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Background: Excitation/inhibition imbalance (E/I imbalance), which involves an increase of alpha-
amino-3-hydroxy-5-methyl-4-isoxazole (AMPA) receptors (AMPARs) and decrease of gamma-aminobutyric 
acid type A (GABA) type A receptors (GABAaRs) on the neuron surface, has been documented in the 
pathogenesis of seizures. Notably, it has been established that both the glutamate receptor subunit 2 (GluR2) 
of AMPARs and beta 2/3 subunits of GABAaRs (Gabrb2+3) participate in the recycling mechanism mediated 
by the kinesin heavy chain isoform 5A (KIF5A), which determines the number of neuron surface receptors. 
However, it remains unclear whether receptor recycling is involved in the pathogenesis of seizures. 
Methods: Twelve adult male Sprague-Dawley rats were randomly allocated to the normal control (Ctl) 
group (n=6) and the pentylenetetrazol (PTZ)-induced seizure (Sez) group (n=6). The rats in the Ctl group 
were treated with saline. The rats in the Sez group received an intraperitoneal injection of PTZ at an initial 
dose of 40 mg/kg. Primary cultured neurons were obtained from newborn rats (24-hour-old). The neurons 
were exposed to magnesium-free (Mg2+-free) extracellular fluid for 3 hours to establish the seizure model in 
vitro. We detected the electrophysiology of the seizure model, the expression levels of KIF5A, GluR2, and 
Gabrb2+3, the recycling ratio of GluR2 and Gabrb2+3, the interaction between KIF5A and GluR2, and the 
interaction between KIF5A and Gabrb2+3.
Results: In the Sez group, the expression of GluR2 on the cell surface was increased and the expression 
of Gabrb2+3 on the cell surface was decreased. The amplitude and frequency of action potentials were 
significantly increased in the Mg2+-free group. The amplitude and decay time of AMPAR-mediated 
miniature excitatory postsynaptic currents were increased in the Mg2+-free group. The amplitude and decay 
time of miniature inhibitory postsynaptic currents were decreased in the Mg2+-free group. The recycling 
ratio of GluR2 was increased and the recycling ratio of Gabrb2+3 was decreased in the Mg2+-free group. The 
interaction between KIF5A and GluR2 was increased, and the interaction between KIF5A and Gabrb2+3 
was decreased in the seizure model in vivo and in vitro.
Conclusions: The recycling of AMPA receptors/GABAa receptors is related to E/I imbalance and may be 
regulated by KIF5A.
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Introduction

In recent years, it has been established that the mechanism 
underlying seizures involves an increase in neuroexcitatory 
function mediated by glutamatergic neurons and a 
decrease in neuroinhibitory function mediated by gamma 
aminobutyric acid (GABA) neurons. The balance between 
these 2 functions is the excitation/inhibition (E/I) balance. 
E/I imbalance is a well-recognized factor in seizures (1). 
Recurrent seizures can cause hippocampal sclerosis which 
could lead to cognitive impairment (2). The longer the E/
I imbalance would lead to Status epilepticus (SE), which 
is a neurological emergency (3,4). Patients could benefit 
from the timely termination of seizures, which in turn 
could prevent the development of hippocampal sclerosis (5)  
and SE (6).

Clarification of the mechanism underlying the E/I 
imbalance will provide theoretical guidance in the treatment 
of epilepsy. The main changes in E/I imbalance are the 
increase of glutamate (Glu) (7) and/or Glu receptors (8)  
and the decrease of GABA (9) and/or GABA type A 
receptors (GABAaRs) (10). Compared with change of 
neurotransmitter, the change of neurotransmitter receptor 
on cell surface is more related to seizures (11). There is 
ample evidence to suggest that increased glutamate (Glu) 
receptors (7) and/or decreased GABA type A receptors (8) 
(GABAaRs) on the neuron surface are key factors of E/
I imbalance, which may lead to seizures. These receptors 
are acknowledged to be synthesized in the endoplasmic 
reticulum, assembled in the Golgi apparatus, and 
transported to the cell membrane. However, the number 
and location of these receptors on the cell membrane are 
often heterogeneous due to the characteristics of receptor 
subunits (12). Subunits of the receptor bind to specific 
proteins that help stabilize the receptor (13) in the cell 
membrane and facilitate internalized receptor transport to 
the cell membrane (14), a process called recycling.

