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a b s t r a c t

Glycine is the major inhibitory neurotransmitter in brainstem and spinal cord, whereas in hippocampus
glycine exerts dual modulatory roles on strychnine-sensitive glycine receptors and on the strychnine-
insensitive glycineB site of the N-methyl-D-aspartate receptor (NMDAR). In hippocampus, the synaptic
availability of glycine is largely under control of glycine transporter 1 (GlyT1). Since epilepsy is a disorder
of disrupted network homeostasis affecting the equilibrium of various neurotransmitters and neuro-
modulators, we hypothesized that changes in hippocampal GlyT1 expression and resulting disruption of
glycine homeostasis might be implicated in the pathophysiology of epilepsy. Using two different rodent
models of temporal lobe epilepsy (TLE) e the intrahippocampal kainic acid model of TLE in mice, and the
rat model of tetanic stimulation-induced TLE e we first demonstrated robust overexpression of GlyT1 in
the hippocampal formation, suggesting dysfunctional glycine signaling in epilepsy. Overexpression of
GlyT1 in the hippocampal formation was corroborated in human TLE samples by quantitative real time
PCR. In support of a role of dysfunctional glycine signaling in the pathophysiology of epilepsy, both the
genetic deletion of GlyT1 in hippocampus and the GlyT1 inhibitor LY2365109 increased seizure
thresholds in mice. Importantly, chronic seizures in the mouse model of TLE were robustly suppressed by
systemic administration of the GlyT1 inhibitor LY2365109. We conclude that GlyT1 overexpression in the
epileptic brain constitutes a new target for therapeutic intervention, and that GlyT1 inhibitors constitute
a new class of antiictogenic drugs. These findings are of translational value since GlyT1 inhibitors are
already in clinical development to treat cognitive symptoms in schizophrenia

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Epilepsy treatment is limited by poor response to available
antiepileptic drugs and limited tolerability due to major cognitive
side effects (Arif et al., 2009; Hirsch et al., 2003; Loscher and
Schmidt, 2011; Ortinski and Meador, 2004). The development of
therapies that combine anticonvulsant with pro-cognitive proper-
ties would therefore be a significant advancement. Glycine is the
major inhibitory neurotransmitter in brainstem and spinal cord
(Betz et al., 2001). In the hippocampus glycine has evolved into a
homeostatic modulator of neuronal function by assuming poten-
tially opposing activities that depend on the extracellular
biology Laboratories, Legacy
232, USA.
. Boison).
concentrations of glycine: (i) Glycine, but also D-serine, act as
obligatory co-agonists of the N-methyl-D-aspartate receptor
(NMDAR) by binding to its strychnine-insensitive glycineB site
(Labrie and Roder, 2010). Since this binding site is normally not
saturated (Bergeron et al., 1998), increases in extracellular glycine
can potentiate impulse-dependent NMDAR activation, with
resulting pro-cognitive effects (Black et al., 2009). The indirect
modulation of NMDAR function via glycine is a promising strategy
to improve cognition (Labrie and Roder, 2010; Mohler et al., 2008).
Importantly, and in contrast to direct NMDAR agonism, the allo-
steric modulation of NMDARs through activation of the glycineB site
does not bear risks for seizure generation or neurotoxicity (Yang
and Svensson, 2008). (ii) Low concentrations of extracellular
glycine (10 mM) activate presynaptic glycine receptors (GlyRs) and
thereby promote pro-convulsant mechanisms (Chen et al., 2014;
Kubota et al., 2010; Winkelmann et al., 2014). (iii) Under higher
extracellular concentrations (100 mM) glycine binds to
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extrasynaptic GlyRs in the postsynaptic compartment providing
tonic suppression of network excitability (Eichler et al., 2008;
Kirchner et al., 2003). Together, those mechanisms implicate that
low concentrations of extracellular glycine favor epileptiform ac-
tivity and impairment of cognitive function. Consequently, the
maintenance of glycine homeostasis plays a crucial role for the
regulation of excitability in the hippocampal formation. Accord-
ingly, in vitro studies demonstrated that exogenous glycine sup-
pressed neuronal excitation in the dentate gyrus (Chattipakorn and
McMahon, 2003) and reduced the firing of action potentials in
hippocampal neurons (Song et al., 2006), whereas blockade of
glycine-reuptake depressed excitatory postsynaptic potentials
(Zhang et al., 2008).

Hippocampal glycine is largely regulated by its reuptake trans-
porter GlyT1 found in both excitatory neurons and astrocytes
(Aragon and Lopez-Corcuera, 2005; Betz et al., 2006; Cubelos et al.,
2005; Eulenburg et al., 2005; Martina et al., 2005; Tsai et al., 2004).
Consequently, the genetic deletion of GlyT1 increased synaptic
glycine availability (Gomeza et al., 2003). Engineered mice with a
genetic deletion of GlyT1 in forebrain were characterized by a
decrease in hippocampal glycine uptake, an increase in hippo-
campal NMDAR function, and a wide spectrum of pro-cognitive
effects (Mohler et al., 2011, 2008; Yee et al., 2006). Therefore,
GlyT1 has emerged as a promising target for the treatment of
cognitive symptoms in schizophrenia and several compounds are
currently in phase II and III clinical trials (Black et al., 2009; Mohler
et al., 2011; Singer et al., 2009).

Whereas the role of glycine regulation within the context of
schizophrenia has received much attention, glycine may also play
an underappreciated role in epilepsy. In patients with TLE changes
in hippocampal glycine receptor expression have been reported,
suggesting dysregulation of glycinergic signaling in epilepsy
(Eichler et al., 2008). In linewith those findings activation of glycine
receptors modulated spontaneous epileptiform activity in the
immature rat hippocampus (Chen et al., 2014), whereas GlyT1 in-
hibitors demonstrated anticonvulsant properties in a rat maximal
electroshock test (Kalinichev et al., 2010). However, the role of
GlyT1 in human epilepsy and in clinically relevant rodent models of
chronic epilepsy has not been studied to date.

The present study was designed to investigate the role of GlyT1
in TLE and to evaluate whether GlyT1 inhibition might be a feasible
strategy for seizure control in chronic epilepsy. Using two different
rodent models of TLE and samples from human TLE patients, we
demonstrate robust increases of GlyT1 in the epileptogenic hip-
pocampus. Consequently, the genetic deletion or pharmacological
inhibition of GlyT1 suppressed both induced and chronic seizures.
2. Materials & methods

2.1. Studies in mice

All animal procedures were conducted in a facility accredited by
the Association for the Assessment and Accreditation of Laboratory
Animal Care in accordance with protocols approved by the Insti-
tutional Animal Care and Use Committee of the Legacy Research
Institute and the principles outlined by the National Institutes of
Health (NIH). Eight to 10 week old male C57BL/6 mice (Jackson
Laboratories, Bar Harbor, Maine) as well as CamKIIaCre:GlyT1fl/fl

(“GlyT1-KO”) mice (Yee et al., 2006) and their wild-type littermates
GlyT1fl/fl (“GlyT1-WT”) were used. All mutant animals were in an
identical C57Bl/6 background. GlyT1-KO mice are characterized by
a pro-cognitive phenotype as described previously (Yee et al.,
2006). All animals were housed in temperature- and humidity-
controlled roomswith a 12 h light/dark cycle (lights on at 6:30 AM).
2.2. Mouse model of TLE

Chronic epilepsy in adult male C57Bl/6 mice was induced by
intrahippocampal kainic acid (KA) injection according to our
standard procedures (Gouder et al., 2003) with modifications.
Briefly, under anesthesia with 68.5% N2O, 30% O2, and 1.5% iso-
flurane the animals received stereotactic injections into the right
dorsal hippocampus (coordinates: AP ¼ �2.10 mm; ML ¼ ±
1.80 mm; DV ¼ �1.70 mm to Bregma) with 400 ng of KA (K0250,
Sigma, USA) in a volume of 200 nl 0.9% NaCl using a 1-ml micro-
syringe (Hamilton, Reno, NV, USA). Injections were performed over
a period of 3 min. At the end of the injection, the cannulawas left in
place for an additional 3 min to limit reflux along the cannula track.
Control mice received intrahippocampal injection of 200 nl saline.
The KA injection triggered non-convulsive status epilepticus, which
is the precipitating event for subsequent epileptogenesis. Four
weeks after the injection of KA or vehicle, the animals were
implanted with bipolar coated stainless steel electrodes (80 mm in
diameter; Plastics One) into the right dorsal hippocampus using the
same coordinates as the previous KA injection. A cortical screw
electrodewas placed over the frontal cortex and a ground electrode
over the cerebellum. All electrodes were secured to the skull with
dental cement.

2.3. Electroencephalography and drug treatment

Electroencephalography (EEG) monitoring was performed ac-
cording to our previous publications (Shen et al., 2014; Theofilas
et al., 2011). Six weeks after KA-injection and two weeks after
electrode implantation the animals were subjected to blocks of 24 h
of EEG monitoring (Grass Technologies). Electrical brain activity
was amplified and digitized (PowerLab; AD Instruments). Quanti-
fication of EEG records was performed blinded to the experimental
treatment. EEG seizure activity was defined as high-amplitude
rhythmic discharges that clearly represented a new pattern of
tracing lasting for >5 s (repetitive spikes, spike-and-wave dis-
charges, or slowwaves). Epileptic events occurring with an interval
<5 s without the EEG returning to baseline were defined as
belonging to the same seizure. Seizures were primarily electro-
graphic in nature, and only occasionally accompanied by arrest or
staring episodes; thus seizure quantification was performed
exclusively by intrahippocampal EEG recordings. Before each
recording session the animals were habituated in the recording
cage for 4 h. After habituation the EEGs were recorded for 24 h. To
assess the antiepileptic effect of GlyT1 inhibition the animals
received daily injections with the GlyT1 inhibitor [2-(4-benzo[1,3]
dioxol-5-yl-2-tert-butylphenoxy)ethyl]-methylamino-acetic acid
LY2365109 (Tocris Bioscience, Bristol, UK) (3e30 mg/kg i.p, dis-
solved in 5% DMSO), or vehicle.

