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Abstract Notch signaling in the nervous system is often
regarded as a developmental pathway. However, recent stud-
ies have suggested that Notch is associated with neuronal
discharges. Here, focusing on temporal lobe epilepsy, we
found that Notch signaling was activated in the kainic acid
(KA)-induced epilepsy model and in human epileptogenic
tissues. Using an acute model of seizures, we showed that
DAPT, an inhibitor of Notch, inhibited ictal activity. In con-
trast, pretreatment with exogenous Jagged1 to elevate Notch
signaling before KA application had proconvulsant effects. In
vivo, we demonstrated that the impacts of activated Notch
signaling on seizures can in part be attributed to the regulatory
role of Notch signaling on excitatory synaptic activity in CA1
pyramidal neurons. In vitro, we found that DAPT treatment
impaired synaptic vesicle endocytosis in cultured hippocam-
pal neurons. Taken together, our findings suggest a correlation

between aberrant Notch signaling and epileptic seizures.
Notch signaling is up-regulated in response to seizure activity,
and its activation further promotes neuronal excitation of CA1
pyramidal neurons in acute seizures.
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Introduction

Notch signaling regulates many developmental events of the
central nervous system (CNS), including maintenance of neural
stem cells (NSCs), cell fate determination, and regulation of
neurite outgrowth in post-mitotic neurons [1, 2]. Recent studies
have implicated Notch signaling in short-term plasticity and
neuronal discharges. Gaiano and colleagues reported that Notch
signaling was activated by neuronal activity, as indicated by an
increase in Notch1 expression and cleaved NICD1 (Notch intra-
cellular domain 1) in cultured hippocampal neurons stimulated
with NMDA (N-methyl-D-aspartate) [3]. Struhl and colleagues
showed that Notch signaling in Drosophila was activated spe-
cifically by odor stimulation in brain regions responsible for
olfactory processing [4]. Although these findings suggest a po-
tential role of Notch signaling in regulating neuronal excitability,
further studies are needed to better understand the role of Notch
signaling in short-term plasticity and in diseases beyond those
related to neuronal development.

Disruption of Notch signaling has been described in an epi-
leptic mind bomb zebrafish which are characterized by a severe
neurogenic phenotype and spontaneous seizures. These defects
have been interpreted as a consequence of abnormal Notch
signaling and developmental disability of the nervous system
[5–7]. However, given the possible role of Notch signaling in
regulating neuronal discharges in mature neurons, it remains
unclear whether Notch signaling may participate in seizure gen-
eration. In the present study, we used mouse model of acquired

Authors Longze Sha and Xiaofeng Wu contributed equally to this work.

Electronic supplementary material The online version of this article
(doi:10.1007/s12035-013-8545-0) contains supplementary material,
which is available to authorized users.

L. Sha :X. Wu : Z. Sha :X. Wang :X. Xing :W. Li :N. Wang :
Y. Shen :Q. Xu (*)
National Laboratory ofMedicalMolecular Biology, Institute of Basic
Medical Sciences, Chinese Academy of Medical Sciences and
Peking Union Medical College, Beijing, China 100730
e-mail: xuqi@pumc.edu.cn

Y. Yao :W. Dou : L. Jin : L. Wu
Department of Neurology, Peking Union Medical College Hospital,
Chinese Academy of Medical Sciences and Peking Union Medical
College, Beijing, China 100730

L. Wu
e-mail: wlw1946@yahoo.com.cn

B. Wen : J. Feng : J. Wang
State Key Laboratory of Brain and Cognitive Sciences, Institute of
Biophysics, Chinese Academy of Sciences, Beijing, China 100101

Mol Neurobiol (2014) 49:633–644
DOI 10.1007/s12035-013-8545-0

http://dx.doi.org/


epilepsy to study the spatial and temporal activation pattern of
Notch signaling at different stages of temporal lobe
epileptogenesis. Using an acute model of seizures, we provide
evidences that Notch is activated in response to seizure activity
and that its activation promotes seizures, partly by elevating
excitatory synaptic transmission of CA1 pyramidal neurons.
Furthermore, we show that DAPT, which inhibits Notch signal-
ing through γ-secretase, can suppress acute seizures, as well as
inhibit synaptic vesicle generation in cultured hippocampal
neurons.

Results and Discussion

Activation of Notch Signaling in KA-Induced Mouse Model
of Epilepsy

To examine whether seizure activity affects Notch activation, we
used the well-established kainic acid (KA) mouse model of
temporal lobe epilepsy [8, 9]. After unilateral intrahippocampal
injection of 200 ng KA, mice experienced at least 2 h of
convulsive status epilepticus (SE), and recurrent seizure activity
developed within 1 week. We measured Notch1, NICD1, and
Jagged1 by western blots of hippocampal homogenates at vari-
ous time points in the first week after inducing SE by KA
injection; vehicle-injected hippocampus served as control group.
In the acute phase, a significant increase in Notch1 and Jagged1
was seen within 3 h of the onset of KA-induced seizures
(Fig. 1A,B,C,D). The expression of Notch1 peaked at 24 h after
KA-induced seizures and was still up-regulated during the latent
phase, as examined on day 5 post-SE. KA treatment led to an
increase in NICD1 levels at 3 h and at 24 h, and the NICD1
peaked on day 5 post-SE (Fig. 1A, B). Furthermore, Notch
signaling in the hippocampus contralateral to the injection site
was slightly increased during acute and latent period but returned
to basal levels at 5 weeks post-SE (Online Resource 1).