Research has shown that kinesin superfamily proteins 
(KIFs) are important proteins involved in receptor  
recycling (15) . KIFs act as microtubule-dependent 
intracellular transport molecular motors located in the 

cytoplasm. KIFs can transport various cargos, including 
organelles, synaptic vesicle precursors, neurotransmitter 
receptors, and cellular signaling molecules (16). KIF5 
was the first KIF to be discovered and consists of KIF5A, 
KIF5B, and KIF5C. KIF5B is widely expressed in various 
cells, while KIF5A and KIF5C are neuron-specific (17). 
Additionally, KIF5A can reportedly bind to cytoplasmic 
cargos, helping them during transport to the cell  
membrane (18). KIF5A lacking the N-terminal motor 
domain could significantly decrease postsynaptic density 
protein 95 (PSD-95) level in the dendrites, which 
demonstrates N-terminal motor domain of KIF5A 
can bind to PSD-95,a pivotal postsynaptic scaffolding 
protein in neurons (19). Interestingly, mutations in the 
N-terminal motor domain of KIF5A are causative for two 
neurodegenerative diseases: hereditary spastic paraplegia 
(SPG10) and Charcot-Marie-Tooth type 2 (CMT2) (20).

Alpha-amino-3-hydroxy-5-methyl-4-Isooxazole (AMPA) 
receptors (AMPARs) have been established to be the 
main Glu receptors that mediate rapid excitatory synaptic 
transmission of >90% of Glu energy synapses; their number 
and subunit composition play an important role in their 
synaptic activity and plasticity (21). AMPARs are tetramers 
composed of glutamate receptor subunit-1 (GluR1), 
GluR2, GluR3, and GluR4 subunits. The AMPARs of the 
hippocampus and cerebral cortex are composed of GluR1/
GluR2 or GluR2/GluR3 (22). AMPARs can be transported 
back to the membrane by KIF5A, which binds to GluR2 
(18,23). Additionally, GABAaR has been identified as a key 
receptor for the rapid termination of seizures mediated 
by neuroinhibitory mechanisms (24). The subunits of 
GABAaRs contain 2 alpha subunits, 2 beta subunits, and 1 
gamma subunit (25,26). β2 (Gabrb2) and β3 (Gabrb3) are 
the most abundant among the β subunits and can be re-
transported to the cell membrane by binding to KIF5A (10).  
However, the regulatory effect of KIF5A on these 
2 receptors in the E/I imbalance remains unclear.

There have been many studies on seizures. These studies 
have focused on changes in AMPARs/GABAaRs on the 
surface of cell membranes, but have not delved deeper into 
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what causes these changes (8,10). In particular, whether 
recycling of AMPARs/GABAaRs is involved in seizures has 
not been demonstrated. To better understand the recycling 
of AMPARs/GABAaRs and the regulatory mechanism of 
KIF5A on GluR2 and Gabrb2+3 in seizures, in vivo and  
in vitro seizure models were used to quantify the expression 
of KIF5A, GluR2, and Gabrb2+3 and the interactions 
between KIF5A and GluR2/Gabrb2+3. We present the 
following article in accordance with the ARRIVE reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-4337/rc).

Methods

Animals

A total of 12 adult male Sprague-Dawley (SD) rats (weighing 
200–250 g, aged 8–10 weeks), obtained from the Animal 
Experiment Center of Guangxi Medical University, China, 
were used for the experiments. The adult male SD rats 
were housed under the following conditions: temperature:  
22–26 ℃; humidity; 50–60%; light-dark cycle: 12:12 hours 
(with lights on at 8:00); and rats per cage: 6. The rats had 
free access to food and water. Primary cultured neurons 
were obtained from 12 newborn SD rats (24-hour-old).  
Both the research team and the veterinary staff monitored 
animals twice daily. The minimum sample size of 
experimental animals was calculated by using statistical 
methods based on the pre-experimental data, so as to reduce 
the number of animals under the condition of ensuring the 
comparability of experimental data as much as possible. 
At the end of the experiment, the animals were given deep 
anesthesia (3% sodium pentobarbital) and then killed to 
alleviate their pain. Animal experiments were performed 
under a project license (No. 202201005) granted by The 
First Affiliated Hospital of Guangxi Medical University’s 
ethics board, in compliance with Chinese guidelines for 
the care and use of animals. Our protocol (including the 
research question, key design features, and analysis plan) 
was prepared before the study, and was not registered.