2.4. Chemoconvulsant seizure tests

To quantify the anticonvulsive effect of pharmacological inhi-
bition or genetic disruption of GlyT1 in an acute seizure model we
used standard pentylenetetrazole (PTZ) seizure tests (White, 2003;
White et al., 2007) in WT and GlyT1-KO mice. PTZ (P6500, Sigma,
USA) was freshly dissolved daily in sterile saline. Mice were sub-
jected repeated PTZ-injections (10 mg/kg, i.p.) every 10 min until
they reached a behavioral seizure score of 5 according to Racine
(Racine, 1978). The cumulative PTZ dose (in mg PTZ per kg body
weight) needed to trigger stage 5 seizures was considered the
convulsant threshold dose. To quantify the anticonvulsant efficacy
of GlyT1 inhibition, the GlyT1 inhibitor LY2365109 (10 mg/kg, sin-
gle i.p.) was administered 30 s prior to the first PTZ injection,
whereas 5% DMSO in saline was used as vehicle control.
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2.5. Maximal electroshock seizure (MES) test

To evaluate the anticonvulsive property of pharmacological
GlyT1 inhibition in a mechanistically different acute seizure test we
chose the MES test, a standard seizure test for pre-clinical drug
development (Giardina and Gasior, 2009; Loscher, 2011).
LY2365109 (10e60 mg/kg i.p. in 5% DMSO), valproic acid (169 mg/
kg i.p. in saline), or vehicle (5% DMSO) was administered
30e120 min prior to each MES test. Animals were restrained and a
drop of ophthalmic solution (Proparcaine Hydrochloride 0.5%) was
placed in each eye, after which electroshock stimulation was
induced via corneal electrodes. Stimulation parameters consisted of
a 50-mA stimulus at 60 Hz, for a duration of 0.2 s, delivered by a
Hugo Sachs Elektronik Rodent Shocker-Type 221 (March-Hugstet-
ten, Germany). Abrogation of tonic hind limb extension (THLE) was
used as the index for therapeutic efficacy of each compound. Ani-
mals failing to show THLE were scored as being protected from
seizure activity.

2.6. Rat model of temporal lobe epilepsy

Adult male Sprague Dawley rats (Harlan Netherlands, Horst, The
Netherlands) weighing 400e600 g were used in this study, which
was approved by the University of Amsterdam Animal Welfare
committee. The rats were housed individually in a controlled
environment (21 ± 1 �C; humidity 60%; lights on 08:00 AM e 8:00
PM; food and water available ad libitum). Rats were anaesthetized
with an intramuscular injection of ketamine (57 mg/kg; Alfasan,
Woerden, The Netherlands) and xylazine (9 mg/kg; Bayer AG,
Leverkusen, Germany) and placed in a stereotactic apparatus. In
order to record hippocampal EEGs, a pair of insulated stainless steel
electrodes (70 mmwire diameter, tips 80 mm apart) were implanted
into the left dentate gyrus (DG) under electrophysiological control
as previously described (Gorter et al., 2001). A pair of stimulation
electrodes was implanted in the angular bundle. Two weeks after
recovery from the operation, each rat was transferred to a recording
cage (40 � 40 � 80 cm) and connected to a recording and stimu-
lation system (NeuroData Digital Stimulator, Cygnus Technology
Inc, USA) with a shielded multi-strand cable and electrical swivel
(Air Precision, Le Plessis Robinson, France). After habituation to the
new condition, rats underwent tetanic stimulations (50 Hz) of the
hippocampus in the form of a succession of trains of pulses every
13 s. Each train lasted 10 s and consisted of biphasic pulses (pulse
duration 0.5 ms, maximal intensity 500 mA). Stimulation was
stopped when the rats displayed sustained forelimb clonus and
salivation for minutes, which usually occurred within 1 h. However,
stimulation never lasted longer than 90 min. Immediately after
termination of the stimulation, periodic epileptiform discharges
(PEDs) occurred at a frequency of 1e2 Hz which lasted several
hours (status epilepticus; SE). Differential EEG signals were
amplified (10x) via a FET transistor that connected the headset to a
differential amplifier (20x; CyberAmp, Axon Instruments, Burlin-
game, CA, USA), filtered (1e60 Hz), and digitized by a computer. A
seizure detection program (Harmonie, Stellate Systems, Montreal,
Canada) sampled the incoming signal at a frequency of 200 Hz per
channel. EEG recordings weremonitored also visually and screened
for seizure activity. Behavior was observed during electrical stim-
ulation and several hours thereafter. Immediately after termination
of the stimulation, periodic epileptiform discharges (PEDs)
occurred at a frequency of 1e2 Hz and they were accompanied by
behavioral and EEG seizures (SE). Most rats were monitored
continuously from the cessation of SE to the time of sacrifice. The
chronic epileptic group (6 months after SE) was monitored during
and shortly after SE and for a period of 4 weeks before sacrifice in
order to determine the frequency of spontaneous seizures. Sham-
operated control rats were handled and recorded identically, but
did not receive electrical stimulation. None of these rats needed to
be reimplanted. Chronic epileptic rats had frequent daily seizures
(range, 5e12). The time between the last spontaneous seizure and
sacrifice was <5 h.

2.7. Immunohistochemistry

To determine changes in GlyT1 expression a polyclonal rabbit
antiserum was raised against the C-terminal peptide (C)AQI-
PIVGSNGSSRFQDSRI (Gabernet et al., 2005). Specificity of the
antibody was validated in peptide competition assays and in sam-
ples derived from GlyT1 knockout animals (Gabernet et al., 2005;
Yee et al., 2006). Rats were sacrificed 24 h (acute phase, n ¼ 5), 1
week (latent phase, n ¼ 6) and 6 months (chronic phase, progres-
sive n ¼ 6; non-progressive n ¼ 4) after electrically induced SE for
immunohistochemical analysis. After the rats were deeply anes-
thetized with pentobarbital (Nembutal, intraperitoneally, 60 mg/
kg), they were perfused through the ascending aorta with 300 ml
0.37% Na2S solution followed by 300 ml 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). The brains were post-fixed in situ
overnight at 4 �C, dissected and cryoprotected in 30% phosphate-
buffered sucrose solution (pH 7.4). After overnight incubation at
4 �C, the brains were frozen in isopentane (�25 �C) and stored
at �80 �C until sectioning. The brains were cut on a sliding
microtome and 40 mm horizontal sections were collected in 0.1 M
phosphate buffer. Horizontal sections between 5100 and 5600 mm
below the cortex surface of the contralateral brain part of control
and post-SE rats were used for immunohistochemistry. Sections
were washed in 0.05 M phosphate buffered saline (PBS), pH 7.4 and
incubated for 30 min in 0.3% hydrogen peroxide in PBS to inactivate
endogenous peroxidase. Sections were thenwashed (2� 10min) in
0.05 M PBS, followed by washing (1 � 60 min) in PBS þ0.5% Triton
X-100 þ 0.4% Bovine Serum Albumin (BSA). Sections were incu-
bated with affinity purified GlyT1 antiserum (1:300) (Gabernet
et al., 2005) in PBSþ0.1% Triton X-100 þ 0.4% BSA at 4 �C.
Twenty-four hours after the incubation with the primary antibody,
the sections were washed in PBS (3 � 10 min) and then incubated
for 1.5 h in biotinylated sheep anti-rabbit Ig (GE Healthcare, Die-
gem, Belgium), diluted 1:200 in PBSþ0.1% Triton X-100. This was
followed by incubation for 60 min in AB-mix (Vectastain ABC kit,
Peroxidase Standard pk-4000, Vector Laboratories, Burlingame, CA,
USA). After washing (3 � 10 min) in 0.05 M TriseHCl, pH 7.9, the
sections were stained with 3,3’-diaminobenzidin tetrahydro-
chloride (5 mg DAB, SigmaeAldrich, Zwijndrecht, The Netherlands)
and 5 ml 30% hydrogen peroxide in a 10 ml solution of TriseHCl. The
staining reaction was followed under the microscope and stopped
by washing the sections in TriseHCl. After mounting on superfrost
plus slides, the sections were air dried, dehydrated in alcohol and
xylene and coverslipped with Entellan (Merck, Darmstadt, Ger-
many). All procedures were carried out so that all sections were
processed in parallel in the same solutions using identical incuba-
tion times. Digital images of GlyT1 immunohistochemistry were
acquired using an Olympus BX51 microscope equipped with an
Olympus DP70 camera (Olympus Nederland, Zoeterwoude, The
Netherlands) and used for semiquantitative analysis. Immuno-
densities of hippocampal subfields were scanned and translated
into mean pixel intensities using Adobe Photoshop.

To determine GlyT1 expression profiles in epileptic mice, the
animals were sacrificed for immunohistochemical analysis after the
completion of seizure assessment. Similar procedures as described
above were used with the following modifications: The animals
were transcardially perfused with saline followed by 4% para-
formaldehyde. Brains were removed and postfixed in 4% para-
formaldehyde followed by 30% sucrose, and then sectioned into
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40 mm coronal sections using a cryostat (VT 1000 S, Leica, Ban-
nockburn, IL, USA). Immunoperoxidase staining was used for the
detection of GlyT1. Brain slices were incubated overnight at 4 �C
with affinity purified GlyT1 antiserum (1:500) (Gabernet et al.,
2005). After washing in TBS, slices were incubated with bio-
tinylated goat anti-rabbit secondary antibody (1:200) for 2 h. Then
the slices were incubated with an avidinebiotin enzyme complex
(Vectastain Kit, PK-6100, Vector Labs, CA, USA) for 1 h, followed by
incubation in hydrogen peroxide and 3, 3-diaminobenzidine hy-
drochloride (SK-4100, Vector Labs, CA, USA). All sections were
processed in parallel using identical solutions and identical incu-
bation times. All images were acquired under identical conditions
and all image processing was applied identically across different
experimental groups.

2.8. Western blot analysis

Mouse hippocampi were processed for the extraction of
aqueous membrane proteins. 40 mg of protein from each sample
was loaded and electrophoresed on a 10% Tris-glycine gel. After the
transfer of the proteins onto nitrocellulose membranes the blots
were blocked for 1 h in TBSTM (10 mM Tris/HCl, pH 8, 0.15 M NaCl,
0.05% Tween 20, containing 5% nonfat milk) at room temperature,
followed by incubation with affinity purified GlyT1 antiserum
(1:1000) (Gabernet et al., 2005) overnight at 4 �C in TBSTM, three
washes with TBST, and incubation with peroxidase-conjugated
anti-rabbit antibody (#7074, 1:8,000, Cell Signaling, Boston, MA,
USA) at RT for 1 h. After extensive washing, immunoreactivity was
detected by chemiluminescence (#34087, Pierce, IL, USA). Immu-
noblots were quantified using a Kodak Scientific Imaging System
(v3.6.5.k2, Kodak, Rochester, NY, USA). To normalize ADK immu-
noreactivity to protein loading, a mouse monoclonal anti-a-tubulin
antibody (# sc-8035, 1:5,000, Santa Cruz Biotechnology, CA, USA)
was used to re-probe the same blot and the OD ratio of ADK to a-
tubulinwas calculated. Samples from brainstem (highly enriched in
GlyT1) were added as positive control.

