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A B S T R A C T
On native human, rat and mouse glycine transporter-1(GlyT1), SSR130800 behaves as a selective inhibitor
with IC50 values of 1.9, 5.3 and 6.8 nM, respectively. It reversibly blocked glycine uptake in mouse brain
cortical homogenates, increased extracellular levels of glycine in the rat prefrontal cortex, and potentiated
NMDA-mediated excitatory postsynaptic currents in rat hippocampal slices. SSR103800 (30 mg/kg, p.o.)
decreased MK-801- and PCP-induced locomotor hyperactivity in rodents. SSR103800 (1 and 10 mg/kg, p.o.)
attenuated social recognition deﬁcit in adult rats induced by neonatal injections of PCP (10 mg/kg, s.c., on
post-natal day 7, 9 and 11). SSR103800 (3 mg/kg, p.o.) counteracted the deﬁcit in short-term visual episodiclike memory induced by a low challenge dose of PCP (1 mg/kg, i.p.), in PCP-sensitized rats (10 mg/kg, i.p.).
SSR103800 (30 mg/kg, i.p.) increased the prepulse inhibition of the startle reﬂex in DBA/1J mice. SSR103800
decreased defensive- and despair-related behaviors in the tonic immobility test in gerbils (10 and 30 mg/kg,
p.o.) and in the forced-swimming procedure in rats (1 and 3 mg/kg, p.o.), respectively. These ﬁndings suggest
that SSR103800 may have a therapeutic potential in the management of the core symptoms of schizophrenia
and comorbid depression states.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction
A widely accepted theory suggests that a dopaminergic (DA)
hyperfunction is the primary cause of schizophrenia symptoms.
However, the observation that antagonists of the glutamate Nmethyl-D-aspartate (NMDA) receptor produced schizophrenic-like
symptoms in humans (Javitt and Zukin, 1991) and precipitated
psychotic episodes in otherwise stabilized schizophrenia patients
(Lahti et al., 2001) has prompted speculation about an alternate
hypothesis to the DA one, which relies on the idea of a hypoglutamatergic state, involving the NMDA receptor. This hypothesis is
further substantiated by several ﬁndings showing for example a
decreased concentration of glutamate in the cerebrospinal ﬂuid (CSF)
of schizophrenic patients (Kim et al., 1980). Endogenous kynurenic
acid concentration, an antagonist of the glycine B site on the NMDA
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receptor in the human brain, is increased in the CSF (Erhardt et al.,
2001) as well as in the postmortem prefrontal cortex of patients with
schizophrenia (Schwarcz et al., 2001). Another, though more indirect
argument for this hypo-NMDA hypothesis, is based on the observation
that compounds such as D-cycloserine, glycine, alanine and D-serine,
which putatively increase NMDA receptor sensitivity to glutamate,
provide additional beneﬁt when associated with antipsychotics on
negative symptomatology and cognitive dysfunction (Tsai et al., 2006;
Evins et al., 2002). Due to the pivotal role of the glutamate system in
psychomotor and cognitive processes (Carlsson, 1995; Riedel et al.,
2003), a compound that would enhance this system, by increasing
glycine levels at the vicinity of the NMDA receptor, may alleviate the
negative and cognitive symptoms of schizophrenia (Depoortere et al.,
2005).
Glycine elevation can be achieved by inhibition of the glycine
transporter 1 (GlyT1), which is responsible for glycine removal from the
synaptic cleft. Levels of synaptic glycine are tightly controlled by two
types of speciﬁc transporters (Glycine Transporters, GlyT1 and GlyT2).
The GlyT1 is classically considered to be localized on glial cells — but
recently described on neurons as well (Cubelos et al., 2005). The GlyT1 is
closely associated with the NMDA receptor, whereas GlyT2 is colocalized

48

D. Boulay et al. / Pharmacology, Biochemistry and Behavior 91 (2008) 47–58

with inhibitory strychnine-sensitive glycine receptors (see: Gomeza
et al., 2003 for review). GlyT1 inhibitors are expected to increase
glutamatergic transmission, and as such represent a promising
therapeutic approach for schizophrenia (Vandenberg and Aubrey
2001; Depoortere et al., 2005). In line with this hypothesis, there is
increasing evidence that GlyT1 inhibitors, such as ORG24461, CP802,079, sarcosine, NFPS, SSR504734 are active in models of schizophrenia, which address the positive, negative and cognitive symptoms
of the disease (Harsing et al., 2003; Kinney et al., 2003; Le Pen et al.,
2003; Martina et al., 2004; Depoortere et al., 2005). We have recently
synthesized a novel selective and reversible GlyT1 inhibitor, SSR103800.
We presently report on the in vitro binding proﬁle, as well as the
biochemical, electrophysiological and behavioral data, which demonstrate that elevation of central glycine levels induced by SSR103800,
functionally impacts central glutamate transmission and prevents
various effects produced by a hypo-glutamatergic state. The therapeutic potential of SSR103800 was evaluated in various animal
models addressing the different symptoms of schizophrenia, namely
the positive/agitation symptoms (MK-801 and PCP induced motor
activity in rodents), the cognitive deﬁcits (social attention selective
deﬁcit in adult rats treated with PCP at a neonatal stage and visual
episodic-like memory deﬁcit in chronic PCP sensitized rats), and the
sensory gating impairment (prepulse inhibition of the startle
response). In regard to the reported co-morbid depression symptoms
in schizophrenia (Subotnik et al., 1997), additional experiments
assessing the antidepressant-like potential of SSR103800 were
performed.
2. Materials and methods
2.1. Animals
Animals were supplied by Iffa-Credo (Les Oncins, France) or
Charles-River (St Aubin-les-Elbeuf, France), unless speciﬁed otherwise. Animals were kept in temperature- and humidity-controlled
rooms (22 °C, 50%) with lights on from 7 am to 7 pm (except when
indicated otherwise), with water and food available ad libitum. All
experiments were performed in accordance with the “Guide and Care
and Use of Laboratory Animals” (National Institutes of Health) and
were approved by the Institutional Animal Care & Use Committee of
Sanoﬁ-Aventis.
2.2. Drugs
SSR103800 the (S,S) enantiomer, SSR103713 the (R,R) enantiomer
of SSR103800, ﬂuoxetine and phencyclidine were synthesized by the
CNS Medicinal Chemistry Department of Sanoﬁ-Aventis. Glycine and
MK-801 were obtained from Sigma Aldrich (Saint Quentin Fallavier,
France) or Bio-rad Laboratories (LifeScience Group Marnes-laCoquette, France). Olanzapine was purchased from Toronto Research
(North York, Ontario). Drugs were diluted in dimethyl sulfoxide
(DMSO) for in vitro studies and, in saline alone or with a few drops of
Tween 80 for intra-peritoneal injection, or in distilled water with
methylcellulose (0.6%) for oral administration, unless speciﬁed
otherwise. Doses refer to the weight of the free base, except when
indicated otherwise. All drug solutions were prepared fresh daily and
administered i.p. or p.o. (10 or 20 ml/kg in mice or gerbils, 2 or 5 ml/kg
in rats), s.c. (0.1 ml in rat pups) or i.v. (1 ml/kg in rats).
2.3. Effects of SSR103800 and its (R,R) enantiomer SSR103713 on in vitro
[14C]glycine uptake
Human neuroblastoma (SK-N-MC) and rat astrocytoma (C6) cell
lines, obtained from the American Type Culture Collection (Rockville,
MD, USA), were maintained at 37 °C, in humidiﬁed air with 5% CO2, in
monolayer culture in growth medium (MEM for SK-N-MC cells and

