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Abstract
Dopaminergic hyperactivity within frontostriatal brain systems is a key feature of schizophrenia,
and an objective neural correlate of positive schizophrenia symptoms. N-methyl-D-aspartate
(NMDA) receptors are known to play a prominent role in regulation of frontostriatal dopamine
release. Furthermore, disturbances in glutamatergic function are increasingly being linked to
pathophysiology of both positive and negative symptoms of schizophrenia. Prior studies have
demonstrated that subchronic continuous administration of the NMDA antagonist phencyclidine
(PCP) induces schizophrenia-like hyper-reactivity of frontostriatal dopamine release to
amphetamine (AMPH) in rodents, and that effects were reversed by glycine and the prototypic
glycine transport inhibitor (GTI) NFPS. The present study investigates effectiveness of the novel,
high affinity and well tolerated GTIs, R231857, R231860 and Org29335, to reverse schizophrenia-
like enhancement of AMPH-induced DA release, along with effects of the partial glycine-site
agonist D-cycloserine. As previously, PCP had no significant effect on basal DA levels, but
significantly enhanced AMPH-induced DA release in prefrontal cortex. All GTIs tested, as well as
D-cycloserine, significantly reduced PCP-induced enhancement of DA release in prefrontal
cortex. Neither PCP nor GTIs significantly affected striatal DA release. Overall, these findings
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suggest that treatments which target the glycine modulatory site of the NMDA receptor may
significantly reverse NMDA receptor antagonist-induced dysregulation of frontal DA systems,
consistent with potential beneficial effects on positive-, in addition to negative-, symptoms of
schizophrenia.
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INTRODUCTION
Schizophrenia is a severe neuropsychiatric disorder characterized by positive and negative
symptoms and cognitive impairments. Traditional models of schizophrenia focus on
dysfunction of brain dopaminergic systems, with all current medications blocking
neurotransmission at brain dopamine (D2) receptors (rev. in Howes and Kapur, 2009). More
recent models posit dysfunction in brain glutamatergic systems as well, and especially of
transmission mediated at N-methyl-D-aspartate (NMDAR) type glutamate receptors (Coyle,
1996; D’Souza et al., 1995; Javitt and Zukin, 1991; Moghaddam and Javitt, 2012).
Glutamatergic medications for schizophrenia, however, remain in preclinical or early
clinical development.

NMDARs are modulated by glycine, levels of which in turn are regulated by glycine
transporters (GLYT1) that are co-localize with NMDARs. It has thus been proposed that
high affinity GLYT1 inhibitors (GTIs) might represent a novel class of compound for
treatment of persistent symptoms of schizophrenia (rev. in Javitt, 2009). The present study
evaluates effectiveness of the prototype high affinity glycine transport inhibitors,
R231857/60 and Org25935, in preclinical model relevant to DA dysfunction in
schizophrenia.

Original conceptualizations of DA dysfunction in schizophrenia were supported both by the
ability of DA-releasing agents, such as AMPH, to induce symptoms resembling
schizophrenia, in addition to the clinical efficacy of antipsychotic medications, which
function by blocking D2-type DA receptors (Howes and Kapur, 2009). DA dysfunction has
also been confirmed by PET and SPECT radioreceptor binding studies that show increased
in vivo dopamine release to AMPH challenge during acute clinical decompensation,
although not during more chronic stages of the disease(Laruelle et al., 1999). Neurochemical
mechanisms underlying this well-documented DA dysfunction in schizophrenia, however,
remain poorly understood.

Glutamatergic models of schizophrenia are supported by the observations that NMDAR
antagonists, such as phencyclidine (PCP) or ketamine, also produce psychotic symptoms in
normal volunteers, with psychosis incorporating negative and cognitive, in addition to
positive symptoms (Coyle, 1996; Javitt and Zukin, 1991; Krystal et al., 2002; Linn et al.,
2007). Moreover, NMDAR antagonists induce schizophrenia-like deficits in DA regulation
in both rodents (Balla et al., 2001b; Balla et al., 2003) and humans (Kegeles et al., 2000),
suggesting that NMDA dysfunction may contribute to the dopaminergic instability observed
in schizophrenia. As such, NMDAR-based interventions may provide an alternative
mechanism for new treatment development in schizophrenia.