PTZ-induced seizure model in vivo

An intraperitoneal injection (i.p.) of pentylenetetrazol (PTZ) 
was administered to induce seizure in the rats. We selected a 
PTZ-induced seizure model in vivo that is characterized by 
robust, frequent spontaneous seizures, high success rate and 
low mortality (27). These animals recapitulate several key 

features of human seizures (28). The PTZ (Sigma-Aldrich, 
St. Louis, MO, USA) was dissolved in physiological saline 
before injections. The rats were divided randomly into the 
normal control (Ctl) group (n=6) and the PTZ-induced 
seizure (Sez) group (n=6). The rats in the control group 
were treated with physiological saline (0.9%). The rats in 
the Sez group received an i.p. injection of PTZ at an initial 
dose of 40 mg/kg. The time of PTZ injection was between 
10.30 am to 12.30 am.

The seizures were classified as follows (29,30): Stage 0—
No seizures; Stage 1—Ear and facial twitching; Stage 2—
Strong myoclonus but no upright position; Stage 3—Strong 
myoclonus, upright position with bilateral forelimb clonus; 
Stage 4—Clonic-tonic seizures; and Stage 5—Generalized 
clonic-tonic seizures and loss of postural control. The rats 
that developed seizures > stage 4 were used for further 
investigations. Next, these rats were deeply anaesthetized, 
and their hippocampi were separated for the biochemistry 
experiment. in vivo model, a single animal was considered to 
be an experimental unit.

EEG recordings

The rats were anesthetized with isoflurane and immobilized. 
Electrodes were installed on the frontal, temporal, and 
forelimbs of the rats, and an electroencephalogram (EEG) 
was recorded by the Nuochen EEG system. The locations 
were marked as the left frontal Fp1-Avf, right frontal Fp2-
Avf, left temporal T3-Avf, and right temporal T4-Avf. 
Criteria for seizures EEG recordings: epileptic discharges.

Mg2+-free induced seizure model in vitro

The primary neuron cultures were performed as described 
by Giordano et al. (31). The neurons were exposed to 
magnesium-free (Mg2+-free) extracellular fluid for 3 hours 
to establish the seizure model in vitro (32). On the 8th day 
of the culture, the neurons were divided into the Ctl and 
Mg2+-free extracellular fluid groups. The neurons in the 
Ctl group were exposed to a normal extracellular solution 
consisting of (in mM) NaCl [145], KCl [2.5], HEPES 
[10], CaCl2 [2], glucose [10], glycine [0.002], and MgCl2 

[1]. Conversely, the neurons in the Mg2+-free extracellular 
fluid group were exposed to a normal extracellular solution 
consisting of (in mM) NaCl [145], KCl [2.5], HEPES [10], 
CaCl2 [2], glucose [10], and glycine [0.002] for 3 hours.

The action potentials (Aps) were obtained by whole-cell 
patch-clamp recording with a Digidata 1550B patch-clamp 

https://atm.amegroups.com/article/view/10.21037/atm-22-4337/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-4337/rc
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amplifier, Axon Digidata 1550B 16-bit data acquisition 
system, and pClamp 10.7 data acquisition software. 
All the recordings were performed in an extracellular 
recording solution containing (in mM) NaCl [122], KCl 
[2], HEPES [25], CaCl2 [2], MgCl2 [4], and glucose [10] 
with a pH of 7.4. The recordings were obtained using 
patch electrodes (with a resistance of 3–6 MΩ) filled with 
an intracellular solution containing (in mM) KCl [110], 
NaCl [1], EGTA [2], HEPES [25], Mg-ATP [4], Na2-GTP 
[0.3], and phosphocreatine [10] with a pH of 7.3. Whole-
cell recordings were used, and the APs were recorded with 
a clamping voltage of –70 mV. Criteria for seizure model 
in vitro: compare to the control group, the amplitude and 
(or) frequency of APs were (was) significantly increased in 
Mg2+-free group

AMPAR-mediated miniature excitatory postsynaptic 
currents (AMPARs-mEPSCs) as described by Sara et al. (33).  
Miniature inhibitory postsynaptic currents (mIPSCs), 
which are mainly produced by postsynaptic GABAaRs (15), 
were recorded as described by Wyrembek et al. (34). All 
the measurements were recorded at 25℃. In vitro model, a 
single neuron was considered to be an experimental unit.