Up-regulation of Notch Signaling in the Dispersed Granule
Cells

Next, we investigated whether the spatial pattern of Notch sig-
naling activation was altered in the sclerotic hippocampi from
mice with chronic spontaneous seizures.Widespread distribution
of NICD1 immunohistochemical staining was observed in the
molecular layer of dentate gyrus which contains the dendrites of
granule cells (Fig. 2A). In the fifth week after KA-induced
seizures, NICD1 was more abundant in the hilus, CA1, and
CA3 subfields, suggesting that NICD1 was up-regulated in
neurites throughout the hippocampus (Fig. 2D). The long-
lasting up-regulation of Notch signaling in the chronic stage of
epilepsy may result in a disruption of dendritic arborization and
increased dendritic spines in neurons, as reported previously
[10]. Furthermore, the seizure frequency at 12 weeks after KA-

induced SEwas higher than at 5 weeks post-SE (119±20 and 52
±7 per day, respectively; Fig. 2H), and this was accompanied by
a higher NICD1 protein levels (Fig. 2H).

The expression of Jagged1 and Notch1 was prominent in
pyramidal neurons of control hippocampus while was low
expressed in the granule cells of the dentate gyrus
(Fig. 2B,C). In the fifth week after KA injection, up-
regulation of Notch1 and Jagged1 was observed in ectopic
granule cells (Fig. 2E,F), as determined by the fluorescence
signals of Jagged1 and Notch1 in Tuj1-positive granule cells of
the sclerotic hippocampus and control hippocampus (Fig. 2G).

Up-regulated Expression of NICD1 in Human Epileptogenic
Tissues

Furthermore, we examined the protein levels of NICD1 in the
sclerotic hippocampus from mesial temporal lobe epilepsy
(MTLE) patients. The NICD1 levels in the hippocampal scle-
rosis (HS) group were increased about 2.8±0.4-fold compared
with autopsy controls, and 1.6-fold compared with the non-
HS groups (Fig. 3A,B). Considering the effect of the post-
mortem interval (PI) on protein stability, we tested the influ-
ence of time from death to snap freezing of mouse brain tissue
and found a limit change in NICD1 protein levels under the
condition of a post-mortem time of 8 h (Online Resource 2).

Autopsy controls showed that NICD1 staining was almost
absent from the neurites of granule cells (Fig. 3C). The samewas
true of five of the non-HS cases (Fig. 3D). In the resected
hippocampi of patients with HS, strong NICD1 immunoreactiv-
ity was present in the molecular layer and the hilus of the dentate
gyrus whichmainly contains the dendrites and themossy fiber of
granule cells, respectively (Fig. 3E). The inset of Fig. 3E showed
strong NICD1 immunoreactivity in neurites of granule cells. The
study of Notch signaling in the sclerotic hippocampi from TLE
patients verified a similar activation pattern which was observed
in the mouse model of chronic epilepsy.

Application of Exogenous Jagged1 Promotes Acute Seizures

To determine whether the activation of Notch signaling in-
duced by acute epilepsy was involved in seizure generation,
we applied pharmacological interference on an acute model of
epilepsy in which seizures were induced by intrahippocampal
application of 7 ng KA. This dose induced electroencepha-
lography (EEG) epileptiform activity in 100 % of mice with-
out any mortality or apparent neuronal loss [11, 12].

A schematic illustration of the experimental protocol is
presented in Fig. 4A. Ictal activity was confirmed by both
video-EEG recordings and calculated by summing the duration
of each ictal episode, which included behavioral arrest and
generation of a clonic seizure (Online Resource 3).
Recombinant Jagged1 protein was intrahippocampally injected
30 min prior to KA injection to evoke Notch signaling (Fig. 4B).
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Jagged1 injection significantly increased the ictal activity 5.6±
1.4-fold and the number of seizures 3.0±0.7-fold compared with
vehicle-injected mice (Fig. 4C). However, activation of Notch
signaling did not influence the time to onset of the first seizure
(Fig. 4C).

Anticonvulsant Effects of DAPTApplication Prior
to KA-Induced Seizures

The results above predict that the pharmacological blockade of
Notch signaling should have anticonvulsant effects.We therefore
interfered with the activation of Notch signaling by injecting
DAPT, a γ-secretase inhibitor, to suppress KA-induced Notch
receptor cleavage (Fig. 4D). Compared with the vehicle group,
DAPT injection reduced the duration of KA-induced seizures by
72 % and the number of seizures by 56 % (Fig. 4E). These
observations suggest that Notch signaling activation by acute
seizures in turn facilitates further neuronal excitability.
Conversely, as observed in Jagged1 injected group, DAPT treat-
ment also has no effect on the onset of seizures (Fig. 5E),
suggesting that activation of Notch signaling is not related to
the mechanism by which seizures are triggered.

