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Introduction

Transmembrane protein 25 (TMEM?25) has been identified as a
member of the immunoglobulin superfamily, as codons 42-112
of TMEM25 are a C-2 type immunoglobulin domain homolo-
gous to titin and nephrin (1). Studies have shown that TMEM25
may be a biomarker of breast and colorectal cancers (2, 3); how-
ever, little is currently known about the function of TMEM?25 in
the brain. According to a preliminary search of the online Allen
Mouse Brain Atlas, Tmem25 is expressed at high levels in the CNS,
particularly in the CAl and CA3 regions of the hippocampus. Fur-
thermore, Tmem25 expression is strongly influenced by gluta-
mate ionotropic receptor kainate type subunit 4, which regulates
mood, memory, and hippocampal seizure activity (4). Therefore,
we hypothesized that TMEM25 may play a specific role in neuro-
nal excitability and neurotransmission.

Epilepsy, a common neurological disease that affects approxi-
mately 50 million individuals worldwide, is characterized by recur-
rent spontaneous seizures (5, 6). Although dozens of antiepileptic
drugs (AEDs) have been developed for clinical use, nearly one-
third of patients with epilepsy still suffer from intractable seizures
(7). Surgical resection of the epileptic focus is suitable for only a
small proportion of patients who are resistant to medication (8). An
imbalance between neuronal excitation and inhibition that results
in hypersynchronous discharge of neurons in the brain is thought
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The expression of the transmembrane protein 25 gene (Tmem25) is strongly influenced by glutamate ionotropic receptor
kainate type subunit 4, and its function remains unknown. Here, we showed that TMEM25 was primarily localized to late
endosomes in neurons. Electrophysiological experiments suggested that the effects of TMEM25 on neuronal excitability

were likely mediated by N-methyl-p-aspartate receptors. TMEM25 affected the expression of the N-methyl-p-aspartate
receptor NR2B subunit and interacted with NR2B, and both were colocalized to late endosome compartments. TMEM25
induced acidification changes in lysosome compartments and accelerated the degradation of NR2B. Furthermore, TMEM25
expression was decreased in brain tissues from patients with epilepsy and epileptic mice. TMEM25 overexpression attenuated
the behavioral phenotypes of epileptic seizures, whereas TMEM25 downregulation exerted the opposite effect. These results
provide some insights into TMEM25 biology in the brain and the functional relationship between TMEM25 and epilepsy.

to be an important mechanism in epilepsy (6). Therefore, further
understanding of the molecular mechanisms that influence this
imbalance is necessary for exploring novel antiepileptic targets.

We performed immunofluorescence staining to explore the
distribution and subcellular location of TMEM25. We subse-
quently assessed changes in the electrophysiology of CA1l pyra-
midal neurons in mice following lentivirus-mediated interference
or overexpression of TMEM?25 in the hippocampus. TMEM25
altered N-methyl-D-aspartate receptor-mediated (NMDAR-
mediated) excitatory currents and influenced the protein level of
NR2B without affecting protein levels of NR1 and NR2A. More-
over, we performed coimmunoprecipitation assays to examine the
interactions between TMEM25 and the NMDA receptor NR2B
subunit. TMEM25 colocalized with NR2B in late endosome/lyso-
some compartments; thus, we performed a cycloheximide (CHX)
degradation assay to investigate the role of TMEM25 in NR2B
degradation. To investigate the role of TMEM?25 in epilepsy, we
examined the expression of TMEM25 in patients with temporal
lobe epilepsy (TLE) as well as in pentylenetetrazole (PTZ) kindling
and kainic acid-induced (KA-induced) epilepsy mouse models.
Furthermore, we detected the behavioral phenotypes in 2 epilepsy
mouse models. Our results shed light on the subcellular location
and cellular functions of TMEM25 and the mechanisms underly-
ing its regulation of epileptic seizures. Moreover, these findings
suggest that TMEM25 may play a critical role in the regulation of
neuronal excitability and epileptic seizures by influencing NMDA
receptor NR2B subunit degradation.

Results
TMEM25 colocalized with microtubule-associated protein 2 in late
endosome/lysosome compartments. Tmem25is expressed at high lev-
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els in the CNS, and in situ hybridization experiments have shown
that it is mainly concentrated within the hippocampus (9). To date,
little is known about the precise distribution of the TMEM25 pro-
tein in the brain. Here, we obtained similar results indicating that
TMEM25 protein is expressed throughout the brain and is partic-
ularly concentrated in the pyramidal cell layer of the hippocampal
CA1 and CA3 regions. TMEM?2S5 is also expressed at high levels
within the hippocampal dentate gyrus region and cerebellum and
in scattered neurons in the cerebral cortex (Supplemental Figure
1). To further explore the location of endogenous TMEM?25, we
performed triple-labeled immunofluorescence staining to deter-
mine its cellular location, and the results suggested that TMEM25
colocalized with microtubule-associated protein 2 (MAP2), a
marker of dendrites (Figure 1, A-D). The findings from the mouse
hippocampus and cortex were consistent with the results obtained
in the human temporal cortical tissues (Figure 1, E-L).

To investigate the subcellular localization of TMEM?25, we first
assessed its expression in cultured neurons by performing immu-
nofluorescence staining and transfecting human embryonic kid-
ney 293 (HEK293) cells with mCherry-tagged TMEM?25. A large
pool of TMEM25 was localized in intracellular particles (Figure 2,
A and B). Further confirming the identities of these intracellular
particles, an abundance of endogenous TMEM25 colocalized with
the late endosome and lysosome marker lysosomal-associated
membrane protein 2 (LAMP2), but rarely colocalized with the ear-
ly endosome marker early endosome antigen 1 (EEA1) in cultured
primary neurons (Figure 2, C and D).