To date, NMDAR-based treatments have targeted primarily the glycine/D-serine positive
allosteric modulatory site of the NMDAR complex. Several small-scale studies have
demonstrated efficacy for both glycine and D-serine (rev. in Kantrowitz and Javitt, 2010).
Although negative studies have also been reported (e.g. Buchanan et al., 2007), recent meta-
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analyses suggest moderate-size beneficial effects of NMDAR/glycine site agonists on
persistent negative symptoms when added to typical or atypical antipsychotics, with more
modest effects on positive symptoms (Singh and Singh, 2011; Tsai and Lin, 2010).

The use of GTIs in treatment of schizophrenia in place of NMDAR/glycine-site agonists was
first proposed over a decade ago, based on actions of the glycine derivative
glycyldodecylamine (Javitt and Frusciante, 1997; Javitt et al., 1997), and was subsequently
supported by preclinical studies with prototype GLYT1 inhibitors such as [3-(4″-
fluorophenyl)-3-(4″-phenylphenoxy) propyl]sarcosine (NFPS, ALX5407) (Bowie et al.,
2008). These compounds increased brain glycine levels in vivo (e.g. Umbricht et al., 2010)
and potentiate NMDA receptor-mediated neurotransmission both in vitro(Bergeron et al.,
1998) and in vivo (Chen et al., 2003), consistent with underlying glutamatergic theories (rev.
in Javitt, 2009).

Early in vivo studies with NFPS, while encouraging (Harsing, 2003; Javitt et al., 2004), were
limited by the poor pharmacodynamic properties of the compound. Other compounds, such
as SSR103800 (Vanneste and De Ridder, 2011), while also showing encouraging preclinical
effects, have yet to be entered into human clinical trials (rev. in Javitt, 2009). The present
study reports on effects of two compounds, both of which have been entered into early stage
clinical development. R231857 is a high affinity GLYT1 antagonist, and recently evaluated
in a scopolamine challenge model in humans (Liem-Moolenaar et al., 2010). Although no
significant beneficial effects were observed, it was nevertheless considered safe for human
use. Org25935 is GlyT1 inhibitor that has shown to be safe in human use, and to reverse
acute psychotomimetic effects of ketamine in healthy volunteers (D’Souza et al., 2012).

The goal of this study was two-fold: First, to further investigate the role of NMDA receptors
in DA dysregulation relevant to schizophrenia using available high-affinity compounds;
second, to validate PCP-induced augmentation of AMPH-induced DA release as a
translational model for new treatment development in schizophrenia. We hypothesized that,
as with glycine and NFPS (Javitt et al., 2004), significant reversal of AMPH-induced DA
release would be observed during subchronic treatment with NMDAR antagonists. As
compared to earlier studies with NFPS, both R231857 and Org25935 are well-tolerated in
rodents, permitting evaluation of sustained efficacy during subchronic administration.
Because D-serine is nephrotoxic in rats, D-cycloserine (DCS) was used along with glycine
as an active control compound, at doses at which it has been previously shown to be
effective in animal models of schizophrenia (Carlsson et al., 1994).

EXPERIMENTAL PROCEDURES
Animals

Studies were carried out in accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National Institutes of Health. Male Sprague-
Dawley rats (160–200 g and 280–320 g) bred in our animal colony were used. The rats were
maintained under a 10h/14 h dark/light cycle, and were allowed food and water ad libitum
during the microdialysis procedure.

Drug Administration
Phencyclidine hydrochloride (obtained from the National Institute of Drug Abuse) was
dissolved in sterile physiological saline and was given through an osmotic pump model
2ML4 (ALZA Corporation) implanted under the skin. The pumps were filled based on the
animal weight at the start of the experiment to deliver 15 mg/kg/day. Osmotic pumps filled
with saline were used in control animals. The implantation was carried under anesthesia

Balla et al. Page 3

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2014 January 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with ketamine hydrochloride and acepromazine maleate 1:1 mixture (1 μL/g i.m.). D-
Cycloserine (30 mg/kg/ip per day for 2 weeks), or Org25935 (5 – 10 mg/kg/day by gavage)
were administered for 2 weeks (prepared in a concentration of 1 mg/ml saline- gavage ~
1.25 – 2.5 ml depending on body weight). R231857 and R231860 were dissolved in β-
cyclodextrin (1 mg/ml) and administered i.p. daily for 2 weeks at a dose of 5 mg/kg.
R231860 was used in higher 9.2mg/kg/daily dose also, since the lower dose proved less
effective. Glycine (GLY) was administered for 2 weeks in the form of glycine-enriched food
(16% by weight) made by Diets Inc. This formulation has previously been shown to produce
plasma GLY levels similar to those observed during effective clinical trials (Javitt et al.,
2004).

