors regulating the extracellular K™ concentration are
apparent: (111215171 K+ current passing through the neuronal
membrane, cotransporters NKCC and KCC, Nat/K'-ATPase
pumps of the neuron and the astrocyte, Kir4.1 channels in as-
trocytes, and spatial diffusion of K™ in the extracellular space.
However, in the situation of ammonia injection, the Kir4.1
channel, which transports K™ under normal physiological con-
ditions, cannot transport K™ but NHI (see Fig. 1).

® Na
o K+
e Cl-
® NHy

A Nat/K+* ATPase pump
=

‘ Nat & K+ voltage-gated channel

Cation choride cotransporters
NKCC & KCC

- Normal Kir4.1 channel

- Ammonia occupied Kir4.1 channel

Fig. 1. The diagram of this tri-compartment model includes the neuron, the extracellular space and the astrocyte, taking into account of the
influence of ammonium ions. NKCC: Na*/K*/CI~ cotransporter, the transportation ratio is INa™ : 1K™ : 2C1~; KCC: K*/CI~ cotransporter,
the transportation ratio is 1K™ : 1C1™; the Kir4.1 channel (inward rectifier potassium ion channel) transports potassium ions under normal
physiological conditions, ammonium ions will occupy the position of potassium ions and be transported by the Kir4.1 channel in the case of

ammonia neurotoxicity.

2.1. Neuron model

We used the modified Hodgkin—Huxley model containing

sodium, potassium and chloride ion currents [25]
dv
Cma == INa +IK +ICla

INa = —gNam3h(V —WNa) — &NaL(V — WNaL),

IK — _ (gKn4 + M) (V _ VK)

1+ [Cah\]
—grL(V — Vo),
Ie; = —gai(V —Var), ()

where gna, gNaL, K> kL and gc; denote the conductances
corresponding to the Na™, Na™ leak, K™, K™ leak and Cl1~
currents, respectively. Correspondingly, Vi represents the re-
versal potential of the s channel (s = Nat, K™, C1~, Na™ leak,
KT leak).
ds
i

os(1—s)—Bss, s=m,n,h. 2)

The after-hyperpolarization current Iagp = %( —

Vk) is integrated into Ik, in addition to the activation and inac-
tivation sodium ion (Na+) gate m> and / as well as the potas-
sium channel opening probability n*.

The coefficients in Eq. (2) are given by

o0 —01 V430
" —exp[—0.1(V +30))’
—(V+55
e ]
V+34
=0.01
% 1 —exp[—0.1(V +34)]’
—(V+44
B, = 0.125exp [(80)] ,
B —(V+44)
oy = 0.07exp{ 20 )
1
B 3

T 1+exp[—0.1(V +14)]’
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[Ca]n corresponds to the intracellular calcium concentration,
and the dynamic equation is

d[ca*t
% = —0.002gca(Vn —Vea)/1

+exp(— (Vi +25)/2.5) ~ [Calx /80.  (4)

The reversal potentials of Na®™ KT and Cl~ are given by the
Nernst equation

+
Via = 26.641n< [Na“lo > ,

[Na*]n
Vk = 26.64In ( [[E:]]" ) )
Vi = 26.641n < [[((:;11 ]]N > . 5)

2.2. Balance of ion fluxes

The K* value is constantly updated by the Kt current
across the neuronal membrane, Na™/K*-ATPase pumps, KCC
(K*/CI™), NKCC (Na*/K* /2C1™) cotransporters of the neu-
ron, K™ spatial diffusion, Na™/K*-ATPase pumps of the astro-
cyte and the Kir4.1 channel.l'”->*] The current passing through
the cell membrane will cause a change in the ion concentration
inside and outside the cell. The current / passing through the
membrane is equal to the ion flow J per unit time. Therefore,
the dynamics of the K™ concentration in neurons and astro-
cytes and the extracellular space are as follows:

d[K*
[dt b = Jix = 2Jpump N — 2Jpump.A
+Jkir — Jaitt — Jxkee — INkee,
d[K+t
[ dr ]N = (*JIK + 2qump,N +Jkce +JNKCC)Vrate17
d[K*t
[ dr ]A = (_JKir + 2qump.A

—ka([K*]a — [KT]AE) ) Vrate2, (6)

