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Leucine rich repeat and immunoglobulin-like domain-containing protein 1 (Lingo-1) has
gained considerable interest as a potential therapy for demyelinating diseases since
it inhibits axonal regeneration and myelin production. However, the results of clinical
trials targeted at Lingo-1 have been unsatisfactory. Amphoterin-induced gene and open
reading frame-3 (AMIGO3), which is an analog of Lingo-1, might be an alternative
therapeutic target for brain damage. In the present study, we investigated the effects
of AMIGO3 on neural circuits in immature mice after status convulsion (SC) induced
by kainic acid. The expression of both AMIGO3 and Lingo-1 was significantly increased
after SC, with levels maintained to 20 days after SC. Following SC, transmission electron
microscopy revealed the impaired microstructure of myelin sheaths and Western blot
analysis showed a decrease in myelin basic protein expression, and this damage
was alleviated by downregulation of AMIGO3 expression. The ROCK/RhoA signaling
pathway was inhibited at 20 days after SC by downregulating AMIGO3 expression.
These results indicate that AMIGO3 plays important roles in seizure-induced damage
of myelin sheaths as well as axon growth and synaptic plasticity via the ROCK/RhoA
signaling pathway.

Keywords: status convulsion, aberrant neural circuit, immature mice, AMIGO3, ROCK/RhoA, PI3K/AKT

INTRODUCTION

Seizures in children are more likely to be classified as status convulsion (SC) with adverse
neurological outcomes than adults (Reinholdson et al., 2015). Recurrent or prolonged SCs cause
formation of abnormal neural circuits, which are manifested as nerve fiber demyelination, mossy
fiber sprouting, and structural and functional changes in glutamate receptors, eventually leading
to epilepsy, and learning and memory dysfunction (Aldenkamp et al., 2004; Hermann et al., 2007;
Schraegle and Titus, 2017). In our previous study, we demonstrated that the myelin sheath, axons
and synaptic structure are damaged after SC in immature rats, leading to increased susceptibility
to seizures, epilepsy and learning and memory dysfunction in the chronic phase (Song et al., 2018).
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Learning and memory function have been shown to improve
following attenuation of the injury to axons and myelin sheaths
(Ye et al., 2013; He et al., 2017; Song et al., 2018). These results
suggest that the formation of abnormal neural circuits may be the
main cause of learning and memory dysfunction and secondary
epilepsy after SC.

Axon growth and myelination in neural circuits are closely
related to the differentiation and maturation of oligodendrocytes.
Studies have indicated that these processes are regulated by
leucine rich repeat and immunoglobulin-like domain-containing
protein 1 (Lingo-1) (Mi et al., 2004) and amphoterin-induced
gene and open reading frame-3 (AMIGO3) (Foale et al., 2017).
In our previous study, we showed that Lingo-1 inhibits axonal
regeneration and suppresses myelin production in animal models
of SC (Song et al., 2018). However, downregulation of Lingo-1
expression did not reduce the frequency of spontaneous recurrent
seizures in the chronic period after SC (Song et al., 2018). Despite
preclinical studies suggesting that Lingo-1 downregulation
promotes axonal regeneration and remyelination, this promise
has not been fulfilled in clinical trials of therapeutics designed to
achieve myelin repair (Ledford, 2015; Aktas et al., 2016). It has
been suggested that additional mechanisms are involved in the
pathogenesis of axonal and myelin injury.

AMIGO3 and Lingo-1 possess an IgC-like domain, which
comprises a transmembrane domain and a short cytosolic tail.
The only major difference between these proteins is the number
of leucine rich repeats (LRRs) (6 for LINGO1, 12 for AMIGO3) in
the ectodomain (Jepson et al., 2012; Chen et al., 2006). AMIGO3
is widely expressed in astrocytes, oligodendrocytes and neurons
(Kuja-Panula et al., 2003; Ahmed et al., 2005), while Lingo-1
is enriched in axons and oligodendrocytes (Foale et al., 2017).
As an analog of Lingo-1, it can be speculated that AMIGO3
exerts similar inhibitory effects on the axonal outgrowth and
myelin production via the same signaling pathways (Andrews
and Fernandez-Enright, 2015; Sun et al., 2015; Foale et al., 2017).
AMIGO3 expression was demonstrated to increase more rapidly
than Lingo-1 in an animal model of spinal cord injury (Jepson
et al., 2012). The growth of retinal ganglion cells and dorsal
root ganglion neurons was promoted after silencing AMIGO3
gene expression in the presence of sphingomyelin in vitro, and
the RhoA signal pathway was activated after co-transfection
of AMIGO3/NGR/p75NTR gene in COS7 cells (Ahmed et al.,
2013). It is likely that the analogous structures shared by
AMIGO3 and Lingo-1 facilitate their interaction with the NgR1
complex, leading to axon growth inhibition (Chen et al., 2006).
EGFR/PI3K/AKT has also been implicated as an alternative
signal pathway involved in the effect of AMIGO3 on axon
growth (Andrews and Fernandez-Enright, 2015; Sun et al., 2015;
Foale et al., 2017).