HAM-F12 for C6 cells) containing 10% fetal-calf serum. In SK-N-MC
and C6 cells, the presence of GlyT1 was assessed as reported in
Depoortere et al. (2005). Forty eight hours before [14C]glycine uptake
experiments, cells were plated at a density of 20,000 to 30,000 per
well in 96-well culture dishes previously coated with ﬁbronectin for
SK-N-MC cells or poly-D-lysine for C6 cells. For native mice GlyT1,
brain cortices were dissected out and homogenized (10 ml/g) in
HEPES-buffer (HB) containing (in mM): NaCl (147), KCl (5), MgCl2 (2),
CaCl2 (2), HEPES (10), D-glucose (10) and L-alanine (5); pH 7.4. Cells or
homogenates were incubated at 37 °C in 200 µl of HEPES-buffer with
test compounds. Uptake was initiated by adding 10 µM [14C]glycine
(112.4 mCi/mmol; NEN Life Science Products, Paris, France). Nonspeciﬁc uptake was determined with 10 mM unlabeled glycine. After
10 min, incubations were stopped by ﬁltration or washing with HB.
Radioactivity was measured by liquid or solid scintillation in a Wallac
MicroBeta counter.
2.4. Effects of SSR103800 and SSR103713 on ex vivo [14C]glycine uptake
Male OF1 mice (20–25 g) were sacriﬁced 60 min after p.o.
administration. Cortical tissues were rapidly dissected and homogenized on ice using a polytron apparatus (1 g tissue for 10 volumes of
cold HB). The assay performed on fresh homogenates was started by
adding 10 µM [14C]glycine to 20 µl of tissue in HB (ﬁnal protein
concentration: 0.8–0.9 mg/ml). Non-speciﬁc uptake was determined
with 10 mM unlabeled glycine. The uptake was performed for 10 min
at 25 °C, and stopped by aspiration onto MultiScreen glass ﬁber ﬁlter
plate using a MultiScreen vacuum manifold. The ﬁlter was washed
twice with ice-cold HB, dried and soaked with Meltilex (Meltilex,
Wallac, Perkin Elmer, Life Sciences, Courtaboeuf, France). Radioactivity
was measured by solid scintillation in a Wallac MicroBeta counter.
In the results, the concentration or the dose of compound
inhibiting 50% (IC50 or ID50, respectively) of speciﬁc [14C]glycine
uptake are calculated from percentage of inhibition of [14C]glycine
uptake of test group versus control group. IC50 and ID50 values are
obtained using the 4-parameter logistic model according to Ratkowsky and Reedy (1986). The adjustment was obtained by non linear
regression using the Levenberg Marquardt algorithm.
The IC50 were calculated using SAS system SUN4 via Everstat 5.0
software by the arithmetic mean and its respective SEM values
obtained from 2 to 6 independent dose–response studies. The ID50
mean value was calculated by the arithmetic mean and its respective
SEM value obtained from 3 independent dose–response studies.
A time-course study was performed at 5, 15 min and 1, 4, 7, 16 and
24 h after oral treatment with 10 mg/kg of SSR103800, using the
protocol described above. Results are expressed as the percentage of
[14C]glycine uptake versus the control (vehicle-treated) group. For the
time-course experiment, data were analyzed with Kruskal–Wallis test,
followed by multiple two-sided comparisons test versus time
treatment of control group with the Bonferroni–Holm correction in
case of signiﬁcance of the global analysis.
2.5. Effect of SSR103800 on extracellular levels of glycine measured in the
prefrontal cortex of freely moving rats
Male Sprague–Dawley rats (320–350 g) were housed two per cage.
Two days before the dialysis assay, they were anesthetized with
chloral hydrate (400 mg/kg, i.p., 10 ml/kg of body weight) and placed
in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA).
Anesthesia was maintained throughout surgery as necessary with
supplementary doses of chloral hydrate. Body temperature was
monitored by a rectal probe and adjusted (37 ± 1 °C) by a homoeothermic blanket. The skull and the dura were opened to allow the
implantation of a guide cannula in the medial prefrontal cortex (PFC).
The coordinates were 2.5 mm anterior to bregma, 0.6 mm lateral to
the midline and 1.3 mm below the dural surface (Paxinos and Watson,
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1998). A dental cement cap held the cannula in place, and three screws
anchored the cap to the skull. The rats were individually housed postsurgery and allowed two days of recovery before the start of the
experiment. On the day of the experiment, animals were placed in a
microdialysis bowl, the cannula cap was removed, and a 3 mm
microdialysis probe (CMA12, Carnegie Medicine AB, Stockholm,
Sweden) was inserted into the guide cannula. The probe was perfused
at a constant ﬂow rate of 1 µl/min using a microinjection pump
(CMA100; Carnegie Medicine AB) with a gassed Ringer's solution
containing (in mM): NaCl (145), KCl (2.7), CaCl2 (1.2), MgCl2 (1),
Na2HPO4 (2.3), NaH2PO4 (0.45); pH 7.4. Microdialysis sampling started
120 min after probe placement into the PFC. The outlet of the probe
was connected to an on-line derivatization system allowing direct
analysis of dialysate samples collected every 15 min. Glycine levels
were measured in 15 µl dialysates samples using capillary electrophoresis (CE) with laser-induced ﬂuorescence detection. Before
analysis, the samples were derivatized using naphtalene-2,3-dicarboxaldehyde and sodium cyanide, as previously described (Bert et al.,
1996). CE experiments were performed on a P/ACE MDQ capillary
electrophoresis system (Beckman Coulter, Villepinte, France) coupled
to an external Zetalif ﬂuorescence detector (Picometrics S.A., Toulouse,
France). The excitation was performed by an Omnichrome (Melles
Griot Laser Products) helium–cadmium laser at a wavelength of
442 nm with a 30 mW excitation power. The emission intensity was
measured at a wavelength of 490 nm. Separations were carried out
with a fused-silica capillary (Polymicro Technology, Phoenix, AZ, USA)
of 50 µm i.d. and 375 µm o.d. having a total length of 55 cm and an
effective length of 38.9 cm with an applied voltage of 25 kV (i.e., 65 µA
current). Borate buffer (75 mM) containing β-Cyclodextrin (1 mM), pH
10.5, was used for CE running. At the end of the experiments, an
injection of sky blue solution was performed through the probe and
animals were sacriﬁced with an overdose of pentobarbital. The brain
was removed, frozen, and 50 µm thick sections were cut with a
cryostat to verify correct placement of the microdialysis probe. Glycine
levels in fractional samples were converted to a percentage of the
mean value of the 90 min baseline measurements before treatment.
Time-course effect of SSR103800 on glycine levels was analyzed by
two-way ANOVA with treatment as a between-subjects factor and
time of sampling as a within-subjects factor, followed by Dunnett's
post-hoc tests. Dose-effects of SSR103800 were evaluated by comparing the area under the curve during the ﬁrst 180 min after p.o.
injection of the drug or vehicle. Statistical analysis was carried out by a
one-way ANOVA followed by Dunnett's post-hoc tests.
2.6. Effect of SSR103800 on evoked NMDA-mediated excitatory postsynaptic currents (eEPSC's) in rat hippocampal slices
Sprague–Dawley rats (17 to 22 days-old) were sacriﬁced and their
brains removed and sectioned (coronal 0.3 mm thick slices) with a
Campden 752M microslicer in an artiﬁcial cerebrospinal ﬂuid (aCSF)
solution containing (in mM): NaCl (126), KCl (3), MgCl2 (1), KH2PO4
(1), CaCl2 (1), NaHCO3 (25) and glucose (11), pH 7.35, at approximately
0 °C and aerated with 95% O2, 5% CO2. After at least 1 h in aCSF at room
temperature, slices were transferred to the recording chamber and
superfused continuously with aCSF at 30–32 °C. Patch-clamp wholecell recordings of layer CA1 pyramidal cells were obtained with
borosilicate glass electrodes (resistance: 4–7 MΩ), ﬁlled with a
290 mosmol solution containing (in mM): K MeSo4 (or MgSO4)
(130), EGTA (10), ATP (2), GTP (0.5) and QX314 (5); pH 7.2. Electrical
recordings were made from CA1 pyramidal cell somata under visual
control with a ×10 water-immersion lens on an upright microscope
(BX50WI; Olympus Optical, Tokyo, Japan). A concentric bipolar
stimulation electrode (platinium/iridium, 12.5 µm i.d., Frederick
Haer and Co., ME, USA) connected to a constant current isolated
stimulator (DS3, Digitimer Ltd, UK) was placed near the pyramidal
layer of CA1 to generate eEPSC's. The bath solution was supplemented
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with 20 µM bicuculline methiodide, 1 µM CGP-52432, 1 µM strychnine
and 1 µM NBQX (antagonists for GABAA, GABAB, inhibitory strychninesensitive glycine and AMPA/kainate receptors, respectively) in order to
isolate the NMDA receptor-mediated component of eEPSC's. The
concentration of external magnesium was maintained at 1 mM, to
minimize polysynaptic transmission due to high activity of NMDA
transmission. In all experiments, 10 µM of glycine was added to the
aCSF medium, experimental conditions that are similar to those
previously reported in Depoortere et al. (2005). This extracellular
“basal” glycine concentration did not affect the amplitude of eEPSC's
but was added to avoid glycine depletion of the permanently
superfused slices. Parameters of stimulation (square pulses, duration:
10–100 µs and amplitude: 2–10 mA) were adjusted to obtain half
maximal amplitude of monophasic eEPSC's and elicited at a ﬁxed
frequency of 0.2 Hz. Data are expressed as the percentage of the
eEPSC's amplitude obtained under control conditions. Statistical
signiﬁcance of drug-induced effects was assessed using a one-way
analysis of variance with repeated measures on treatment (preapplication or drug concentrations) followed by Dunnett's test to
compare NMDA-mediated EPSC maximum amplitude obtained under
drug concentration to control period's one. In order to study the
effects of SSR103713 at 1 µM on EPSC amplitude, a paired Student t
test is performed between the pre-application period and under drug
application.
2.7. Effects of SSR103800 on locomotor hyperactivity induced by MK-801
in mice
Male Swiss mice (18–21 g) were individually isolated in boxes and
pretreated p.o. with SSR103800 or vehicle, immediately followed by
vehicle or MK-801 (0.2 mg/kg, i.p.). Thirty minutes after the second
injection, they were placed in actimeter devices (20 cm diameter,
9.5 cm high, Apelex, France) equipped with 2 perpendicular light
beams 1.5 cm above the ﬂoor. Locomotor activity (number of
interrupted light beams) was recorded for a period of 30 min after
placing the mouse into the actimeter. The statistical analyses were
performed using SAS® V8.2 software (SAS Institute Inc., Cary, NC,
USA). The variable analyzed (i.e. the number of beam breaks (variable
NBB)) was not normally distributed according to Poisson's Law and
required a square root transformation. For each model, descriptive
statistics of NBB and square root of NBB (n, mean, Std, SEM) were
calculated. First, for evaluating MK-801 effects and its reversal by
SSR103800, a two-way analysis of variance was used with all groups of
mice, which have received one dose of SSR103800 (20 or 30 mg/kg) or
vehicle and either injection of MK-801 (0.2 mg/kg) or saline (six
groups). A Winer test was used for evaluating the MK-801 effect at
each dose of SSR103800 (20 and 30 mg/kg). Secondly, a Dunnett's test
was used to evaluate the effect on its own of the highest doses of
SSR103800 (20, 30 mg/kg). Thirdly, one-way analysis of variance for
evaluating SSR103800 dose effect was used with all groups of mice
which have received MK-801 (0.2 mg/kg). Dunnett's test was
performed for comparing vehicle versus each dose of SSR103800
(Vehicle, 3, 10, 15, 20, 30 mg/kg).
2.8. Effects of SSR103800 on locomotor hyperactivity induced by acute
PCP injection in rats
Male juveniles OFA rats (220–270 g) were pretreated p.o. with
either SSR103800 (1, 3, 10 mg/kg, p.o.) or vehicle. Sixty minutes later,
they were intraperitoneously administered with either vehicle or PCP
(4 mg/kg) and immediately placed in actimeters (dimensions:
40 cm × 40 cm square and 23 cm high, in house apparatus developed
by the Electronic department of Sanoﬁ-Aventis (Bagneux, France)
equipped with 12 perpendicular blind infra-light beams (one beam
every 3 cm (half-step precision = 1.5 cm), 2.3 cm above the ﬂoor). Over
a period of 30 min, acquisition and analysis software recorded the
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number of beam breaks. The statistical analyses were performed using
SAS® V8.2 software (SAS Institute Inc., Cary, NC, USA). We used a non
parametrical test (Kruskal–Wallis analysis), since values (number of
beam breaks) were not distributed normally. Data were analyzed
using the non-parametric Kruskal–Wallis tests and multiple comparisons versus the vehicle/saline or the vehicle/PCP4 groups.
2.9. Effect of SSR103800 on the deﬁcit in the object recognition task in
rats sensitized to PCP (short-term episodic-like memory procedure)
The object recognition task, which has been claimed to model
certain aspects of episodic-like memory was similar to that described
by Ennaceur and Delacour (1988) in young rats. The apparatus
consisted in a uniformly lit (100 lux) wooden enclosure
(65 L × 45 l × 45 H cm) with a video camera positioned 160 cm above
the bench. The observer was located in an adjacent room ﬁtted with a
video monitoring system. Experiment consisted of three sessions:
during the ﬁrst session (context habituation), the subjects (n = 8–10
animals per group) were allowed 2 min to become acquainted to the
apparatus. Time spent in locomotor activity was manually recorded.
The animals were placed again in the enclosure 24 h thereafter for the
second session (acquisition), during which they were exposed to a pair
of identical objects (A or B) (either 7 L × 3 l × 8 H cm metal triangles or
9 L × 3 l × 7 H cm plastic pyramids) placed 10 cm away from the two
opposite corners of the back wall. They were left in the enclosure for
the amount of time necessary to spend at most 20 s exploring these
two objects, within a 5 min-limit. Animals were removed from the
cage once they have reached the 20 s exploration time. Exploration of
an object was deﬁned as the rat having its head within 2 cm of the
object while looking at it, snifﬁng it or touching it. Any rat spending
less than 20 s exploring the two objects within 5 min was eliminated
from the study. Two different identical sets of objects were used to
allow for cleaning between one rat and the next, to minimize the
possibility that olfactory cues left by the preceding rat might bias the
behavior of the following one. During the third session (recall), the
objects A and B were placed in the open-ﬁeld and rats were exposed to
the familiar (i.e. presented during the acquisition session) and to the
novel (i.e. never presented before) objects for 3 min, and the time
spent exploring each object was recorded (precision ± 1 s). Any animal
spending less than 3 s exploring both objects was discarded from the
study. Combinations of the nature and location of the familiar object
were balanced to reduce potential biases due to spatial or objects
preferences. This third session took place 90 min after the second
session. At this inter-session interval, there is high discrimination
between the two objects that is the rat spends more time exploring
the novel than the familiar object, suggestive of an intact short term
episodic-like memory. This interval was used to evaluate a possible
impairment of performance following acute PCP injection in naïve or
in PCP-chronically treated rats and its possible reversal by acute
administration of SSR103800.
For the PCP-chronic treatment, rats were administered daily with
PCP (10 mg/kg, i.p.) or its vehicle (distilled water + Tween 80) for ﬁve
consecutive days. Rats (n = 8–10 animals per group) were then left
unused for 6 days before starting the experiment. On the 11th day, rats
were ﬁrst exposed to the context habituation session and 24 h later to
the acquisition session. They were injected with a challenge dose of
PCP (1 mg/kg, i.p.) or vehicle (distilled water + Tween 80) and with
vehicle or SSR103800 (3 mg/kg, p.o.) immediately after the end of the
acquisition session. They were thereafter subjected to the recall
session 90 min later.
Data (time spent exploring each of the two objects, in seconds)
were analyzed with a two-way ANOVA, with the treatment and the
object as the between factors, followed by a Winer analysis for
comparing the time spent exploring the familiar versus the novel
object for each treatment. A recognition index was also deﬁned as the
ratio [N/(N+F)], which corresponds to the novelty preference for the