Western blot analysis

The total protein (35) and surface protein (plasma 
membrane protein) (36) of the hippocampus were extracted 
using the Protein Extraction Kit (Invent Biotechnologies, 
SD-001/SN-002; SM-005). The bicinchoninic acid (BCA) 
kit (Beyotime, P0012S) was used to evaluate protein 
concentration. Protein samples (20 μg protein/lane) were 
separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred to nitrocellulose (NC) 
membranes (Merck Millipore Ltd) by wet transfer (Bio-
RAD) for western blot. The NC membranes were blocked 
by 5% Bovine Serum Albumin (BSA) and then incubated 
with a primary antibody at 4 ℃ overnight. The primary 
antibodies used included anti-KIF5A antibody 1:1,000 
(SANTA, sc-376452), anti-GluR2 antibody 1:1,000 
(BOSTER, PB9205), and anti-GABAaR β2+3 antibody 
1:500 (Bioss, bs-12066R).

Next,  the NC membranes were incubated with 
horseradish peroxidase (HRP)-conjugated Affinipure 
goat anti-rabbit immunoglobulin G (IgG) (H+L) 1:8,000 
(Proteintech, SA00001-2) and HRP-conjugated Affinipure 
goat anti-mouse IgG (H+L) 1:8,000 (Proteintech,  
SA00001-1) at room temperature for 1 hour. After the 
NC films were incubated with the Omni-ECL™Femto 

Light Chemiluminescence Kit (EpiZyme, SQ201) for 1–2 
min, the ChemiScope6000 gel imaging system was used to 
observe and photograph the results.

Receptor recycling assay

The cultured hippocampal neurons were incubated with 
GluR2 antibody 1:100 (BOSTER, PB9205) and Gabrb2+3 
antibody 1:100 (Bioss, bs-12066R) for 10 min at room 
temperature. The cells were then washed with phosphate 
buffered solution (PBS) at 37 ℃ to remove the unbound 
antibodies and incubated for 20 min in 37 ℃ antibody-
free conditioned medium to induce the internalization of 
antibody binding receptors. The antibodies remaining on 
the cell surface were stripped away by incubating in 0.5 M 
stripping buffer (0.5 M NaCl and 0.2 M acetic acid) on ice 
for 4 min (37).

Next, the neurons were washed with frozen PBS and 
returned to a normal medium for incubation at 37 ℃ for 
90 min to promote the recycling of the receptors. After 
recycling, the neurons were fixed by 4% polyoxymethylene 
and blocked by 5% BSA. Antigen-antibody complexes that 
recycled to the surface were detected by incubating the cells 
with a red fluorescent secondary antibody (CST#8889). 

The neurons were then permeabilized by 0.25%Triton 
X-100, and the intracellular antigen-antibody complexes 
were detected with a green-fluorescent secondary antibody 
(Bioss, BA1105). A fluorescence microscope (OLYMPUS 
BX53) was used to examine the results. IamgeJ software 
was used to analyze the images. In total, 7 cells were 
selected from each group to calculate the optical density. 
The recycling ratio was defined as the ratio of the surface 
fluorescence signal to the total fluorescence signal; that is, 
the sum of surface and intracellular signals.

Co-IP

The total native protein of the hippocampi was extracted 
using the Protein Extraction Kit(Invent Biotechnologies, 
SD-001/SN-002) (36). After protein extraction and 
quantification, anti-KIF5A antibody (SANTA, sc-376452) 
was added to lysed samples (1–2 μg per 100 μg of total 
protein) and incubated overnight on a head-over-head 
shaker at 4 ℃ to form antigen-antibody complexes. The 
antigen-antibody complex was incubated with agarose 
Protein A/G at 4 ℃ overnight. The agarose beads were 
washed with immunoprecipitation (IP) buffer to obtain 
immune precipitates, and the corresponding proteins were 
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detected by Western blot. The primary antibodies used 
include anti-KIF5A antibody 1:1,000 (SANTA, sc-376452), 
anti-GluR2 antibody 1:1,000 (BOSTER, PB9205), and 
anti-GABAaR β2+3 antibody 1:500 (Bioss, bs-12066R). The 
IP protein band KIF5A was used to normalize the pull-
down protein levels obtained from the co-IP assay. The 
protein levels co-precipitated between each group were 
then compared.