We hypothesized that the failure of this Lingo-1-based therapy
may be explained by considering the actions of AMIGO3,
which can substitute for Lingo-1, and hence may compensate
for therapeutically reduced levels of Lingo-1 function. In this
context, regulating AMIGO3 expression will likely have a
more rapid benefit by preventing axonal regeneration and
demyelination in the early stages after SC, thus providing an
alternative therapeutic target for brain damage.

MATERIALS AND METHODS

Adenovirus Vector Construction
Adenovirus vectors encoding a mouse AMIGO3 short
hairpin RNA (AV/AMIGO3-shRNA) were constructed and
authenticated by the Sangon Biotech Company (Shanghai,
China). Furthermore, a green fluorescent protein (GFP)
tag was encoded in the adenovirus vector sequence. Three
adenovirus vectors were constructed for use in the study:
one was used to silence the AMIGO3 gene (designated AV,
sequence: 5′-GCACCACAACCAGACACTTGA-3′), one
caused AMIGO3 gene overexpression (designated OAV),
and the third was a negative control adenovirus vector
carrying a nonsense gene sequence (designated NC, sequence:
5′-GTTCTCCGAACGTGTCACGTA-3′).

Animals
Postnatal day 21 [P21] male immature C57/BL6 mouse were
provided by the experimental animal center of Chongqing
Medical University (China). One hundred and fifty-four
immature mice were sacrificed in total. All the mice were housed
in a controlled environment (12/12-h light/dark cycle, humidity
50–60%, room temperature 22–24◦C). To analyze the sequential
changes of Lingo-1 and AMIGO3 in the cortex after SC, eight
mice were sacrificed at four time-points (1, 3, 7, and 20 days after
SC and at the same age in the control group). To determine the
effect of regulating AMIGO3 expression on myelin sheaths, axon
growth and synaptic plasticity, we allocated mice to five groups:
(1), control group; (2), SC group; (3), SC group treated with AV;
(4), SC group treated with OAV; and (5), SC group treated with
NC. Six mice were evaluated at 1, 5, and 20 days after SC. All
animal procedures were licensed and approved by the Laboratory
for Animal Care of Chongqing Medical University.

Intracerebroventricular Injection and
Status Convulsion Model
Five days before inducing SC, the mice were anesthetized
via intraperitoneal (i.p.) injection of pentobarbital sodium
(7.5 mg/mL, 0.05 mL/10 g) and fixed in a stereotactic frame
(RWD Company, Shenzhen, China). A 5-µL Hamilton syringe
was placed 0.4 mm posterior and 1 mm lateral to the bregma
at a depth of 2 mm relative to the parietal bone and located
in the right lateral cerebral ventricle. Each group was injected
with 1 µL (0.5 µL/min) virus at the following titers: AV group,
5.21 × 1010 PFU/mL; OAV group, 9.95 × 1010 PFU/mL; and
NC group, 1 × 1011PFU/mL. 5 days after the ICV injection, SC
was induced in the mice of all SC subgroups by i.p. injection
of kainic acid (2 mg/kg, Cayman Chemical Company, Ann
Arbor, United States). After 30 min, all mice received a dose of
pentobarbital sodium (7.5 mg/mL, 0.05 mL/10 g i.p.) to terminate
SC. Mice were excluded from the study due to failure to induce
SC failure or death after SC.