Modulation of Notch Signaling Altered the Excitability
of CA1 Pyramidal Neurons

Since the distribution of uncleaved Notch1 receptors was
largely restricted to pyramidal neurons in the normal

hippocampus (Fig. 2C), the increase in NICD1 induced by
acute seizures may be caused mainly by the cleavage of Notch
receptors in pyramidal neurons. More importantly, a previous
study reported that mice with deleted Notch1 gene in CA1
pyramidal neurons exhibited reduced long-term potentiation
[3]. We therefore examined whether the activation of Notch
signaling in acute seizures could influence the synaptic activ-
ity of CA1 pyramidal neurons. We recorded spontaneous
excitatory post-synaptic currents (sEPSC) of CA1 pyramidal
neurons from KA-induced mouse model of seizures under
conditions of vehicle pretreatment and Jagged1 pretreatment
as described in the drug testing experiment. Figure 5A illus-
trates that Jagged1 pretreatment appears sEPSC amplitude and
frequency in hippocampal CA1 pyramidal neurons. The sta-
tistical analyses about cumulative probability versus inter-
EPSC intervals (Fig. 5B) and versus sEPSC amplitudes
(Fig. 5C) indicate that Jagged1 pretreatment decreases inter-
EPSC intervals and increases sEPSC amplitudes compared
with vehicle-pretreated CA1 pyramidal neurons. By contrast,
DAPT pretreatment decreased sEPSC amplitudes and in-
creased inter-EPSC intervals (Fig. 5D,E,F).

Moreover, we found that neither Jagged1 nor DAPT treat-
ment affects the action potential thresholds and the input–
output curves of CA1 pyramidal neurons (Online Resource
4). These results suggest that the impact of Notch signaling
activation on the functions of CA1 pyramidal neurons is
mainly targeted to the signal transmission at glutamatergic
synapses. Overall, the proconvulsant effect of activated

Fig. 1 Notch signaling was activated by KA-induced seizures. A West-
ern blotting showed Notch1 expression and NICD1 levels in the injected
hippocampus at different time interval (3 h, 24 h, 5 days) within the first
week of KA-induced seizures (which lasted 4.2±1.4 h). Vehicle-injected
hippocampus served as control group. B Quantitative analyses demon-
strated that the expression levels of Notch1 andNICD1were up-regulated

at 3 h after the onset of KA-induced seizures. C , D The expression of
Jagged1 was increased at 3 h after KA-induced seizures (2.0±0.1-fold),
and it peaked (2.8±0.2-fold) on the fifth day post-SE. Error bars are
mean ± SE. Single asterisk (*) p <0.05, double asterisk (**) p <0.01 by
one-way ANOVA (n=5 or 6 for each time point)
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Notch signaling on acute seizures can be partly attributed to a
regulatory role of Notch signaling in the synaptic transmission
of CA1 pyramidal neurons.

DAPT Treatment Disrupted Synaptic Vesicle Endocytosis
in Cultured Hippocampal Neurons

It has been reported that Notch1 coimmunoprecipitates with
Dynamin from protein lysates generated from neuronal cul-
tures, and NICD1 protein levels is regulated by activity
in vitro [3]. Dynamin is a neuronal phosphoprotein and a
GTPase enzyme which is involved in clathrin-mediated endo-
cytosis in neural cells [13], and endocytosis is a critical step to

generate new synaptic vesicles for neurotransmitter loading
[14]. Having shown that Notch signaling is associated with
synaptic activity of CA1 pyramidal neurons, we sought to
confirm that disruption of Notch signaling could impair syn-
aptic vesicle formation. FM4-64 is a membrane-selective
fluorescent dye that has been widely used to observe synaptic
vesicle recycling [15, 16]. We used the dye to monitor synap-
tic endocytosis in conditions of KA stimulation with or with-
out DAPT. Primary hippocampal neurons at 10 days in vitro
(DIV) were treated with DAPT for 1 h, and stimulated with
KA for another 2 h to induce synaptic activity. For FM4-64
loading, the dye was applied to the cultures for 30 or 120 s.
After washing, the clusters of vesicles can be observed as

Fig. 2 Distribution of NICD1, Jagged1, and Notch1 in the sclerotic
hippocampus of mice with chronic epilepsy. A In vehicle-treated control
mice (n=5), NICD1 immunoreactivity was detectable in the molecular
layer of the dentate gyrus. D The hippocampus with long-term epilepsy
showed strong NICD1 immunoreactivity throughout the hippocampal
subfields (5 weeks after KA-induced seizures, n =4). B , C Jagged1 and
Notch1 were present in the pyramidal neurons and expressed at low levels
in the granule cells of the dentate gyrus. E , F During the chronic phase,
increased expression of Jagged1 and Notch1 was observed in the dis-
persed granule cells of KA-injected hippocampus. G Increased

expression of Jagged1 andNotch1 (red) in Tuj-1 positive neurons (green)
of epileptic hippocampus compared with control hippocampus. Data
were the average fluorescence intensity of 50 granule cells. H Seizure
frequency of mice at 12 weeks (n =4) post-SE was increased by
2.2±0.2-fold compared with mice at 5 weeks (n =4). This was
accompanied with increased NICD1 expression (1.5±0.1-fold).
ML molecular layer, DG dentate gyrus. Scale bar in A–F :
100 μm. Error bars are mean ± SE. N.D. not detectable. Single
asterisk (*) p <0.05, double asterisk (**) p <0.01, triple asterisk
(***) p <0.001 by one-way ANOVA or Student's t test
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distinct fluorescent spots along the neurites (arrows in
Fig. 6A). In unstimulated cultures (Fig. 6A, images b1 ,b4),
number of fluorescent spots were found to bemuch lower than
in KA-stimulated group (Fig. 6A, images b2 ,b3 ,b5 ,b6 ).
DAPT treatment significantly decreased FM4-64 signal along
the neurites compared with KA treatment alone, which repre-
sented increased endocytosis process (Fig. 6A, images
b2 ,b3 ,b5 ,b6). Statistic analysis of fluorescent intensity con-
firmed the results (Fig. 6B). Qualification of the number of
puncta along neurites also demonstrated a decreased FM4-64
uptake in the cultures that have undergone DAPT treatment
(Fig. 6C,D). These results indicate that DAPT treatment could
impair KA-stimulated synaptic vesicle generation in cultured
hippocampal neurons.