In Vivo Microdialysis
Microdialysis was performed 16–21 days after pump implantation in control, PCP, PCP plus
D-cycloserine, or ORG 25935G treatment groups. Animals were anesthetized with chloral
hydrate (400 mg/kg i.p.) and mounted in a stereotaxic frame (David Kopf Instruments).
CMA 12 guide cannulas were implanted relative to bregma into medial prefrontal cortex
(PFC) (AP: +4.1, L: +1.0, V:−1.2 at 15° angle) and into striatum (AP: +1.0, L:+2.5, V: −4.0)
according to the rat brain atlas of Paxinos and Watson 1998, 48 hours before microdialysis
measurement. The cannulas and two stainless-steel screws embedded in the skull were
cemented with dental acrylic. Buprenorphine (0.5 mg/kg) was given post-op.

CMA 12 probes (0.5 mm × 2.0 mm or 4.0 mm membrane length with a molecular cut-off 20
000 Dalton) were used for the striatum and PFC respectively. The dialysis probes were
perfused continuously at a flow rate of 1.0 μl/min using a syringe pump CMA/100 (Carnegie
Medicine) with Mg2+-free Ringer solution containing (NaCl 147 mM; KCl 4 mM; CaCl2 1.2
mM; degassed). After a 2 hour wash-out period, 3 baseline samples were collected and then
animals were challenged with AMPH (1 mg/kg sc) and samples collected for 210 min with a
fraction collector (Bioanalytical Systems). The treatment groups were randomized over the
course of the study.

Determination of the Probe Placement
The following day after the microdialysis study, the rats were anesthetized with ketamine
hydrochloride and acepromazine maleate 1:1 mixture (1 μl/g i.m.). A blood sample was
taken from a heart-puncture and plasma obtained after centrifugation for DCS and PCP
analysis. The rat brain was fixed with 4% formaldehyde solution perfused through the heart;
the brain was stored in 30% glucose solution. The placement of the probes was determined
histologically.

High-Pressure Liquid Chromatography
The dialysate samples (30 μl) – collected in 15 mM NaEDTA and 10% ethyl alcohol
mixture – were injected with an autosampler. For a determination of catecholamines, a
reverse-phase high-pressure liquid chromatography (BAS-480 system) with electrochemical
detection was used. A microbore C18 100 × 2 mm millibore column, glassy carbon
electrodes vs. Ag/AgCl reference electrode at 0.60 V and 0.75 V was used (BAS).

A filtered, degassed mobile phase (sodium phosphate monobasic 25 mM; sodium citrate 50
mM; disodium-EDTA 27 μM; diethylamine-HCl 10 mM; 1-octanesulfonic acid, sodium
salt; methanol 3% v/v; dimethylacetamide 2.1% v/v; pH = 3.5) with a flow rate 0.4 ml/min
gave the following retention times in minutes: DOPAC 3.8; DA 4.9; HIAA 6.7; HVA 7.7.

The working standard solutions were stored at −80°C and 10 μl of the standard solution was
injected between biological samples.
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Data analysis
Data were analyzed using change in dopamine concentration from pre-AMPH baseline (-90
to 0 min), designated ΔDA. Neither PCP (F1,49=.2, p=.6) nor R231857/R231860 (F3,49=.5,
p=.7) treatment significantly altered basal DA levels (Table 1). Effects of treatment on ΔDA
levels were assessed using repeated measures multivariate analysis of variance (rmANOVA,
equivalent to Wilks-Lambda) across indicated time points after AMPH administration (0–
210 min). PCP and GTI treatment were included as separate factors. Follow-up comparisons
were conducted by post-hoc least significant difference (LSD) analysis. Data in text
represent mean ± SD unless otherwise indicated.