Transmission Electron Microscopy
Mice were anesthetized with pentobarbital sodium (7.5 mg/mL,
0.05 mL/10 g i.p.), and then perfused with 0.9% sodium
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FIGURE 1 | (A) Representative western blotting showing the AMIGO3 and Lingo-1 levels in the mouse cortex. (B) Lingo-1 levels were normalized to those of
GAPDH in the cortex. Values are expressed as Lingo-1/GAPDH ratios based on relative optical densities. (C) AMIGO3 levels were normalized to those of GAPDH in
the cortex. (D) ELISA showing the Lingo-1 levels in the mouse cortex. (E) ELISA showing the AMIGO3 levels in the mice cortex. SC: status convulsion. Statistical
significance: *p < 0.05, **p < 0.01, ***p < 0.001; n = 8.

chloride and a mixture containing 4% paraformaldehyde and
0.5% glutaraldehyde. Hippocampal tissue blocks (1 mm3) were
dissected and fixed in precooled 2.5% dedicated glutaraldehyde
for 2 h at 4◦C, and then osmicated in 1% osmium tetroxide
(OsO4) for 2 h at 4◦C. After dehydration in an ascending acetone
series, the blocks were infiltrated and embedded with epoxy
resin. A single 50-nm section from each epoxy resin block was
stained with uranyl acetate for 10–15 min and lead citrate for
1–2 min. Sections were examined under a transmission electron
microscope (Tecnai G2 Spirit 120kV, Thermo Fisher Scientific
United States) to evaluate the morphological changes in the
myelin sheath and synapse. For each section, eight fields of vision
were randomly chosen and photographed at magnifications of
6,800× and 30,000×. The diameters of axons and nerve fibers
were calculated by measuring the circumference of each by using
ImageJ software (NIH Image; U.S. National Institutes of Health,
Bethesda, MD, United States). The g-ratios were defined by

dividing the axon diameters by the fiber diameters, to provide
a reliable index of myelination independent of axonal diameter
(Song et al., 2018). The thicknesses of postsynaptic density (PSD)
and length of active zone (AZ) were measured for three times in
the field of view (30,000× magnification) for each group using
ImageJ software. The mean values of PSD thickness and AZ
length are used to perform statistical analysis.

Western Blot Analysis
The cortex of each mouse (n = 6 per time-point) was dissected
on ice and immediately frozen in liquid nitrogen. Protein
samples were extracted using a total protein extraction kit
(cat#BB-3101-100T, BestBio, China) and protein concentrations
were determined using a protein assay kit (lot# UB276924,
Thermo scientific, United States). Samples containing 50 µg of
protein and 6 µL Precision Plus Protein Dual Color Standards
marker (Cat#1610374, Bio-Rad, California, United States) were
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FIGURE 2 | (A,B) Representative immunofluorescence showing the AMIGO3 (red) and Lingo-1 (green) expression of control and SC group in the DG zone of
hippocampus. (C,D) Representative immunofluorescence showing the AMIGO3 (red) and Lingo-1 (green) expression of control and SC group in the CA1 zone of
hippocampus. (E,F) Representative immunofluorescence showing the AMIGO3 (red) and Lingo-1 (green) expression of control and SC group in the CA3 zone of
hippocampus. (G,H) Representative immunofluorescence showing the AMIGO3 (red) and Lingo-1 (green) expression of control and SC group in the cortex. Scale
bar: 100 µm, SC: status convulsion.