Similar to the Kt dynamics, the Na™ value is continuously
updated by the Na™ current crossing through the neuronal
membrane, Nat/K"-ATPase pumps, NKCC (Na*/K*/2Cl17)
cotransporter of the neuron, and Nat/K"-ATPase pumps of
the astrocyte.!!”->*l The Na*/K*-ATPase pump exchanges two
K™ for three Na™ ions. Thus, the dynamics of the Na™ concen-
tration in neurons and astrocytes and the extracellular space
are as follows:

d[Na™
[ w lo _ i, + 3pumpoN + 3pump A
—Jxee — INkec,
d[Na™
% = (I, — 3Jpump,N +Jkce + JNKCC) Viatel s
d[Na™
% = (—3qump7A +JNaL,A)Vrate2. (7

In the same way, Cl~ is changed by the Cl~ current, KCC
(K*/C17) and NKCC (Nat/K* /2C17) cotransporters of the
neuron, while the chloride ion in astrocytes has not been con-

sidered
d|C1™
% = Jio, — Jkce — 2Inkee,
t
d|C1™
[ 7 i = (—Jiy +Jxce + 2INKCC) Viate! - ®)

In addition, the terms in Egs. (6)—(8) are given as follows:

1

qump7N = p<1+exp(25 Na+ N)/3 )

<1+exp —[K*]o )

1
Jpump A =
o= 3t )

(o)

Jaitr = €([K™]o Kbath

Uchln< N)
0

Inkee = Unkeef([Ko)In <

1
f([KJr]O) = 1+eXp(16* [K+]0)1 (9)

Jxcc

K n([C1 N 2)
[Na+]0[K lo([C170)? )’

where p, Ukcc and Unkcc are the strengths of the Na™/K*-
ATPase pump, KCC cotransporters and NKCC cotransporters,
respectively. € and Ky, represent the potassium diffusion co-
efficient and bath potassium concentration, respectively.

2.3. Astrocyte model

The astrocyte membrane potential V, is described as

follows: (23]
Va

CAE —Igir — ha, (10

where Cy is the astrocytic capacitance and Ixj, and /5 are the
inward rectifier Kir4.1 channel and leak current, respectively,
and they are given by

Ixir = gxirh((NH; Jo) v/ [Kt]o(Va — Viir),

Vkir = Exirln ( {Eqi ) )

hia =g1a(Va—Via), (11

where gk, and Eg;; are the conductance and the Nernst con-
stant for the astrocyte Kir4.1 channels, respectively. Exper-
imental results!') show that the increase of [NH*'], leads
to the increase of [K*], in the extracellular environment of
the astrocyte. Physiologically, [NH4+]0 occupy the position
of [K*], on the Kir channel. All Kir channels on the astro-
cyte membrane are occupied with the continuous increase of
[NH**],, and the extracellular K* also reaches the maximum.
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To account for the change of [NH**], concentration in Kir4.1
channel on the astrocyte membrane, we created the function
h([NH} ],) according to its biophysical properties!!"!

1

where the parameters were obtained by means of data fitting
with the experimental results. [10-26]
The values of the parameters used in the model are listed

in Table 1. In the simulation, we used the Runge—Kutta algo-

+ —
h(INHg]o) = 1+exp(4(2.5—[NHj]o))’ 2) rithm with a step size of 0.01 ms.
Table 1. Parameters and constants in the simulation.
Parameter Value and units Description
Cn 1 uF/cm? Membrane capacitance of neuron
gNa 100.0 mS/cm? Conductance of the sodium current
8gNaL mS/cm? Conductance of the sodium leak current
gK 40.0 mS/cm? Conductance of the potassium current
SAHP 0.01 mS/cm? Conductance of the after-hyperpolarization current
8KL 0.05 mS/cm? Conductance of the potassium leak current
gcl 0.05 mS/cm? Conductance of the chloride current
gCa 0.1 mS/cm? Conductance of the calcium current
Vca 120 mV Reversal potential of the calcium current
Vratel 7.0 The volume ratio of the neuron to extracellular space
Vrate2 3.0 The volume ratio of the astrocyte to extracellular space
ka 0.05 The rate at which the astrocyte Ky concentration decays to its baseline state
[Kt)aE 100 The resting state equilibrium K concentration
p 1.25 mM/s Na™/K*-ATPase pump strength
£ 1.2 mM/s Potassium diffusion rate
Uxcc 0.3 mM/s Maximal KCC cotransporter strength
Unkcc 0.1 mM/s Maximal NKCC cotransporter strength
Ca 75 pF Membrane capacitance of astrocyte
81A 0.17 m/(M-ms) Astrocytic leak conductance
Via 70 mV Astrocytic leak current reversal potential
3. Results

3.1. Epilepsy caused by ammonia neurotoxicity

The experiment record of changes in ammonium ion con-
centration from Fig. 2d in Ref. [10] is shown in Fig. 2(a).
The red part indicates the time of ammonium chloride solu-
tion injection, and the yellow part indicates the occurrence of
epilepsy in vivo in the mouse brain. Although the concen-
tration of the injected solution is constant, the concentration
of ammonium ions will not be constant when it reaches the
region outside neurons and astrocytes. Correspondingly, we
simulate the changing concentration of ammonium ions as an
external input, which is plotted in Fig. 2(b).