different treated animals. Data for this index were analyzed with a
one-way ANOVA with the treatment as the between factor followed by
Dunnett's test for each treatment. These analyses and all subsequent
ones were performed using the SAS software (SAS Institute Inc., Cary,
NC, USA).
2.10. Effect of SSR103800 on the impairment of novelty discrimination in
adult rats treated with phencyclidine at the neonatal stage
Female Wistar Han rats with 10 male pups on postnatal day 3 (PN 3)
were obtained. Pups were treated on PN 7, 9 and 11 with 10 mg/kg of
PCP (s.c. administration, 1 ml/100 g body weight) or vehicle. Pups from
the same litter received an identical treatment. The mother and pups
were housed together until weaning at PN 21, at which stage pups
where housed 5 per cage until two weeks before the beginning of
behavioral experiments, when they were housed individually. Behavioral experiments were performed once they reached the adult stage
(between PN 60 and PN 108). Juvenile male Wistar rats (three-week
old, 45–50 g on arrival) were housed ten per cage until the presentation
to the adult rats treated at the neonatal stage: see above) that lasted for
a week. Each juvenile was used only once a day, and was chosen at
random as ﬁrst or second for presentation to the adult. All animals
(mothers, pups, adult and juvenile rats) were kept on a reversed light–
dark cycle (light on from 7.00 pm to 7.00 am). Experiments were
performed during the dark phase, under infrared illumination (15 lux).
Juvenile rats were isolated 30 min before being placed into the home
cage of an adult rat. The cage was placed underneath a video camera,
the mesh top removed and replaced by a Plexiglas cover. A ﬁrst
(familiar) juvenile was placed inside the home cage containing one
adult rat for a period of 30 min. A second (novel) juvenile was
introduced at the end of this period. Durations of investigation
behavior (nosing, snifﬁng, grooming, close chase of the juvenile rat)
between the adult rat and each of the two juveniles were recorded
manually for a period of 5 min following the introduction of the novel
juvenile, by an observer located in an adjacent room ﬁtted with a video
monitor. SSR103800 or vehicle was administered p.o. to the adult rat
60 min before exposure to the ﬁrst juvenile. Each adult rat was
submitted to 4 treatments: vehicle and 3 different doses of SSR103800.
Data are expressed as the mean of a novelty discrimination index (NDI)
that was calculated as the ratio of the time spent investigating the
novel juvenile divided by the time spent investigating the familiar
juvenile. NDI's were log-transformed because of the limited number of
subjects and the lack of homogeneity of variances between groups.
Statistical analysis was carried out using a two-way ANOVA for
repeated measures, with treatment at the neonatal stage as the
between subjects factor, and acute treatment at the adult stage as the
within subjects factor, followed by appropriate Dunnetts' tests.
2.11. Effect of SSR103800 on the endogenous deﬁcit of prepulse inhibition
of the startle reﬂex in DBA/1J mice
Male DBA/1J mice (20–22 g) were obtained from Jackson
Laboratories (Bar Harbor, ME). They were housed four mice per cage
and maintained on a 12:12 light:dark cycle with lights on at 6.00 am.
Mice were tested in eight startle boxes (SR-LAB, San Diego
Instruments, San Diego, CA). The startle reﬂex was detected via a
piezoelectric transducer situated below the startle platform and
recorded via a computer (SR-LAB software). Mice were injected i.p.
with vehicle, olanzapine (3 mg/kg, solubilized with one drop of glacial
acetic acid, pH 5.0) or SSR103800 (3, 10, 30 mg/kg) 30 min prior to test
trial initiation. They were placed into a restraint cylinder
(3.7 × 12.8 cm) ﬁxed on top of the startle platform. The test session
began with a background white noise of 70 dB with a 10 min duration.
Next, ﬁve consecutive trials of a 40-ms 120 dB startle pulse were
administered, but excluded from the data analysis. Fifty-six test trials
of eight differing types were administered. Each prepulse followed by
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a pulse trial began with a 50 ms null period, followed by a 20 ms
prepulse white noise stimulus of 74, 78 or 86 dB, with a 100 ms delay
preceding the startle. During the null period, there was no presentation of acoustic stimulus with the exception of the background noise.
Ten trials of each of the three prepulse intensities plus startle
occurred, as well as ten trials of a startle pulse alone. Four trials
each of the three prepulses alone were given, as well as four trials
without stimulation to record baseline. Sixty-ﬁve milliseconds after
the onset of startle or prepulse (in prepulse alone trials), behavioral
responses were measured every ms. The variable inter-trial interval
was averaged at 15 s. An additional 5 startle pulses ended the test
session, but were not included in the analysis.
Prepulse inhibition was calculated for each mouse from averaged
startle amplitudes for each of the three prepulse intensities across all
test trials. Prepulse inhibition (expressed as percentage) was calculated as follows:
ðamplitudeðpulseÞ − amplitudeðprepulse=pulseÞÞ  100
amplitudeðpulseÞ
Prepulse inhibition percentages were analyzed by two-way
ANOVA for repeated measures (between subjects factor: drug dose;
within subjects factor: intensity of prepulse stimuli), followed by
Dunnett's post hoc analysis. In addition, basal startle amplitudes were
analyzed across treatment groups using a Kruskal–Wallis multiple
comparison test.
2.12. Effect of SSR103800 in the forced-swimming test in rats
The procedure was a modiﬁcation of the technique described by
Porsolt et al. (1978). Wistar rats (260–300 g) were placed in individual
glass cylinders (40 cm in height and 17 cm in diameter) containing
water (water depth was 30 cm; 23 ± 1 °C). Two swimming sessions
were conducted (an initial 15-min pretest followed 24 h later by a 6min test). The total duration of immobility was scored continuously
for a 5-min period manually by an experimenter unaware of the drug
treatment. Vehicle or ﬂuoxetine (10 mg/kg) or a dose of SSR103800
(0.3, 1, 3 mg/kg) were administered p.o. twice (15 min after the ﬁrst
session on day 1, and 60 min before session 2 on day 2). This
administration schedule is optimal for revealing drug effects. Data
were analyzed by one-way ANOVA followed by a Dunnett's test.
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5.3 ± 2.2 nM and 6.8 ± 1.1 nM respectively (Table 1). The (R,R) inactive
enantiomer SSR103713 was approximately 25 fold less potent in blocking
the uptake of [14C]glycine in human and in rat GlyT1. SSR103800 had no
effect on other classical transporter systems including murine proline,
glutamate and GABA transporters, and on human GlyT2 transporter.
SSR103800 was inactive (inhibition lower than 50% at 10 µM) against 100
targets, including glycine, glutamate, dopamine, serotonin, adrenaline,
noradrenaline, histamine and muscarinic receptors, enzymes such as
MAO and uptake systems such as dopamine, noradrenaline transporters
(assays performed by Cerep, Celle l'Evescault, France, data available upon
request).
3.2. SSR103800 blocks ex vivo [14C]glycine uptake in mouse cortical
homogenate
Oral administration of SSR103800 produced an inhibition of exvivo speciﬁc [14C]glycine uptake in the mouse cerebral cortex. ID50
value was 3.0 mg/kg p.o. for SSR103800. The (R,R) enantiomer
SSR103713 was not active up to 10 mg/kg, p.o. A time-course study,
performed at 10 mg/kg p.o., showed that SSR103800 induced a rapid
(within 15 min) and signiﬁcant decrease of speciﬁc [14C]glycine
uptake, that was maintained between 60–80% of inhibition from 1 to
4 h after administration (Fig. 1b). The inhibition of speciﬁc [14C]glycine
uptake was reversible, and values recorded at 16 and 24 h returned to
the control levels.
3.3. SSR103800 increases extracellular levels of glycine in the prefrontal
cortex of freely moving rats
The mean basal extracellular glycine level in the PFC was estimated
to be 3.3 ± 0.6 µM (n = 20). Administration of SSR103800 (3, 10, 30 mg/
kg, p.o.) produced a rapid and sustained increase in PFC extracellular
levels of glycine in freely moving rats [F(3,16) = 18.58, p b 0.0001 and F
(33,176) = 9.26, p b 0.0001 for the treatment and treatment × time
interaction factor, respectively: Fig. 2 on the left]. The maximal
increase was observed for the dose of 30 mg/kg p.o. (at 105 min,
+161.2 ± 26.2% of control, n = 5) and lasted 3 h (at 180 min, +133.2
± 19.2%). Areas under the curve during the 180 min after drug injection
conﬁrm the effect of SSR103800 [F(3, 16) = 13.06, p b 0.0001; Fig. 2 on
the right]. Additionally, SSR103800, at the same dose-range, did not
increase levels of other amino acids such as aspartate, glutamate,
taurine, alanine and D-serine (data not shown).