Discussion

Notch1 Is Activated in Response to Seizure Activity

In addition to cell fate determination, recent studies have increas-
ingly highlighted the importance of Notch signaling in the reg-
ulation of synaptic plasticity [3, 10, 17, 18]. In the present study,
we investigated Notch signaling in mature neurons of the hippo-
campus undergoing epileptogenesis and found that Notch

activity was persistently elevated after induction of status
epilepticus. We showed that KA-induced acute and chronic
seizures activated Notch signaling. On day 5 after KA-induced
seizures, the expression of Jagged1 and NICD1 reached maxi-
mum levels. The mechanism by which Notch activation reached
a peak on day 5 is unclear, but this event occurs in the latent
period making it potentially critical for the establishment of
subsequent recurrent seizures. In the chronic stage of
epileptogenesis, Notch signaling was still up-regulated in
neurites throughout the hilus and CA1 subfields. We speculate
that sustainedNotch activation in disorganized synaptic networks
may result in a long-lasting disruption of dendritic arborization of
neurons and increased dendritic spines in mature neurons, as
reported previously [10]. Besides, we found that the activation of
Notch signaling accompanied with an increase in seizure fre-
quency. Thus, both the temporal and spatial patterns of Notch
activation suggest that aberrant Notch signaling may be involved
in the formation of abnormal neural circuits in temporal lobe
epileptogenesis.

Notch Signaling Activation Contributes to Perpetuating Acute
Seizures

It is well known that Notch signaling plays important roles in the
regulation of neuronal migration and synaptic morphology

Fig. 3 Activated Notch signaling in human epileptogenic tissues. West-
ern blot analysis of NICD1 in hippocampus: A representative immuno-
blots and B densitometric analysis of total homogenates from autopsy
control hippocampi (n =5), non-sclerotic controls (non-HS, n=5), and
sclerotic hippocampi fromMTLE patients (HS, n =7). The NICD1 levels
in patients with HS were significantly higher than that in autopsy controls
(2.8±0.4-fold) and also higher than non-HS group (1.6-fold). Immuno-
histochemical study of autopsy controls (n =7), non-HS (n =5), and

resected hippocampi of patients with HS (n=11) showed significant up-
regulation of NICD1 immunoreactivity in the molecular layer and the
hilar region of the dentate gyrus of the sclerotic hippocampus (C , D , E).
Arrowhead in the inset of E indicated strong NICD1 immunoreactivity
that was present around the somata and neurites of neurons within the
granule cell layer of sclerotic hippocampus. PI post-mortem interval,ML
molecular layer, DG dentate gyrus. Scale bar in C–E : 100 μm. Single
asterisk (*) P<0.05, double asterisk (**) P <0.01 by one-way ANOVA
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[2]. However, in contrast to these time-dependent changes, we
observed a Jagged1 induced timely enhancement of acute sei-
zures. This indicates that acute activation of Notch signalingmay
be associated with short-term synaptic plasticity. The relationship
between Notch signaling and neuronal excitability has been
proposed before; Gaiano and colleagues reported that NMDA
treatment could activateNotch signaling in cultured hippocampal
neurons, and Jagged1 andNotch1 localized at the synaptic site of
mature neurons [3]. Hippocampal slices from Notch-antisense
transgenic mice or in mice with a conditional, post-natal deletion
of Notch1 showed decreased long-term potentiation [3, 18]. It is
possible that Notch signaling may serve as a positive feedback
factor for synaptic activity. In this study, we test the hypothesis by
pharmaceutical interventions of Notch signaling in mouse model
of acute seizures. Our finding that Jagged1 treatment promoted
seizures indicates that activation of Notch signaling increases the
excitability of hippocampal neurons during acute epilepsy.
Furthermore, exogenous Jagged1 increased excitatory synaptic
activity of CA1 pyramidal neurons without affecting intrinsic
excitability suggesting that activation of Notch signaling pro-
motes excitatory synaptic transmission.

Previous studies reported that Notch1 interact with
Dynamin [3], which is critical for clathrin-mediated endocy-
tosis in neural cells [19]. We therefore examined the effect of
DAPTon synaptic vesicle generation of hippocampal neurons
during KA stimulation. Using FM4-64 assay, our
in vitro data show that neuronal endocytosis stimulated
by KA can be blocked by DAPT, which could be
responsible for its anticonvulsant effects. Taken together,
the present results indicate that activation of Notch
signaling during acute seizures increases synaptic activ-
ity of CA1 pyramidal neurons and predict a mechanism
by which Notch signaling facilitates the release of neu-
rotransmitter through its impact on synaptic vesicles genera-
tion, thus result in neuronal hyperexcitability. It is noteworthy
that DAPT inhibits Notch signaling in an indirect manner;
therefore, the anticonvulsant effects of DAPT may come from
a combined suppression on several substrates of gamma
secretase (e.g., EphA4 ) [20, 21]. Further studies are needed
to analyze the extent to which inhibition of Notch signaling
suppresses seizures and confirm the involvement of Notch
signaling in vesicle recycling.