RESULTS
The effects of NMDAR modulation on AMPH-induced DA were assessed using high
affinity GTIs R231857, R231860, and ORG 25935, along with glycine and the partial
glycine-site agonist D-cycloserine (DCS). In all experiments, test compounds were
administered daily for 14 days either orally (GlyT1 inhibitors) or i.p. (DCS), while PCP or
saline were administered by osmotic minipump at a dose of 15 mg/kg/d. This regimen has
been shown previously to be sensitive to effects of orally administered high dose glycine
(Javitt et al., 2004), with maximal effect over the 120 -210 time period following AMPH
administration. Similar metrics were used in the present study.

Prefrontal Cortex
R231857/R231860—Initial studies were performed with both compounds at a daily dose
of 5 mg/kg. A subsequent series of experiments investigated the effect of R231860
administered at 10 mg/kg. Across all compounds and doses, PCP significantly increased
AMPH-induced DA release throughout the 0–210 min period (F1,49=43.4, p<.0001) (Figure
1). There was also a significant main effect of R231857/R231860 treatment (F3,49=4.24, p=.
003) and a significant PCP X drug interaction (F3,49=5.02, p=.004), reflecting greater effect
in the presence (F1,26=8.15, p=.001) than absence (F3,23=.3, p=.98) of PCP.

Finally, there was a significant PCP X drug X time interaction (F18,129=2.63, p=.001),
reflecting greater PCP X GTI treatment effect during the 60–210 min post-AMPH treatment
interval (F3,48=4.76, p=.006) than in the 0–60 min (F3,47=1.24, p=.31). When data were
summed across the 60 – 210 min interval, significant main effects were observed for PCP
(F1,49=47.7, p<.0001) and drug (F3,49=3.75, p=.017) along with a significant PCP X drug
interaction (F 3,49=5.43, p=.003). Effect of PCP on AMPH-induced DA release was highly
significant (LSD p<.0001). In the presence of PCP, R231857 (LSD p<.0001), R231860 - 5
mg (LSD p=.007) and R231860 - 10 mg (LSD p<.0001) all significantly inhibited AMPH-
induced DA release (Figure 2A). By contrast, in the absence of PCP no significant effects
were observed for any of the compounds (R231857, p=.7; R231860 - 5 mg, p=.94; R231860
- 10 mg, p=.7). Glycine was included as a positive control, and also significantly reduced
DA release in the presence of PCP (LSD p=.001).

ORG25935—In experiments involving Org25935, PCP treatment again had no significant
effect on basal DA levels (F1,61=0, p=.98) (Table 1), but significantly increased AMPH-
induced DA release across the 0 – 210 min interval (F1,54=20.7, p<.0001) (Figure 1).
Org259355 mg/kg treatment led to a significant increase in basal DA levels across control
and PCP treatment conditions (LSD p=.007), while the 10 mg/kg dose produced a non-
significant decrease (LSD p=.09)(Table 1).

Across the entire 0–210 min interval, Org25935 significantly inhibited AMPH-induced DA
release (F1,54=3.73, p=.031) (Figure 1C,D), with the effect again being most pronounced
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during the 60–210 min post-AMPH treatment interval (F2,55=5.06, p=.010) than in the 0–60
min interval (F2,57=.56, p=.95) (Figure 1C,D). During the 60–210 min period, PCP
treatment significantly increased AMPH-induced DA release vs. control (LSD p<.0001). In
the presence of PCP, the 5 mg dose of Org25935 did not significantly reduced AMPH-
induced DA release vs. PCP alone (LSD p=.2). In contrast, the 10 mg dose was effective
(post-hoc p=.008) (Figure 2B). In the absence of PCP, Org25935 had no significant effect on
AMPH-induced DA release at either the 5 mg (LSD p=.3) or 10 mg (LSD p=.13) dose.

D-cycloserine (DCS)—DCS studies were intermixed with Org25935 and utilized the
same control groups. Plasma concentrations obtained during treatment with DCS were
approx. 10 μg/ml. There were no metabolic interactions between DCS and PCP (Table 2).
DCS treatment had no significant effect on basal DA levels (F1,26=2.13, p=.2), but
significantly reduced AMPH-induced DA release during the 60–210 min time period
(F1,26=10.1, p=.004) (Figure 2B). As with Org25935, DCS had no significant effect on
AMPH-induced DA release in the absence of PCP (LSD p=.17).