2.13. Effects of SSR103800 on tonic immobility in gerbils
The test is based on that described by Simiand et al. (2003) and has
been claimed to be sensitive to antidepressant drugs (Salomé et al.,
2006). To induce tonic immobility, animals (6–9 per group) were held
on a ﬂat surface and were ﬁrmly pinched for 15 s at the scruff of the
neck using the thumb and the index ﬁnger. They were then placed on
parallel bars (4 mm in diameter, 28 cm long, spaced 5 cm apart and
having a 3 cm difference in height). The front paws were placed gently
on the upper bar (situated at 43 cm above the base) and the hind paws
on the lower bar. The duration of tonic immobility was measured in
ﬁve successive trials with a 30-second intertrial interval. Each trial
ended when an animal started to move or after 90 s of immobility. Data
were analyzed using the non-parametric Kruskal–Wallis multiple
comparison test versus vehicle group. Experiments were performed
60 min after p.o. administration of SSR103800 (1, 3, 10, 30 mg/kg) or
vehicle.
3. Results
3.1. SSR103800 blocks the in vitro [14C]glycine uptake
SSR103800 inhibited [14C]glycine uptake in human SK-N-MC cells, rat
C6 cells and in mice brain homogenates with IC50 values of 2.0 ± 0.4 nM,