TMEM25 is involved in NMDAR-mediated neurotransmission.
We performed whole-cell patch-clamp electrophysiology in CA1
pyramidal neurons in mouse hippocampal slices 14 days after
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Figure 1. Localization of TMEM25 in
nonepileptic brain tissues. (A-D) In
temporal cortical tissue from nonep-
ileptic patients, TMEM25 colocalized
with MAP2. (E-L) In the cortex and
hippocampus from normal mice,
TMEM25 colocalized with MAP2. Scale
bars: 50 pm.

lentivirus vector (LV) injection to evaluate the role of TMEM25 in
neural activity. We recorded spontaneous action potentials (SAPs)
from pyramidal neurons treated with Con-LV-TM25, LV-TM25,
Con-shRNA, and LV-shTM25 to measure neuronal excitability.
In the LV-TM25-treated group, the frequency of action potentials
(APs) from pyramidal neurons was significantly lower than the fre-
quency of APs in the Con-LV-TM25-treated group, while the AP
frequency in the LV-shTM25-treated group was significantly high-
er than that in the Con-shRNA-treated group (Figure 3, A and B).
We recorded miniature excitatory postsynaptic currents (mEP-
SCs) and miniature inhibitory postsynaptic currents (mIPSCs) fol-
lowing lentivirus infection to determine whether TMEM25 affect-
ed the imbalance in excitatory and inhibitory transmission. Both
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tors (AMPARs) and NMDARs mediate the glutamatergic neu-
rotransmission essential for the excitability of neurons; thus, we
recorded AMPAR- and NMDAR-mediated mEPSCs. We observed
anincrease in the amplitudes of the NMDAR-mediated mEPSCsin
the hippocampal slices from the TMEM25 knockdown mice and a
decrease in the slices from the LV-TM25-treated group compared
with those of their corresponding control groups, while no sig-
nificant differences were observed in the frequency of NMDAR-
mediated mEPSCs (Figure 3, F-H). No significant differences in
the frequency or amplitude of AMPAR-mediated mEPSCs and
mIPSCs were observed among the examined groups (Figure 3,
C-E, and Supplemental Figure 2, A-E). The paired-pulse ratio
(PPR) is widely considered a measure of the presynaptic release
probability (10). No significant differences in the PPR were iden-
tified among the examined groups (Supplemental Figure 2, F and
G). Furthermore, we measured the NMDAR/AMPAR ratio of
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the excitatory postsynaptic currents (EPSCs) to further confirm
whether the TMEM25 levels in the examined groups affected
excitatory transmission. We observed increases in the NMDAR/
AMPAR ratio and in the average amplitude of the NMDAR-medi-
ated EPSCs in the hippocampal slices from the TMEM25 knock-
down mice and decreases in the LV-TM25-treated group. Howev-
er, compared with the Con-LV-TM25 and Con-shRNA treatments,
the LV-TM25 and LV-shTM25 treatments failed to alter the aver-
age amplitude of the AMPAR-mediated EPSCs (Figure 3, I-L).
Thus, consistent with the NMDAR-mediated mEPSC amplitude
increases, the effect of TMEM25 on neuronal excitability was like-
ly a result of altered NMDAR-mediated currents.

TMEM?25 modulates NR2B-mediated but not NR2A-mediated
currents. We recorded evoked EPSCs in the presence of different
subtype-selective NMDAR blockers to determine which subunit
was responsible for the effects of TMEM25 on NMDAR-medi-
ated currents. The A amplitudes of the NMDAR currents in the
LV-TM25 group and the LV-shTM25 group before and after Ro
25-6981 (0.5 pM) application were significantly different from
those of the respective control groups (Supplemental Figure 3, B
and D). By contrast, TMEM?25 had no effect on the A amplitude of
NMDAR currents in different groups before and after 50 nM NVP-
AAMO77 application (Supplemental Figure 3, A and C). These
results imply that TMEM25 likely altered the NMDAR-mediated
currents via the NR2B subunit.

Next, we constructed LVs to overexpress or knock down NR2B
subunit expression to determine whether this approach may par-
tially rescue the TMEM25-induced changes in neuronal excitabil-
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Figure 2. TMEM25 localizes to late
endosome/lysosome compartments. (A)
Neurons were stained with anti-TMEM25
antibodies on DIV 14. Scale bar: 10 pm.
(B) HEK293 cells were transfected with
mCherry-tagged TMEM25. Scale bar: 10
um. (C and D) Neurons were stained with
anti-TMEM25 and anti-EEA1 or anti-
LAMP2 antibodies. Representative imag-
es show the colocalization of TMEM25
with LAMP2 (D), whereas TMEM25 and
EEA1 did not colocalize (C). Scale bars:

50 um. High-magnification photomicro-
graphs corresponding to specific cells are
shown at the bottom.

ity. After performing stereotaxic injections of the viruses (Con-LV-
TM25, LV-TM25, LV-TM25+LV-NR2B, Con-shRNA, LV-shTM25,
and LV-shTM25+LV-shNR2B) into the hippocampus, we ana-
lyzed the NMDAR/AMPAR ratio. Consistent with the results
shown in Figure 3], the NMDAR/AMPAR ratio was decreased in
the TMEM25 overexpression group, and coinfection of LV-TM25
with an LV-NR2B that encoded mouse NR2B partially rescued
the decrease in the NMDAR/AMPAR ratio (Supplemental Fig-
ure 3, E and F). The NMDAR/AMPAR ratio was increased in the
TMEM?25 downregulation group, and coinfection of LV-shTM25
with an LV-shNR2B partially rescued the increase in the NMDAR/
AMPAR ratio (Supplemental Figure 3, E and F). These results fur-
ther demonstrate the important role of NR2B levels in the regula-
tion of electrophysiological phenotypes by TMEM25.

TMEM25 affects the NR2B expression pattern in the hippocam-
pus. To investigate the mechanism by which TMEM25 affects
NMDAR-mediated currents (specifically NR2B-dependent cur-
rents), we conducted a series of biochemical experiments to assess
the levels of NMDAR in hippocampal tissues following lentiviral
intervention. According to the Western blotting analysis, down-
regulation of TMEM25 resulted in an increase in the total level
of NR2B subunits, and the mice treated with LV-TM25 showed a
reduced level of total NR2B (Figure 4, A and B). Similarly, a smaller
amount of NR2B was observed on the membrane in the LV-TM25-
treated group than on that in the Con-LV-TM25-treated group,
and a larger amount of NR2B was detected on the membrane in
the LV-shTM25-treated group than on that in the Con-shRNA-
treated group (Figure 4, E and F). However, no differences in the
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Figure 3. Effect of TMEM25 on the excitability of pyramidal neurons in the hippocampal CA1 region. (A and B) Representative traces of sAPs and a
summary of the sAP frequency among the groups. (C-E) Representative traces of AMPAR-mediated mEPSCs recorded from the examined groups and a
summary of the frequency and amplitude of AMPAR-mediated mEPSCs. (F-H) Representative traces of NMDAR-mediated mEPSCs recorded from the
examined groups and a summary of the frequency and amplitude of NMDAR-mediated mEPSCs. (I-L) Representative traces of NMDAR- and AMPAR-
mediated EPSCs and a summary of the NMDAR/AMPAR ratio and NMDAR- and AMPAR-mediated EPSC amplitude. Data are presented as means + SEM,
n =7 per group. *P < 0.05; **P < 0.01, by Kruskal-Wallis test followed by Dunn’s test (B), or 1-way ANOVA followed by LSD t test (D, E, G, H, }, K, and L).

levels of total NR1 and NR2A proteins in the hippocampus were
observed among the examined groups (Figure 4, C and D). Over-
all, the up- and downregulation of TMEM25 may affect the overall
expression level of NR2B subunits and the subsequent membrane
expression of NR2B, which may further influence NMDAR-medi-
ated EPSCs. Thus, we speculated that TMEM25 may be involved
in the synthesis or degradation of NR2B.

