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Abstract

Non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist administration induces a syndrome indistinguishable from schizophrenia
including positive and negative symptoms and cognitive deficits. Concordantly, augmentation of the NMDA receptor function by glycine-site
agonists such as D-serine and D-cycloserine has been reported to improve negative symptoms and some cognitive deficits in schizophrenia patients
when added to conventional antipsychotic treatment, although they appear less effective when combined with clozapine specifically. In contrast,
administration of the AMPAkine CX-516 (which positively modulate the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptor) as an adjuvant to clozapine, has been shown to exert some beneficial action on the negative symptoms and cognitive deficits in
schizophrenia. In the rat, selective suppression of conditioned avoidance response (CAR) behaviour has been widely reported to be a test with high
predictive validity for antipsychotic efficacy. We found that D-serine and CX-516, at doses ineffective by themselves, significantly potentiated the
suppression of CAR induced by threshold doses of risperidone (0.16 mg/kg, s.c.), olanzapine (0.63 mg/kg, s.c.) and clozapine (1.3 mg/kg, s.c.)
without causing additional motor disturbances. Thus, the adjunct enhancement of NMDA or AMPA receptor function observed clinically, appears
reflected in the present rat CAR study. Consequently, our data lend further support to the potential use of the CAR test in the investigation of
augmentation strategies involving the addition of non-dopaminergic target compounds to existing atypical antipsychotics.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Non-competitive N-methyl-D-aspartate (NMDA) receptor
antagonist administration induces a syndrome indistinguishable
from schizophrenia including positive and negative symptoms and
cognitive deficits, suggestive that hypofunction of the glutama-
tergic system may play a role in the pathophysiology of schizo-
phrenia (Coyle, 1996; Javitt and Zukin, 1991; Kim et al., 1980;
Krystal et al., 1999; Olney et al., 1999). Concordantly, the interest
around manipulating the NMDA receptor as a target for the im-
proved treatment of schizophrenia has increased significantly
(Millan, 2005).

Indeed, clinical evidence showing a beneficial effect by the
addition of glycine or related agonists of the strychnine insen-
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sitive glycine co-agonist site, such as D-serine or D-cycloserine,
to existing antipsychotic treatment has been reported recently
(Goff et al., 1999b; Heresco-Levy et al., 1996, 1998, 2002, 2004,
2005; Javitt et al., 1994; Tsai et al., 1998). However, this finding
is open to controversy as there are also reports showing no sig-
nificant effect (Duncan et al., 2004; Evins et al., 2000), or even a
worsening of symptoms (Cascella et al., 1994; Rosse et al.,
1989; van Berckel et al., 1999), following such adjunct treat-
ment. An alternative approach taken, also resulting in the en-
hancement of glutamatergic transmission, is via the positive
allosteric modulation of the α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptor. Use of the
AMPAkine CX-516 as an add-on treatment to clozapine was
reported to exert a beneficial effect (Goff et al., 2001).Moreover,
such augmentation strategies have led to the development of
other compounds, including the glycine transport-1 inhibitor
(GlyT1) sarcosine, which has also shown a beneficial effect
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when given in combination with existing antipsychotics (Lane et
al., 2005; Tsai et al., 2004).

The purpose of the present study was to evaluate whether the
increased efficacy observed in those clinical studies utilising a
co-administration treatment regime of D-serine or CX-516 with
an existing antipsychotic, would also translate to the preclinical
setting and be reflected as a potentiation of the suppressive
effect on conditioned avoidance response (CAR) behaviour in
rats. This rodent test is considered to have a high degree of
predictive validity for antipsychotic efficacy, and is regarded as
a valid assay to detect potentially novel antipsychotics as well as
to support various augmentation strategies (Hertel et al., 1999;
Linner et al., 2002; Prinssen et al., 1996; Shannon et al., 1999;
Wadenberg et al., 2001a;Wadenberg and Ahlenius, 1991).

2. Materials and methods

2.1. Subjects

Male Wistar rats (Møllegaard, Denmark) weighing approxi-
mately 200 g at the beginning of training were used. Rats were
housed under controlled laboratory conditions (temperature: 21±
2 °C; humidity: 55±5% relative) on a 12:12 h light–dark cycle
(lights on at 06:00). The animals were kept on a restricted diet in
order to keep them to 80% of their free-feedingweight.Water was
available ad libitum. All experiments were performed in accor-
dance with the ethical guidelines of H. Lundbeck A/S.