3.4. SSR103800 augments evoked NMDA-mediated excitatory postsynaptic currents (eEPSC's) in rat hippocampal slices
The experimental conditions that were chosen allowed to only
record the NMDA receptor component of pyramidal neuron eEPSC's (see
Materials and methods) after electrical stimulation within the CA1 area.
This was conﬁrmed by the strong voltage-dependence (due to the
magnesium block) of the eEPSC's and the full block obtained by bath
application of 100 µM 5,7-DCK (or 50 µM L-AP5, data not shown), two
antagonists acting at the glycine recognition site and glutamate binding
site of the NMDA receptor, respectively. SSR103800 increased the
amplitude of eEPSC's (Fig. 3), with a maximal enhancement of 328 ± 59%

Table 1
In vitro afﬁnity of SSR103800 and SSR103713 for native human (h) rat (r) GlyT1 and mice
(m) GlyT1
Transporter IC50 (nM)

SSR103800

SSR103713

hGlyT1 (SK-N-MC cells)
rGlyT1 (C6 cells)
mGlytT1

2.0 ± 0.4
5.3 ± 2.2
6.8 ± 1.1

51 ± 23
123 ± 47
84 ± 7

IC50 values are the mean ± SEM for 2–6 independent determinations.
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Indeed, MK-801 (0.2 mg/kg i.p.) signiﬁcantly increased (approximately three-fold) the number of interrupted light beams, illustrated
by the two foremost left symbols of Fig. 4 (from 484 ± 52 to 1577 ± 101)
[F(1,74) = 105.32, p b 0.01 symbols ++, with respect to vehicle group].
A signiﬁcant hypo-locomotor effect on its own has been observed
only at the highest dose of SSR103800 (30 mg/kg) [F(2,37) = 4.54;
p b 0.01, symbols ++, with respect to vehicle group in Fig. 4].
For evaluating the minimal effective dose of SSR103800 reducing
MK801-induced motor hyperactivity, an additional one-way analysis of variance was used across all groups of mice which received
MK-801 (0.2 mg/kg, i.p.). A signiﬁcant SSR103800 effect was
described [F(5,74) = 39.64; p b 0.01] which suggests that SSR103800
antagonized MK-801-induced hyperactivity. A Dunnett's test compared to the Vehicle/MK801 group conﬁrmed that the minimal
effective dose of SSR103800 to decrease the MK-801-induced hypermotility is 15 mg/kg, p.o. (MED) [p b 0.05, symbols ⁎ on Fig. 4]. The
dose of 20 mg/kg, p.o. also decreased signiﬁcantly MK-801-induced
hyper-motility [p b 0.01, symbols ⁎⁎ on Fig. 4]. The dose of 30 mg/kg
completely reversed MK-801-induced hyperactivity [p b 0.01, symbols ⁎⁎ on Fig. 4].
3.6. SSR103800 decreases the locomotor hyperactivity in PCP treated rats

Fig. 1. a) Blockade by SSR103800 of the ex vivo uptake of [14C]glycine in mouse cortical
homogenate. Each point represents the mean ± SEM of percentages of speciﬁc [14C]
glycine uptake expressed as a percentage of the controls (vehicle-treated) group values.
Injection times were 60 min (p.o) before sacriﬁce. The SSR103713 (open circle symbols)
is the (R,R) inactive enantiomer of SSR103800 (black circle symbols). ID50 expresses the
dose of compound inhibiting 50% (ID50) of speciﬁc [14C]glycine uptake. b) SSR103800
(10 mg/kg, p.o.) produced a rapid, long lasting but reversible blockade of ex vivo uptake
of [14C]glycine in mouse cortical homogenate. Each point represents the mean ±
standard deviation of percentages of speciﬁc [14C] glycine uptake expressed as a
percentage of the control group values (3 to 6 mice by experimental group). ⁎⁎ p b 0.01,
Kruskal–Wallis Post hoc test versus time treatment of control group.