Immunofluorescence co-localization analysis

The neurons were fixed with 4% paraformaldehyde for 
30 min, penetrated with 0.1% TritonX-100 for 10 min, 
and blocked with 5% BSA for 1 hour. The neurons were 
stained using a multiplex fluorescent immunohistochemistry 
kit (absin, abs50012) (29). The primary antibodies used 
included anti-KIF5A antibody 1:50 (Bioworld, BS71526), 
anti-GluR2 antibody 1:100 (BOSTER, PB9205), and anti-
GABAaR β2+3 antibody 1:100 (Bioss, bs-12066R).

An Olympus BX53 fluorescence mirror was employed 
to obtain the fluorescence signals of KIF5A (green) GluR2 
(red), and Gabrb2+3 (red). ImageJ plug-in was used to 
calculate the Pearson’s correlation coefficients (PCCs) of 
KIF5A/GluR2 and KIF5A/Gabrb2+3.

Statistical analysis

The data are expressed as the mean ± standard deviation 
(mean ± SD). An independent sample t-test was used to 
assess the significance of differences between the 2 groups 
using SPSS 25.0. A P value <0.05 was considered statistically 
significant.

Results

Expression of KIF5A, GluR2, and Gabrb2+3 in the PTZ-
induced seizure model

No significant seizures and epileptic discharge were 
observed in EEG (see Figure 1A) of the Ctl group. 
Conversely, rats in the Sez group exhibited significant 
seizures of stage 4 and above. The EEG showed epileptic 
discharges (see Figure 1A). Compared to the control 
group, the total protein expression of KIF5A, GluR2, and 
Gabrb2+3 in the Sez group did not change significantly (see 
Figure 1B). In the Sez group, the expression of GluR2 on 
the cell surface increased significantly to 181.74%±14.44% 
(vs. Ctl, P=0.00). Conversely, the expression of Gabrb2+3 

on the cell surface decreased to 19.62%±8.01% (vs. Ctl, 
P=0.00) (see Figure 1C).

Recycling of GluR2 and Gabrb2+3 in the Mg2+-free-
induced seizure model

To further confirm whether the recycling of the receptors 
was affected by seizures, we constructed an in vitro model 
of seizures and verified the success of the model by patch-
clamp. The amplitude and frequency of the APs were 
both significantly increased in the Mg2+-free group. The 
amplitude of the APs was 54.39±2.76 mV in the Ctl group 
and 171.24±16.48 mV in the Mg2+-free group (vs. Ctl, 
P=0.00). The frequency of the APs was 1.50±0.79 Hz in the 
Ctl group and 84.10±14.44 Hz in the Mg2+-free group (vs. 
Ctl, P=0.00) (see Figure 2A).

Compared to the control group, the frequency and 
10–90% rise time of AMPAR-mediated mEPSC in 
the Mg2+-free group did not change significantly. The 
amplitude of AMPAR-mediated mEPSCs in the Mg2+-
free group increased significantly. Specifically, the 
amplitude of AMPAR-mediated mEPSCs in the Ctl group 
was 18.19±1.74 pA and that of the Mg2+-free group was 
48.18±13.51 pA (vs. Ctl, P=0.007). The 90–10% decay time 
of the AMPAR-mediated mEPSCs was 39.02±6.48 ms in 
the Ctl group and 54.72±12.61 ms in the Mg2+-free group 
(vs. Ctl, P=0.00) (see Figure 2B). 

Compared to the control group, the frequency and 
10–90% rise time of the mIPSCs in the Mg2+-free group 
did not change significantly. However, the amplitude of 
the mIPSCs in the Mg2+-free group increased significantly. 
Specifically, the amplitude of the mIPSCs in the Ctl 
group was 23.6±33.34pA, and that of the Mg2+-free group 
was 12.40±2.50 pA (vs. Ctl, P=0.00). The 90–10% decay 
time of mIPSCs was 10.19±3.69 ms in the Ctl group and 
1.87±0.58 ms in the Mg2+-free group (vs. Ctl, P=0.001) (see 
Figure 2C).