2.2. Drugs

D-serine (molecular weight (MW) 105, Sigma) was dissolved
in water. Risperidone (free base, MW 410, Jansen), olanzapine
(free base, MW 312, H. Lundbeck A/S) and clozapine (free base,
MW 327, Sigma) were dissolved in a minimal amount of diluted
HCl acid and saline. CX-516 (Piperidin-1-yl-quinoxalin-6-yl-
methanone, MW 241, synthesised at H. Lundbeck A/S) was
dissolved in a minimal amount of diluted methansulfonic acid and
saline. All solutions were adjusted to physiological pH (6–8) and
administered subcutaneously (s.c.) in a volume of 5 ml/kg. Each
drug had its correspondingvehicle being eitherwater or salinewith
a drop of hydrochloric acid or methansulfonic acid, respectively.

2.3. Experimental procedure

Conditioned avoidance behaviour was assessed using four
automated shuttle-boxes (42×16×20 cm) (ENV-010M, MED-
Associates) each placed in a sound-attenuated chamber. The
boxes were subdivided into two compartments by a partition with
one opening. The position of the animal and movement from one
compartment to the other were detected by 8 photocells sensitive
to infrared light on each side of the dividing wall. Rats were
trained to move into the adjacent compartment (response) within
10 s upon presentation of the conditioned stimuli (tone and light)
in order to avoid the appearance of the unconditioned stimulus, a
0.5 mA scrambled electric shock in the grid floor of 10 s in
maximal duration. The following behavioural variables were re-
corded: avoidance (response to conditioned stimuli within 10 s)
and escape failures (failure to respond to the unconditioned
stimuli within 10 s).

Rats were habituated to the shuttle-box 3 min before each test
session. During training, each test session consisted of 30 trials
with inter-trial intervals varied at random between 20 and 30 s.
Training was carried out 5 days/week until the animals had
avoidance measures of N80% (24 trials) of the trials on three
consecutive days. All experimental sessions consisted of 10 trials
with inter-trial intervals varied at random between 20 and 30 s.

2.4. Experimental design

Drug test was preceded by a pre-test (the day before). At least
3 days elapsed between drug injections to prevent cumulative
drug effects. Vehicle-treated groups and drug-treated groups
were run concurrently. All drugs were administered 30 min prior
to test.

2.5. Drug exposures and bioanalysis

Drug exposure was assessed in a parallel group of awake
undisturbed rats with catheters implanted in the carotid artery
and connected to automated blood samplers (AccuSampler ™,
DiLab, Sweden). In a similar design to the CAR test, 100 μl
blood samples were drawn 30 min after s.c. administration of
risperidone and D-serine in heparinised tubes. Plasma was sub-
sequently separated after centrifugation (2200 ×g, 10 min) and
stored at −80 °C until time of analysis. Plasma content of
risperidone and 9-OH-risperidone was determined by high tur-
bulent flow chromatography/tandem mass spectrometry (HTF-
MS/MS) as previously described (Sanchez and Kreilgaard,
2004). MS/MS detection was performed with a Quattro Ultima
(Micromass, UK) in positive-ion electrospray ionization mode.
Risperidone and 9-OH-risperidone were detected at parentN
daughter molecular mass of 411.08N191.01 and 427.07N
207.05 Da, using a cone voltage of 60 and 66 V and a collision
energy of 30 eV, respectively. Retention times were 3.24 min for
risperidone and 3.26 min for 9-OH-risperidone. The peak areas
correlated linearly with the plasma concentrations of risper-
idone and 9-OH-risperidone (r2N0.99) in the range of 0.5–
500 ng/ml. The lower limit of quantification was 0.5 ng/ml (S/
NN10).

2.6. Statistics

Data are presented as percentage avoidances compared to
preceding pre-test, with each animal serving as their own con-
trol. Statistical analysis of percent avoidances was performed
using one-way analysis of variance (ANOVA) with post-hoc
Student–Newman–Keuls test or two-way (treatment×dose)
ANOVA followed by post hoc Dunnett's test where appropriate.
Multiple comparisons were performed for each antipsychotic in
combination with vehicle and in combination with D-serine and
CX-516, respectively.

The plasma exposure of risperidone and 9-OH-risperidone
was analysed using a two-tailed t-test assuming equal variances
in the groups.