2.9. Real-time quantitative PCR

The clinical cases and controls included in this study (Table 1)
were selected from the files of the departments of neuropathology
of the Academic Medical Center (AMC, University of Amsterdam)
and the VU University Medical Center (VUMC). Tissue was obtained
and used in accordance with the Declaration of Helsinki and the
AMC Research Code provided by the Medical Ethics Committee and
Table 1
Clinical characteristics of patients.

Patient Age Gender Age onset Duration ep

1 81 F e e

2 68 F e e

3 86 M e e

4 30 M e e

5 71 F e e

6 26 M 6 25
7 28 F 14 14
8 29 F 13 16
9 39 M 33 6
10 29 M 18 11
11 42 F 4 28
12 29 M 15 14
13 66 F 10 56
14 51 M 28 20

Patients 1e5: autopsy controls, patients 6e14: temporal lobe epilepsy patients with hip
seizure; GTCS, generalized tonic/clonic seizures, AEDs, anti-epileptic drugs: CLB, Clobazam
PHT, Phenytoin; LMT, Lamotrigine; TPM, Topiramate.
approved by the science committee of the VUMC Biobank. The
clinical characteristics derived from the patient's medical records
are summarized in Table 1.

Hippocampi from control autopsy patients (n ¼ 5) and resected
hippocampi from patients with drug-resistant temporal lobe epi-
lepsy (n ¼ 9) were snap frozen in liquid nitrogen and stored
at �80 �C until further use. Total RNA was isolated using Qiazol
Lysis Reagent (Qiagen Benelux, Venlo, The Netherlands) and an
RNeasy Mini kit (Qiagen Benelux, Venlo, the Netherlands) accord-
ing to the manufacturer's instructions. The concentration and pu-
rity of RNA was determined at 260/280 nm using a Nanodrop
spectrophotometer (Ocean Optics, Dunedin, FL, USA). Five micro-
grams of total RNA were reverse-transcribed into cDNA using oligo
dT primers. Five nmol oligo dT primers were annealed to 5 mg total
RNA in a total volume of 25 ml, by incubation at 72 �C for 10min, and
cooled to 4 �C. Reverse transcriptionwas performed by the addition
of 25 ml RT-mix, containing: First Strand Buffer (Invitrogen-Life
Technologies), 2 mM dNTPs (Pharmacia, Germany), 30 U RNAse
inhibitor (Roche Applied Science, Indianapolis, IN, USA) and 400 U
M-MLV reverse transcriptase (Invitrogen - Life Technologies, The
Netherlands). The total reaction mix (50 ml) was incubated at 37 �C
for 60 min, heated to 95 �C for 10 min and stored at �20 �C until
use. For each PCR, a mastermix was prepared on ice, containing per
sample: 1 ml cDNA, 2.5 ml of SensiFAST SYBR no-ROX mix (Bioline
Reagents Ltd, London, UK), 0.4 mM of both forward and reverse
primers for GlyT1 (forward: CCATGTTCAAAGGAGTGGGCTA;
reverse: TGACCACATTGTAGTAGATGCCG) and the housekeeping
reference gene Elongation Factor 1a (EF1a) (Iyer et al., 2012) (for-
ward: ATCCACCTTTGGGTCGCTTT; reverse: CCGCAACTGTCTGTCT-
CATATCAC). The final volume was adjusted to 5 ml with PCR grade
water. The LightCycler® 480 Real-Time PCR System (Roche Applied
Science, Basel, Switzerland) was used with a 384-multiwell plate
format. The cycling conditions were carried out as follows: initial
denaturation at 95 �C for 2 min, followed by 55 cycles of denatur-
ation at 95 �C for 5 s, annealing at 65 �C for 10 s and elongation at
72 �C for 15 s. The fluorescent product was measured by a single
acquisition mode at 72 �C after each cycle. For distinguishing spe-
cific from non-specific products and primer dimers, a melting curve
was obtained after amplification by holding the temperature at
65 �C for 1 min followed by a gradual increase in temperature to
95 �C at a rate of 2.5 �C/s, with the signal acquisition mode set to
continuous. Quantification of data was performed using the com-
puter program LinRegPCR in which linear regression on the Log(-
fluorescence) per cycle number data is applied to determine the
amplification efficiency per sample (Ruijter et al., 2009). The
ilepsy Seizure type Seizures/month AEDs

e e e

e e e

e e e

e e e

e e e

CPS 5 LEV, TPM
SPS 120 CBZ, LMT
SPS/GTCS 32 LMT,TPM
CPS 32 CBZ
CPS 3 CBZ
CPS/GTCS 1 PHT,OXC
CPS 36 CBZ,CLB
CPS 8 CBZ,PB, PHT
CPS 4 PHT,OXC

pocampal sclerosis. Seizure type: SPS, simple partial seizure; CPS, complex partial
; CBZ, Carbamazepine; LEV, Levetiracetam; OXC, Oxcabazepine; PB, Phenobarbital;
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starting concentration of GlyT1 was divided by the starting con-
centration of the reference gene Elongation Factor 1a (EF1a) and
this ratio was compared between patient/control groups.

2.10. Statistical analysis

Data are expressed as means ± standard error of mean (SEM).
Statistical analysis was performed by a oneway analysis of variance
(ANOVA) followed by Bonferroni post-hoc analysis or student t-
test. P < 0.05 was considered statistically significant.

3. Results

3.1. Dysregulation of GlyT1 expression in the epileptogenic
hippocampus of mice

Glycine in the hippocampus combines unique properties to
regulate network excitability through opposing roles of pre- and
postsynaptic GlyRs (Chen et al., 2014; Eichler et al., 2008; Kirchner
et al., 2003; Kubota et al., 2010; Winkelmann et al., 2014), and
through activation of the glycineB site of the NMDAR (Black et al.,
2009; Labrie and Roder, 2010; Mohler et al., 2008). Therefore,
maintenance of glycine homeostasis might play a critical role in
epilepsy. Because glycine homeostasis in the hippocampus is
largely under the control of GlyT1 (Pinto et al., 2015; Yee et al.,
2006), we predicted that GlyT1 dysregulation might be associated
with chronic epilepsy.We therefore evaluated the GlyT1 expression
profile in samples derived from two mechanistically different ro-
dent models of temporal lobe epilepsy (TLE) and in specimen from
surgically resected human epileptogenic hippocampus. We first
generated a cohort of epileptic mice by intrahippocampal injection
Fig. 1. Dysregulation of GlyT1 expression in the epileptogenic hippocampus of mice. (A) Re
(lower panel) of contralateral non-epileptic, and ipsilateral epileptic hippocampi from C57Bl
the ipsilateral hippocampus. Control mice (VEH) were received intrahippocampal injections
and hilar neuronal cell loss with granule cell dispersion and overexpression of GlyT1 only in
animals per group. (B) Representative Western blot showing expression levels of GlyT1 (u
togenic hippocampi (KA) and vehicle injected control hippocampi 6 weeks following the K
positive control. Quantification of immunodensities and normalization to a-tubulin revealed
hippocampus (n ¼ 4, each). Scale bar ¼ 500 mm. Data are displayed as mean ± SEM. *p <
of KA (n ¼ 12), whereas control animals received an intra-
hippocampal injection of saline. Development of epilepsy was
confirmed via EEG recordings and histopathological analysis. Six
weeks after the injections, only the KA injected animals (12 out of
12 animals) developed spontaneous electrographic seizures at a
rate of 18.7 ± 1.9 seizures per hour that originated from the
epileptogenic hippocampus in accordance to our prior work
(Gouder et al., 2003, 2004). After completion of EEG monitoring all
animals were sacrificed and processed for immunohistochemical
(n ¼ 8 per group) or biochemical (n ¼ 4 per group) analysis. Nissl
staining confirmed typical histopathology reminiscent of human
TLE in the epileptogenic KA-injected hippocampus. Major
morphological features of the epileptogenic hippocampus included
loss of CA1 and hilar neurons and granule cell dispersion, whereas
saline-injected control hippocampi or hippocampi contralateral to
the KA injection were not affected (Fig. 1A). Staining for GlyT1
immunoreactivity in control animals revealed a typical pattern of
low GlyT1 expression levels in the hippocampal formation and
adjacent cortex, whereas thalamus (as well as all mid-brain and
brain-stem structures, not shown) displayed high levels of GlyT1
expression according to published data (Cubelos et al., 2005;
Mohler et al., 2011). In contrast, we found a major dysregulation
of GlyT1 expression specific to the epileptogenic hippocampus of
KA-injected animals, whereas other brain areas were not affected.
Increased GlyT1 expression was associated with most areas of the
hippocampal formation and closely linked to dispersed granule
cells (Fig. 1A). To quantify the extent of GlyT1 dysregulation in the
epileptogenic hippocampus we performed Western blot analysis
using homogenates of dissected KA-injected or saline-injected
hippocampi (n ¼ 4, each). Quantification of immunodensities and
normalization to a-tubulin revealed a 2.95 ± 0.47-fold increase in
presentative Nissl staining (upper panel) and immunohistochemical staining for GlyT1
/6 wild-type mice, 6 weeks after the intrahippocampal injection of kainic acid (KA) into
with the same volume (200 nl) of vehicle. Note profound histopathology including CA1
the KA-injected epileptogenic hippocampus. Data are representative images from n ¼ 8
pper panel) and a-tubulin (as internal control) from homogenates of resected epilep-
A injection. As sample from brainstem (highly enriched in GlyT1) has been added as
a 2.95 ± 0.47-fold increase in GlyT1 expression in KA-injected versus vehicle-injected

0.05 KA versus VEH.
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GlyT1 expression in KA-injected versus vehicle-injected hippo-
campus (Fig.1B, p < 0.01, t-test). To the best of our knowledge, these
data are the first demonstration that GlyT1 expression is dysregu-
lated in the epileptogenic hippocampus.