The receptor recycling assay showed that the recycling 
ratio of GluR2 was 0.30±0.05 in the Ctl group and 0.60±0.07 
in the Mg2+-free group (vs. Ctl, P=0.00), and the recycling 
ratio of Gabrb2+3 was 0.49±0.04 in the Ctl group and 
0.32±0.05 in the Mg2+-free group (vs. Ctl, P=0.00) (see 
Figure 3).

Interaction between KIF5A and GluR2 and Gabrb2+3 in 
the seizure model

To explore the interaction between KIF5A and GluR2/
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Figure 1 Expression of KIF5A, GluR2 and beta 2+3 subunits of gamma aminobutyric acid receptors (Gabrb2+3) in an in vivo model of 
seizures. (A) EEG results: There was no epileptic discharge in the Ctl group after the injection of saline; however, epileptic discharge was 
observed in the Sez group after the injection of PTZ. (B) Total protein expression: the gray level of the total protein expression bands was 
normalized with GAPDH, and the total protein expression levels of KIF5A, GluR2 and Gabrb2+3 in the hippocampus of the Sez group did 
not change significantly (n=6 in each group, vs. Ctl, P>0.05). (C) Surface protein expression: The gray level of the total protein expression 
bands was normalized with Sodium/potassium-transporting ATPase subunit alpha-1 (ATP1A1). In the Sez group, the expression of GluR2 
on the surface increased significantly to 181.74%±14.44% (vs. Ctl, #, P<0.01). Conversely, the expression of GluR2 on the surface decreased 
to 19.62%±8.01% (vs. Ctl, #, P<0.01). KIF5A, kinesin superfamily proteins 5A; GluR2, glutamate receptors subunit-2; Ctl, control; Sez, 
seizures; PTZ, pentylenetetrazol.
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Gabrb2+3 in vivo, co-IP experiments were conducted 
using hippocampus lysates. The results demonstrated that 
KIF5A was related to GluR2 and Gabrb2+3. The pull-
down protein of GluR2 in the Sez group increased to 
130.42%±53.24% (vs. Ctl, P=0.046). The pull-down protein 
of Gabrb2+3 in the Sez group decreased to 50.86%±5.33% 
(vs. Ctl, P=0.00) (see Figure 4A). The immunofluorescence 
co-localization analysis showed that the PCC of KIF5A/
GluR2 was 0.40±0.19 in the Ctl group and 0.87±0.11 
(vs. Ctl, P=0.00) in the Mg2+-free solution group (see  

Figure 4B), and the PCC of KIF5A/Gabrb2+3 was 0.97±0.02 
in the Ctl group and 0.32±0.11 in the Mg2+-free group (vs. 
Ctl, P=0.00) (see Figure 4C).