Striatum
In experiments involving R231857/R231860, PCP significantly potentiated AMPH-induced
DA release across all time points (F1,31=18.6, p<.001). There was no significant main effect
of R231857/231860 treatment (F3,31=2.08, p=.12) or PCP X drug treatment interaction
(F3,31=1.52, p=.23) (Fig 3A,B). In experiments involving Org25935 and DCS, no
significant effects were observed for either PCP (F1,51=2.0, p=.16), drug treatment
(F1,2.20, p=.1) or PCP by treatment interaction (F3,51=.8, p=.5) (Fig 3C,D).

DISCUSSION
In schizophrenia, increased AMPH-stimulated DA release (Laruelle et al., 1999), along with
increased dopamine metabolism (Howes et al., 2009; Kegeles et al., 2010) has been
associated with increased symptoms during acute psychotic relapse. The present study
supports prior research in humans (Kegeles et al., 2000) and rodents (Balla et al., 2001b;
Balla et al., 2003) showing that schizophrenia-like dysregulation of subcortical dopamine
release may be induced by ongoing, subchronic treatment with PCP or other NMDAR
antagonists. In addition, it supports prior studies conducted with high-dose glycine and the
prototypic GLYT1 antagonist NFPS showing significant reversal of AMPH-induced DA
release by high affinity GLYT1 antagonists (Javitt et al., 2004). To the extent that DA
dysfunction within PFC has been linked to cognitive deficits (Kellendonk et al., 2009) along
with positive symptoms, the present studies support potential utility of GlyT1 antagonists
against both positive symptoms and PFC-type cognitive deficits, along with negative
symptoms, in schizophrenia.

Current theories of schizophrenia have attributed positive symptoms of schizophrenia to the
hyperactivity of brain DA systems, particularly in frontostriatal brain regions (Fusar-Poli et
al., 2010; Kegeles et al., 2010). Although etiology of DA hyperactivity remains unknown,
deficits may be attributable to underlying NMDAR dysfunction based upon studies in both
humans and rodents. Thus, in humans, administration of ketamine increases dopamine
release in PFC (Aalto et al., 2005) and induces schizophrenia-like potentiation of AMPH-
induced DA release (Laruelle et al., 1999). Similarly, in rodents, NMDAR antagonists
induce significant acute increases in DA release during acute treatment, associated with
acute impairments in PFC function (Kargieman et al., 2007; Lorrain et al., 2003; Verma and
Moghaddam, 1996). Although these acute changes resolve following chronic treatment with
NMDAR antagonists (Tsukada et al., 2005), nevertheless, DA systems show continued
increased sensitivity to AMPH effects even during subchronic treatment (Balla et al., 2001b;
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Sershen et al., 2008), suggesting that this may serve as a pharmacological model for
persistent dopaminergic hypersensitivity in schizophrenia.

Hyperfunction of brain dopaminergic and serotonergic systems is observed as well in
NMDAR knock-out mice (Miyamoto et al., 2001), providing further evidence of regulation
of dopaminergic function by the NMDAR system. Finally, genetic variations of the GlyT1
transporter have shown genetic association with methamphetamine-use disorder (Morita et
al., 2008), suggesting that the GlyT1-mediated regulation of frontal dopamine release may
be of functional significance in disorders of dopaminergic regulation.

Initial studies investigating effects of chronic NMDAR stimulation on in vivo prefrontal and
striatal DA release were conducted with glycine and the prototype GlyT1 inhibitor NFPS
(Javitt et al., 2004). Since that time, high affinity GlyT1 inhibitors have been developed by
several pharmaceutical companies (Javitt, 2009; Pinard et al., 2010) and shown to be free of
toxic side effects associated with earlier compounds such as NFPS. In addition, these
compounds show reliable effects on extracellular brain glycine levels and NMDAR activity
in a number of schizophrenia assays, including inhibition of NMDAR-antagonist induced
rodent hyperactivity (Alberati et al., 2011; Javitt, 2009; Singer et al., 2009a), modulation of
hippocampal LTP in vitro (Martina et al., 2004) and reversal of NMDA-antagonist induced
abnormalities in latent inhibition (Gaisler-Salomon et al., 2008; Zaehle et al., 2011). The
high affinity GlyT1 inhibitor Org24461 was also shown to reduce extracellular levels of
dopamine when administered in combination with risperidone (Nagy et al., 2010). In
addition to modulating dopamine, these compounds may also normalize serotonergic
function in brain (Papp et al., 2008). The majority of studies to date, however, have utilized
only acute dosing, while effects during chronic treatment remain relatively understudied.