separated by 10% polyacrylamide gel electrophoresis (Epizyme,
Shanghai, China). Proteins [Lingo-1: 83 kDa; AMIGO3: 55 kDa;
myelin basic protein (MBP): 21 kDa; myelin oligodendrocyte
glycoprotein (MOG): 28 kDa; neurite outgrowth inhibitor
protein A (NogoA): 180 kDa; myelin associated glycoprotein
(MAG): 53 kDa; GAPDH 38 kDa; and β-actin: 43 kDa] were
transferred to polyvinylidene difluoride (PVDF) membranes
(0.2 µm, Bio-Rad, United States) in rapid transfer buffer (Cat.
No: WB4600, NCM Biotech, Suzhou, China). The membranes
were then blocked for 10 min in blocking buffer (Cat. No: P30500,
NCM Biotech, China) before incubation overnight at 4◦C with
the following primary detection antibodies: rabbit polyclonal
anti-Lingo-1 (1:1,000; ab23631, RRID:AB_2135216, Abcam,
Cambridge, United States), rat monoclonal anti-AMIGO3 (1
µg/ml; MAB2375, RRID:AB_2226632, Bio-techne, Minneapolis,
Minnesota, United States), mouse monoclonal anti-MBP
(1:1,000; SMI99, RRID:AB_2314772, Biolegend, California,
United States), NogoA (rabbit polyclonal anti-NogoA (1:1,000;
ab62024, RRID:AB_956171, Abcam, United States), mouse
monoclonal anti-MOG (1:5,000; MAB5680, RRID:AB_1587278,
Millipore, Boston, Massachusetts, United States), mouse
monoclonal anti-MAG (1:250; ab89780, RRID:AB_2042411,
Abcam, United States), mouse monoclonal anti-β-actin
(1:1,000; 700068, ZEN BIO, China), or mouse monoclonal
anti-GAPDH (1:5,000; 200306-7E4, RRID:AB_2722713, ZEN
BIO, Chengdu, China). The membranes were then incubated
with the corresponding secondary antibodies for 60 min:
goat anti-rabbit IgG (1:5,000; ZB-2301, ZSGB-BIO, Beijing,
China), goat anti-rat IgG (1:5,000; ZB-2307, ZSGB-BIO,
Beijing, China) or rabbit anti-mouse IgG (1:5,000; 701051,
ZEN BIO, Chengdu, China). All proteins are detected on
the same blot and sorted out later by targets’ molecular
weights. Protein bands were visualized using clarity Western
electrochemiluminescence substrate (Cat.1705060, Bio-Rad,

FIGURE 3 | (A) ELISA showing the AMIGO3 levels in the mice cortex after
intracerebroventricular injection with adenovirus vector to slience the AMIGO3
gene (AV). (B) ELISA showing the AMIGO3 levels in the mice cortex after
intracerebroventricular injection with adenovirus vector to cause the AMIGO3
gene overexpression (OAV). Statistical significance: *p < 0.05, **p < 0.01;
***p < 0.001; n = 4. NC, negative control adenovirus vector carrying a
nonsense gene sequence.

United States) and quantified by densitometry using the
Syngene imaging system. Protein expression was normalized
against β-actin and GAPDH using Image Lab 6.0 software
(Bio-Rad, United States).
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FIGURE 4 | Representative transmission electron microscopy revealing the ultrastructure of myelinated fibers in the immature mice hippocampus (×6,800, scale bar:
2 µm). In each picture, the areas enclosed by a white box were amplified to delineate the myelin sheaths clearly (30000×, scale bar: 500 nm). (A–C) The
ultrastructure of myelinated fibers at 1, 5, and 20 days after SC. (D) Thickness analysis of myelin sheaths based on the quantitation of g-ratios. SC: status
convulsion, NC negative control adenovirus vector carrying a nonsense gene sequence, AV adenovirus vectors used to specifically silence the AMIGO3 gene, OAV
adenovirus vector for AMIGO3 gene overexpression.

Enzyme-Linked Immunosorbent Assay
Commercial ELISA kits (JiangLai Biology, Shanghai, China) were
used to determine the concentrations of proteins in the mouse
cortex [Lingo-1 (JL49841), AMIGO3 (JL51020), AKT (JL46534),
p-AKT (JL20453), RhoA (JL51302), and p-RhoA (JL51309)]
according to the manufacturer’s instructions. Briefly, tissue
homogenates were added to the ELISA plates and incubated
overnight at 4◦C. After washing, horseradish peroxidase-
conjugated detection antibodies in the commercial kits were
added followed by the tetramethylbenzidine substrate solution.
Protein concentrations were then quantified by measuring
the absorbance of each well at 450 nm using a microplate
spectrophotometer (Rayto RT-6100, Shenzhen, China).