Discussion

It has been established that an E/I imbalance is the classic 
mechanism underlying seizures, which mainly involves 
strengthening the excitatory function and/or weakening the 
inhibitory function of neurons (3,4). There is a relationship 
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Figure 2 Electrophysiology of neurons in an in vitro model of seizures. (A) APs: the amplitude of the APs was 54.39±2.76 mV in the Ctl 
group and 171.24±16.48 mV in the Mg2+-free group (5 cells per group, vs. Ctl, #, P<0.01). The frequency of the APs was 1.50±0.79 Hz 
in the Ctl group and 84.10±14.44 Hz in the Mg2+-free group (5 cells per group, vs. Ctl, #, P<0.01). (B) AMPAR-mEPSCs: the frequency 
and 10–90% rise time of the AMPAR-mediated mEPSCs in the Mg2+-free group did not change significantly. The amplitude of the 
AMPAR-mediated mEPSCs in the Mg2+-free group increased significantly: Ctl group: 18.19±1.74 pA, Mg2+-free group: 48.18±13.51 pA 
(5 cells per group, vs. Ctl, #, P<0.01). The 90–10% decay time of the AMPAR-mediated mEPSCs was 39.02±6.48 ms in the Ctl group 
and 54.72±12.61 ms in the Mg2+-free group (5 cells per group, vs. Ctl, #, P<0.01). (C) mIPSCs: the frequency and 10–90% rise time of the 
mIPSCs in the Mg2+-free group did not change significantly. The amplitude of the mIPSCs in the Mg2+-free group increased significantly: 
Ctl group: 23.6±33.34 pA, Mg2+-free group: 12.40±2.50 pA (5 cells per group, vs. Ctl, #, P<0.01). The 90–10% decay time of the mIPSCs 
was 10.19±3.69 ms in the Ctl group and 1.87±0.58 ms in the Mg2+-free group (5 cells per group, vs. Ctl, #, P<0.01). APs, action potentials; 
mEPSCs, mediated miniature excitatory postsynaptic currents; mIPSCs, miniature inhibitory postsynaptic currents; Ctl, control.
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Figure 3 Receptor recycling assay (IF). The recycling ratio of GluR2 was 0.30±0.05 in the Ctl group and 0.60±0.07 in the Mg2+-free group 
(7 cells per group, vs. Ctl, #, P<0.01), and the recycling ratio of Gabrb2+3 was 0.49±0.04 in Ctl group and 0.32±0.05 in the Mg2+-free group  
(7 cells per group, vs. Ctl, #, P<0.01) (×600). Scale Bar: 50 μm. IF, immunofluorescence; Ctl, control.
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between the function of inhibitory synapses and the number 
of GABAaRs on the cell surface. Notably, E/I imbalance is 
related to the number of AMPARs and GABAaRs on the 
neuron membrane. There is mounting evidence that an 
increased number of AMPARs (8) and decreased number of 
GABAaRs (10) on the surface of neurons play a pivotal role 
in seizures.

PTZ, an antagonist of GABAaRs, not only blocks 
neuronal inhibition (38), but also enhances AMPAR-
mediated neuronal excitation (39). GluR2s are the key 
subunits of AMPARs that is responsible for excitatory 
neurotransmission (40). Gabrb2+3, the most abundant 
subunits of GABAaRs in the brain, are predominantly found 
in the hippocampus (41), and their deficiency decreases 
GABAergic inhibitory transmission (42). In the present 
study, we found that in seizure animal models, the amount 
of GluR2 on the cell membrane surface was increase, and 

was accompanied by a decrease in the amount of Gabrb2+3. 
These findings suggest that E/I imbalance is not only a 
change in function but also the result of the simultaneous 
effect of a more potent excitatory function and a weaker 
inhibitory function.

To further investigate whether the recycling of AMPARs 
and GABAaRs in neurons is involved in the pathogenesis 
of seizures, we constructed a seizure model in vitro, which 
was induced by the excitatory discharge of neurons through 
the Mg2+-free extracellular solution. The amplitude 
and frequency of the APs in the Mg2+-free group was 
significantly increased, which was similar to the results of 
Blair (43) and Gong (44).

These results also revealed an abnormal increase in 
neuronal excitability after treatment with Mg2+-free 
extracellular solution. We further investigated the AMPAR-
mediated mEPSCs and mIPSCs. The frequency of micro-
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Figure 4 Interaction between KIF5A and GluR2 and Gabrb2+3 in the seizure model. (A) Co-ip results: The protein bands showed the co-
ip levels of KIF5A, GluR2, and Gabrb2+3, and normalized with the protein levels of KIF5A. The GluR2 level of KIF5A pull-down in the 
hippocampi of the rats in the Sez group increased to 130.42%±53.24% (n=6 per, vs. Ctl, *, P<0.05). However, the Gabrb2+3 level of KIF5A 
decreased to 50.86%±5.33% in the Sez group (n=6 per group, vs. Ctl, #, P<0.01). (B) IF results: the Pearson’s correlation coefficients (PCC) 
of KIF5A/GluR2 was 0.40±0.19 in the Ctl group and 0.87±0.11 in the Mg2+-free solution group (n=6 per group, vs. Ctl, #, P<0.01) (×400). 
Scale Bar: 100 μm. (C) IF results: the PCC of KIF5A/Gabrb2+3 was 0.97±0.02 in the Ctl group and 0.32±0.11 in the Mg2+-free solution 
group (n=6 per group, vs. Ctl, #, P<0.01) (×400). Scale Bar: 100 μm. IF, immunofluorescence.
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postsynaptic currents is mainly influenced by presynaptic 
neurotransmitters, while the amplitude is influenced 
by postsynaptic neurotransmitter receptors (45). The 
frequency of AMPAR-mediated mEPSCs and mIPSCs in 
the Mg2+-free group did not change significantly, suggesting 
that presynaptic mechanisms were not affected in acute 
seizures. An increased amplitude of AMPAR-mediated 
mIEPSCs results in increased postsynaptic AMPARs. A 

reduced amplitude of mIPSCs results in reduced post-
synaptic GABAaRs. These results also demonstrated that E/
I imbalance is the key factor in seizures.