The present study evaluates effects of two newer GlyT1 inhibitors, R231587/60 and
Org25935 on DA alterations observed during subchronic PCP administration. An advantage
of these compounds vs. previous agents is their tolerability during subchronic systemic
administration. As in earlier studies with NMDAR antagonists, significant enhancement in
prefrontal DA release was observed following subchronic PCP treatment at concentrations
relevant to PCP-induced psychosis in humans (Balla et al., 2001a; Balla et al., 2001b; Balla
et al., 2003). Furthermore, as in subchronic studies with the NMDAR modulator glycine or
an acute study with the prototype GlyT1 inhibitor NFPS (Javitt et al., 2004), significant
effects were observed on AMPH-induced DA release in PFC. Similar effects were observed
as well with the partial glycine antagonist DCS that has also shown effectiveness in some,
but not all, studies in schizophrenia (Heresco-Levy and Javitt, 2004; Singh and Singh,
2011). For all compounds, dissociation was observed with these compounds significantly
altering AMPH-induced DA release in PFC, but not in striatum. Overall, these studies
provide continued support for ability of high affinity GlyT1 inhibitors to reverse effects of
NMDAR antagonists and potentiate NMDAR-mediated neurotransmission in vivo.

The present rodent findings support recent clinical research with NMDAR glycine-site
agonists and GlyT1 inhibitors. Clinical studies have been conducted with the glycine-site
agonists, glycine, D-serine and D-cycloserine, as well as with the naturally occurring GlyT1
inhibitor sarcosine, and, most recently, with the high affinity GlyT1 inhibitor RG1678
(Pinard et al., 2010; Umbricht et al., 2010). In most studies, the primary outcome measure
has been persistent negative symptoms, with meta-analyses showing medium effect-size
improvement across agents. Nevertheless, significant improvements have been noted as well
on positive symptoms (Singh and Singh, 2011; Tsai and Lin, 2010), suggesting that these
agents may also significantly normalize disrupted DA transmission.

Balla et al. Page 7

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2014 January 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Similarly, in an acute challenge study, Org259335 reversed not only total symptoms induced
by ketamine, but also tended (p=.067) to reverse ketamine-induced positive symptoms
(D’Souza et al., 2012). A more recently developed compound, RG1678, has been found to
have significant results not only in animal models but also in a recently completed phase II
clinical trial (Pinard et al., 2010; Umbricht et al., 2010). The present study thus provides a
preclinical analog for the preclinical findings and a model for further investigating
underlying mechanisms. Furthermore, to date these compounds have been used primarily in
combination with antipsychotics, although efficacy was reported as well in one small
monotherapy study (Lane et al., 2008). The present results argue for further development of
NMDAR agonists as monotherapy treatment for schizophrenia.

In the present study, although significant PCP-induced enhancement of AMPH-induced DA
release was observed in PFC, no significant enhancement was observed in striatum. In a
prior study using a dual probe placement similar to that used in the present study, which is
intended to target dorsal striatum along with PFC, significant (p<.04) enhancement was
observed in striatum, but was substantially less robust than that observed in PFC (p=.001)
(Javitt et al., 2004). By contrast, no enhancement was observed in a study in which probes
were placed in ventral striatum (Balla et al., 2003). Increasingly, dopaminergic disturbances
in schizophrenia are being localized to associative striatum, which projects to dorsolateral
prefrontal cortex, rather than limbic or sensorimotor regions (Howes et al., 2009; Kegeles et
al., 2010), consistent with regional changes in NMDA receptor-related transcripts in
dorsolateral PFC (Kristiansen et al., 2007). Findings of selective PCP effects on PFC
dopamine changes are thus consistent with the pattern of deficit observed in schizophrenia.