3.2. Dysregulation of GlyT1 expression is associated with a
progressive form of epilepsy in rats

To assess whether overexpression of GlyT1 is unique to the
intrahippocampal KA model of TLE or a general feature of TLE, we
evaluated GlyT1 expression in the hippocampus of the tetanic
stimulation model of TLE in rats (Aronica et al., 2011; Gorter et al.,
2001; van Vliet et al., 2012). This model offers the unique oppor-
tunity to study GlyT1 expression changes during epileptogenesis
andwithin the context of progressive versus non-progressive forms
of epilepsy (Gorter et al., 2001). Twenty-one rats were subjected to
tetanic stimulation to trigger epileptogenesis. Rats were perfused
and processed for histopathological analysis at different time-
points following the tetanic stimulation-induced status epi-
lepticus, i.e., 24 h (acute phase, n ¼ 5), 1 week (latent phase, n ¼ 6)
and 6 months (chronic phase, progressive n ¼ 6; non-progressive
n ¼ 4). Rats with a progressive type of epilepsy had on average 9
seizures per day in the week before they were sacrificed, whereas
rats with a non-progressive type of epilepsy exhibited less than 1
seizure per day. Similarly as observed in mice, the expression of
GlyT1 in control rats (n¼ 5) was low in the hippocampal formation
(Fig. 2A) and adjacent cortex, whereas thalamus (as well as all mid-
brain and brain-stem structures, not shown) displayed high levels
of GlyT1. Interestingly, GlyT1 immunoreactivity in the hippocampal
formation significantly decreased during the acute (24 h after
stimulation) and latent phase of epileptogenesis (1 week after
stimulation) compared to controls (p < 0.05, one-way ANOVA), in
the dentate gyrus (molecular layer, granule cell layer and hilus) as
well as in CA3 (stratum radiatum and pyramidal cell layer) (Fig. 2B).
Low levels of hippocampal GlyT1 expression were maintained in
those animals that developed a non-progressive form of epilepsy,
whereas animals with a chronic progressive form of epilepsy
developed robust overexpression of GlyT1 in all layers of the den-
tate gyrus, CA3 and CA1 throughout the hippocampal formation
compared to control (p < 0.05, one-way ANOVA) (Fig. 2B). These
findings demonstrate that epileptogenesis is associated with dy-
namic GlyT1 expression changes and that only the chronic pro-
gressive form of epilepsy was associated with increased levels of
GlyT1 expression.

3.3. Overexpression of GlyT1 in the hippocampus of TLE patients

To assess whether GlyT1 dysregulation is likewise associated
with human TLE, we used quantitative real time PCR to quantify
GlyT1 mRNA expression from hippocampal resection material
derived from patients with TLE who underwent resective epilepsy
surgery. Our findings show that the ratio between GlyT1 and the
housekeeping gene EF1a increased 2.17 ± 0.32-fold in resected
hippocampi from patients with drug-resistant temporal lobe epi-
lepsy (n ¼ 9) as compared to control specimens (n ¼ 5, p < 0.05 t-
test) (Fig. 3). We conclude that overexpression of GlyT1 is also
associated with human TLE.

3.4. Pharmacological inhibition of GlyT1 prevents acute seizures in
mice

If overexpression of GlyT1 in epilepsy is functionally related to
seizure generation, then pharmacological blockade of GlyT1 should
exert anticonvulsive effects. We chose the selective GlyT1 inhibitor
LY2365109, which is known to robustly increase glycine levels in
the brain (Perry et al., 2008). Using the maximal electroshock
seizure test (Giardina and Gasior, 2009; Loscher, 2011; White,
2003) we first show that a standard antiepileptic drug valproic
acid delivered at a dose of 169 mg/kg prevented tonic hind limb
extension in 50% of the animals (positive control) whereas none of
the naïve (untreated) or vehicle injected animals (negative control)
were protected from (THLE) (n ¼ 10, each) (Fig. 4A). To test the
therapeutic efficacy of LY2365109, the drug was administered
intraperitoneally at concentrations of 10, 30, and 60 mg/kg 30 min
prior to the electrical stimulation (n¼ 10, each). The dose of 30 mg/
kg LY2365109 effectively prevented THLE in 100% of the animals
whereas both the lower as well as the higher dose showed reduced
efficacy (Fig. 4A). To determine the time of peak effect, we chose the
lower dose of 10 mg/kg LY2365109, but varied the time interval
between drug application and electrical stimulation. We demon-
strated that pretreatment with 10 mg/kg LY2365109 one hour prior
to the stimulation prevented THLE in 100% of the animals indicating
relatively slow drug kinetics (Fig. 4A). In line with those findings a
dose of 10 mg/kg LY2365109 significantly enhanced PTZ seizure
thresholds (57.5 ± 3.7 mg/kg PTZ, n ¼ 8) compared to a vehicle-
treated control group (45.7 ± 3.0 mg/kg PTZ, n ¼ 7, p < 0.05)
(Fig. 4B). Likewise, the PTZ seizure-threshold in GlyT1-KO mice
(73.3 ± 8.0 mg/kg, n ¼ 6) was significantly higher (26.3% increase)
than in GlyT1-WT littermates (58.0 ± 2.0 mg/kg, n ¼ 10, p < 0.05)
(Fig. 4C). Together, these data demonstrate that pharmacological
blockade of GlyT1 effectively reduces acute seizure susceptibility.

3.5. Pharmacological inhibition of GlyT1 prevents chronic seizures
in a mouse model of temporal lobe epilepsy

To assess whether GlyT1 inhibition might likewise be effective
to suppress chronic seizures in a model of TLE, we induced chronic
epilepsy in adult male C57Bl/6 WT mice via intrahippocampal in-
jection of KA. Five weeks later, according to our prior study (Gouder
et al., 2003) only the KA-injected animals developed chronic
recurrent seizures at a rate of 19.7 ± 1.1 seizures per hour and an
average duration of 17.8 ± 3.6 s (Fig. 5A, B). After completion of the
baseline recordings, the epileptic animals received intraperitoneal
injections with the GlyT1 inhibitor LY2365109 (3, 5, 7.5, 10, or
30 mg/kg), or vehicle (n ¼ 8e12 per group) followed by 24 h of
continuous monitoring of the EEG. After a delay of one hour
LY2365109 at doses of 7.5 and 10 mg/kg provided >50% seizure
reduction in all epileptic animals (p < 0.05, one-way ANOVA)
(Fig. 5C). The therapeutic effects of 10 mg/kg LY2365109 lasted for
~16 h with a maximum of protection at 4 h following the drug
injection (Fig. 5D). A dose of 30 mg/kg was found to trigger lethal
respiratory arrest within 3e4 h in all epileptic animals. Lower doses
of LY2365109 (3 mg/kg and 5 mg/kg) were either without effect or
displayed reduced efficacy with average hourly seizure numbers of
23.2 ± 2.6 (3 mg/kg) and 19.5 ± 1.3 (LY, 5 mg/kg) compared the
vehicle treated control group (23.1 ± 1.2 seizures per hour,
p > 0.05). We conclude that a dose range of 7.5e10 mg/kg
LY2365109 effectively reduces seizures in a mousemodel of chronic
TLE.

4. Discussion

This is the first comprehensive analysis of GlyT1 regulation in
chronic epilepsy. We demonstrate a biphasic response of GlyT1
expression during epileptogenesis with initial downregulation of
GlyT1 after epileptogenesis-precipitating seizures followed by
sustained pathological overexpression of GlyT1 in chronic epilepsy
as demonstrated in two mechanistically different models of TLE in
mice and rats. Further, we show that human TLE is likewise asso-
ciated with increased levels of GlyT1. Conversely, the



Fig. 2. Dysregulation of GlyT1 expression is associated with a progressive form of epilepsy in rats. (A) Typical examples of GlyT1 expression in the hippocampus of a control rat and
in rats that were sacrificed after SE during the acute, latent and chronic epileptic phase. (B) Semiquantitative analysis of GlyT1 expression in the dentate gyrus (DG), CA3 and CA1 at
different timepoints after SE. GlyT1 expression levels are presented in arbitrary optical density (O.D.) units. GlyT1 expression was low in the hippocampus of control rats. During the
acute (n ¼ 5) and latent (n ¼ 6) phase, the expression of GlyT1 was lower compared to controls in the dentate gyrus, i.e., molecular layer (ml), granule cell layer (gcl) and hilus (hil)
as well as in CA3, i.e., the stratum oriens (so), stratum radiatum (sr) and pyramidal cell layer (pcl). During the chronic phase, the expression of GlyT1 was higher in rats with a
progressive form of epilepsy (n ¼ 6) in all layers of the dentate gyrus, CA3 and CA1 as compared to control. In contrast, the expression of GlyT1 in rats with a non-progressive form of
epilepsy (n ¼ 4) did not differ from controls. DG, dentate gyrus; ml, molecular layer; gcl, granule cell layer; sr, stratum radiatum; pcl, pyramidal cell layer; so, stratum oriens. Scale
bar in A ¼ 500 mm, scale bar in inset of A ¼ 100 mm # lower compared to control, p < 0.05; * higher compared to control, p < 0.05); x lower compared to progressive epilepsy,
p < 0.05, one-way ANOVA.
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pharmacological suppression of GlyT1 or the genetic ablation of
GlyT1 in the hippocampus provides robust reduction of both acute
as well as chronic seizure activity in three different model systems.
We conclude that glycinergic regulation of network excitability is
altered in epilepsy and that GlyT1 therefore presents a rational
therapeutic target for the treatment of epilepsy. Our findings war-
rant further discussion.

4.1. Dynamic changes of GlyT1 regulation during epileptogenesis

We have previously shown that reduced levels of hippocampal
GlyT1 expression lead to a decrease in the N-[3-(40-fluorophenyl)-
3-(40-phenylphenoxy)-propyl] sarcosine (NFPS) specific [3H]
glycine uptake (Yee et al., 2006). Further, experimental over-
expression of GlyT1 led to a reduction in the extracellular glycine
tone (Supplisson and Bergman, 1997). These findings directly
demonstrate that GlyT1 expression determines the extracellular
tone of glycine. Our findings reported here show rapid decreases of
hippocampal GlyT1 immunoreactivity during the acute and latent
phases of epileptogenesis. The relevance of reduced GlyT1
expression during the early stages of epilepsy development is
currently unknown. GlyT1 is a symporter that co-transports 1
glycine with 2 Naþ and 1 Cl� (Eulenburg et al., 2005). Thus, the
direction of glycine transport depends on ionic concentration gra-
dients across the plasma membrane. Whereas hyperpolarization
promotes the reuptake of glycine into the cell, depolarization of the
membrane induces the cellular release of glycine. Consequently, an
epileptogenic event that induces SE would trigger the cellular
release of glycine, which, in light with our current findings, might
be an endogenous mechanism to limit seizure activity. Likewise,
the rapid reduction of GlyT1 expression after an acute seizure
would limit the reuptake of glycine and thereby boost the anti-
convulsive functions of glycine. Interestingly, reduced GlyT1 is
maintained in a non-progressive form of epilepsy (Fig. 2), whereas



Fig. 3. Overexpression of GlyT1 in the hippocampus of TLE patients. The expression of
GlyT1 in the human brain was studied using real-time quantitative PCR. The ratio
between GlyT1 and the housekeeping gene EF1a increased 2.17 ± 0.32-fold (p < 0.05)
in resected hippocampi from patients with drug-resistant TLE (n ¼ 9) as compared to
autopsy control tissue (n ¼ 5). *p < 0.05, t-test.
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only progressive forms of epilepsy with frequent spontaneous
seizure activity are characterized by increased levels of GlyT1
(Figs. 1e3). Thus, the transition from low to high levels of GlyT1
expression might be implicated in the transition from the latent
phase to the progressive chronic phase of epilepsy. The recent
development of a PET tracer for GlyT1 in humans (Joshi et al., 2015)
may offer unique diagnostic opportunities to distinguish patients
with a progressive course of epilepsy from those with a non-
progressive course.