TMEM?25 interacts with NR2B in the hippocampus and colocal-
izes in late endosome/lysosome compartments. TMEM?25 expression
was detected in neurons, and several lines of evidence support the
presence of a unique relationship between TMEM25 and NR2B.
According to immunofluorescence staining, TMEM?25 colocaliz-
es with NR2B in cultured primary hippocampal neurons (Supple-
mental Figure 4A). We also confirmed this colocalization using
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HEK293 cells cotransfected with exogenous mCherry-tagged
TMEM25 and SEP-NR2B to avoid false-positive staining (Sup-
plemental Figure 4B). Furthermore, endogenous TMEM?25 coim-
munoprecipitated with NR2B but not with NR2A or AMPAR sub-
units in the mouse hippocampus (Figure 4, H and I; Supplemental
Figure 5, A and B; and Supplemental Figure 6). Notably, a weak
interaction was observed between TMEM25 and the NR1 subunit
under coimmunoprecipitation conditions (Supplemental Figure
5, C and D), possibly because NR2B must form a heteromeric
receptor complex with NR1 (11, 12). We further confirmed these
interactions by the colocalization of exogenous mCherry-tagged
TMEM25 and SEP-NR2B with LAMP2 in HEK293 cells (Supple-
mental Figure 4C). Knockdown and overexpression of TMEM25
had no significant effects on the level of the NR2B transcript
(Figure 4G). Thus, we hypothesized that the changes in NR2B
expression identified in the LV-TM25- and LV-shTM25-treat-
ed mice may occur at the protein level. Lysosomes are typically
considered the final destination for proteolytic degradation (13).
Overall, these results suggest that TMEM25 may play a role in the
degradation of NR2B.

TMEM25 participates in the regulation of NR2B degradation.
We subsequently investigated the mechanism by which TMEM25
affects the total protein level of NR2B. Considering that the acid-
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ic environment is highly important for lysosome functioning (14),
we examined whether up- and downregulation of TMEM?25 affects
lysosomal acidification in primary cultured hippocampal neurons
using the pH-sensitive dye LysoSensor Green DND-189. The flu-
orescence intensity of LysoSensor Green DND-189 within the
mCherry-positive area was significantly decreased following down-
regulation of TMEM25. In contrast, compared with the Con-LV-
TM25 treatment, TMEM25 overexpression significantly increased
the fluorescence intensity of LysoSensor (Figure 5, A and B). Thus,
the expression levels of TMEM?2S5 affect lysosomal acidification.
Therefore, we hypothesized that changes in lysosomal acid-
ification may modulate NR2B degradation in lysosomes. To
investigate whether the TMEM25-induced impairment in the
acidification of late endosomes/lysosomes affects endolysosom-
al function, the cellular turnover rate of NR2B was analyzed in
cultured neurons. We performed a CHX-mediated protein deg-
radation assay to address this question. The residual expression
of total NR2B in the LV-shTM25-treated neurons increased by
7.82% after 1 hour, 18.86% after 2 hours, 27.12% after 3 hours, and
27.28% after 4 hours. The residual expression of total NR2B in
the LV-TM25-treated neurons decreased by 10.03% after 1 hour,
15.06% after 2 hours, 38.22% after 3 hours, and 33.95% after 4
hours, compared with expression of the respective control lenti-
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virus-treated neurons (Figure 5, C and D). The residual expression
of the total NR2A, NR1, and AMPAR subunits, however, was not
significantly different after the application of different LVs (Sup-
plemental Figures 7-12). In summary, TMEM?25 downregulation
likely attenuates the degradation rates of total NR2B in neurons in
response to CHX treatment, and TMEM25 overexpression accel-
erates the turnover rate of NR2B.

Time of CHX treatment (h)

by 2-way ANOVA followed by post-hoc test.

The TMEM25 expression level is decreased in patients with TLE
and in epileptic mice. We assessed TMEM25 expression in tempo-
ral lobe tissues from patients with TLE and controls to examine
the relationship between TMEM?25 and epilepsy. The Western
blotting results showed decreased levels of TMEM?25 in epileptic
brain tissues from patients with TLE compared with those in con-
trol patients (Figure 6A). We established 2 mouse models to fur-
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ther determine whether the TMEM25 expression level is altered
after epileptogenesis. The results suggested that the expression
levels of TMEM25 in the cortex and hippocampus derived from
KA-induced epileptic mice with spontaneous recurrent seizures
(SRSs) or from mice fully kindled by PTZ (15) were reduced com-
pared with those in the controls (Figure 6, B-E). We also used
immunofluorescence to detect the expression level of TMEM25
in chronic epileptic tissues. The immunofluorescence results
were consistent with the Western blotting results, as the level of
TMEM25 was significantly decreased in the cortex and/or hippo-
campus in patients with TLE (Supplemental Figure 13A) and in
KA-induced and PTZ kindling epileptic models (Supplemental
Figure 13, B-E). However, no difference in the cellular localiza-
tion characteristics of TMEM25 was found between epileptic
brain tissues and normal brain tissues (Figure 1 and Supplemen-
tal Figure 14). In addition, considering the association between
TMEM25 and NR2B summarized previously, we also assessed
NR2B protein levels by Western blotting in corresponding epi-
leptic brain tissues from animal models and human patients with
TLE. The results suggested that NR2B expression is increased in
both human and animal epileptic brain tissues compared with
that in controls (Supplemental Figure 15).

Effects of TMEM?25 on seizure recurrence and epileptic sever-
ity. As previously discussed, TMEM25 is decreased in epilep-
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observations, LV-encoded mCherry auto-
fluorescence was detected in the mouse
hippocampus, indicating successful lenti-
viral infection (Supplemental Figure 16A).
A significantly lower level of TMEM25 was
detected throughout the bilateral hippo-
campus 6 weeks after LV injection in the
mice treated with LV-shTM25 than in the
mice treated with Con-shTM25. Further-
more, a significantly higher TMEM?25 level
was detected in the LV-TM25 group than
the Con-LV-TM25 group (Supplemental Figure 16B). Thus, injec-
tion of the LVs into the hippocampus effectively altered the endog-
enous expression of TMEM25.