In the present study, no behavioral measures were obtained because of the dialysis probe
setup. However, in other studies, GTIs have been shown to reverse PCP- or MK-801
induced hyperactivity (Boulay et al., 2010 ; Depoortere et al., 2005; Harsing, 2003; Javitt et
al., 1999; Javitt et al., 1997; Singer et al., 2009b), as well as hyperactivity associated with
NR1 knockdown mice (Boulay et al., 2010), and to reverse PCP- or MK-801 induced
impairments in prepulse (Lipina et al., 2005) and latent (Black et al., 2009; Gaisler-Salomon
et al., 2008) inhibition, and ketamine-induced working memory deficits in monkeys
(Roberts et al., 2010). In contrast, GTIs do not reverse hyperactivity induced by AMPH or
other dopaminergic manipulations (Boulay et al., 2010; Depoortere et al., 2005; Harsing,
2003; Javitt et al., 1997; Singer et al., 2009b), suggesting relative specificity for NMDA-
mediated behavioral disruption. In animals receiving combined PCP and AMPH, the time
course of behavioral effect is characterized by prolonged hyperactivity with significant
increase in activity persisting beyond 210 min following AMPH administration (Balla et al.,
2001b), similar to the time course of DA change observed in PFC but not striatum in the
present study. Thus, as in other model systems, locomotor hyperactivity is temporally
dissociated from corticolimbic dopaminergic activity (Adams and Moghaddam, 1998), and
follows more closely the pattern observed for prefrontal dopaminergic activity.

In summary, all current treatments for schizophrenia function by antagonism of dopamine
D2-mediated neurotransmission. However, there has been increasing interest in alternative
treatments based upon glutamatergic mechanisms, and in particular in treatments that
reverse putative deficits NMDAR mediated neurotransmission (Javitt et al., 2011;
Moghaddam and Javitt, 2012). The present study demonstrates effectiveness of several
novel GlyT1 inhibitors in modulating dopaminergic neurotransmission during subchronic
treatment and supports continued development of these compounds for treatment of
persistent positive, as well as negative, symptoms of schizophrenia.
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Figure 1.
Effect of R231857/R231860 and glycine (A,B) and Org25935 and DCS (C,D) on
amphetamine (AMPH)-stimulated dopamine (DA) release in prefrontal cortex (PFC) in
animals treated subchronically with either saline (Control) (A,C) or phencyclidine (PCP) 15
mg/kg/d × 14d (B,D). Values are mean of 4–16 experiments each as indicated in Table 1.
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Figure 2.
Summed activity in PFC over the 60–210 min range (mean ± sem) in animals treated with
either R21857/R231860 and glycine (A) or Org25935 and DCS (B).
*p<.05, ** p<.01, ***p<.001 vs. PCP alone.

Balla et al. Page 14

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2014 January 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effect of R231857/R231860 (A,B) and Org25935, DCS (C,D) on amphetamine (AMPH)-
stimulated dopamine (DA) release in striatum in animals treated subchronically with either
saline (Control) (A,C) or phencyclidine (PCP) 15 mg/kg/d × 14d (B,D)
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Table 1

Mean (± std dev, pg/10 μl) basal dopamine levels (DA) levels in PFC.

Condition Control PCP

R231857/60

Control 1.93 ± .69 (8) 2.16 ± .61 (8)

R231857, 5 mg 1.92 ± .77 (8) 1.94 ± .57 (8)

R231860, 5 mg 1.65 ± .60 (8) 2.20 ± .56 (8)

R231860, 10 mg 2.66 ± .09 (8) 2.32 ± 1.99 (8)

Glycine (16% by diet) --- 4.41 ± 3.02 (8)

Org25935

Control (vehicle) .96 ± .70 (10) 1.03 ± .80 (16)

Org25935, 5 mg1 1.86 ± 1.54 (10) 1.71 ± 1.31 (11)

Org25935, 10 mg .47 ± .27 (9) .54 ± .35 (11)

DCS (30 mg) 1.20 ± 1.55 (9) 1.05 ± .63 (4)

1
p=.007 vs. control, post-hoc LSD
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Table 2

Levels of plasma and brain D-cycloserine (DCS) and phencyclidine (PCP) after 2-week administration

Treatment

D-Cylcoserine (DCS) Phencyclidine (PCP)

Plasma (μg/ml) Brain (μg/g) Plasma (ng/ml) Brain (ng/g)

DCS 30 mg/kg/day 10.2 ± 1.6 6.1 ± 0.9

DCS 30 mg/kg/day + PCP 10.7 ± 1.2 5.5 ± 0.6 36.4 ± 7.9 126.3 ± 33.8

Plasma and brain tissue levels of DCS and PCP (mean ± std dev) after indicated dose (per day for 2 weeks) and in PCP-treated rats (n= 5 per
group). PCP was administered via Alzet minipump based on delivering 15 mg/kg per day.
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