Fig. 4 The effects of exogenous Jagged1 or DAPT on acute seizures. A
Experimental protocol: the first EEG recording period (0–3 h) was used to
assess the baseline of mouse EEG activity before injection. Drug was
injected 0.5 h before KA. EEG activity was then recorded continuously
after KA injection (3.5–6.5 h), and EEG data were analyzed to evaluate
the effects of each drug on KA-induced acute seizures. All mice were
recovered from KA-induced acute seizures within 3 h. A dose of 10 μg
Jagged1 was injected into the hippocampus 0.5 h prior to KA-induced
seizures. B The NICD1 levels in the Jagged1-pretreated group were
increased in about 2.5-fold at 3 h post-KA injection compared with the

vehicle group (n =3). C Significant increases in ictal activity (measured
by summing up the duration of every ictal episode) and total number of
seizures were observed in Jagged1 pretreated mice (n =8) compared with
vehicle group (n =11). D DAPT treatment reduced NICD1 levels in the
hippocampus (0.5±0.1-fold, n =3). E DAPT pretreated mice (n =8)
exhibited a significant decrease in ictal activity and total number of
seizures but had no difference in the onset time compared with the vehicle
group (n=9). Error bars are mean ± SE. Single asterisk (*) p<0.05,
double asterisk (**) P <0.01 by Student's t test
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A Possible Role of Notch Signaling in Epilepsy

Genetic studies have shown a strong association between the
human NOTCH4 locus and schizophrenia [22]. Our study sug-
gests that the activation of Notch signaling during
epileptogenesis may increase the susceptibility to epilepsy devel-
opment and promote seizure activity. Epidemiological studies
have shown a strong bidirectional relationship between schizo-
phrenia and epilepsy [23]. People with epilepsy are eight times
more likely to develop schizophrenia [23]. Furthermore, the
hypothesis that an elevation in the ratio of neuronal excitation
to inhibition could give rise to hyperexcitable neural circuits is
prominent in both epilepsy and schizophrenia research [24, 25].
While a functional study of Notch signaling in the development
of schizophrenia is yet to be reported, it can be speculated based
on our work and recent findings that elevated Notch signaling
may disrupt the neural networks in both schizophrenia and
epilepsy.

In addition to the unbalanced neuronal circuits, adult
neurogenesis is also disrupted in temporal lobe epilepsy and
schizophrenia [26, 27]. Seizures are characterized by
hypersynchronous neuronal firing, and it largely impaired
NSCs [28, 29]. Notch activity was reduced in NSCs of
subgranular layer of the sclerotic hippocampus, possibly

coupled with an enhanced differentiation into astrocytes [30,
31]. Because of two distinct cell types, there is no contradic-
tion between the up-regulation and down-regulation of Notch
signaling in mature neurons and NSCs, respectively.
Importantly, it is generally considered that recurrent seizures
are responsible for the impairment of neurogenesis, and the
latter leads to further establishment of the epileptogenic hip-
pocampal circuitry and neuronal hyperexcitability [32]. Thus,
both the two kinds of aberrant Notch signaling may contribute
to the pathogenesis of epilepsy and schizophrenia.

In summary, our studies unravel a novel role of
Notch signaling as a contributing factor for the devel-
opment of acute seizures in MTLE and highlight that
modulation of Notch signaling as a molecular mecha-
nism to adjust synaptic dynamics. However, Notch sig-
naling activation is a long-lasting process; the mecha-
nism that underling the proconvulsant effects of Notch
signaling in acute epilepsy is not suitable for chronic
epilepsy due to a shifted spatial distribution of up-
regulated Notch molecules. Moreover, neuronal death in
CA1 pyramidal layer makes this type of neurons absent from
the generation of chronic seizures; thereby, the roles of
Notch signaling in dentate gyrus during chronic seizures
needs to replenish.

Fig. 5 Jagged1 or DAPT treatment altered the excitability of CA1
pyramidal neurons. A sEPSC recordings from representative CA1 pyra-
midal neurons from vehicle and Jagged1 pretreatedmouse model of acute
seizures. Cumulative probability histograms of isolated events from Jag-
ged1 pretreated KA mice (n =6 cells) demonstrated a decrease in the
inter-EPSC interval (B) and an increase in the amplitude (C) compared
with vehicle-pretreated KA mice (n =5 cells, P<10−4 by Kolmogoroff–

Smirnoff test). D sEPSC from representative CA1 pyramidal neurons
from vehicle and DAPT pretreated mouse model of acute seizures.
Cumulative probability histograms of isolated events from DAPT
pretreated KA mice (n=6 cells) showed increased inter-EPSC interval
(E) and decreased amplitude (F) compared with vehicle-pretreated KA
mice (n =6 cells, P <10−4 by Kolmogoroff–Smirnoff test)
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Methods

Ethics Statement

All patients gave written informed consent prior to participa-
tion in this study; all procedures applied to this study were
approved by the Ethics Committee of Chinese Academy of
Medical Sciences, Peking Union Medical College, and the
ethics committee of the Peking Union Medical College
Hospital (PUMCH). All animal work was approved by the
Experimental Animal Center of Peking Union Medical
College and in accordance with the institutional guidelines
of the Beijing Administration Office of Laboratory Animals.