In the PTZ kindling mouse model, we quantified the seizure
scores according to Racine’s standard scale during all assessed
periods (16). The results suggested that the TMEM25-overex-
pressing mice had lower seizure scores and that the LV-shTM25-
treated mice had higher seizure scores than their respective con-
trol groups (Figure 7, A and B). We also assessed whether the SRSs
were changed in the mouse KA-induced epilepsy model. Accord-
ing to analyses of the continuous video monitoring system for
weeks 1-4 after status epilepticus (SE), fewer SRSs were recorded
in the LV-TM25-treated mice than in the Con-LV-TM25-treated
mice. The LV-shTM25-treated mice exhibited more SRSs than
the Con-shRNA-treated mice (Figure 7C), indicating that the
LV-TM25 treatment attenuated the severity of SRSs, whereas the
LV-shTM25 treatment aggravated the severity of the SRSs. The
latency was significantly decreased in the LV-shTM25 group com-
pared with that in the Con-shRNA group. In contrast, the latency
was significantly increased in the LV-TM25 group compared with
that in the Con-LV-TM25 group (Figure 7D). During a 30-minute
LFP recording, TMEM25 knockdown in the LV-shTM25 group led
to seizure-like events (SLEs) that occurred more frequently than
in the Con-shRNA controls, and the interval of SLEs in the epilep-
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Figure 7. TMEM25 modulates epileptic seizure activity. (A and B) Summary of mean seizure scores recorded after i.p. injection of PTZ on alternate days.
Data are presented as means + SEM, n = 8 per group. **P < 0.01, by generalized estimating equation analysis. (C and D) Quantitative analysis of the total
number of SRS and latency of SRS in the KA-induced epilepsy model from different groups. Data are presented as means + SEM, n = 8 per group. *P <
0.05; **P < 0.01, by 1-way ANOVA followed by LSD t test. (E-G) Quantitative analysis of the number, interval time, and duration of SLE of the LFPs from
different groups. Data are presented as means + SEM, n = 5 per group. *P < 0.05, by 1-way ANOVA followed by LSD t test. (H) Representative traces of

LFPs from different groups.

tic mice was significantly decreased. In contrast, TMEM25 over-
expression resulted in fewer SLEs in the LV-TM25-treated mice
than in the Con-LV-TM25 control mice, and the interval of SLEs
in the epileptic mice was significantly increased (Figure 7, E and
F). Thus, the expression level of TMEM25 and seizure severity
may be correlated.

As previously stated, TMEM?25 probably influenced neuronal
excitability by changing the total protein level of NR2B subunits
and NMDAR-mediated neurotransmission in neurons. Therefore,
exogenously reversing the expression of the NR2B subunit in vivo
may rescue the epileptic behaviors and LFP changes mediated
by the TMEM25 intervention. Here, NR2B rescue experiments
were performed using LVs that carried specific plasmids encod-
ing mouse NR2B or an shRNA directed against NR2B, which were
administered via intrahippocampal injection. The results suggest-
ed that TMEM25-induced behavioral changes were partially res-
cued by NR2B (Figure 7).

Discussion

In the present study, we investigated the distribution, subcellu-
lar location, and function of TMEM25 in neurons. TMEM25 was
mainly expressed in the cytoplasm in neurons and was localized
to late endosome/lysosome compartments. Knocking down
TMEM?25 in pyramidal neurons in the hippocampal CA1 region
with lentivirus shRNA induced increases in the amplitude of
NMDAR-mediated EPSCs and in the total expression levels of
NR2B. In contrast, overexpression of TMEM25 had the oppo-
site effect. TMEM25 was coimmunoprecipitated with NR2B,
and these factors colocalized in late endosome/lysosome com-
partments. TMEM25 participated in the regulation of endolyso-
somal acidification and NR2B degradation. In addition, we also
identified an important role of TMEM?2S5 in epilepsy. TMEM25
expression in the 2 mouse models of epilepsy and in brain tis-
sues from patients with TLE was decreased compared with that
in the respective controls. Furthermore, lentiviral-mediated up-
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or downregulation of TMEMZ25 in the hippocampus reduced or
increased the susceptibility and severity of seizures, respectively.
Exogenously manipulating NR2B expression partially rescued the
epileptic behavior and electrophysiological changes induced by
TMEM25 both in vivo and vitro.

TMEM?2S5 has been reported to be a member of the immuno-
globulin superfamily (1), and the various functions of this family
include cell adhesion, which plays an important role in synaptic
functions as growth factors in the vertebrate nervous system. Our
study is the first investigation, to our knowledge, of the biologi-
cal and electrophysiological roles of TMEM25 in the brain using
in vivo and in vitro experiments. We determined that TMEM25
was expressed primarily in neurons rather than astrocytes in the
mouse hippocampus and cortex and human brain tissue. Further-
more, TMEM25 displayed cytoplasmic expression and localized to
late endosome/lysosome compartments but not early endosomes.

The precise function of TMEM25 in neurons is entirely
unknown. Using a whole-cell patch-clamp technique, we deter-
mined that TMEM25 knockdown increased the AP frequency and
NMDAR-mediated EPSCs (particularly NR2B-sensitive currents).
Interestingly, TMEM?25 had no effect on mIPSCs, PPR, or AMPA
receptor-mediated EPSCs. Thus, TMEM2S5 affects excitatory post-
synaptic transmission, likely by controlling NMDA receptors. Based
on the currently available electrophysiological evidence, we used
biochemical research methods to further identify specific chang-
es in the receptor subunits. We determined that downregulation
of TMEM25 increased the total and membrane expression levels
of the NR2B subunit without affecting the expression of NR1 and
NR2A. Therefore, the effects of TMEM25 on neuronal excitability
may be attributed to changes in the total expression of NR2B.