After the input of ammonium ions was determined, we
started the simulation to capture the results that the input
lasted for 15 minutes. The neuronal membrane potential (V)
and extracellular potassium ion ([K*],) results are shown in
Figs. 2(c) and 2(d), respectively. The discharge pattern of the
neuron changes from periodic cluster discharge at the begin-
ning (area 1) to the epileptic state (area 2) at approximately
360 s (6 min) and is sustained in the epileptic discharge mode
(area 3). Consistent with the changes in neuronal discharge
patterns, the concentration of potassium ions remains at a low
level at first (area 1), then gradually increases by more than
20 mM (area 2), and finally maintains a high level (area 3).
The three marked areas in Figs. 2(c) and 2(d) are magnified in

Figs. 2(e)-2(g), as well as the [NH; | and astrocytic [K'], are
shown in Figs. 2(e)-2(g) for more detailed visualisation.

The concentration of ammonium ions gradually increases
with the injection of ammonium chloride solution (Figs. 2(e)—
2(g)), and the excess ions occupy the astrocytic Kir4.1 channel
that originally transported potassium ions. Consequently, the
concentration of [K*], increases until 20 mM (see right half
of Fig. 2(f)), causing the neuron to become epileptic shown
in the time history diagram of Wy in Fig. 2(f). This type of
spontaneous epileptic seizure has been observed in various ex-
perimental recordings.'?’~2°! In addition, the concentration of
potassium ions in astrocytes decreases due to the lack of potas-
sium ion absorption, which is also a manifestation of astrocyte
potassium buffer failure in ammonia neurotoxicity. Epileptic
states are also marked red in the simulation results (Fig. 2(h))
for direct comparison with the experimental result (Fig. 2(a)).
On the whole, the neuron remains in a periodic cluster dis-
charge pattern when the ammonium ion is still low (almost
less than 270 s), accompanying a lower amplitude of oscillat-
ing [K™]o. The epileptic neuron is sustained at a higher NH,
(almost more than 380 s), causing an increase in [K*], that
reaches a peak value of 20 mM.

The numerical simulation results are consistent with the
experimental record, and the rationality of the model is veri-
fied.
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Fig. 2. (a), (b) The experimental record in Ref. [10] Fig. 2d and corresponding simulated input in this section. (c), (d) Time histories of neuronal
membrane potential (Vy) and extracellular potassium ions ([K*],) under the condition of simulated varying ammonium ion concentrations (b).
(e)—(g) The first, middle and last two clusters of the firing patterns shown in (c) and the corresponding ammonium ion concentration ([NHI]O),
extracellular potassium ion concentration ([K*],), astrocytic membrane potential (V) and astrocyte intracellular potassium ion concentration
([K*]a)- (h) Experimental recording (top) and simulation (bottom) of the neuronal modes under ammonium chloride injection, and yellow

parts represent the neurons in the epileptic state.

3.2. Neuronal Egaps depolarization caused by ammonia
neurotoxicity

The inhibitory effects of y-aminobutyric acid (GABA) are
mainly mediated by two different types of postsynaptic re-
ceptors: GABA, and GABAg.? Simulation of hippocam-
pal pyramidal cells leads to transient glutamatergic excitation,
followed by rapid inhibitory postsynaptic potential (IPSP) in-
duced by chloride influx through GABA, receptor gated ion
channels, 33?1 therefore, the chloride ion reversal potential
can be taken place of the GABA reversal potential.

In this part, the chloride ion reversal potential (Ecy,
namely V¢ in Eq. (5)) was substituted to obtain the change
in postsynaptic GABA reversal potential (Egapa) caused by
ammonia neurotoxicity and the input of ammonium ions was

set to a constant value. The responses of the neuron-astrocyte
coupling system at null (0 mM) and high (4.8 mM) levels of
ammonium ion were first tested (Fig. 3).