(n = 7) at 1 µM as compared to the control amplitude. Statistical analysis
showed a signiﬁcant increase in maximum peak amplitude for 0.5 µM
and 1 µM of SSR103800 (p = 0.0007 and p b 0.0001 Dunnett's test for
0.5 µM and 1 µM respectively). In contrast, the less active enantiomer
SSR103713 (Fig. 3) had no signiﬁcant effect at 1 µM (91 ± 8% of the initial
amplitude n = 4), a concentration at which SSR103800 produced a more
than two-fold increase of eEPSC's. The increase in eEPSC's amplitude
observed with SSR103800 was reversible within 8 min upon removal of
the compound.
3.5. SSR103800 reverses the locomotor hyperactivity induced by MK-801
in mice
Statistical analyses of the number of interrupted light beams
(motor activity) using a global two-way Anova with SSR103800/saline
and their respective SSR103800/MK-801 groups, revealed signiﬁcant effects of the MK-801 and SSR103800 treatments [respectively F
(1,74) = 31.7, p b 0.01) and (F(2,74) = 71.86, p b 0.01]; but also signiﬁcant
interaction [F(2,74) = 33.79, p b 0.01], which demonstrate that
SSR103800 modulates MK-801-induced motor response.

PCP at the dose of 4 mg/kg, i.p. markedly increased locomotor
activity in rats (+200% as compared to Vehicle/Saline group) as
reﬂected by the signiﬁcant increase of the number of beam breaks
[DF = 5, Chi2 = 33.26, statistical value for comparison between vehicle/
PCP4 and vehicle/saline groups = 3.23, p b 0.01] (Fig. 5). SSR103800
decreased the spontaneous motor activity on its own at the dose of
30 mg/kg, but this effect just failed to reach statistical signiﬁcance
[Statistical value = 1.82, p = 0.07]. SSR103800 signiﬁcantly decreased
locomotor hyperactivity in PCP treated rats [DF = 3, Chi2 = 14.64] at the
three tested doses: 10, 20 and 30 mg/kg, p.o. [statistical values for each
comparison: 2.05, p b 0.05; 1.7, b 0.05; 3.81, p b 0.01, respectively].
3.7. SSR103800 prevents the impairment of short term episodic-like
memory induced by an acute low dose of PCP in the object recognition
task, in rats sensitized to PCP
Neither the acute low challenge dose of PCP (1 mg/kg, i.p.) alone nor
the chronic treatment with the high dose of PCP (10 mg/kg, i.p.) alone,
affected the short-term recall performance in the object recognition
task, as shown by an identical discrimination ratio of these both groups
compared to vehicle/vehicle control animals. In contrast, rats with
chronic PCP and treated with the acute challenge dose were unable to
show a signiﬁcant discrimination between the novel and familiar object
as shown by a signiﬁcantly lower discrimination index and a lack of
signiﬁcant difference in exploration time of the novel and familiar
object, compared to the three other groups. Statistical analysis
supported this effect: Winer analysis comparing the time spent
investigating the novel versus the familiar object, at each treatment
condition, following signiﬁcant object and treatment× object interaction
effects, two-way ANOVA: F(1,35)= 48.58, p b 0.0001 and F(3,35) = 11.48,
p b 0.0001, respectively. These results (Table 2) suggest that a PCPsensitization has developed in rats several days after the ending of a subchronic treatment with a high dose of PCP and impair their short-term
episodic-like memory abilities in the object recognition task.
In a separate experiment, administration of SSR103800 (3 mg/kg,
p.o.) abolished the deleterious effect of the acute challenge with PCP
(1 mg/kg, i.p.) in rats sub-chronically treated with PCP (Fig. 6). This was
conﬁrmed by a Winer analysis comparing the time spent investigating
the novel versus the familiar object, at each treatment following twoway ANOVA with signiﬁcant object, treatment and treatment × the
object interaction effects: [F(1,23) = 15,0 p b 0.001, F(2,23) = 3.67,
pb 0.05, and F(2,23)=18.4, pb 0.0001, respectively] and by the Dunnett's
analysis comparing the novelty index (inserted Fig. 6) between
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Fig. 2. Increase by SSR103800 of extracellular levels of glycine in the prefrontal cortex of freely moving rats. a) Time-course of the effect of SSR103800. Changes in glycine
levels are expressed as a percentage of the mean value of the six basal samples collected before the start of the treatment (indicated by the vertical arrow). Each symbol
represents the mean ± SEM. n = 8–9 rats per group. b) Dose–effect relationship of SSR103800. Each bar represents the mean ± SEM of the area under the curve (AUC) for the
180 min period following injection of SSR103800 or vehicle. ⁎⁎⁎ p b 0.001 compared with the vehicle group (Dunnett's post-hoc tests following a one-way ANOVA). n = 8–9
rats per group.

different treated groups (ANOVA: F(2,23) = 17.1 p b 0.0001). Neither
the locomotor activity recorded during the context habituation
session, nor the total time spent in exploring both objects during the
acquisition and the recall sessions, were signiﬁcantly modiﬁed by the
treatment with SSR103800 (data not shown). In other words,
SSR103800 completely blocked the memory deﬁcit induced by a
PCP-sensitization in rats and did not result from non-speciﬁc biases
such as sedation and/or motor effects.

3.8. SSR103800 antagonizes the impairment of novelty discrimination in
adult rats treated with phencyclidine at the neonatal stage
Under control conditions (i.e. acute administration of vehicle),
adult rats pretreated with saline at the neonatal stage (farthest left
white bar, Fig. 7) spent approximately three and a half more time
investigating the novel rather than the familiar juvenile (NDI = 3.53 ±
0.44). In contrast, adult rats neonatally pretreated with PCP presented

Fig. 3. Potentiation by SSR103800 of evoked NMDA-mediated excitatory post-synaptic currents (eEPSC's) in rat hippocampal slices. Each symbol represents the mean ± SEM ratio
change of maximal amplitudes of eEPSC's obtained against a background concentration of glycine (10 mM). Experiments were performed at Vh = −20 mV, to maximize NMDARmediated currents. ⁎⁎⁎ p b 0.001 with respect to control condition (10 µM glycine alone), Dunnett's tests. Numbers of cells per group are given in brackets. Inset: single traces of
eEPSC's showing potentiating effects of SSR103800. The SSR103713 is the (R,R) inactive enantiomer of SSR103800.
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Table 2
PCP-induced deﬁcit of episodic-like memory in an object recognition task in rats
sensitized to PCP
Time spent in
exploration (s)
Familiar object (F)
Novel object (N)
Ratio N/F

Chronic vehicle

Chronic vehicle

Chronic PCP

Chronic PCP

Acute vehicle

Acute PCP

Acute vehicle

Acute PCP

7.4 ± 0.8
13.5 ± 1.3 ⁎⁎
2.05 ± 0.27

8.2 ± 1.0
16.6 ± 1.2 ⁎⁎
2.53 ± 0.51

8.2 ± 0.8
17.5 ± 1.3 ⁎⁎
2.26 ± 0.22

14.6 ± 1.7
11.9 ± 1.8
0.86 ± 0.12 ⁎⁎

Each value represents the mean (+SEM) of the time spent in exploration for the familiar
and the novel object, and the exploration ratio for the novel and the familiar object.
⁎⁎p b 0.01 for signiﬁcant difference between time spent in investigation for the novel vs
familiar objects and for signiﬁcant difference on Ratio N/ F for novelty index in groups
compared to the chronic vehicle / acute vehicle group.