Immunofluorescence Analysis
At 1, 5, and 20 days after SC, mice were anesthetized by i.p.
injection of pentobarbital sodium (7.5 mg/mL, 0.05 mL/10 g)
and then perfused with 0.9% sodium chloride (50–100 mL) and
4% paraformaldehyde (50 mL) in sequence. After dissection, the
brains were then fixed in 4% paraformaldehyde for 24 h, followed
by gradient dehydration in sucrose solution (30% followed by
15%). A rotary microtome was used to prepare successive coronal
paraffin-embedded sections (3 µm thickness), which were stored
at room temperature before incubation overnight at 4◦C with the
following primary detection antibodies: rabbit polyclonal anti-
Lingo-1 (1:200; ab23631, Abcam, United States), rat monoclonal
anti-AMIGO3 (25 µg/mL; MAB2375, Bio-techne, Minneapolis,
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MN, United States). The slides were then incubated with the
Alexa Fluor 488 labeled anti-rabbit or Cy3 labeled anti-rat
secondary antibodies (Beyotime biotechnology, Shanghai, China,
1:250) for 2 h at room temperature away from light. Images
were captured under a fluorescence microscope with the same
exposure time (200×magnification).

Statistical Analysis
Statistical analysis was performed using SPSS 22.0 statistical
software. All data were presented as the means ± standard
deviation (SD) and were analyzed by one-way or two-way
analysis of variance followed by Tukey’s or Sidak’s post hoc test.
P < 0.05 was considered to indicate statistical significance.

RESULTS

Dynamic Changes in
Amphoterin-Induced Gene and Open
Reading Frame-3 and Leucine Rich
Repeat and Immunoglobulin-Like
Domain-Containing Protein 1 Expression
After Status Convulsion
Western blot, ELISA and immunofluorescence analyses were
used to detect the changes of the expression of Lingo-1 and
AMIGO3 proteins in the cortex. Western blot analysis showed
that the expression of both Lingo-1 and AMIGO3 proteins
increased in the cortex after SC compared with the levels detected
in the control group at the same age (Figures 1A–C). ELISA
analysis revealed that Lingo-1 expression in the cortex was
significantly increased at days 1, 3, 7, and 20 after SC (P < 0.05)
(Figure 1D), while significant increases in AMIGO3 expression
were detected at days 3, 7, and 20 after SC (P < 0.01) (Figure 1E).
Furthermore, AMIGO3 expression in the cortex was higher than
that of Lingo-1 expression (Figures 1D,E). Paragraph before
as shown in Figure 2, immunofluorescence analysis of Lingo-1
(green fluorescence) and AMIGO3 (red fluorescence) revealed
similar distributions of the two proteins in the different zones of
hippocampus and cortex.

Amphoterin-Induced Gene and Open
Reading Frame-3 Expression After ICV
Injection With shRNAs
The AMIGO3 levels in the cortex after ICV injection with the
recombinant adenoviruses was detected by ELISA (Figure 3). No
statistical significances were detected between the control and
NC groups at different timepoints (Figure 3). Compared with
the control group at the same age, AMIGO3 expression in cortex
of the AV group was significantly decreased at days 1, 5, and 7
after ICV injection (P < 0.05) (Figure 3A). In the OAV group,
AMIGO3 expression in the cortex was significantly increased at
day 1 after ICV injection, and the levels were maintained to day
7 (P < 0.05) (Figure 3B). Based on these observations, SC was
induced 5 days after ICV injection with the different recombinant
adenoviruses in the subsequent experiments.

FIGURE 5 | (A) Representative western blotting showing the MBP levels of
immature mice with different interventions; n = 6. (B) MBP levels were
normalized to those of β-actin in the cortex. Values are expressed as
MBP/β-actin ratios based on relative optical densities. All the other groups
were compared with SC groups at the same age. *p < 0.05, **p < 0.01. SC:
status convulsion. NC negative control adenovirus vector carrying a nonsense
gene sequence, AV adenovirus vectors used to specifically silence the
AMIGO3 gene, OAV adenovirus vector for AMIGO3 gene overexpression.

Myelin Sheaths Alterations
Ultrastructural Changes in the Myelin Sheath
Ultrastructural changes in the myelin sheath in the hippocampus
after SC induction were evaluated by TEM. In the control
group, the myelin sheath surrounding the neural fibers exhibited
regular thickness and a dense structure (Figure 4). After SC
induction, the myelin sheath exhibited stratification, vacuolation,
collapse, and disruption lasting from 1 to 20 days after SC
(Figures 4A–C). The changes in the NC groups were the
same as those in the SC groups at 5 and 20 days after SC
(Figures 4B,C). The myelin sheaths in the AV groups showed
slight damage with little stratification, while those in the OAV
groups showed greater damage compared to that in the SC groups
at 1 day and 5 days after SC (Figures 4A,B). Myelin sheath
thickness in different groups was compared by determined the
g-ratios in four randomly selected fields of view. No statistical
significances were detected among all the groups at different
timepoints (Figure 4D).