Epileptogenesis is associated with inflammatory processes and
glial activation, which are both thought to play a functional role in
the pathogenesis and disease progression of epilepsy (Aronica et al.,
2012; Vezzani et al., 2011). In our tetanic stimulation model the
progressive form of epilepsy is associated with massive astrogliosis
in the hippocampal formation (Aronica et al., 2012, 2011; Gorter
et al., 2001). Likewise, astrogliosis is a major pathological hall-
mark of the intrahippocampal KA model of epilepsy (Gouder et al.,
2004). Since GlyT1 is expressed in both neurons as well as in glia
(Cubelos et al., 2005; Zafra et al., 1995), glial activation in the
epileptic brain might play a significant role in the induction of
Fig. 4. Pharmacological inhibition of GlyT1 prevents acute seizures in mice. (A) The anticonv
electroshock (MES) test in mice. The anticonvulsant activity is indicated as percentage of mic
drug valproic acid (VPA) at a dose of 169 mg/kg was used as a positive control and both t
convulsant efficacy of LY2365109 was assessed at different doses (10e60 mg/kg, i.p.) injecte
time-points prior to the MES. Data are based on n ¼ 10 animals per treatment. (B, C). A penty
blockade of GlyT1 via LY2365109 (10 mg/kg, i.p., B), and the genetic deletion of neuronal Gly
thresholds. Mice were subjected to repeated PTZ-injections (10 mg/kg, i.p.) every 10 min u
mulative PTZ dose needed to trigger stage 5 seizures was considered the convulsant thres
#p < 0.05 KO versus wild-type littermates (WT), n ¼ 6e10).
GlyT1 overexpression in the chronically epileptic brain. Interest-
ingly, the biphasic response of GlyT1 expression changes reported
here closely mimic changes in the expression of the adenosine
regulating enzyme adenosine kinase (Aronica et al., 2011; Boison,
2012). Thus, in both rodent models of epilepsy as well as in hu-
man epilepsy astroglial activation is associated with molecular
changes leading to dysregulation of the two fundamental metab-
olites glycine and adenosine. Future studies to determine the cell-
type selectivity of GlyT1 expression changes during epilepto-
genesis will elucidate the involvement of different cell types to the
biphasic changes in GlyT1 expression during epileptogenesis
described here.

4.2. Functional significance

In the hippocampal formation, glycine can exert opposing ef-
fects that depend on the activation of presynaptic (Kubota et al.,
2010; Winkelmann et al., 2014) versus postsynaptic glycine re-
ceptors (Aroeira et al., 2011). A recent study (Chen et al., 2014)
demonstrated that glycine at low concentrations (10 mM) had pro-
convulsive effects whereas higher glycine concentrations (100 mM)
attenuated recurrent epileptiform discharges. This pro-convulsive
effect of glycine was blocked by the loop diuretic NKCC1 inhibitor
bumetanide, a finding which supports a presynaptic mechanism
and is in agreement with activation of presynaptic glycine receptors
on glutamatergic synapses (Chen et al., 2014; Winkelmann et al.,
2014). The pro-convulsive actions of presynaptic glycine receptors
expressed on glutamatergic synapses (Winkelmann et al., 2014) is
further supported by findings showing that the expression of edi-
ted glycine receptor coding mRNA is increased in the human
epileptic hippocampus (Eichler et al., 2008) and that glycine re-
ceptor RNA editing regulates glycine affinity (Meier et al., 2005).
These findings suggest that glycine homeostasis plays a crucial role
in maintaining the balance between increased and decreased
neuronal excitability. Consequently, as documented here, disrup-
tion of glycine homeostasis via increased expression of GlyT1 in the
epileptic brain (Figs. 1e3) is likely to affect hippocampal
excitability.
ulsant activity of the GlyT1 inhibitor, LY2365109 (LY) was quantified using the maximal
e fully protected from tonic hind-limb extension (THLE). The conventional antiepileptic
reatment-naïve and vehicle-treated animals were used as negative controls. The anti-
d 30 min prior to the MES, and at a constant dose (10 mg/kg, i.p.) delivered at different
lenetetrazole (PTZ) seizure threshold test demonstrated that both the pharmacological
T1 in the forebrain of CamKIIaCre:GlyT1fl/fl (KO) mice (C) significantly increased seizure
ntil they reached a behavioral seizure score of 5 according to Racine's scale. The cu-
hold dose. Data are displayed as mean ± SEM. *p < 0.05 LY versus vehicle, n ¼ 7e8;



Fig. 5. Pharmacological inhibition of GlyT1 suppresses seizures in chronic epilepsy. (A) Representative intrahippocampal EEG traces from mice injected with vehicle (Veh, upper
panel) or KA (lower panel) 6 weeks after the intrahippocampal injection. Seizure onset and end are represented by closed and open arrows, respectively. A representative seizure is
also shown at higher resolution. (B) Quantification of chronic recurrent seizure activity revealed a rate of 19.7 ± 1.1 seizures per hour with an average duration of 17.8 ± 3.6 s in the
KA-injected epileptic mice (n ¼ 12) whereas vehicle-injected mice (n ¼ 12) were devoid of any seizures. (C) The average number of seizures per hour was significantly reduced in
the epileptic mice treated with LY2365109 (LY) (n ¼ 8e12 per dose) at doses of 7.5 and 10 mg/kg i.p., providing >50% seizure reduction compared to vehicle-treated controls. Lower
doses of 3 and 5 mg/kg were not effective, whereas a higher dose (30 mg/kg, i.p) triggered lethal respiratory arrest within 4 h (D) 24 h EEG data from the 10 mg/kg LY2365109 group
demonstrates the time course of therapeutic effects that commenced one hour after drug injections and that lasted for ~16 h, with a maximum of protection at 4 h following the
drug injection. Data are displayed as mean ± SEM. *p < 0.05 treatment versus vehicle.
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Although glycine was not quantified directly in the present
study, previous findings from us and others support an inverse
relationship between GlyT1 expression levels and extracellular
glycine (Supplisson and Bergman, 1997; Yee et al., 2006). We
therefore hypothesize that the increased expression of GlyT1 in
the epileptogenic hippocampus leads to reduced extracellular
glycine during the interictal phase. Under those conditions
preferential activation of pro-convulsive presynaptic glycine re-
ceptors would contribute to seizure generation in chronic epi-
lepsy. During ictal discharges, however, the reversal of the ion
gradient across the plasma membrane would enable a more
efficient release of glycine, which might be an endogenous
mechanism to limit seizure extent. Whether increased GlyT1 in
the epileptic hippocampus is cause or (adaptive) response to the
epileptic state is currently unclear and warrants further
investigation.

Decreased extracellular glycine might also contribute to cogni-
tive and psychiatric impairments, major comorbidities of epilepsy
(Dalmagro et al., 2012; Lin et al., 2012; Rudzinski and Meador,
2013), via reduced activation of the glycineB site of the NMDAR.
Reduced activation of the glycineB site of the NMDAR has indeed
been associated with cognitive impairment and psychosis (Javitt
and Coyle, 2004; Mohler et al., 2011; Tsai and Coyle, 2002). Thus,
overexpression of GlyT1 and resulting disruption of glycine ho-
meostasis in the epileptic hippocampus might contribute to the
comorbid spectrum of seizures, cognitive impairment and psychi-
atric disruptions in epilepsy.

The recent discovery of glycine-N-methyltransferase in the
hippocampus (Carrasco et al., 2014) suggests that the availability of
hippocampal glycine also controls the S-adenosylmethionine
(SAM) -dependent transmethylation pathway that provides the
substrate for DNA- and histone-methylation. Since epigenetic
mechanisms are implicated in epileptogenesis (Kobow and
Blumcke, 2011; Kobow et al., 2013; Williams-Karnesky et al.,
2013), dysregulation of GlyT1 might influence epilepsy develop-
ment through an epigenetic mechanism, an exciting possibility that
warrants further investigation. Increased GlyT1 and decreased
glycine would shift the biochemical equilibrium to increased SAM,
thus favoring increased DNA methylation; this mechanism would
be in linewith hypermethylation of the epileptogenic hippocampus
(Kobow and Blumcke, 2011; Kobow et al., 2013; Williams-Karnesky
et al., 2013).
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4.3. Translational significance

Intense research and drug development efforts have focused on
GlyT1 inhibitors as a new class of drugs to ameliorate the negative
and cognitive symptoms of schizophrenia, which have been
attributed to hypofunction of NMDARs (Coyle and Tsai, 2004; Goff
and Coyle, 2001; Javitt, 2012). In contrast to the use of direct
NMDAR agonists, allosteric modulation of the NMDAR by its co-
agonist glycine is not associated with any known risks of seizure
generation (Coyle and Tsai, 2004; Mohler et al., 2011; Tsai et al.,
2004). A 320 patient phase II proof-of-concept study and a recent
phase III study have identified no safety or tolerability concerns
with the GlyT1 antagonist bitopertin (RG1678) at doses of 30 and
175 mg/kg (Hofmann et al., 2012; Hopkins, 2011). These studies
demonstrated general safety of systemic GlyT1 inhibition and, most
importantly, rule out adverse brainstem effects of GlyT1 inhibitors
(Hofmann et al., 2012).