NMDA receptors dynamically change in response to neuro-
nal activity, and the regulated insertion and removal of NMDA
receptors are essential for altering synaptic transmission in the
mammalian CNS (17, 18). NMDARs can selectively undergo
clathrin-mediated endocytosis and follow different pathways
after internalization, incorporating into early endosomes, trans-
locating to late endosomes for degradation or recycling, and
then returning to the surface of synapses (19, 20). Thus, NMDAR
receptors are regulated not only by stimulus-dependent gene
expression, but also by protein degradation. Because TMEM25
has no significant effect on the transcriptional level of NR2B, we
hypothesized that the changes in NR2B expression may occur at
the protein level. NR2B subunits can be delivered to late endo-
somes/lysosomes and subsequently degraded (13). Therefore,
we investigated the relationship between TMEM25 and NR2B;
TMEM25 interacted with NR2B, and these factors colocalized in
late endosomes/lysosomes, but not in early endosomes. Accord-
ingly, we hypothesized that TMEM25 likely regulates NR2B deg-
radation in late endosomes/lysosomes.

Late endosome/lysosome functioning is essential for the
health of neurons, and these vesicles create an enclosed environ-
ment with an acidic pH system that is typically considered the
final destination in proteolytic degradation (21). In most neurons,
the pH of late endosomes/lysosomes is as low as 4.5 and is crit-
ical for multiple physiological functions, including the release of
ligands from internalized receptors and recycling of receptors
back to the cell surface (22, 23). The lysosomal pH may influence
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the activity of enzymes in endomembrane compartments and is
expected to exert global effects on proteome clearance, particu-
larly for membrane proteins, which rely on this pathway for their
regulation and degradation (21). We used the pH-sensitive dye
LysoSensor Green DND-189 to investigate the impact of TMEM25
on the late endosome/lysosome pH. Downregulation of TMEM25
significantly increased the lysosomal pH, and TMEM25 overex-
pression significantly decreased the lysosomal pH. Moreover,
TMEM?25 downregulation attenuated the rate of total NR2B deg-
radation in response to CHX treatments in neurons, and TMEM25
overexpression accelerated the rate of NR2B degradation. Thus,
TMEM?25 likely regulates NR2B expression by changing the acid-
ification of late endosomes/lysosomes where NR2B is degraded.
Additional studies exploring the regulatory mechanism by which
TMEM?25 induces the acidification of late endosomes/lysosomes
and the link between TMEM25 and NR2B degradation are neces-
sary to test these possibilities.

NMDA receptor NR2B subunits play an important role in the
pathophysiology of several neurological diseases, including epi-
lepsy (24-26). Many in vivo and in vitro studies have suggested
that NR2B is closely related to epileptogenesis (27, 28). TLE is the
most common form of medically intractable epilepsy (29), and
we determined that TMEM25 expression is decreased in tissue
samples from patients with TLE. Although the hippocampus is
the most widely studied brain region in human and experimental
epilepsy (30), we could not perform an equivalent comparison of
hippocampal TMEM25 expression between patients with TLE and
controls for practical and ethical reasons. However, the animal
studies provided direct evidence that TMEM25 expression was
lower in the cortex and hippocampus of epileptic mice. In fact,
behavioral and molecular events associated with PTZ kindling
and KA-induced epilepsy in mice largely reproduce the corre-
sponding events in human TLE (31, 32). Furthermore, using both
overexpression and knockdown strategies, we demonstrated that
TMEM?25 interventions can alleviate or aggravate epileptic sei-
zures, providing in vivo evidence for the involvement of TMEM25
in the development of epilepsy.

Evidence from our electrophysiological and behavioral rescue
experiments further demonstrated that TMEM25 involvement in
epilepsy is based on regulation of NR2B, which may contribute to
the imbalance between excitation and inhibition (6). From this
perspective, downregulation of TMEM25 may not directly lead to
the occurrence of epilepsy, but may rather reduce the susceptibil-
ity to epileptogenesis. In other words, TMEM25, which functions
based on the NR2B subunit, is a regulatory or influencing factor in
epileptic seizures, and a decrease in TMEM?25 levels in the brain
is unlikely to directly produce seizures. In addition, according to
the behavioral and expression data obtained in our study, a causal
relationship between TMEM?25 and epileptogenesis remains dif-
ficult to distinguish. TMEM25-mediated degradation of NR2B is
involved in regulation of the development of epilepsy, and seizure
recurrence may further promote abnormal TMEM?25 expression.

In summary, for what we believe is the first time, we demon-
strated the role and mechanism of TMEM25 in regulating neuronal
excitability and NR2B function in vivo and in vitro through behav-
ioral, electrophysiological, and pathological studies and provided
potential targets for seizure control and disease modification.


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/9

The Journal of Clinical Investigation

Methods

Primary neuron culture. To prepare primary hippocampal neurons
from early postnatal (PO-P1) C57BL/6 mice, postnatal brain tissue was
dissected, and the neurons were obtained by enzymatic digestion with
trypsin and mechanical dissociation. We diluted the cell suspension
with DMEM supplemented with 20% FBS (both from Gibco, Thermo
Fisher Scientific). Neurons were plated at a density of 100,000 cells
on poly-L-lysine-coated 35 mm dishes or glass coverslips in 6-well
plates for further experimental analyses, and the neurons were incu-
bated in a cell culture incubator at 37°C for 4 hours. Four hours after
plating, the cells were maintained in neurobasal medium supplement-
ed with B27, 2-mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin (all obtained from Invitrogen) (33).

Cell culture and transfection. HEK293 cells (Chinese Academy
of Sciences) were maintained in DMEM supplemented with 10%
FBS, 100 U/mL penicillin (Invitrogen), and 100 pg/mL streptomycin
(Invitrogen) at 37°C in 5% CO,. At 24 hours prior to transfection, the
HEK293 cells were seeded onto a 35 mm dish at a density of 1.5 x 10*
cells per well in 3 mL of culture medium. Transient transfection of the
HEK293 cells was performed using Lipofectamine 2000 (Invitrogen)
after 24 hours (34). Before the transfection experiment, the cells were
rinsed twice with warm PBS (pH 7.4) and subsequently transfected
with 2 pg of pCI-SEP-NR2B (Addgene, plasmid 23998) and mCherry-
TM25 (GeneChem) on day in vitro (DIV) 14. Four hours after transfec-
tion at 37°C in a 5% CO, atmosphere, the cells were rinsed with warm
PBS and supplied with 3 ml of culture medium containing 10% FBS.
After 48 hours of incubation to establish enhanced green and red fluo-
rescent protein expression, the cells were rinsed twice with PBS, fixed,
and then stained.