Fig. 1. Dose–response of risperidone (top panel), olanzapine (middle panel) and
clozapine (bottom panel) alone, and in combination with D-serine on CAR
behaviour in rats. All drugs were administered s.c. 30 min prior to test. Values
are mean±sem (n=8–16) percentage avoidances compared to the preceding
pre-test, with each animal serving as their own control. Statistical analyses were
performed using either a one-way ANOVA with post hoc Student–Newman–
Keuls test or a two-way ANOVA followed by post hoc Dunnett's test. *Pb0.05.
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3. Results

3.1. Effects of D-serine in combination with risperidone,
olanzapine and clozapine on conditioned avoidance responding

Fig. 1 presents the mean percentages of avoidances com-
pared to the preceding pre-test following treatment with D-
serine alone or in combination with risperidone, olanzapine and
clozapine, respectively. The use of D-serine as an add-on treat-
ment enhanced the effect of risperidone on CAR (Fig. 1, top
panel). Both a significant effect of adding D-serine (F1, 47=12.1,
P=0.001) and a significant interaction between D-serine and
risperidone treatment were found (F2, 47=3.27, P=0.048) using
a two-way ANOVA. Post hoc analysis revealed that the effect of
a threshold dose of risperidone (0.31 mg/kg) was augmented by
the addition of D-serine (Pb0.05). Similarly, the effect of olan-
zapine was also enhanced by D-serine co-administration (Fig. 1,
middle panel). One-way ANOVA showed a significant effect
between treatment groups (F10, 119=22.1, Pb0.001). Post hoc
comparisons showed potentiation of an ineffective dose of
olanzapine (0.63 mg/kg) by D-serine (Pb0.05). Finally, Fig. 1
bottom panel shows the effect of D-serine in combination with
clozapine. Again, one-way ANOVA showed a significant effect
between treatment groups (F10, 119=20.5, Pb0.001), and post
hoc comparisons showed potentiation of both an ineffective
dose (1.3 mg/kg) and a threshold dose (2.5 mg/kg) of clozapine
by D-serine (Pb0.05).

3.2. Effect of CX-516 in combination with risperidone,
olanzapine and clozapine on conditioned avoidance responding

Fig. 2 presents the mean percentages of avoidances com-
pared to the preceding pre-test following treatment with CX-
516 alone or in combination with risperidone, olanzapine and
clozapine, respectively. The use of CX-516 as an adjunct the-
rapy enhanced the effect of risperidone on CAR (Fig. 2, top
panel). Both a significant effect of adding CX-516 (F2, 109=
34.7, Pb0.001) and a significant interaction between CX-516
and risperidone treatment were found (F4, 109=10.9, Pb0.001)
using a two-way ANOVA. Post hoc analysis revealed that the
effects of threshold doses of risperidone (0.16 and 0.31 mg/kg)
were augmented by the addition of 80 mg/kg CX-516 (Pb0.05).
Furthermore, the effect of 0.31 mg/kg risperidone was aug-
mented by 5 mg/kg CX-516 (Pb0.05). CX-516 in doses be-
tween 5 and 80 mg/kg was without effect when given alone
(data not shown). The effect of olanzapine was also enhanced
by CX-516 (Fig. 2, middle panel). Both a significant effect of
adding CX-516 (F2, 62=19.4, Pb0.001) and a significant inter-
action between CX-516 and olanzapine treatment were found
(F4, 62=5.90, Pb0.001) using a two-way ANOVA. Post hoc
analysis revealed that the effect of a threshold dose of olan-
zapine (0.63 mg/kg) was augmented by the addition of 80 mg/
kg CX-516 (Pb0.05). The combination of 0.31 mg/kg olan-
zapine with 80 mg/kg CX-516 resulted in a non-specific effect
as escape failures appeared (data not shown). Finally, Fig. 2
bottom panel shows the effect of CX-516 in combination with
clozapine. Both a significant effect of adding CX-516 (F2, 124=



Table 1
Mean±sem (n=3) plasma exposure of risperidone and 9-OH-risperidone, 30 min
following s.c. administration of 0.31 mg/kg risperidone with and without
1280 mg/kg D-serine

Treatment Risperidone exp
(ng/ml)

9-OH-risperidone exp
(ng/ml)

Total risp+9-OH-risp
(ng/ml)

Risperidone 98.9±9.5 35.4±3.0 134.3±7.9
Risperidone+

D-serine
131.8±18.6 20.1±5.0 151.9±15.3

Fig. 2. Dose–response of risperidone (top panel), olanzapine (middle panel) and
clozapine (bottom panel) alone, and in combination with CX-516 on CAR
behaviour in rats. All drugs were administered s.c. 30 min prior to test. Values
are mean±sem (n=7–16) percentage avoidances compared to the preceding
pre-test, with each animal serving as their own control. Statistical analyses were
performed by either a one-way ANOVAwith post hoc Student–Newman–Keuls
test or a two-way ANOVA followed by post hoc Dunnett's test. *Pb0.05.
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22.2, Pb0.001) and a significant interaction between CX-516
and clozapine treatment were found (F6, 124=2.83, P=0.013)
using a two-way ANOVA. Post hoc analysis revealed that the
effects of threshold doses of clozapine (1.3–5 mg/kg) were
augmented by the addition of 80 mg/kg CX-516 (Pb0.05). The
combination of 2.5 or 5 mg/kg clozapine with 80 mg/kg CX-
516 resulted in a non-specific effect as escape failures appeared
(data not shown).