Fig. 4. Antagonism by SSR103800 of MK-801-induced locomotor hyperactivity in mice.
Each symbol represents the mean (with SEM) number of light beam interruptions recorded
for 30 min, 30 min following an i.p. injection of MK-801 (0.2 mg/kg, i.p.) or saline. ++ p b 0.01
compared to the vehicle (Veh)/saline group (square symbols). ⁎ p b 0.05; ⁎⁎ p b 0.01,
compared to the vehicle (Veh)/MK-801 group (circle symbols). n = 8–20 mice per group.

a NDI (1.42 ± 0.17) roughly half that of neonatal saline-treated rats
(compare the farthest left pair of bars, Fig. 7). This indicates that
neonatal PCP-treated rats spent less time exploring the novel juvenile,
which can be interpreted as an impairment of social recognition.
Treatment with SSR103800 normalized this deﬁcit (p b 0.05). The
signiﬁcant difference of novelty discrimination observed between the
two groups (saline-neonates and PCP-neonates) under acute treatment of vehicle was abolished when rats were treated with the three
doses of SSR103800 (0.1 to 10 mg/kg) (the three foremost right pairs of

Fig. 5. Antagonism by SSR103800 of the PCP-induced locomotor hyper-activity in rats.
Each symbol/bar represents the mean (with SEM) number of light beam interruptions
recorded for 30 min, 30 min following an i.p. injection of either vehicle or PCP (4 mg/kg,
i.p.). Non parametric Kruskal–Wallis tests, ++ p b 0.01 (versus the vehicle/saline group)
and ⁎ p b 0.05; ⁎⁎ p b 0.01 (versus the vehicle/PCP4 group). n = 8 rats per group.

bars, Fig. 7). This was supported by post-hoc statistical analysis
following a two-way ANOVA with a signiﬁcant neonatal pretreatment effect and acute treatment effect [(1,8) = 9.379, p b 0.05
and F(3,24) = 4.145, p b 0.05, respectively]. Note that in the neonatal
saline-treated group, SSR103800 had no effect by itself (compare the
ﬁve white bars in Fig. 7). SSR103800 dose-dependently normalized at
the adult stage, social recognition deﬁcits induced by a neonate
injection of PCP in rats.
3.9. SSR103800 increases the prepulse inhibition of the startle reﬂex in
DBA/1J mice
DBA/1J mice were demonstrated in our laboratory to have PPI
baseline level, in a range between [3.41 +/− 4.31% and 48.59 +/− 4.89%]
depending of the applied acoustic prepulse intensity, in the vehicle
condition (see Fig. 8).
A two-way repeated measures ANOVA revealed a signiﬁcant effect
of treatment on endogenous PPI in DBA/1J mice [F(4,45) = 7.16,
p b 0.001]. SSR103800 at 30 mg/kg, i.p. signiﬁcantly enhanced PPI at
the 78 dB (p b 0.05, Dunnett's t test) and 86 dB (p b 0.001) intensity

Fig. 6. Reversal by SSR103800 of a PCP-induced deﬁcit of episodic-like memory in an object
recognition task in rats sensitized to PCP. Each bar represents the mean (+SEM) time spent
exploring a novel or a familiar object. The interval between the acquisition and the recall
session was 1.5 h. Post-hoc analyses following a two-way ANOVA: ⁎⁎⁎ p b 0.001, novel
versus familiar object at the considered treatment condition. n = 8–10 rats per group. In
insert, each bar represents the mean (+ SEM) novelty index calculated from time spent
exploring a novel or a familiar object in PCP-sensitized control animals and SSR103800
treated rats. Post-hoc analyses following a one-way ANOVA: ⁎⁎⁎ p b 0.001 versus PCPsensitized control group.
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Fig. 9. Effect of SSR103800 in the forced-swimming test in rats. Effects of SSR103800 and
ﬂuoxetine in the forced swim test in Wistar rats. Data represent mean (+ SEM), ⁎ p b 0.05,
⁎⁎⁎ p b 0.001 (Dunnett's test versus control group, n = 10–12 rats per group).

Fig. 7. Reversal by SSR103800 of the social recognition deﬁcit in adult rats which have
been treated with PCP at the neonatal stage. Each bar represents the mean (+ SEM)
novelty discrimination index (ratio of the time spent investigating the novel juvenile
divided by the time spent investigating the familiar juvenile, in sec). Post-hoc analyses
following a two-way ANOVA: ⁎ p b 0.05, neonatal PCP-treated compared to neonatal
vehicle-treated rats, at each acute treatment condition. ## p b 0.01, compared to vehicle
(Veh)-treated rats for the cohort of neonatal PCP-treated rats. n = 5 rats per group.

levels. This potentiated effect of PPI was similar to that demonstrated
by the antipsychotic olanzapine at 3 mg/kg [p b 0.001 for 78 dB and
p b 0.01 for 86 dB]. A Kruskal–Wallis multiple comparison test [DF = 4,
Chi2 = 20.80] revealed that the basal startle amplitude (in the absence
of any prepulse) was not signiﬁcantly altered by SSR103800 at any
dose. In contrast, olanzapine elicited a suppression of the startle

amplitude compared to vehicle-treated mice (see inserted ﬁgure)
(statistical value 3.41, p b 0.01).
3.10. SSR103800 decreases immobility time in the forced-swimming test
in rats
The duration of immobility measured in the forced swimming test
in rats was signiﬁcantly reduced by SSR103800 [F(4,50) = 13.6,
p b 0.001, Fig. 9] at 1 mg/kg, p.o. (p b 0.05) and 3 mg/kg, p.o.
(p b 0.001). A decrease of immobility is also observed with ﬂuoxetine
at 10 mg/kg, p.o. (p b 0.001).
3.11. SSR103800 blocks tonic immobility in gerbils
The duration of tonic immobility measured after a neck/back pinch
in gerbils was signiﬁcantly decreased by SSR103800 [Kruskal–Wallis

Fig. 8. Reversal by SSR103800 of the endogenous deﬁcit in prepulse inhibition of the startle reﬂex and effects on basal startle amplitude in DBA/1J mice. Each bar represents the mean
(+SEM) of the prepulse inhibition of the startle reﬂex induced by a pulse of 120 db (expressed in percentage of the basal startle reﬂex in lack of prepulse stimulus), as a function of the
three prepulse (PP) intensities (in dB). Post-hoc Dunnett's t test analyses following a two-way ANOVA, ⁎ p b 0.05, ⁎⁎ p b 0.01, ⁎⁎⁎ p b 0.001 versus vehicle at the corresponding prepulse
intensity. n = 10 mice per group. In the inserted ﬁgure: Each bar represents the mean (+ SEM) of the startle reﬂex measured in arbitrary units and induced by a pulse of 120 dB
(measured in arbitrary units) in the absence of prepulse signal. Kruskal–Wallis multiple comparison test, ⁎⁎ p b 0.01 versus vehicle. n = 10 mice per group.
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Fig. 10. Blockade by SSR103800 of Tonic immobility in gerbils. Effects of SSR103800 on
tonic immobility in Mongolian gerbils. Data represent mean (+SEM), ⁎⁎⁎ p b 0.001
(Kruskal–Wallis multiple comparison test versus control group, n = 7–9 gerbils per
group).