Changes in Myelin Basic Protein Expression
Expression of MBP in the cortex was detected by Western blot
analysis (Figure 5A). MBP expression was significantly decreased
after SC at days 20 after SC (P < 0.05) (Figure 5B). Compared
with the SC group, MBP expression in the AV group was
significantly increased from days1 to 5 after SC (P < 0.05)
(Figure 5B). There were no significant differences in MBP
expression among the SC, OAV and NC groups at any of
the time-points.
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FIGURE 6 | (A) Representative western blotting showing the MOG, MAG, and NogoA levels of immature mice with different interventions at different timepoints;
n = 6. (B) MOG levels were normalized to those of β-actin in the cortex. Values are expressed as MOG/β-actin ratios based on relative optical densities. (C) MAG
levels were normalized to those of β-actin in the cortex. Values are expressed as MAG/β-actin ratios based on relative optical densities. (D) NogoA levels were
normalized to those of β-actin in the cortex. Values are expressed as NogoA/β-actin ratios based on relative optical densities. All the other groups were compared
with SC groups at the same age. *p < 0.05, **p < 0.01. SC: status convulsion. NC negative control adenovirus vector carrying a nonsense gene sequence, AV
adenovirus vectors used to specifically silence the AMIGO3 gene, OAV adenovirus vector for AMIGO3 gene overexpression.

Axon Alterations
Changes in the Expression of Three Major
Myelin-Derived Inhibitors (Neurite Outgrowth Inhibitor
Protein A, Myelin Oligodendrocyte Glycoprotein, and
Myelin Associated Glycoprotein)
Expression of NogoA, MOG, and MAG in the cortex was
detected by Western blot analysis (Figure 6A). Compared with
the SC group, MOG expression was significantly increased in
the OAV group at day 20 (P < 0.01) (Figure 6B). Compared
with the control group, MAG expressions in the SC group were
significantly increased at day 1 and 5 (P < 0.05) (Figure 6C).
Compared with the SC group, a decreasing trend in MAG
expression was observed in the AV groups at day 1 and 5
(Figure 6C). Compared with the SC group, a decreasing trend
in NogoA expression was observed in the AV group from days 1
to 20 after SC (Figure 6D). There were no significant differences
in the expression levels of NogoA, MOG, and MAG between NC
groups and SC groups from days 1 to 20 after SC (Figures 6B–D).

Synaptic Alterations
The functional structures of the presynaptic membrane and
postsynaptic membrane were further observed by TEM
(Figures 7A–C). In each group, the number of synapses with
clearly identifiable structure in the hippocampus was counted in
four randomly selected fields of view (20,000× magnification).

Compared with the control group, number of synapses was
significantly decreased at days 1 and 5 after SC (P < 0.05). In
contrast, the number of synapses in the AV group was increased
at days 1 and 5 compared with the numbers in the SC group
(P < 0.05) (Figure 7D). The length of the active zone (AZ)
of the presynaptic membrane and thickness of postsynaptic
density (PSD) in each group was measured and analyzed using
ImageJ software (NIH Image; U.S. National Institutes of Health,
Bethesda, MD, United States). Compared with the control group,
the length of the AZ in presynaptic membrane was increased in
the SC group at day 20 (P< 0.001). Compared with the SC group,
the length of the AZ in presynaptic membrane was increased in
the OAV group at day 1, but decreased in the AV group at days 1
and 20 (P < 0.05) (Figure 7E). The thickness of PSD significantly
decreased from days 1 to 20 after SC when compared with the
control group (P < 0.0001) (Figure 7F). Compared with the SC
group, the thickness of PSD in the AV groups was significantly
increased at days 5 and 20 (P < 0.0001), while that in the OAV
group significantly decreased at day 20 (P < 0.05) (Figure 7F).