Electrodes Implantation, Mouse Model of Seizures,
and Video-EEG Analysis

We used adult male C57BL/6 mice (Vital River Animal
Technology Co., Ltd., Beijing, China) weighing 18–25 g (8–
10 weeks old) for epilepsy model, drugs testing, and EEG

monitoring. Bipolar depth electrodes (60 μm OD) were im-
planted into the right dorsal hippocampus [anteroposterior
(AP) = −2.0 mm, mediolateral (ML) = −1.8 mm, dorsoventral
(DV) = −2.3 mm]. A 23-gauge cannula was unilaterally
positioned on the top of dura mater and glued to the depth
electrode for the intrahippocampal infusion of drugs (RWD,
China, #62003). We also inserted one screw serving as the
ground electrode into the skull through a drilled hole without
piercing the dura (AP = −4.5 mm, ML = 1.5 mm). We fixed
the cannula, electrodes, and screws with bone cement con-
taining antibiotics (DePuy, Leeds, UK). Mice were
allowed to have a post-operative recovery period of
7 days before staring the drug study [12]. Time-locked
digital video was recorded with a video camera when
mouse EEG activities were monitored [33]. We induced
acute seizures by intrahippocampal injection of 7 ng
kainic acid (KA, Sigma-Aldrich, Shanghai, China) in
0.5 μl PBS[34]. The time at which mice exhibited
behavioral arrest, stereotypies, limb clonus, or general
tonic-clonic seizures accompanied with epileptiform

Fig. 6 DAPT treatment disrupted KA-induced synaptic endocytosis
in vitro.A Representative images of FM4-64 loading in neuronal cultures
under conditions of vehicle (W/O stimulus), KA stimulus, or DAPT plus
KA stimulus. All fluorescent images were acquired under same exposure
parameters. Neuronal cultures without KA stimulation appeared less
number of fluorescent spots along the neurites (arrowheads in b1). KA
stimulation resulted in an increased FM4-64 loading as shown by more
spots along the neurites (arrowheads in b2), whereas DAPT treatment

before (60 min) significantly reduced FM4-64 signal (b3). Similar results
were observed when a longer FM4-64 loading time was applied (b4–b6).
B Difference in the average fluorescent signal of each group. C , D
Images of FM4-64 puncta along neurites and statistical analysis of the
pictures used for the measurement of fluorescence intensity (120-s load-
ing). Error bars are mean±SE. Single asterisk (*) P <0.05, double
asterisk (**) p <0.01 by one-way ANOVA
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discharges was noted and then used to analyze the correspond-
ing seizure parameters [11, 12]. Mice used to establish chronic
model of seizures were injectedwith 200 ngKA in 50 nl saline
into the right dorsal hippocampus as described before [8, 9].

Acute Model of Seizures and vEEG Analysis of Seizures

Eight to 11 C57BL/6 mice were used in each group. Before
application of any drugs, we recorded video-EEG (vEEG) in free
moving mice for 30 min to establish a baseline EEG activity.
Thirty minutes before seizure induction, we injected DAPT
(D5942, Sigma, St. Louis, MO, USA) or recombinant Jagged1
(599-JG-100, RD, Littleton, CO, USA) unilaterally into the
hippocampus (0.5 μl/2 min) with a needle protruding 2.3 mm
from the guide cannula and connected to a 1-μl Hamilton
microsyringe. DAPT was dissolved in 0.5 μl PBS (pH 7.4) for
a concentration of 50 μM, and PBS containing 0.5 % DMSO
was used as the vehicle. For Jagged1 group, 10 μg recombinant
protein was dissolved in 1 μl PBS (pH 7.4), and PBS containing
10 μg BSAwas used as the vehicle. At the end of the injection,
the needle remained in place for at least 1 min to avoid reflux.

After KA injection, seizures occurred within 15 min.
Epileptiform activity was characterized by isolated spikes,
polyspikes, and paroxysmal discharges (1–5 Hz, high voltage
rhythmic activity or 10–14 Hz, low voltage rhythmic activity)
that lasted at least 10 s. Video information was analyzed as
needed to confirm behavioral correlating with seizures and to
rule out electromyographic artifact. For drug testing in acute
model of seizures, each mouse was recorded for 3 h. All video-
EEG data were analyzed by two independent trained researchers.

The onset time of seizure (abbreviated as onset in figures)
is defined by time elapsed fromKA injection to the occurrence
of the first EEG seizure. Ictal activity was measured by sum-
ming up the duration of every ictal episode during the EEG
recording period. Number of seizure refers to the total number
of seizures after KA application. Time in seizures was mea-
sured by summing up the duration from the first to the last
seizure event. Time of each ictal episode was measured by
averaging each seizure duration.

Model of Chronic Spontaneous Seizures

Two months after KA-induced status epilepticus (SE), mice
were implanted with the electrodes injected into the hippo-
campus to detect EEG. Three quarters of mice exhibited
spontaneous EEG seizure, and the chronic epileptic group
was then disconnected from the EEG recording setup and
prepared for the following immunohistochemical studies.

To evaluate the frequency of spontaneous seizures, we
EEG-monitored the mice every day from 9:00 to 18:00, for
four consecutive days, to calculate the total number of seizures
per day (seizure frequency).