These results can be predicted because they are similar to
the two input forms in the previous part. However, the constant
and variable inputs are indeed different. Cluster-periodic fir-
ing of the neuron occurs at the lower level ((NH} |, = 0 mM),
while the neuron is in an epileptic state at the higher level
([NH;]o = 4.8 mM). The amplitude of extracellular K* os-
cillation increases consistent with the change in neuronal dis-
charges, along with the decrease in Kt concentration in astro-
cytes. In addition, two clusters of neuronal electric activities
in each case and the reversal potentials of Na™, K™ and C1~
were selected for clearer observation (Fig. 4).
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Fig. 3. Time histories of neuronal membrane potential (Vy), extracellular potassium ion ([K*],) and astrocyte intracellular potassium ion
([K*]a) at (a) low ([NH; ], = 0 mM) or (b) high ((NH] ], = 4.8 mM) levels of constant ammonium ion.

60 60 " :
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Fig. 4. (a) and (b) Time histories of neuronal membrane potential (Vy), reversal potentials of Na™ (Ey,), K™ (Ex) and C1~(E¢)) at low ([NH?{](, =
0 mM) or high ([NHI]0 = 4.8 mM) levels of ammonium ion. (c) Chloride reversal potential (E¢c;) under each case of the different ammonium

ion concentrations in the simulation.

Figure 4 shows the neuronal membrane potential and
three kinds of ion reversal potentials under two ammonium ion
concentrations. The reversal potential of chloride ions (E¢y) in
ammonia neurotoxicity (Fig. 4(b)) is clearly higher than that in
the absence of ammonia (Fig. 4(a)), which is consistent with
the experimental recording (Fig. 3j in Ref. [10]). In addition,
E¢ in the two cases are plotted in Fig. 4(c) for a more visual
comparison. This phenomenon reflects the depolarization of
the postsynaptic GABA potential (Egapa) caused by the in-
crease in ammonium ion concentration and observed both in
experiments and simulations.

In addition, the effects of ammonium ions on Egaga were
also observed in other experimental records (Fig. 5(a) from
Fig. 2A in Ref. [26]). With the increase in NHZ, the ratio
of Egapa to itself at [N HI]O = 0 mM increases and gradually
stabilizes under higher ammonia concentrations. Additionally,
the new model was applied for the simulation, and the result
is shown in Fig. 5(b). The numerical results show that the ra-
tios have same pattern as the experimental recording, and the
values of ratios for lower and higher levels of ammonia ion
concentration are similar to the experimental results. How-
ever, when the ammonium ion changes only by 0.1 mM from
0.4 mM to 0.5 mM, the ratio increases from 1 to the maximum,

demonstrating a faster rate than that in the experiment.

1.2

RgaBa+NHT
RgaBa

1 1 1
0.1 1.0 10.0
NHY concentration (mM)

(b) f

1.25

1.20

Eoapa(NHY )
EgaBa

1.05 /

1.00
0.1 1 10

NH; concentration (mM)

Fig. 5. Comparison of the ratio of GABA reversal potential (Egapa.,
namely Rgapa) to it at [NHI]O = 0 mM under different ammonium ion
concentrations in the experiment (Fig. 2A in Ref. [26]) and the simula-
tion result.
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Thus, the results in Subsections 3.1 and 3.2 show that
ammonia intoxication in the nervous system induces neuronal
epileptic firing modes and depolarization of Egaga, which are
consistent with the corresponding experimental evidence. The
model constructed in this paper can consequently reflect the
nervous system response to ammonia neurotoxicity to some
extent.

3.3. Effects of ammonium ion concentration on neuronal
electrical activity

The first part takes the changing ammonium ion as the
input, while the last part examines the response of the ner-
vous system under conditions of high ammonia or no ammo-
nia. Specifically, the critical ammonium ion concentration for
inducing epilepsy in this system needs to be studied.

First, the electrical activity response of the coupling sys-

(a) NH{=1 mM

S\ 50F
E o0
2ol
10 20 30 40 50 60 70 80 90 100
t(s)

2 20
15}
T

=5

0 ~A .~ .~
10 20 30 40 50 60 70 80 90 100

t (s)
(c) NHf=4.5 mM

50

VN (mV)

—50

90 270 450 630 810
t(s)

20
15
10

[K*]o (mM)

90 270 450 630 810
t (s)

tem was observed when the ammonium ion concentration as-
sumed several values between 0 mM and 5 mM as the external
input (Fig. 6). Only the neuronal membrane potential (V) and
the extracellular potassium ion (KJ) are plotted for more con-
cise visualisation.