Effect of Amphoterin-Induced Gene and
Open Reading Frame-3 on ROCK/RhoA
and PI3K/AKT Signaling
Expression of ROCK/RhoA and PI3K/AKT signaling pathway
proteins in the cortex was detected by ELISA (Figure 8).
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FIGURE 7 | Representative transmission electron microscopy revealing the ultrastructure of synapse in the immature mice hippocampus (30000×, scale: 500 nm).
In each picture, the areas enclosed by a white box were amplified to delineate the synapse. (A–C) The ultrastructure of synapse at 1, 5, and 20 days after SC.
(D) The number of synapse with clear structure in each group. (E) The length of active zone (AZ) in presynaptic membrane in each group. (F) Thickness of
postsynaptic density (PSD) in each group. All the other groups were compared with SC groups at the same age. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. SC: status convulsion. NC negative control adenovirus vector carrying a nonsense gene sequence, AV adenovirus vectors used to specifically
silence the AMIGO3 gene, OAV adenovirus vector for AMIGO3 gene overexpression.

Compared with the normal group, p−AKT and AKT expression
levels decreased significantly at days 5 to 20 after SC (P < 0.01)
(Figures 8A,B). Compared with the SC group, the expression
levels of p−AKT and AKT in the AV group were higher at
day 20 (P < 0.05) (Figures 8A,B). The ratio of p−AKT/AKT
showed no statistical significance among groups at different
timepoints (Figure 8C). The expression of p−RhoA increased
significantly from days 1 to 20 after SC (P < 0.05) (Figure 8D).
Compared with the SC group, the expression of p−RhoA in
the OAV group was higher than at day 5, while the level in the
AV group was lower at days 1 and 20 (P < 0.05) (Figure 8D).
The expression of RhoA increased significantly at days 5 and 20
after SC (P < 0.05) (Figure 8E). Compared with the SC group,
the expression of RhoA in the OAV group was higher at day 1,
while that in the AV group was lower at days 5 and 20 after SC
(P < 0.05) (Figure 8E). The ratio of p−RhoA/RhoA at day 20
showed statistical significance in the AV group compared with
SC group (Figure 8F).

DISCUSSION

The distribution of AMIGO3 in the hippocampus was found
to be consistent with that of Lingo-1. We also found that
AMIGO3 protein levels showed a similar pattern of increasing
expression as that observed for Lingo-1, with peak expression
at day 20 after SC. However, in the mouse cortex, AMIGO3
expression was significantly higher than Lingo-1 expression from
1 to 20 days after SC, supporting the hypothesis that AMIGO3

plays an important role in the formation of abnormal neural
circuits in the immature brain after SC. In this context, AMIGO3-
targeted therapies may provide more rapid benefits than those
focused on LINGO1 in terms of promoting oligodendrocyte
precursor cell (OPC) differentiation and remyelination during
the process of epileptogenesis (Mi et al., 2007; Ahmed et al., 2013;
Foale et al., 2017).

In this study, we found that myelin sheath integrity in
immature mice cortex was damaged during the process
of epileptogenesis induced by kainic acid. Inhibition of
AMIGO3 expression alleviated the damage to myelin
sheaths induced by SC, and increased the levels of MBP in
myelinating oligodendrocytes. The opposite effect on the myelin
sheath damage caused by SC was observed after AMIGO3
overexpression. These results suggest that AMIGO3 signaling
is involved in the pathophysiological mechanism of seizure-
induced myelin damage. The mechanism by which AMIGO3
inhibits OPC maturation and myelin production after SC
remains unclear, although it has been speculated that AMIGO3
and Lingo-1 share the same molecular mechanisms in these
processes. Lingo-1 has been shown to inhibit the activation
of the intracellular PI3K (Inoue et al., 2007), thus preventing
activation of the AKT signaling pathway (Sun et al., 2015).
Our results showed that the PI3K/AKT signaling pathway has
no significant change after regulation of AMIGO3, suggesting
that other possible mechanisms may be involved in this
pathological process.

Studies have confirmed that axon sprouting is modulated
by three major myelin-derived inhibitors (NogoA, OMgp, and
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FIGURE 8 | (A,B) ELISA showing the p-AKT and AKT levels in the mice cortex. (C) ELISA showing p-AKT/AKT ratio in the mice cortex. (D,E) ELISA showing the
p-RhoA and RhoA levels in the mice cortex. (F) ELISA showing p-RhoA/RhoA ratio in the mice cortex. All the other groups were compared with SC groups at the
same age. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. SC: status convulsion. NC negative control adenovirus vector carrying a nonsense gene sequence,
AV adenovirus vectors used to specifically silence the AMIGO3 gene, OAV adenovirus vector for AMIGO3 gene overexpression.