Tissues from Patients with TLE and Autopsy

Surgically resected sclerotic hippocampi used in this study were
obtained from eight patients with intractable TLE, who
underwent surgical treatment at PUMCH. All patients (n=11)
were diagnosed with HS according to high-resonance magnetic
resonance imaging measurements, interictal FDG-PET, EEG
recording, and histopathologic examination. In the other five
patients, focal lesions such as gliomas, cortical dysplasia, or
oligodendroglioma was observed but did not involve the hippo-
campus, and histological examination revealed no significant
hippocampal neuronal loss in these patients (non-HS). The
non-HS subjects were used as a control group for comparison
with the HS cases. Control hippocampal tissues were obtained
from autopsy of six patients without history of epilepsy or other
neurological diseases. All autopsies were performed within 8 h
after death.

Surgically resected tissues were immediately stored below
10 °C and treated with 10% buffered formalin within 1 h after
surgery, fixed no later than 48 h, and then embedded in
paraffin. Paraffin-embedded tissues were sectioned at 4 μm
for immunohistochemistry studies. Parts of the tissue samples
from mTLE patients and autopsy were stored in liquid nitro-
gen until further Western blot analysis was performed.

Evaluation of Loss NICD1 Protein Level in the Mouse Brain
Post-Mortem

To evaluate the possible loss in NICD1 protein level post-
mortem, we performed an experiment in which mice brains
were exposed for 8 h at 10 °C. Mice brains were kept within
their sculls 0 and 8 h (n =6 for each group) as described for the
human brain samples, and then their hippocampus was re-
moved for subsequent western blot analysis. To avoid poten-
tial degradation of housekeepping proteins, we also used
coomassie staining as loading control inWestern blot analysis.

Western Blot Analysis

Mice were sacrificed by decapitation under deep anesthesia
with pentobarbital. The hippocampus was rapidly dissected
and frozen. For immunoblot analysis, the hippocampus dis-
sected from humans or mice (n =5 or 6) was homogenized in
RIPA lysis buffer. The following primary antibodies were
used: anti-Notch1 (1:500, #sc-32745, #SC-23299, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-Jagged1
(1:500, #SC-8303, Santa Cruz Biotechnology, Santa Cruz),
anti-Notch1 intracellular domain (1:1,000, #1935-1,
Epitomics, Burlingame, CA, USA), anti-GAPDH (1:1,000,
#2118, Cell Signaling, Danvers, MA, USA), anti-Actin
(1:2,000, #A5060, Sigma, St. Louis). Protein concentrations
were measured by BCA Protein Assay Kit (CWBIO, Beijing,
China). Protein samples were separated by SDS-PAGE and
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transferred to nitrocellulose membrane. After blocking with
5 % skim milk, the membranes were incubated with first
antibodies, followed by peroxidase conjugated secondary an-
tibody. The signals were visualized with ECL reagent
(Promega). The intensity of each Western blot band was
analyzed by densitometric measurements (Image J, NIH).
Data were normalized to GAPDH or Actin immunolabeling
and expressed as percentage of control values.

Immunohistochemistry

KA injected and control mice were deeply anesthetized with
pentobarbital, and their brains were rapidly removed, washed
with PBS, incubated for at least 48 h in 4 % paraformaldehyde
(Sigma, Shanghai) and embedded with paraffin. Paraffin-
embedded tissues were sectioned at 4 μm and mounted on
precoated glass slides (GoldenBridge, Shanghai, China). The
following primary antibodies were used: anti-Notch1 (1:100,
#SC-23299, Santa Cruz Biotechnology, Santa Cruz), anti-
Jagged1 (1:200, #SC-8303, Santa Cruz Biotechnology,
Santa Cruz), anti-Tuj1 (1:200, #ab7751, Abcam, Cambridge,
MA, USA), and anti-Notch1 intracellular domain (1:200,
#1935-1, Epitomics, Burlingame). For immunofluorescence
assays, after incubationwith the mixed primary antibodies, the
slices were incubated with secondary antibody conjugated
with Alexa 488 and Alexa 594 (1:2,000, Molecular Probes,
Eugene, OR, USA) to detect Notch1 and Tuj1, or Jagged1 and
Tuj1. DAPI (Molecular Probes, Eugene) was used as a nuclear
counterstain. All images were captured using a Leica inverted
fluorescence microscope (DMI4000B, Leica, Wetzlar,
Germany).

Hippocampal sections were immunostained and imaged
with a confocal microscope (FV1000, Olympus). No thresh-
old or other adjust was used as the soma is clearly delineated
from background. For quantification in brain sections, areas
were chosen randomly within the dentate gyrus which con-
tains 50–60 granule cells counted manually by DAPI. The
areas usually have 400×400 pixels in control hippocampus
and 500×500 pixels in the sclerotic hippocampus due to
dentate gyrus dispersion. The average staining intensities were
measured with ImageJ software. Data were acquired from
600–750 neurons of 12–15 fields from three experiments
and presented as the average staining intensity of 50 granule
cells. Student's t test was used to determine the p values.

Hippocampal Slice Preparation and Electrophysiology

We first prepared the acute model of seizures pretreated with
Jagged1 or DAPT, and the corresponding vehicles using
C57BL6 mice (4–5 weeks old) as described above.
Hippocampal slices (300 μm) were prepared from mice
30 min after KA injection that were anesthetized by injecting
pentobarbital (50 mg/kg) and decapitated with a guillotine.