3.3. Drug exposures

Plasma exposure of risperidone and 9-OH-risperidone with and
without co-administration of D-serine is presented in Table 1. No
statistically significant differences were found in risperidone
(P=0.18) or total risperidone+9-OH-risperidone (P=0.36) plas-
ma exposure, 30 min after s.c. administration of 0.31 mg/kg
risperidone with or without co-administration of 1280 mg/kg D-
serine.

4. Discussion

In the present study the CAR paradigm is used to assess an-
tipsychotic activity measured as a suppression of avoidance res-
ponse to a conditioned stimuli in doses that do not induce escape
failures (Arnt, 1982; Ogren and Archer, 1994; Wadenberg and
Hicks, 1999). This selective disruption is commonly observed
both for classical dopamine D2 receptor antagonist neuroleptics
such as haloperidol and chlorpromazine, as well as for atypical
antipsychotics such as olanzapine, risperidone and clozapine
(Moore et al., 1992; Wadenberg et al., 2001b). The paradigm is
widely used to differentiate antipsychotics fromother drug classes
such as antidepressants or anxiolytics which act as negative con-
trols, and is also regarded as a valid tool to detect potentially novel
antipsychotics in addition to supporting augmentation strategy
work (Hertel et al., 1999; Linner et al., 2002; Prinssen et al., 1996;
Shannon et al., 1999; Wadenberg et al., 2001a;Wadenberg and
Ahlenius, 1991). Several hypotheses have been raised in order to
explain the nature behind the suppression of avoidances ranging
from a general disruption of motor performance, impaired motor
initiation response, deficit in associative learning or, as more re-
cently proposed, a deficit in incentive motivation that drives the
animal to actively pursue the goal (Beninger et al., 1980; Li et al.,
2004). Nevertheless, irrespective of the exact underlying nature of
this task, suppression of CAR is a characteristic effect of all
clinically effective antipsychotic drugs. Recent studies show the
relationship between dopamine D2 receptor occupancy and effect
in CAR correlates well with the relationship between human D2
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occupancy and clinical effect (Natesan et al., 2005; Wadenberg
et al., 2001b). The CAR paradigm therefore is considered to
possess a high degree of predictive validity (Wadenberg and
Hicks, 1999).

Although the glutamate hypothesis of schizophrenia is widely
accepted, the clinical evidence supporting the use of glycine or
related agonists of the strychnine insensitive glycine co-agonist site
such as D-serine or D-cycloserine to enhance NMDA function, and
thus provide a positive treatment effect in schizophrenia, is less
clear. Whilst there are many studies showing a beneficial effect by
the addition of glycine to existing antipsychotic treatment (Here-
sco-Levy et al., 1996, 1998, 2004; Javitt et al., 1994), there are also
reports demonstrating either no effect when added to clozapine
(Evins et al., 2000), or even a worsening of symptoms following
co-administration with other antipsychotics (Rosse et al., 1989).
Similarly, in treatment resistant schizophrenia, clozapine alone has
been reported to exert more of a beneficial effect than when co-
administered with glycine (Potkin et al., 1999), although there are
reports showing the exact opposite (Heresco-Levy et al., 1999).

These conflicting data are not unique to glycine. A beneficial
effect of D-cycloserine as an add-on treatment to existing anti-
psychotics has been shown in some small clinical studies (Goff
et al., 1999b; Heresco-Levy et al., 2002), whereas others have
found either no effect (Duncan et al., 2004), or a worsening of the
clinical symptoms (Cascella et al., 1994; van Berckel et al., 1999).
However, the variable effects noted with D-cycloserine specifical-
ly may be due, in part, to its partial agonism.