Immunofluorescence staining. The animals were rapidly eutha-
nized, and the brains were immediately postfixed in 4% paraformalde-
hyde for 24 hours at 4°C. The brains were immersed in a 30% sucrose
PBS solution for 48 hours and subsequently sliced using a freezing
microtome (Leica); 16 pm sections were collected on glass slides.
The sections were blocked with 10% goat serum (BOSTER Biological
Technology) and 0.1% Triton X-100 in PBS for 2 hours. The cultured
neurons were fixed on DIV 14 with 4% paraformaldehyde/4% sucrose
in PBS for 10 minutes and permeabilized with 0.3% Triton X-100 in
PBS for 15 minutes at room temperature. The primary antibodies were
diluted in 1% (wt/vol) BSA/PBS, added to the coverslip, and incubated
overnight in a humidified chamber at 4°C. The coverslips were washed
3 times with PBS and incubated with the secondary fluorescent anti-
body diluted in 1% (wt/vol) BSA/PBS at room temperature for 1
hour. The following primary antibodies were used: rabbit polyclonal
anti-TMEM?25 (Proteintech, catalog 24361-1-AP), mouse monoclonal
anti-MAP2 (Zhongshan Golden Bridge, catalog TA337109), chicken
polyclonal anti-GFAP (Abcam, catalog ab4674), rabbit polyclonal anti-
GFP (Invitrogen, catalog A-11122), mouse monoclonal anti-EEA1 (Pro-
teintech, catalog 66218-1-Ig), and mouse monoclonal anti-LAMP2
(Proteintech, catalog 66301-1-Ig). The following secondary antibodies
were used: Alexa Fluor 488-conjugated goat anti-rabbit IgG (Zhong-
shan Golden Bridge, catalog ZF-0511), DyLight 594-conjugated goat
anti-mouse IgG (Zhongshan Golden Bridge, catalog ZF-0513), Alexa
Fluor 405-conjugated goat anti-chicken IgG (Abcam, catalog 175674),
and AMCA-conjugated goat anti-mouse IgG (Beyotime Biotechnolo-
gy, catalog A0413). Images were captured using laser-scanning confo-
cal microscopy (Nikon) under an Olympus IX 70 inverted microscope
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equipped with a Fluoview FVX confocal scan head. The fluorescence
intensity was analyzed using Image-Pro Plus software, and colocaliza-
tion analyses were performed using NIS-viewer (Nikon).

Lentivirus vector construction. As a result of their high levels of
expression, consistent targeting of various cells and efficient medi-
ation of stable gene transfer, LVs were specifically selected for our
experiments (35). An shRNA with a targeting sequence 5-ATC-
CAACCTTCAGCTCAAT-3' directed against Tmem25 was carried
by an LV, designated LV-shTM25, to reduce hippocampal TMEM25
levels. The LV-transferred plasmids encoding mouse TMEM25 are
hereafter designated as LV-TM25. The LVs also contained a separate
transcription cassette for the red fluorescent protein mCherry. The
control vectors Con-LV-TM25 and Con-shRNA expressed mCherry
under the control of the same promoter that was used for LV-TM25
and LV-shTM25, respectively. An shRNA with a targeting sequence
5-GCTGGTGATAATCCTTCTGAA-3' directed against NR2B was
carried by an LV, designated LV-shNR2B, to knock down the expres-
sion of NR2B. The LV-transferred plasmids that encoded mouse NR2B
are hereafter designated as LV-NR2B.

Intrahippocampal injections of virus. Mice were randomly assigned
to groups based on the type of virus injected. Briefly, the mice were
anesthetized and placed in a stereotaxic apparatus (RWD Life Sci-
ence). Two microliters of virus particles (0.5-1 x 10° TU/mL) was bilat-
erally injected into the dorsal hippocampus (anterior/posterior: -2.0
mm, medial/lateral: #1.5 mm, and dorsal/ventral: -1.5 mm) through a
glass pipette (0.2 uL/min) using a glass microsyringe. Following injec-
tion, the pipette was maintained in place for an additional 5 minutes to
prevent backflow of viral particles through the injection probe.

In vitro electrophysiological analysis. Fourteen days after virus
infection, the mice used for the patch-clamp experiments were deeply
anesthetized and subsequently decapitated; coronal slices (300 pm
thick) were cut using a vibratome (Leica VT12008S). The slices were
cut in an ice-cold solution containing the following components: 60
mM NaCl, 100 mM sucrose, 2.5 mM KCl, 1.25 mM NaH,PO,-2H,0, 20
mM D-glucose, 26 mM NaHCO,, 1 mM CaCl,, and 5mM MgCL,-6H,0
saturated with 95% O, and 5% CO,,. The slices were allowed to recover
in modified artificial cerebral spinal fluid (ACSF) containing 125 mM
NaCl, 3 mM KCl, 1.25 mM NaH,PO,-2H,0, 15 mM D-glucose, 26 mM
NaHCO,, and 2 mM CacCl, saturated with 95% O, and 5% CO, at 32°C
for at least 45 minutes before recording. This ACSF composition was
used for all in vitro recordings. NVP-AAMO77 (50 nM; MedChem-
Express) or Ro 25-6981 (0.5 uM; Sigma-Aldrich) was added to the per-
fusate to block NR2A or NR2B subunits, respectively (36).

Glass pipettes were filled with an internal solution consisting of
the following components to measure the sAPs: 60 mM K,SO,, 60 mM
N-methyl-D-glucamine, 40 mM HEPES, 4 mM MgCl,-6H,0, 0.5 mM
BAPTA, 12mM phosphocreatine, 2mM Na,ATP, and 0.2 mM Na,GTP.
Spontaneous APs were recorded from neurons at the resting mem-
brane potential using a whole-cell patch clamp in current clamp mode.

Glass microelectrodes were filled with a solution containing
130-mM Cs-methanesulfonate, 10 mM HEPES, 10 mM CsCl, 4
mM NaCl, 1 mM MgCl,-6H,0, 1 mM EGTA, 5 mM N-methyl-D-glu-
camine, 5 mM MgATP, 0.5 mM Na,GTP, and 12 mM phosphocreatine
to measure the NMDAR-mediated mEPSCs. Additionally, 10 pM
6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX), 1-uM tetrodo-
toxin (TTX), and 100-uM picrotoxin (PTX) were added to the ACSF
to record the NMDAR-mediated mEPSCs at a holding potential of
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+40 mV. The solution in the glass microelectrodes in the experi-
ments designed to measure the AMPAR-mediated mEPSCs was the
same as that for NMDAR-mediated mEPSCs: 100 uM PTX, 50 uM
2-amino-5-phosphonovaleric acid, and 1 pM TTX were added to the
ACSF to record the AMPAR-mEPSCs when held at =70 mV. Glass
microelectrodes were filled with the following solution to record
the mIPSCs: 100 mM CsCl, 10 mM HEPES, 1 mM MgCl,-6H,0, 1
mM EGTA, 30 mM N-methyl-p-glucamine, 5 mM MgATP, 12 mM
phosphocreatine, and 0.5 mM Na,GTP. Slices were submerged and
continuously perfused with ACSF containing 10 uM DNQX, 50 uM
2-amino-5-phosphonovaleric acid, and 1 uM TTX to record the mIP-
SCs when held at -70 mV.