The hippocampal slices were cut by a Vibratome in the mod-
ified and oxygenized artificial cerebrospinal fluid (ACSF)
(mM: 124 NaCl, 3 KCl, 1.2 NaH2PO4, 26 NaHCO3, 0.5
CaCl2, 5 MgSO4, 20 dextrose, and 5 HEPES; pH 7.35) at
4 °C and were held in the normal oxygenated ACSF (mM:
126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 26 NaHCO3, 2.0 CaCl2,
2.0 MgSO4, 10 dextrose, and 5 HEPES; pH 7.35) 37 °C for
1 h before the experiments. A slice was transferred to a
submersion chamber (Warner RC-26G) that was perfused
with normal ACSF for the electrophysiological experiments.

Electrophysiological Studies in CA1 Pyramidal Neurons

Electrophysiological studies were performed as previously
described [35, 36]. These pyramidal neurons were recorded
by an amplifier (MultiClapm-700B, Axon Instrument Inc,
Foster City, CA USA) under whole-cell current clamp and
voltage clamp. Electrical signals were inputted into pClamp-
10 (Axon Instrument Inc., Foster City) with 100 kHz of
sampling rate. In our studies, transient capacitance was com-
pensated, and output bandwidth was 3 kHz. The functions of
pyramidal neurons were evaluated based on their sensitivity to
excitatory inputs and their intrinsic properties (e.g., input–
output spikes, thresholds). Pipette solutions for recording
action potentials and excitatory post-synaptic currents includ-
ed (mM) 150 K-gluconate, 5 NaCl, 0.4 EGTA, 4 Mg-ATP, 0.5
Tris-GTP, 4 Na-phosphocreatine, and 10 HEPES (pH 7.4
adjusted by 2 M KOH). The pipette resistance was 8–10 MΩ.

In the analyses of neuronal input–output, the depolarization
pulses (1 s) in various stimulus intensities were injected into
the neurons to induce action potential. By changing depolar-
ization intensities, we measured input–output at each of pyra-
midal neurons in CA1. The sensitivity of pyramidal neurons
in CA1 to excitatory inputs was evaluated by recording the
activities of excitatory synapses on these neurons, in which
sEPSC were recorded under voltage clamp. The isolation of
sEPSC was done by applying 10 μM bicuculline in perfusion
solution. The cumulative probability of sEPSC amplitudes
and inter-EPSC intervals was analyzed to estimate the re-
sponses of pyramidal neurons to excitatory inputs.

Synaptic Vesicle Endocytosis Assay Using FM4-64

FM4-64 is a membrane-selective fluorescent dye that has been
widely used to observe synaptic vesicle recycling [15, 16]. We
used the dye to monitor synaptic endocytosis and to determine
whether DAPT treatment could impair this process. FM4-64
is nonfluorescent in the aqueous phase and is intensely fluo-
rescent when the dyes insert the lipophilic end into the cell
membranes. During endocytosis following nerve electrical or
chemical stimulation, the dyes become trapped inside the
vesicle. Thus, after washing off the dyes on the cell surface
membranes, the fluorescent signal is proportional to the
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number of newly formed vesicles [37, 38]. Neuronal cultures
were prepared from the hippocampus of E18 mouse embryos
and plated on poly-L-lysine-coated 60-mm dishes or 18-mm
glass coverslips. Neurons were exposed to pharmacological
manipulations after 10 DIV. Neuronal cultures were treated
with DAPT (40 μM) or DMSO for 1 h, and stimulated with
KA (500 μM) or saline for another 2 h. Thereafter, FM4-64
stock (Biotium, Hayward, CA, USA) was added to the culture
medium with a final concentration of 4 μM and incubated for
different intervals (30 and 120 s). After incubation, the dye-
containing medium was discarded, and the neuronal culture
was washed three times for 1 min each with PBS to
remove surface-bound dye. Finally, the neuronal culture
was incubated with Na-basic solution (Neurobasal me-
dium containing 170 mM NaCl/3.5 mM KCl) for
60 min to repolarize the hippocampal neurons. This
allows dye-loaded synaptic vesicles to complete
recycling and minimize spontaneous synaptic activity.
Fluorescent spots were visible within the nerve terminal
with low background fluorescence. The spots represent
clusters of synaptic vesicles containing a few hundred to
several thousand vesicles. For each treatment culture,
fluorescent images were obtained from at least eight
randomly selected fields (650 μm×900 μm). ImageJ
software (NIH) was used to quantify fluorescence inten-
sity of FM4-64. The images were also applied for
puncta quantifications. Acquired pictures were converted
to 8 bits and auto-thresholded (see Fig. 6C), and the
number of puncta were quantified using in-built Analyze
Particles function of ImageJ software (pixel range was
set from 4 to 40 to exclude noise). Data are from six to
eight fields from three experiments. One-way ANOVA
was used for statistical analysis. The data are presented
as mean ± SEM.

Statistical Analysis

All data are presented as the mean ± SEM (n = number of
individual samples). Statistic analysis was performed using
Graph-Pad Software. The effects of treatments were analyzed
using Student's t test or Mann–Whitney test when comparing
two groups (drug test and western blot of human hippocampi),
and by one-way ANOVA followed by Dunnett's test when
comparing more than two groups (western blot of mice hippo-
campi). Kolmogorov–Smirnov (KS) test was used to compare
the cumulative probability curves for inter-EPSC intervals and
amplitude between various treatment groups. Significance was
accepted at P<0.05.
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