The discharge mode of the neuron hardly changes when
the NHI concentration is lower than 4 mM (Figs. 6(a) and
6(b)), it continues to retain a continuous periodic cluster firing
pattern, and only the peak value of the [K*], concentration in-
creases slightly. However, the firing mode changes until the
NH;‘Ir concentration reaches 4.5 mM. Figure 6(c) shows that
the neuron exhibits spontaneous epilepsy approximately 700 s
after a lasting cluster discharge. In the case of higher ammo-
nium ion concentration ((NH; ] = 5 mM), the neuron exhibits
direct epileptic seizures (Fig. 6(d)).

(b) NHf=4 mM

o 50F
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10 20 30 40 50 60 70 80 90 100
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=
é 20f
o 15}
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o 100 /AN N AN\
10 20 30 40 50 60 70 80 90 100
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—~ 50—
>
E o
S|
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Z 20
~ 15}
2
+ t
) 10

10 20 30 40 50 60 70 80 90 100
t (s)

Fig. 6. Time histories of neuronal membrane potential (Vi) and extracellular potassium ions ([K*],) under different ammonium ion concentra-

tions as constant inputs.
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Fig. 7. The timing of entering epileptic state under different ammo-
nium ion concentrations in the simulation results, following with the
fitting curve. [NH, | = 4.45 mM indicates the critical value.

Compared with the neuron directly entering the epileptic
state in Fig. 6(d), the neuron in Fig. 6(c) takes much longer.
In order to explore whether there is such a time extension
phenomenon with the change of ammonia ion concentration,
we calculate the timing of neurons entering epilepsy in am-
monium ion concentration ranging from 4.4 mM to 4.6 mM
(Fig. 7). As shown in Fig. 7, the moment for entering neu-
ronal epilepsy occurs later with a decrease in the NHI concen-
tration from 4.6 mM, which indicates there is critical slowing
down. The critical value, which sufficiently induces epileptic
neurons, is obtained by fitting the inverse proportional func-
tion: [NHj]c = 4.45 mM for the critical slowing down the-

ory. Moreover, neurons will rapidly enter spontaneous epilep-
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tic seizures with more severe toxicity.

4. Discussion and conclusion

Ammonia is toxic to the central nervous system
(CNS), and elevated concentrations are a potential compli-
cating factor leading to neurological abnormalities in sev-
eral diseases, especially epilepsy.*>3**1 Ammonia enters the
brain from the periphery,3>! alters glial metabolism and
accompanies changes in glial morphology for astrocytic
detoxification.?03%1 In addition, ammonia is also a direct neu-
rotoxicant that inhibits Na*/K*-ATPase pump activity“?! and
inactivates C1~ extrusion pumps.*!l To clarify how ammo-
nium ions in the nervous system induce spontaneous epilep-
tic discharges and affect the normal electrophysiological ac-
tivities of the astrocyte-neuron system, we constructed a novel
neuron-extracellular space-astrocyte coupling model via intro-
ducing the 4 function in shape of sigmoid in the Kir4.1 channel
model contained extracellular N HI.

Our model numerically verifies the previous experimen-
tal observations: neurons slowly produce epileptic discharges,
and postsynaptic GABA reversal potential increases under am-
monia injection. The simulation results are validated by the
experimental recording.!'%2%4?1 In addition, we also obtained
the threshold of the ammonium ion concentration for the onset
of epilepsy through fitting the relationship between the con-
centration of NHI and the time of neuron entering epilepsy.

There are many potassium channels on the membranes
KT current channel, Nat/KT-ATPase
pumps, Na™/K™ /2C1™ and K*/C1~ cotransporters. Astrocytic
Na™/K™-ATPase pumps occupied by ammonium ions were at-

of neuronal cells:

tempted, but the simulation results were unsatisfactory with
the experiment; thus, the Kir channel is selected in this paper.
Additionally, these channels on the neuronal membrane have
been assumed to be ineffective in the case of ammonia intox-
ication, which has no effect on the discharge activity of neu-
rons. In addition, the spatial impact of ammonia intoxication
also requires further research. At that time, multiple neurons,
astrocytes and even neuron-astrocyte network structures need
to be constructed, and excitatory or inhibitory connections be-
tween neurons and gap junctions will naturally be taken into
account. This may lead to more real and in-depth results on a
broader scale.

It is well established that ammonia neurotoxicity leads
to neuronal hyperexcitability and epileptic activity. Astrocyte
dysfunction and potassium buffering failure should be consid-
ered promising targets for new therapies. This study aims to
deeply understand the role of ion exchange in the extracellular
environment during seizures caused by the toxic action of am-
monia to promote the construction of a more accurate dynamic
neuron-astrocyte coupling model to improve the recognition
ability and the prediction and control of seizures.
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