To record evoked EPSCs, glass microelectrodes were filled with
the same solution used to record the mEPSCs. The AMPAR- and
NMDAR-mediated synaptic responses were evoked by a bipolar stim-
ulation electrode located approximately 50 pm rostral to the record-
ing electrode in the same layer. In the presence of 100 uM PTX, we
obtained stable synaptic responses at a holding potential of <70 mV;
the amplitude of these responses represents the AMPAR-specific com-
ponent. At +40 mV, an amplitude of 50 ms poststimulus was identi-
fied as the NMDA-specific response.

For PPR recordings, the holding potential was +40 mV in the pres-
ence of 100 uM PTX and 10 uM DNQX. The interval for paired stim-
ulations was set at 50 ms. The PPRs were calculated as the ratio of the
second peak amplitude to the first peak amplitude.

The signals were acquired using a MultiClamp 700B amplifi-
er (Axon) and were recorded using pClamp 10 software (Molecular
Devices). All electrophysiological signals were filtered at 2 kHz and
digitized at 10 kHz.

Western blotting analysis. The collected brain tissue samples and
hippocampal neurons used for total protein collection were homoge-
nized in radioimmune precipitation buffer containing 1% PMSF. The
obtained homogenate was incubated on ice for 30 minutes and centri-
fuged in an ultracentrifuge (Sigma-Aldrich) at 16,000 g for 30 minutes
at 4°C, and the supernatant fractions were collected. The membrane
fraction was collected using a Minute Plasma Membrane Protein
Isolation and Cell Fractionation Kit (Invent Biotechnologies, catalog
SM-005) according to the manufacturer’s instructions. Briefly, the
tissue was placed in a filter cartridge and homogenized in 200 pL of
buffer A using a plastic rod for 1 minute. Then, 300 pL of buffer A was
added to the same filter cartridge, and the tube was incubated on ice
with constant mixing. The homogenates were centrifuged at 16,000
g for 30 seconds at 4°C. The filter was discarded, and the pellet was
vigorously resuspended. The homogenates were centrifuged at 700 g
for 1 minute. The supernatant was transferred to a fresh 1.5 mL tube
and centrifuged at 4°C for 30 minutes at 16,000 g, and then the pellet
was collected. The total and membrane protein concentrations were
measured by a BCA protein assay (Beyotime Biotechnology).

Equal amounts of proteins (20 pg) were loaded on 10% SDS-PAGE
gels and transferred to polyvinylidene fluoride membranes (Milli-
pore). The membranes were blocked with blocking reagent (Beyotime
Biotechnology, catalog P0252) for 15 minutes at room temperature,
followed by incubation with primary antibodies overnight at 4°C.
The membranes were washed 3 times for 5 minutes per wash with
Tris-buffered saline with 0.1% Tween-20, incubated with a peroxidase-
conjugated secondary antibody (Proteintech, catalog SAO0001-2) for
1 hour at room temperature, and then washed 3 additional times with
Volume 129  Number 9
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Tris-buffered saline with 0.1% Tween-20. The blots were imaged and
quantified using a Fusion Imaging System. The primary antibodies
and dilutions used for the Western blot were as follows: rabbit poly-
clonal anti-TMEM25 (Proteintech, catalog 24361-1-AP), rabbit poly-
clonal anti-NR2B (Proteintech, catalog 21920-1-AP), rabbit polyclon-
al anti-NR2A (Proteintech, catalog 19953-1-AP), rabbit monoclonal
anti-NR1 (Abcam, catalog ab109182), rabbit polyclonal anti-GluR1
(Abcam, catalog ab31232), rabbit polyclonal anti-GluR2 (Proteintech,
catalog 11994-1-AP), rabbit monoclonal anti-GluR3 (Abcam, catalog
ab40845), rabbit polyclonal anti-GluR4 (Proteintech, catalog 23350-1-
AP), rabbit polyclonal anti-GAPDH (Proteintech, catalog 10494-1-AP),
and rabbit polyclonal anti-ATP1A1 (Proteintech, catalog 14418-1-AP).
For quantification, the immunoreactive bands were normalized to a
corresponding GAPDH or ATP1A1 reference band.

Coimmunoprecipitation. The tissues were homogenized in 200 pl of
lysis buffer, and the tubes containing the lysates were incubated on ice
for 30 minutes. The lysates were centrifuged at 16,000 g for 15 minutes
at 4°C, and then the supernatant was collected. Twenty microliters of
the supernatant was frozen as a lysis control. Forty microliters of mag-
netic beads (MedChemExpress, catalog HY-K0202) was resuspended
and transferred into a 1.5 mL tube. The beads were washed 3 times with
wash buffer, incubated with diluted antibody (5 ng/mL), and then rotat-
ed for 2 hours at 4°C. The beads were washed 5 times with wash buffer
and then incubated with tissue lysates with rotation for 2 hours at 4°C
to allow the Ag to bind to the Protein A/G Magnetic Bead-Ab complex.
Then, the Magbead-Ab-Ag complex was collected and washed 5 times
using wash buffer. Finally, magnetic separation was performed using
40 pL of elution buffer, and the supernatant was collected. Samples
of the final solution were used for denaturing SDS-PAGE. Membranes
were blocked with blocking reagent (Beyotime Biotechnology, catalog
P0252) for 15 minutes and then incubated overnight at 4°C with rab-
bit polyclonal anti-TMEM?25 (Proteintech, catalog 24361-1-AP), rabbit
polyclonal anti-NR2B (Proteintech, catalog 21920-1-AP), rabbit poly-
clonal anti-NR2A (Proteintech, catalog 19953-1-AP), rabbit monoclo-
nal anti-NR1 (Abcam, catalog ab109182), rabbit polyclonal anti-GluR1
(Abcam, catalog ab31232), rabbit polyclonal anti-GluR2 (Proteintech,
catalog 11994-1-AP), rabbit monoclonal anti-GluR3 (Abcam, catalog
ab40845), and rabbit polyclonal anti-GluR4 (Proteintech, catalog
23350-1-AP) in Tris-buffered saline with 0.1% Tween-20. After wash-
ing, the filters were incubated for 1 hour at room temperature with a
peroxidase-conjugated secondary antibody (Proteintech, catalog
SA00001-2). The blots were imaged using a Fusion Imaging System.