To be of therapeutic value for the therapy of epilepsy, GlyT1
inhibitors need to raise extracellular glycine levels sufficiently in
order to suppress epileptiform activity through activation of
extrasynaptic glycine receptors in the postsynaptic compartment
(Chen et al., 2014). Tonic inhibition of neuronal excitation through
this mechanism may however bear risks for neurodegeneration
under conditions of reduced expression levels of the chloride
transporter KCC2 as is the case in chronic adulthood epilepsy
(Eichler et al., 2008; Legendre et al., 2009; Rivera et al., 2002, 2004;
Winkelmann et al., 2015). Although neurodegeneration was not
assessed in our studies with acute administration of the GlyT1 in-
hibitor LY2365109, the chronic deletion of GlyT1 from hippocampal
neurons in mice was not associated with any signs of neuro-
degeneration (Yee et al., 2006). Our data show that acute doses of
7.5 and 10 mg/kg of the GlyT1 inhibitor LY2365109 effectively
prevent acute and chronic seizures (Figs. 4 and 5), whereas higher
doses (30 mg/kg) of LY2365109 are associated with excessive sup-
pression of respiratory functions in epileptic animals. These find-
ings are in linewith the study of homozygous GlyT1 knockout mice,
which die perinatally due to suppression of respiratory functions in
brainstem (Gomeza et al., 2003), which, in contrast to the forebrain,
is characterized by high levels of GlyT1 expression (Mohler et al.,
2011; Zafra et al., 1995). Given the antiepileptic efficacy of
LY2365109 in a dose range of 7,5e10 mg/kg, the therapeutic index
for GlyT1 inhibitors for the treatment of epilepsy might be rela-
tively narrow. Excessive blockade of GlyT1 transporters in the
brainstem might exacerbate the risk for sudden unexpected death
in epilepsy (SUDEP), a major lethal risk factor for patients with
chronic epilepsy that involves suppression of respiratory and car-
diac function (Hirsch, 2010; Richerson and Buchanan, 2011; Shen
et al., 2010). Strategies for local glycine augmentation might
therefore constitute an alternative to limit the beneficial effects of
glycine to the hippocampal formation while sparing GlyT1 rich
mid-brain and brainstem areas. Since stem cells can be engineered
to secrete endogenous therapeutically beneficial metabolites
(Fedele et al., 2004), it might be feasible to develop stem cell
derived brain implants to augment glycine signaling in the hippo-
campal formation. Cell therapies for epilepsy constitute a prom-
ising avenue for the local restriction of treatment to a brain area of
increased epileptogenicity (Boison, 2007; Sebe and Baraban, 2011;
Shetty and Hattiangady, 2007). Our findings with the CamKIIa
Cre:GlyT1fl/fl mice (Fig. 4C), which are characterized by the deletion
of GlyT1 in forebrain neurons only (Mohler et al., 2011; Yee et al.,
2006), demonstrate that local glycine augmentation therapy
restricted to the forebrain might be a feasible strategy to increase
thresholds for seizure induction.

Despite the challenges for future clinical translation we
demonstrate here innovative use of the experimental GlyT1
inhibitor LY2365109 and document its therapeutic potential for
seizure control in epilepsy. Importantly, our data presented here
suggest that GlyT1 inhibitors represent a class of drugs with the
potential to reduce the seizure burden in chronic epilepsy. Since
GlyT1 antagonists have proven pro-cognitive activities in models of
schizophrenia, autism, and Alzheimer's disease (Burket et al., 2015;
Chaki et al., 2015; Harada et al., 2012), GlyT1 inhibitors would differ
from conventional antiepileptic drugs, which generally impede
cognitive function (Arif et al., 2009; Ortinski and Meador, 2004;
Vajda, 2007). While we currently do not propose to use GlyT1 in-
hibitors in lieu of conventional epilepsy therapy, the new agents, in
particular at lower doses, might yield highly desirable outcome as
add-on to existing treatments.

Acknowledgments

This work was supported through grant R01 NS065957 from the
NIH (NINDS) and by the European Union's Seventh Framework
Programme (FP7/2007e2013) under grant agreement no 602102
(EPITARGET). We are grateful to Dr J.C. Baayen (Neurosurgical
Center Amsterdam, VU University Medical Center) for the help in
the selection and collection of human brain tissue. The authors
declare no competing financial interests.

References

Aragon, C., Lopez-Corcuera, B., 2005. Glycine transporters: crucial roles of phar-
macological interest revealed by gene deletion. Trends Pharmacol. Sci. 26,
283e286.

Arif, H., Buchsbaum, R., Weintraub, D., Pierro, J., Resor Jr., S.R., Hirsch, L.J., 2009.
Patient-reported cognitive side effects of antiepileptic drugs: predictors and
comparison of all commonly used antiepileptic drugs. Epilepsy Behav. 14,
202e209.

Aroeira, R.I., Ribeiro, J.A., Sebastiao, A.M., Valente, C.A., 2011. Age-related changes of
glycine receptor at the rat hippocampus: from the embryo to the adult.
J. Neurochem. 118, 339e353.

Aronica, E., Ravizza, T., Zurolo, E., Vezzani, A., 2012. Astrocyte immune responses
and epilepsy. Glia 60, 1258e1268.

Aronica, E., Zurolo, E., Iyer, A., de Groot, M., Anink, J., Carbonell, C., van Vliet, E.A.,
Baayen, J.C., Boison, D., Gorter, J.A., 2011. Upregulation of adenosine kinase in
astrocytes in experimental and human temporal lobe epilepsy. Epilepsia 52,
1645e1655.

Bergeron, R., Meyer, T.M., Coyle, J.T., Greene, R.W., 1998. Modulation of N-methyl-D-
aspartate receptor function by glycine transport. Proc. Natl. Acad. Sci. U. S. A. 95,
15730e15734.

Betz, H., Gomeza, J., Armsen, W., Scholze, P., Eulenburg, V., 2006. Glycine trans-
porters: essential regulators of synaptic transmission. Biochem. Soc. Trans. 34,
55e58.

Betz, H., Harvey, R.J., Schloss, P., 2001. Structures, diversity and pharmacology of
glycine receptors and transporters. In: M€ohler, H. (Ed.), Pharmacology of GABA
and glycine Neurotransmission. Springer-Verlag, Berlin, Heidelberg,
pp. 375e401.

Black, M.D., Varty, G.B., Arad, M., Barak, S., De Levie, A., Boulay, D., Pichat, P.,
Griebel, G., Weiner, I., 2009. Procognitive and antipsychotic efficacy of glycine
transport 1 inhibitors (GlyT1) in acute and neurodevelopmental models of
schizophrenia: latent inhibition studies in the rat. Psychopharmacol. Berl. 202,
385e396.

Boison, D., 2007. Cell and gene therapies for refractory epilepsy. Curr. Neuro-
pharmacol. 5, 115e125.

Boison, D., 2012. Adenosine dysfunction in epilepsy. Glia 60, 1234e1243.
Burket, J.A., Benson, A.D., Green, T.L., Rook, J.M., Lindsley, C.W., Conn, P.J.,

Deutsch, S.I., 2015. Effects of VU0410120, a novel GlyT1 inhibitor, on measures
of sociability, cognition and stereotypic behaviors in a mouse model of autism.
Prog. Neuropsychopharmacol. Biol. Psychiatry 61, 10e17.

Carrasco, M., Rabaneda, L.G., Murillo-Carretero, M., Ortega-Martinez, S., Martinez-
Chantar, M.L., Woodhoo, A., Luka, Z., Wagner, C., Lu, S.C., Mato, J.M., Mico, J.A.,
Castro, C., 2014. Glycine N-methyltransferase expression in the hippocampus
and its role in neurogenesis and cognitive performance. Hippocampus 24,
840e852.

Chaki, S., Shimazaki, T., Karasawa, J.I., Aoki, T., Kaku, A., Iijima, M., Kambe, D.,
Yamamoto, S., Kawakita, Y., Shibata, T., Abe, K., Okubo, T., Sekiguchi, Y.,
Okuyama, S., 2015. Efficacy of a glycine transporter 1 inhibitor TASP0315003 in
animal models of cognitive dysfunction and negative symptoms of schizo-
phrenia. Psychopharmacol. 232, 2849e2861.

Chattipakorn, S.C., McMahon, L.L., 2003. Strychnine-sensitive glycine receptors
depress hyperexcitability in rat dentate gyrus. J. Neurophysiol. 89, 1339e1342.

Chen, R., Okabe, A., Sun, H., Sharopov, S., Hanganu-Opatz, I.L., Kolbaev, S.N.,

http://refhub.elsevier.com/S0028-3908(15)30076-9/sref1
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref1
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref1
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref1
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref2
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref2
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref2
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref2
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref2
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref3
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref3
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref3
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref3
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref4
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref4
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref4
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref5
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref5
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref5
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref5
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref5
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref6
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref6
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref6
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref6
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref7
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref7
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref7
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref7
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref8
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref8
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref8
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref8
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref8
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref8
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref9
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref9
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref9
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref9
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref9
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref9
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref10
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref10
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref10
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref11
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref11
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref12
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref12
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref12
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref12
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref12
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref13
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref13
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref13
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref13
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref13
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref13
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref14
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref14
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref14
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref14
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref14
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref14
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref15
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref15
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref15
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref16


H.-Y. Shen et al. / Neuropharmacology 99 (2015) 554e565564
Fukuda, A., Luhmann, H.J., Kilb, W., 2014. Activation of glycine receptors mod-
ulates spontaneous epileptiform activity in the immature rat hippocampus.
J. Physiol. 592, 2153e2168.

Coyle, J.T., Tsai, G., 2004. The NMDA receptor glycine modulatory site: a therapeutic
target for improving cognition and reducing negative symptoms in schizo-
phrenia. Psychopharmacol. Berl. 174, 32e38.

Cubelos, B., Gimenez, C., Zafra, F., 2005. Localization of the GLYT1 Glycine trans-
porter at glutamatergic synapses in the rat brain. Cereb. Cortex 15, 448e459.

Dalmagro, C.L., Velasco, T.R., Bianchin, M.M., Martins, A.P., Guarnieri, R.,
Cescato, M.P., Carlotti Jr., C.G., Assirati Jr., J.A., Araujo Jr., D., Santos, A.C.,
Hallak, J.E., Sakamoto, A.C., 2012. Psychiatric comorbidity in refractory focal
epilepsy: a study of 490 patients. Epilepsy Behav. 25, 593e597.

Eichler, S.A., Kirischuk, S., Juttner, R., Schaefermeier, P.K., Legendre, P.,
Lehmann, T.N., Gloveli, T., Grantyn, R., Meier, J.C., 2008. Glycinergic tonic inhi-
bition of hippocampal neurons with depolarizing GABAergic transmission
elicits histopathological signs of temporal lobe epilepsy. J. Cell Mol. Med. 12,
2848e2866.

Eulenburg, V., Armsen, W., Betz, H., Gomeza, J., 2005. Glycine transporters: essential
regulators of neurotransmission. Trends Biochem. Sci. 30, 325e333.