MAG) (Cafferty et al., 2010; Lee et al., 2010). The extracellular
signals generated by binding of these inhibitors of the Nogo
receptor (NgR) are transmitted to AMIGO3 via p75 or TNF
receptor orphan Y (TROY) to activate downstream signals,
such as ROCK/RhoA signaling pathway, that mediate axonal
outgrowth and regeneration (Ahmed et al., 2013). Our data
showed the levels of MAG increased at 1 and 5 days after
SC, and the levels of MOG significantly increased at 20 days
after SC after AMIGO3 overexpression. Suppressing AMIGO3
expression inhibited ROCK/RhoA signaling pathway at 20 days
after SC. AMIGO3 expression increased rapidly after axotomy
of both retinal ganglion cells and dorsal root ganglion neurons
(DRGN) (Ahmed et al., 2013). A reduction in AMIGO3
levels in these models is associated with dorsal column and
optic nerve axon regeneration, while AMIGO3 antagonism
enhanced axon outgrowth of DRGN in the presence of inhibitory
myelin extracts. Our results confirm that, similar to Lingo-
1, AMIGO3 inhibits axon outgrowth and regeneration. It can
be speculated that AMIGO3 can replace Lingo-1 in the NgR1
receptor complex to mediate myelin-induced inhibition of axon
outgrowth during epileptogenesis. Moreover, AMIGO3 was

found to be upregulated more rapidly (within 24 h) than Lingo-
1 after spinal cord injury, while the levels of Lingo-1 mRNA
remained unchanged at day 10 (Ahmed et al., 2013). Thus,
AMIGO3 antagonism is implicated as a potential therapeutic
strategy for alleviating the inhibition of neurite regeneration and
preventing growth cone collapse.

Changes in synaptic plasticity increase susceptibility to
seizures after SC. Normal numbers and morphology of synapses
are the cornerstones of synaptic plasticity. The active functional
region of the presynaptic membrane, known as the AZ, is
anchored by synaptic vesicles containing neurotransmitters.
The length of AZ corresponds to the area of contact with
synapses and the ability of the presynaptic membrane to reabsorb
neurotransmitters in the synaptic cleft (Rosenmund et al.,
2003; Szule et al., 2015). PSD was defined to be a cytoskeletal
specialized region of the postsynaptic membrane contained a
variety of functional proteins to conduct neural signals, which is
characterized by high-density electron thickness observed under
TEM. In our study, the numbers of synapses decreased at days
1 and 5 after SC, indicating synaptic plasticity was disrupted
by seizures. Furthermore, following inhibition of AMIGO3
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expression, the number of synapses was increased at days 1 and 5
after SC. The length of the AZ decreased at days 1 and 20 and the
thickness of PSD increased at days 5 and 20 after SC. These results
suggest that the structural changes in the synapse following SC
can be alleviated by inhibiting AMIGO3 expression. However, the
underlying mechanisms remain to be elucidated.

Our study confirmed that AMIGO3 is highly expressed in the
cortex in an animal model of SC, with expression maintained
to 20 days after SC in a pattern of changes that are similar
to those observed for Lingo-1. SC disrupts the integrity of
myelin sheaths, axon growth and synaptic plasticity in immature
brains. We also showed that silencing of AMIGO3 expression
alleviated the damage to myelinated fibers and synapses after SC.
In contrast, upregulation of AMIGO3 expression inhibited the
axon growth induced by SC at 20 days after SC. Antagonizing
AMIGO3 rather than Lingo-1 is likely to be a more effective
therapeutic strategy to protecting the formation of abnormal
neural circuits after SC. Due to the similar protective effect of
Lingo-1 and AMIGO3, a combinational treatment of inhibiting
both may exert synergistic effect to alleviate convulsion-induced
brain injury. Furthermore, after downregulation of AMIGO3
expression, the ROCK/RhoA signaling pathway was inhibited at
20 days after SC. Thus, our findings indicate that the effects of
AMIGO3 on neural circuits are mediated via the ROCK/RhoA
signaling pathways.

Thus, compared to Lingo-1, our study highlights the potential
of AMIGO3 as a more effective therapeutic target to decrease
abnormal neural circuit formation in the immature brain after SC

and demyelinating diseases, although further studies are required
to fully elucidate the underlying mechanism.
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