Quantitative real-time PCR analysis of NR2B. Total RNA was
extracted from the hippocampi of the Con-LV-TM25-, LV-TM25-,
Con-shRNA-, and LV-shTM25-treated mice using standard protocols.
cDNA was subsequently synthetized using HiScript IT qRT Super Mix
(Vazyme). Real-time PCR was performed using

Ace Q qPCR SYBR Green Master Mix (Vazyme) and an iQ5 Real-
Time PCR detection system (Bio-Rad). The PCR primer sequences
used to amplify NR2B and GAPDH mRNAs are listed in Supplemen-
tal Table 1. The relative mRNA levels were determined according to
the average cycle threshold value (Ct) and were normalized to the
level of the housekeeping gene Gapdh. Fold changes were quantified
using the 224 method (37).

LysoSensor Green DND-189 staining. Primary cultured neurons
were prepared as previously described and plated onto poly-L-lysine-
coated 6-well plates. On DIV 2, the neurons were infected with dif-
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ferent lentiviruses that encoded an mCherry reporter. On DIV 14, the
neurons were stained with LysoSensor Green DND-189 (1 uM; Yeasen,
catalog 40767ES50) for 30 minutes. The neurons were subsequently
washed once with neurobasal medium and immediately imaged. The
images of the LysoSensor and lentivirus fluorescence were obtained
using a x40 objective lens. All images were uniformly thresholded for
the LysoSensor- or mCherry-positive area analysis (34). The fluores-
cence intensity of LysoSensor in the mCherry-positive areas was ana-
lyzed using Image-Pro Plus software.

NR2B degradation assay. Neurons were cultured as previous-
ly described. On DIV 2, neurons were infected with LVs. On DIV 14,
primary neurons were treated with CHX (20 pg/mL; MedChem-
Express) at 37°C to inhibit further protein synthesis (38). At the indi-
cated time points, total protein was extracted from the cells as previ-
ously described, and the total protein expression of the NMDAR and
AMPAR subunits was analyzed by Western blotting.

Human samples. Cortical tissue from the temporal lobes of patients
with drug-refractory TLE or brain trauma was surgically obtained
from the First Affiliated Hospital of Chongging Medical University. All
patients with TLE had typical epilepsy symptoms and electroenceph-
alographic features, and their seizures persisted despite more than
2 years of medical therapy with 3 or more kinds of AEDs at effective
blood drug concentrations. The seizure type was diagnosed based on
the proposed classification of epileptic seizures by the International
League Against Epilepsy in 2001 (39). Temporal lobe resection was
performed in accordance with a conventional standard protocol,
namely, the en bloc anterior temporal lobe resection procedure (40).
Before surgery, the epileptic lesion was localized by high-resolution
magnetic resonance imaging, prolonged video-EEG monitoring, and/
or PET. Depth electrodes were embedded in patients whose lesions
could not be localized by the previously mentioned techniques. Sur-
gical specimens were subjected to routine histopathological examina-
tion. Two neuropathologists independently reviewed all samples. The
age- and sex-matched control group consisted of temporal lobe tissue
samples obtained from patients who were treated for increased intra-
cranial pressure secondary to traumatic brain injury and had no his-
tory of epilepsy, no exposure to AEDs, and no other history of neuro-
logical or psychiatric disorders. The 2 neuropathologists also reviewed
these cases and confirmed that the histopathological findings of the
specimens were normal. The demographic and clinical features of the
patients are summarized in Supplemental Table 2.

Mouse seizure models. For the epilepsy models, specific pathogen-
free C57BL/6 male mice (20-25 g) were housed 5 animals per cage in
the Experimental Animal Center of Chongqing Medical University.
The mice were housed under standard conditions (room temperature,
23 +1°C; illumination, 12-hour light/12-hour dark cycle; access to food
and water, ad libitum). Two weeks after intrahippocampal injections
of viruses into the mice, seizures were induced using the PTZ kindling
model or KA model.

In the PTZ kindling model, mice received i.p. injections of 35 mg/
kg PTZ (Sigma-Aldrich) every other day for 30 days. Immediately
after each injection, the animals were observed for 60 minutes, and
the evoked behavioral seizures were evaluated according to Racine’s
standard scale (1972; ref. 16).

In the KA model, mice were injected with 1.0 nmol of KA (Sigma-
Aldrich) in 50 nl of saline as previously described (41, 42). Two hours
after KA injection, nonconvulsive SE was terminated using diazepam.

RESEARCH ARTICLE

Then, the mice were video recorded for 24 hours to monitor SRSs for
4 weeks. Seizure scores were evaluated on Racine’s standard scale
(1972; ref. 16), and only seizures with a score of 4 or 5 were record-
ed to determine the number of SRSs and the latency period between
SE termination and the first SRS (43). Furthermore, intracranial LFP
recordings were performed as previously described (41) to assess the
effects of the different virus vectors on electrographic seizures at the
end of video recording.

Statistics. For independent samples, the independent Student’s ¢ test
(2-tailed) or Mann-Whitney U test was performed to compare 2 groups.
Comparisons of more than 2 groups were performed using 1-way ANO-
VA. Two-way ANOVA was used to detect the differences between 2 or
more groups at multiple time points. Generalized estimating equation
analysis was used to detect the differences of repeated measurement
data between 2 or more groups (SPSS version 17.0). If the data did not
meet the assumptions of normality and homogenous variances, the non-
parametric Kruskal-Wallis test was used instead. The y? test was applied
to explore the gender differences between the groups of patients with
TLE and the controls. Graphs were prepared by GraphPad Prism 4 soft-
ware. P < 0.05 was considered statistically significant and was indicated
as *P<0.05,**P< 0.01, or ***P < 0.001in the summary graphs.

Ethical approval and consent to participate. The study protocol
related to human subjects was performed in accordance with the
Declaration of Helsinki and approved by the Ethics Committee of
the First Affiliated Hospital of Chongging Medical University. Writ-
ten informed consent for the use of tissues in this study was obtained
before surgery. All animal studies were approved by the Ethics Com-
mittee of the Chongqing Medical University and were conducted
in accordance with the principles outlined in the Animal Research:
Reporting In Vivo Experiments guidelines.
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