Fedele, D.E., Koch, P., Brüstle, O., Scheurer, L., Simpson, E.M., Mohler, H., Boison, D.,
2004. Engineering embryonic stem cell derived glia for adenosine delivery.
Neurosci. Lett. 370, 160e165.

Gabernet, L., Pauly-Evers, M., Schwerdel, C., Lentz, M., Bluethmann, H., Vogt, K.,
Alberati, D., Mohler, H., Boison, D., 2005. Enhancement of the NMDA receptor
function by reduction of glycine transporter-1 expression. Neurosci. Lett. 373,
79e84.

Giardina, W.J., Gasior, M., 2009. Acute seizure tests in epilepsy research: electro-
shock- and chemical-induced convulsions in the mouse. Curr. Protoc. Pharma-
col. (Chapter 5), Unit 5 22.

Goff, D.C., Coyle, J.T., 2001. The emerging role of glutamate in the pathophysiology
and treatment of schizophrenia. Am. J. Psychiatry 158, 1367e1377.

Gomeza, J., Hulsmann, S., Ohno, K., Eulenburg, V., Szoke, K., Richter, D., Betz, H.,
2003. Inactivation of the glycine transporter 1 gene discloses vital role of glial
glycine uptake in glycinergic inhibition. Neuron 40, 785e796.

Gorter, J.A., van Vliet, E.A., Aronica, E., Lopes da Silva, F.H., 2001. Progression of
spontaneous seizures after status epilepticus is associated with mossy fibre
sprouting and extensive bilateral loss of hilar parvalbumin and somatostatin-
immunoreactive neurons. Eur. J. Neurosci. 13, 657e669.

Gouder, N., Fritschy, J.M., Boison, D., 2003. Seizure suppression by adenosine A1
receptor activation in a mouse model of pharmacoresistant epilepsy. Epilepsia
44, 877e885.

Gouder, N., Scheurer, L., Fritschy, J.-M., Boison, D., 2004. Overexpression of adeno-
sine kinase in epileptic hippocampus contributes to epileptogenesis. J. Neurosci.
24, 692e701.

Harada, K., Nakato, K., Yarimizu, J., Yamazaki, M., Morita, M., Takahashi, S., Aota, M.,
Saita, K., Doihara, H., Sato, Y., Yamaji, T., Ni, K., Matsuoka, N., 2012. A novel
glycine transporter-1 (GlyT1) inhibitor, ASP2535 (4-[3-isopropyl-5-(6-phenyl-
3-pyridyl)-4H-1,2,4-triazol-4-yl]-2,1,3-benzoxadiazol e), improves cognition in
animal models of cognitive impairment in schizophrenia and Alzheimer's dis-
ease. Eur. J. Pharmacol. 685, 59e69.

Hirsch, E., Schmitz, B., Carreno, M., 2003. Epilepsy, antiepileptic drugs (AEDs) and
cognition. Acta Neurol. Scand. Suppl. 180, 23e32.

Hirsch, L.J., 2010. Is sudden unexpected death in epilepsy due to postictal brain
shutdown? Ann. Neurol. 68, 773e775.

Hofmann, C., Banken, L., Hahn, M., Swearingen, D., Nagel, S., Martin-Facklam, M.,
2012. Evaluation of the effects of bitopertin (RG1678) on cardiac repolarization:
a thorough corrected QT study in healthy male volunteers. Clin. Ther. 34,
2061e2071.

Hopkins, C.R., 2011. ACS chemical neuroscience molecule spotlight on RG1678. ACS
Chem. Neurosci. 2, 685e686.

Iyer, A., Zurolo, E., Prabowo, A., Fluiter, K., Spliet, W.G., van Rijen, P.C., Gorter, J.A.,
Aronica, E., 2012. MicroRNA-146a: a key regulator of astrocyte-mediated in-
flammatory response. PLoS One 7, e44789.

Javitt, D.C., 2012. Glycine transport inhibitors in the treatment of schizophrenia.
Handb. Exp. Pharmacol. 367e399.

Javitt, D.C., Coyle, J.T., 2004. Decoding schizophrenia. Sci. Am. 290, 48e55.
Joshi, A.D., Sanabria-Bohorquez, S.M., Bormans, G., Koole, M., De Hoon, J., Van

Hecken, A., Depre, M., De Lepeleire, I., Van Laere, K., Sur, C., Hamill, T.G., 2015.
Characterization of the novel GlyT1 PET tracer [18F]MK-6577 in humans. Syn-
apse 69, 33e40.

Kalinichev, M., Starr, K.R., Teague, S., Bradford, A.M., Porter, R.A., Herdon, H.J., 2010.
Glycine transporter 1 (GlyT1) inhibitors exhibit anticonvulsant properties in the
rat maximal electroshock threshold (MEST) test. Brain Res. 1331, 105e113.

Kirchner, A., Breustedt, J., Rosche, B., Heinemann, U.F., Schmieden, V., 2003. Effects
of taurine and glycine on epileptiform activity induced by removal of Mg2þ in
combined rat entorhinal cortex-hippocampal slices. Epilepsia 44, 1145e1152.

Kobow, K., Blumcke, I., 2011. The methylation hypothesis: do epigenetic chromatin
modifications play a role in epileptogenesis? Epilepsia 52 (Suppl. 4), 15e19.

Kobow, K., Kaspi, A., Harikrishnan, K.N., Kiese, K., Ziemann, M., Khurana, I.,
Fritzsche, I., Hauke, J., Hahnen, E., Coras, R., Muhlebner, A., El-Osta, A.,
Blumcke, I., 2013. Deep sequencing reveals increased DNA methylation in
chronic rat epilepsy. Acta Neuropathol. 126, 741e756.

Kubota, H., Alle, H., Betz, H., Geiger, J.R., 2010. Presynaptic glycine receptors on
hippocampal mossy fibers. Biochem. Biophys. Res. Commun. 393, 587e591.

Labrie, V., Roder, J.C., 2010. The involvement of the NMDA receptor D-serine/glycine
site in the pathophysiology and treatment of schizophrenia. Neurosci. Biobehav
Rev. 34, 351e372.

Legendre, P., Forstera, B., Juttner, R., Meier, J.C., 2009. Glycine receptors Caught
between genome and proteome - functional implications of RNA editing and
splicing. Front. Mol. Neurosci. 2, 23.

Lin, J.J., Mula, M., Hermann, B.P., 2012. Uncovering the neurobehavioural comor-
bidities of epilepsy over the lifespan. Lancet 380, 1180e1192.

Loscher, W., 2011. Critical review of current animal models of seizures and epilepsy
used in the discovery and development of new antiepileptic drugs. Seizure 20,
359e368.

Loscher, W., Schmidt, D., 2011. Modern antiepileptic drug development has failed to
deliver: ways out of the current dilemma. Epilepsia 52, 657e678.

Martina, M., Turcotte, M.E.B., Halman, S., Tsai, G., Tiberi, M., Coyle, J.T., Bergeron, R.,
2005. Reduced glycine transporter type 1 expression leads to major changes in
glutamatergic neurotransmission of CA1 hippocampal neurones in mice.
J. Physiol. 563, 777e793.

Meier, J.C., Henneberger, C., Melnick, I., Racca, C., Harvey, R.J., Heinemann, U.,
Schmieden, V., Grantyn, R., 2005. RNA editing produces glycine receptor
alpha3(P185L), resulting in high agonist potency. Nat. Neurosci. 8, 736e744.

Mohler, H., Boison, D., Singer, P., Feldon, J., Pauly-Evers, M., Yee, B.K., 2011. Glycine
transporter 1 as a potential therapeutic target for schizophrenia-related
symptoms: evidence from genetically modified mouse models and pharma-
cological inhibition. Biochem. Pharmacol. 81, 1065e1077.

Mohler, H., Rudolph, U., Boison, D., Singer, P., Feldon, J., Yee, B.K., 2008. Regulation of
cognition and symptoms of psychosis: focus on GABA(A) receptors and glycine
transporter 1. Pharmacol. Biochem. Behav. 90, 58e64.

Ortinski, P., Meador, K.J., 2004. Cognitive side effects of antiepileptic drugs. Epilepsy
Behav. 5 (Suppl. 1), S60eS65.

Perry, K.W., Falcone, J.F., Fell, M.J., Ryder, J.W., Yu, H., Love, P.L., Katner, J.,
Gordon, K.D., Wade, M.R., Man, T., Nomikos, G.G., Phebus, L.A., Cauvin, A.J.,
Johnson, K.W., Jones, C.K., Hoffmann, B.J., Sandusky, G.E., Walter, M.W.,
Porter, W.J., Yang, L., Merchant, K.M., Shannon, H.E., Svensson, K.A., 2008.
Neurochemical and behavioral profiling of the selective GlyT1 inhibitors
ALX5407 and LY2365109 indicate a preferential action in caudal vs. cortical
brain areas. Neuropharmacology 55, 743e754.

Pinto, M.C., Lima, I.V., da Costa, F.L., Rosa, D.V., Mendes-Goulart, V.A., Resende, R.R.,
Romano-Silva, M.A., de Oliveira, A.C., Gomez, M.V., Gomez, R.S., 2015. Glycine
transporters type 1 inhibitor promotes brain preconditioning against NMDA-
induced excitotoxicity. Neuropharmacology 89, 274e281.

Racine, R., 1978. Kindling: the first decade. Neurosurgery 3, 234e252.
Richerson, G.B., Buchanan, G.F., 2011. The serotonin axis: shared mechanisms in

seizures, depression, and SUDEP. Epilepsia 52 (Suppl. 1), 28e38.
Rivera, C., Li, H., Thomas-Crusells, J., Lahtinen, H., Viitanen, T., Nanobashvili, A.,

Kokaia, Z., Airaksinen, M.S., Voipio, J., Kaila, K., Saarma, M., 2002. BDNF-induced
TrkB activation down-regulates the Kþ-Cl- cotransporter KCC2 and impairs
neuronal Cl- extrusion. J. Cell Biol. 159, 747e752.

Rivera, C., Voipio, J., Thomas-Crusells, J., Li, H., Emri, Z., Sipila, S., Payne, J.A.,
Minichiello, L., Saarma, M., Kaila, K., 2004. Mechanism of activity-dependent
downregulation of the neuron-specific K-Cl cotransporter KCC2. J. Neurosci.
24, 4683e4691.

Rudzinski, L.A., Meador, K.J., 2013. Epilepsy and neuropsychological comorbidities.
Contin. (Minneap Minn) 19, 682e696.