DF = 4, Chi2 = 26.3, p b 0.001, Fig. 10] at 10 and 30 mg/kg, p.o (p b 0.001
for each dose versus controls).
4. Discussion
This paper describes the neurochemical, electrophysiological and
psychopharmacological proﬁles of a novel selective and reversible
GlyT1 inhibitor, SSR103800.
SSR103800 blocked the uptake of [14C]glycine in the native human
SK-N-MC cell line expressing the GlyT1a isoform, in the rat C6 cell line
that expresses the glycine transporter GlyT1, and in murine cortical
tissues expressing native GlyT1. This effect was stereo-selective since
the (R,R) enantiomer, SSR103713, was much less potent. The IC50
values of glycine uptake blockade by SSR103800 (human = 2.0 nM,
rat = 5.3 nM, and mouse = 6.8 nM) indicate a potency better than that
reported for ALX5407 (220 nM for hGlyT1, (Herdon et al., 2001);
26 nM for hGlyT1, (Smith et al., 2004); 10 nM for rGlyT1, (Kinney et al.,
2003) and for ORG 24598 (120 nM for hGlyT1, (Brown et al., 2001), and
signiﬁcantly more potent than sarcosine or glycyldodecylamide, two
earlier GlyT1 inhibitors (IC50's greater than 10 µM, (Javitt and
Frusciante 1997). SSR103800 displayed a low in vitro activity for
human GLYT-2 (694 nM) and mice proline (460 nM) transporters, and
had no activity for the glutamate, GABA or the dopamine transporter.
Unlike current antipsychotics, it had no afﬁnity for dopamine
receptors, and for other receptors that have been associated with
various side-effects, such as weight gain (5-HT2c, histaminergic H1),
hypotension (alpha adrenergic), dry mouth/constipation/cognitive
defects (muscarinic), sedation (histaminergic), for example.
Ex-vivo, SSR103800 blocked in a reversible manner the uptake of
glycine in mouse brain. Reversibility of such an effect at GlyT1 is of
importance as non-reversible blockade might contribute to an
abnormal sustained activation of NMDA transmission with a higher
risk of seizure. In addition, SSR103800 increased basal extra-cellular
levels of glycine measured by microdialysis in the prefrontal cortex of
rats as reported by several authors with other glycine transporter
inhibitors (Depoortere et al., 2005). Such an increase of the prefrontal
glycinergic tone is anticipated to result in a potentiating of the NMDA/
glutamatergic transmission (see below) and may ultimately correct a
deﬁciency in this neurotransmission. The increase in central levels of
glycine induced by SSR103800 had a functional impact on central
glutamatergic neurotransmission in the hippocampal area as shown
in vitro by the ﬁnding that SSR103800 potentiated NMDA-mediated
eEPSC's in rat hippocampal slices. This later effect may be of particular
interest in light of the reported hippocampal dysfunction in schizophrenia, which may play a role in the cognitive impairment observed

in schizophrenic patients (Sweatt 2004). It can be anticipated that
SSR103800 may be useful to treat the cognitive symptoms of this
condition.
To support this idea are the ﬁndings from the object recognition
task in which SSR103800 was found to block PCP-induced episodiclike memory deﬁcit in rats sensitized to PCP. This experimental
procedure is believed to relate to certain aspects of the cognitive
deﬁcits in schizophrenia such as impairment in visual episodic-like
memory (see for eg, Danion et al., 2007). Moreover, the pharmacological sensitization phenomenon consecutive to the chronic administration of PCP has been shown to induce schizophrenic-like
symptoms in humans and aberrant behaviours in animals with a
relative isomorphism with schizophrenia (Jentsch and Roth 1999). The
observation that schizophrenic patients exhibit more pronounced
cognitive and negative symptoms than normal volunteers following
an acute challenge with ketamine (Lahti et al., 2001), indicates that the
former are sensitised to the effects of this PCP-like compound.
The effects of SSR103800 on cognitive processes were assessed
further in a model involving repeated neonatal injections of PCP in
rats, which were subsequently tested in adulthood in a task based on
social recognition. The neonatal PCP model is based on the neurodevelopmental hypothesis of schizophrenia (Weinberger, 1986;
Deutsch et al., 1998). In the early development of the central nervous
system, stimulation of NMDA receptor may be critical for neuronal cell
survival and differentiation, as well as the establishment of neural
networks. In a social context, adult rats spent more time exploring a
novel than a familiar juvenile rat. This novelty discrimination capacity
was disrupted in adult rats neonatally treated with PCP, an effect
prevented by SSR103800. It can therefore be hypothesized that the
drug may be useful to treat the symptoms related to the inability to
differentiate relevant from irrelevant information, which are considered to underlie many cognitive deﬁcits of schizophrenia (Terranova et al., 2005). Furthermore, the recent demonstration that the
direct glycine agonist D-serine reverses the deleterious effects
produced by a similar neonatal PCP treatment in a spatial memory
task in rats (Andersen and Pouzet 2004), further supports the idea that
a pro-glycinergic strategy might have a positive impact on multiple
facets of cognitive deﬁciency in schizophrenia.
Together, the effects of SSR1038800 on episodic-like memory and
social recognition suggest that the compound may have a therapeutic
potential in the treatment of the cognitive deﬁcits in schizophrenic
patients.
Prepulse inhibition of the startle reﬂex (PPI), a measure of
sensorimotor gating used to identify antipsychotics, is reduced in
schizophrenic patients, in rodents treated with dopamine agonists or
glutamate/NMDA antagonists, or spontaneously in several rodent
strains (Yee et al., 2004; Willott et al., 2003). For instance, we observed
that DBA/1J display a level of PPI (sensorimotor gating performance)
which can be improved by several antipsychotic drugs. SSR103800,
when given at the dose of 30 mg/kg, increased PPI. This effect was
comparable to that observed with olanzapine, but unlike this latter
drug, SSR103800 did not suppress basal startle amplitude, which is
often indicative of a non-speciﬁc (i.e. sedative) action in this test.
These effects of SSR103800 in the PPI model are in line with several
recent studies, which reported PPI enhancing effects of several GlyT1
inhibitors such as SSR504734, ORG 24598 or ALX5407 in rodent
strains with spontaneous or low levels of PPI following MK-801
treatment or ventral hippocampal lesion (Depoortere et al., 2005; Le
Pen et al., 2003; Lipina et al., 2005). PPI which results from a “preattention” process is an experimental method to measure the
sensorial input ﬁltering ability of individuals, possibly impaired in
auditory hallucinations and psychosis. Such abnormalities in PPI have
been claimed to be predictive of or lead to cognitive deﬁcits but also to
positive symptoms (Meincke et al., 2004a,b). However, the effects of
SSR103800 on sensory gating abilities observed in DBA/2 mice in the
PPI test need to be conﬁrmed in pharmacological-based models of PPI,
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using a psychotic-like drug challenge. The effects of SSR103800 on PPI
therefore suggest that the drug has a strong potential in alleviating
sensorial gating deﬁcit in schizophrenic patients with beneﬁcial
therapeutic impact on both the cognitive and positive symptoms.
In models which are claimed to address the positive aspects of
schizophrenia, (Jackson et al., 1994), SSR103800 antagonized MK-801induced hyperactivity in mice and decreased motor activity in PCP
treated rats. Harsing et al. (2003) reported similar effects of NFPS and/
or ORG 24461 for PCP-induced hyperactivity in mice, suggesting that
selective GlyT1 inhibitors may be useful to treat some of the aspects of
the positive symptoms of schizophrenia.
Since schizophrenia is often associated with comorbid symptoms,
such as depressed mood, along with experimental evidence that GlyT1
inhibitors have antidepressant-like properties in rodents, we evaluated the effects of SSR103800 in two models of depression. In the
forced-swimming test, probably the most common popular behavioural assay to detect antidepressant-like activity (for a review, see
(Cryan et al., 2005)), SSR103800 reduced despair-like behaviour, as did
the reference antidepressant ﬂuoxetine under similar experimental
conditions. The potential of SSR103800 on depressive-like behaviours
was conﬁrmed by its ability to decrease time spent by gerbils in tonic
immobility, an adaptative reaction to threat in this species. This
temporary motor inhibition was described to be highly sensitive to
acute administration of SSRI-s or tricyclic antidepressants (Simiand
et al., 2003). It was described that major depression is accompanied
with decreased levels of glycine (Altamura et al., 1995) suggesting that
GlyT1 inhibitors may be useful in the treatment of this condition.
In conclusion, the present ﬁndings demonstrated that SSR103800
is a potent, selective and orally active GlyT1 inhibitor, exhibiting
activity in animal models of schizophrenia and depression. Its
mechanism of action targets what is considered as being one of the
primary causes of schizophrenia, namely a hypo-glutamatergic state.
As such, it is expected to be efﬁcacious not only against positive, but
also negative symptoms and cognitive deﬁcits, as well as co-morbid
depression.
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