AMPARs and GABAaRs have different roles; however, 
their dynamics in neurons are very similar. These 2 receptors 
are synthesized in the endoplasmic reticulum (46,47) and 
assembled in the Golgi apparatus (48,49). With changes 
in neuronal excitability, AMPARs and GABAaRs leave the 
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postsynaptic membrane site and initiate internalization 
into the cytoplasm mediated by Clathrin (50,51). After 
entering the cytoplasm, the receptor can be recycled 
back to the cell membrane. The balance of the recycling 
of excitatory and inhibitory receptors is dynamic (52)  
and could be disrupted by seizures (53). Naik et al. 
suggested that epilepsy can cause a large number of 
glutamate receptors to return to the cell membrane (54).
The inhibited recycling of GABAaRS may also be involved 
in the pathogenesis of seizures (37,42). 

We found that the recycling ratio of GluR2 was increased 
and the recycling ratio of Gabrb2+3 was decreased. 
The recycling assay results suggested that recycling of 
neurotransmitter receptors could be affected by seizures. 
Accordingly, E/I imbalance may be related to enhanced 
AMPAR recycling and inhibited GABAaR recycling, which 
is also an important reason for increased AMPARs and 
decreased GABAaRs on the cell surface. However, the 
mechanisms underlying the disordered recycling of both 
receptors are not yet well understood.

Physiologically, a receptor that enters the cytoplasm can 
be degraded by lysosomes (55), or it can bind to transporters 
and return to the membrane along the cytoskeleton (56). 
The altered interaction between KIF5A and cargo in 
neurons is an important cause of seizures (57). KIF5A can 
transport a variety of substances, including AMPARs and 
GABAaRs. KIF5A binds to GluR2 (18) and Gabrb2+3 (10)  
to promote the transport of AMPARs and GABAaRs, 
respectively, from the cytoplasm back to the cell membrane.

We found that the expression level of KIF5A did not 
change significantly in the seizure model, but the interaction 
between KIF5A and GluR2 was significantly increased, 
while the interaction between KIF5A and Gabrb2+3 was 
decreased. These results indicate that seizures may lead to 
the dysregulated KIF5A-mediated transport of AMPARs/
GABAaRs. 

Currently, the main way to terminate seizures is to 
activate GABAaRs on the surface of the cell membrane 
through benzodiazepines (58). Whereas, benzodiazepines 
only terminated seizures in 43–89% of patients, and some 
patients did not achieve therapeutic effect (59). There are 
two main reasons for the ineffectiveness of benzodiazepines: 
(I) decreased number of GABAaRs (10) on the surface of 
neurons, resulting in no target for benzodiazepines; (II) 
increased number of AMPARs on surface of neurons (8), 
causing neurons to fire continuously. Therefore, increasing 
GABAaRs and decreasing the number of AMPARs on 
the cell membrane is an important treatment for seizure 

termination. Our study revealed the changes of receptors 
recycling mechanism in seizures. Based on our results, 
we believe that enhancing the recycling of GABAaRs and 
inhibiting the recycling of AMPARs may be an important 
method to terminate epileptic seizures, and KIF5A may play 
a key role.

However, this study did not explore the underlying 
mechanism of abnormal binding of KIF5A to GluR2/
Gabrb2+3, which has been reported to be related to 
some connexins, such as glutamate receptor-interacting  
protein (60) and GABA receptor-associated protein (61), 
which are mainly responsible for connecting KIF5A and 
the receptor, and acting as intermediaries. Accordingly, 
abnormalities in their structure can affect the transport of 
KIF5A to the receptor. The role of these proteins in the 
pathogenesis of seizures will be the focus of our future 
studies.
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