Ruijter, J.M., Ramakers, C., Hoogaars, W.M., Karlen, Y., Bakker, O., van den Hoff, M.J.,
Moorman, A.F., 2009. Amplification efficiency: linking baseline and bias in the
analysis of quantitative PCR data. Nucleic Acids Res. 37, e45.

Sebe, J.Y., Baraban, S.C., 2011. The promise of an interneuron-based cell therapy for
epilepsy. Dev. Neurobiol. 71, 107e117.

Shen, H.-Y., Sun, H., Hanthorn, M.M., Zhi, Z., Lan, J.-Q., Poulsen, D.J., Wang, R.,
Boison, D., 2014. Overexpression of adenosine kinase in cortical astrocytes
generates focal neocortical epilepsy in mice. J. Neurosurg. 120, 628e638.

Shen, H.Y., Li, T., Boison, D., 2010. A novel mouse model for sudden unexpected
death in epilepsy (SUDEP): role of impaired adenosine clearance. Epilepsia 51,
465e468.

Shetty, A.K., Hattiangady, B., 2007. Concise review: prospects of stem cell therapy
for temporal lobe epilepsy. Stem Cells 25, 2396e2407.

Singer, P., Feldon, J., Yee, B.K., 2009. The glycine transporter 1 inhibitor SSR504734
enhances working memory performance in a continuous delayed alternation
task in C57BL/6 mice. Psychopharmacol. Berl. 202, 371e384.

Song, W., Chattipakorn, S.C., McMahon, L.L., 2006. Glycine-gated chloride channels
depress synaptic transmission in rat hippocampus. J. Neurophysiol. 95,
2366e2379.

Supplisson, S., Bergman, C., 1997. Control of NMDA receptor activation by a glycine
transporter co- expressed in Xenopus oocytes. J. Neurosci. 17, 4580e4590.

Theofilas, P., Brar, S., Stewart, K.-A., Shen, H.-Y., Sandau, U.S., Poulsen, D.J., Boison, D.,
2011. Adenosine kinase as a target for therapeutic antisense strategies in epi-
lepsy. Epilepsia 52, 589e601. PMCID: PMC3075862.

Tsai, G., Coyle, J.T., 2002. Glutamatergic mechanisms in schizophrenia. Annu. Rev.
Pharmacol. Toxicol. 42, 165e179.

Tsai, G., Ralph-Williams, R.J., Martina, M., Bergeron, R., Berger-Sweeney, J.,
Dunham, K.S., Jiang, Z., Caine, S.B., Coyle, J.T., 2004. Gene knockout of glycine
transporter 1: characterization of the behavioral phenotype. Proc. Natl. Acad.
Sci. U. S. A. 101, 8485e8490.

Vajda, F.J.E., 2007. Pharmacotherapy of epilepsy: new armamentarium, new issues.
J. Clin. Neurosci. 14, 813e823.

van Vliet, E.A., Forte, G., Holtman, L., den Burger, J.C., Sinjewel, A., de Vries, H.E.,

http://refhub.elsevier.com/S0028-3908(15)30076-9/sref16
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref16
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref16
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref16
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref17
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref17
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref17
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref17
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref18
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref18
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref18
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref19
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref19
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref19
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref19
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref19
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref20
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref20
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref20
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref20
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref20
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref20
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref21
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref21
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref21
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref22
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref22
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref22
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref22
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref23
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref23
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref23
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref23
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref23
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref24
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref24
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref24
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref25
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref25
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref25
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref26
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref26
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref26
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref26
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref27
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref27
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref27
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref27
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref27
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref28
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref28
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref28
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref28
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref29
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref29
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref29
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref29
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref30
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref30
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref30
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref30
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref30
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref30
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref30
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref31
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref31
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref31
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref32
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref32
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref32
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref33
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref33
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref33
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref33
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref33
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref34
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref34
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref34
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref35
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref35
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref35
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref36
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref36
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref36
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref37
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref37
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref38
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref38
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref38
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref38
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref38
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref39
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref39
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref39
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref39
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref40
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref40
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref40
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref40
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref40
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref41
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref41
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref41
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref42
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref42
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref42
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref42
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref42
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref43
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref43
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref43
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref44
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref44
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref44
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref44
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref45
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref45
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref45
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref46
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref46
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref46
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref47
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref47
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref47
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref47
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref48
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref48
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref48
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref49
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref49
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref49
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref49
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref49
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref50
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref50
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref50
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref50
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref51
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref51
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref51
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref51
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref51
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref52
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref52
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref52
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref52
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref53
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref53
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref53
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref54
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref54
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref54
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref54
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref54
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref54
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref54
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref54
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref55
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref55
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref55
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref55
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref55
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref56
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref56
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref57
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref57
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref57
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref58
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref58
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref58
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref58
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref58
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref58
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref59
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref59
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref59
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref59
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref59
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref60
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref60
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref60
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref61
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref61
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref61
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref62
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref62
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref62
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref63
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref63
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref63
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref63
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref64
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref64
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref64
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref64
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref65
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref65
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref65
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref66
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref66
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref66
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref66
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref67
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref67
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref67
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref67
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref68
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref68
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref68
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref69
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref69
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref69
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref69
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref70
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref70
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref70
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref71
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref71
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref71
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref71
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref71
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref72
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref72
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref72
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref73


H.-Y. Shen et al. / Neuropharmacology 99 (2015) 554e565 565
Aronica, E., Gorter, J.A., 2012. Inhibition of mammalian target of rapamycin
reduces epileptogenesis and blood-brain barrier leakage but not microglia
activation. Epilepsia 53, 1254e1263.

Vezzani, A., Aronica, E., Mazarati, A., Pittman, Q.J., 2013. Epilepsy and brain
inflammation. Exp. Neurol. 244, 11e21.

White, H.S., 2003. Preclinical development of antiepileptic drugs: past, present, and
future directions. Epilepsia 44 (Suppl. 7), 2e8.

White, H.S., Smith, M.D., Wilcox, K.S., 2007. Mechanisms of action of antiepileptic
drugs. Int. Rev. Neurobiol. 81, 85e110.

Williams-Karnesky, R.L., Sandau, U.S., Lusardi, T.A., Lytle, N.K., Farrell, J.M.,
Pritchard, E.M., Kaplan, D.L., Boison, D., 2013. Epigenetic changes induced by
adenosine augmentation therapy prevent epileptogenesis. J. Clin. Invest. 123,
3552e3563.

Winkelmann, A., Maggio, N., Eller, J., Caliskan, G., Semtner, M., Haussler, U.,
Juttner, R., Dugladze, T., Smolinsky, B., Kowalczyk, S., Chronowska, E.,
Schwarz, G., Rathjen, F.G., Rechavi, G., Haas, C.A., Kulik, A., Gloveli, T.,
Heinemann, U., Meier, J.C., 2014. Changes in neural network homeostasis trigger
neuropsychiatric symptoms. J. Clin. Invest. 124, 696e711.
Winkelmann, A., Semtner, M., Meier, J.C., 2015. Chloride transporter KCC2-

dependent neuroprotection depends on the N-terminal protein domain. Cell
Death Dis. 6, e1776.

Yang, C.R., Svensson, K.A., 2008. Allosteric modulation of NMDA receptor via
elevation of brain glycine and D-serine: the therapeutic potentials for schizo-
phrenia. Pharmacol. Ther. 120, 317e332.

Yee, B.K., Balic, E., Singer, P., Schwerdel, C., Grampp, T., Gabernet, L., Knuesel, I.,
Benke, D., Feldon, J., Mohler, H., Boison, D., 2006. Disruption of glycine trans-
porter 1 restricted to forebrain neurons is associated with a pro-cognitive and
anti-psychotic phenotypic profile. J. Neurosci. 26, 3169e3181.

Zafra, F., Aragon, C., Olivares, L., Danbolt, N.C., Gimenez, C., Storm-Mathisen, J., 1995.
Glycine transporters are differentially expressed among CNS cells. J. Neurosci.
15, 3952e3969.

Zhang, L.H., Gong, N., Fei, D., Xu, L., Xu, T.L., 2008. Glycine uptake regulates hip-
pocampal network activity via glycine receptor-mediated tonic inhibition.
Neuropsychopharmacology 33, 701e711.

http://refhub.elsevier.com/S0028-3908(15)30076-9/sref73
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref73
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref73
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref73
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref74
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref74
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref74
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref75
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref75
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref75
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref76
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref76
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref76
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref77
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref77
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref77
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref77
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref77
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref78
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref78
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref78
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref78
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref78
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref78
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref79
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref79
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref79
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref80
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref80
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref80
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref80
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref81
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref81
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref81
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref81
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref81
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref82
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref82
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref82
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref82
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref83
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref83
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref83
http://refhub.elsevier.com/S0028-3908(15)30076-9/sref83

	Glycine transporter 1 is a target for the treatment of epilepsy
	1. Introduction
	2. Materials & methods
	2.1. Studies in mice
	2.2. Mouse model of TLE
	2.3. Electroencephalography and drug treatment
	2.4. Chemoconvulsant seizure tests
	2.5. Maximal electroshock seizure (MES) test
	2.6. Rat model of temporal lobe epilepsy
	2.7. Immunohistochemistry
	2.8. Western blot analysis
	2.9. Real-time quantitative PCR
	2.10. Statistical analysis

	3. Results
	3.1. Dysregulation of GlyT1 expression in the epileptogenic hippocampus of mice
	3.2. Dysregulation of GlyT1 expression is associated with a progressive form of epilepsy in rats
	3.3. Overexpression of GlyT1 in the hippocampus of TLE patients
	3.4. Pharmacological inhibition of GlyT1 prevents acute seizures in mice
	3.5. Pharmacological inhibition of GlyT1 prevents chronic seizures in a mouse model of temporal lobe epilepsy

	4. Discussion
	4.1. Dynamic changes of GlyT1 regulation during epileptogenesis
	4.2. Functional significance
	4.3. Translational significance

	Acknowledgments
	References