It is also interesting to note that clozapine appears to differ
compared to the other antipsychotics employed in adjunct therapy
studies. Typically, no effect (Goff et al., 1996) or an impairment in
effect (Goff et al., 1999a) is observed following add-on treatment
to clozapine. For example, the addition of D-serine, a full agonist
of the NMDA glycine-site, to olanzapine or risperidone revealed
an improvement in both positive, negative and cognitive symp-
toms (Tsai et al., 1998; Heresco-Levy et al., 2005), although no
improvement was observed against clozapine (Tsai et al., 1999).
One explanation for this differential effectiveness may be clo-
zapine's ability to inhibit the glycine transporter directly (Wil-
liams et al., 2004), resulting in elevated glycine levels and, thus, a
decreased potential for augmentation (Javitt et al., 2005; Sumi-
yoshi et al., 2005). An alternative explanation proposed lies with
the bias in the patient population as clozapine is not a first line
treatment and, instead, is primarily used in non-responder and
older chronic patient groups.

Overall, with such conflicting data it has been difficult to reach a
general consensus on the benefits of augmentation therapy using
glycine, D-serine and D-cycloserine specifically. In a recent study in
which the effects of glycine versus D-cycloserine were compared
directly (Heresco-Levy and Javitt, 2004), it was proposed that full
agonists such as glycine and D-serine are likely to bemore effective
than partial agonists such as D-cycloserine in augmenting the effect
of existing antipsychotics. Certainly this distinction appears to be
reflected in preclinical studies whereby the effect of D-cycloserine
in rodent tests of antipsychotic efficacy was shown to be inferior
compared to those induced by D-serine (Millan, 2005).

The present study also provides support for augmentation
treatment using D-serine. Our data demonstrate that positive
modulation of the NMDA receptor by D-serine alone is insuf-
ficient to suppress CAR behaviour in the rodent. This is in
agreement with clinical findings showing no improvement with
D-cycloserine administered as a single agent (van Berckel et al.,
1996). In contrast, D-serine selectively potentiated the suppres-
sion of CAR induced by threshold doses of risperidone, olan-
zapine and clozapine, supporting the hypothesis that positive
modulation of the NMDA receptor complex potentiates anti-
psychotic efficacy. The differences in effectiveness observed in
the clinic with clozapine compared to other antipsychotics were
not supported by the present study where the suppressive effect
of risperidone, olanzapine and clozapine on CAR was poten-
tiated by D-serine to a similar extent. However, the lack of
differential effect in the rat may be expected if the clinical pa-
tient population bias argument for clozapine holds true.

A second approach leading to the enhancement of glutamate
function is via the positive allosteric modulation of AMPA re-
ceptors. As a single agent, administration of the AMPAkine CX-
516 was ineffective as a schizophrenia treatment (Marenco et al.,
2002). Conversely, a positive clinical effect has been reported
when CX-516 was given as an adjunctive therapy to clozapine
(Goff et al., 2001). Preclinically, a failure to attenuate both am-
phetamine and dizocilipine-induced hyperactivity up to doses that
affected basal locomotor activity has been demonstratedwith solo
AMPAkine treatment (Vanover, 1997). Similarly, a lack of effect
of CX-516 when given alone was demonstrated in the present
study, whereby CX-516 did not suppress CAR in the rat. In
contrast, when administered as an add-on treatment, CX-516 se-
lectively potentiated the suppression of CAR induced by thresh-
old doses of risperidone, olanzapine and clozapine. Moreover,
this is in agreement with other findings where CX-516 has been
described to potentiate the effect of haloperidol, clozapine as well
as risperidone in a methamphetamine-induced activity test in rats
(Johnson et al., 1999).

One possible explanation of the augmentation induced by D-
serine and CX-516 upon existing antipsychotic efficacy may be
due to pharmacokinetic interaction. As a consequence, the effect
of D-serine on the pharmacokinetic profile of risperidone in rats
was included as part of the present study. No significant difference
in mean plasma risperidone or total risperidone plus its pharma-
cological active metabolite 9-OH-risperidone concentration was
found, highly indicative that the potentiating effect of D-serine
was not due to pharmacokinetic interaction. Similar results have
been demonstrated by others evaluating the pharmacokinetic in-
teraction between CX-516 and clozapine (Johnson et al., 1999).

Finally, with the exception of those studies in which combi-
nations of high doses of CX-516 with clozapine or olanzapine
also resulted in the presence of escape failures, the potentiation of
the CAR suppressive effect induced by antipsychotic treatment is
specific. Where animals not responding to the conditioned stimuli
did respond to the unconditioned stimuli, one could argue that the
sedative effect of the antipsychotic may be responsible. However,
it is highly unlikely that these effects could be interpreted as
sedation as, firstly, sedatives such as diazepam are ineffective in
this assay and, secondly, antipsychotics are able to suppress CAR
at doses ineffective at decreasing locomotor activity (unpublished
observations; Wadenberg and Hicks, 1999).
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In conclusion, therefore, the present rat CAR data support the
majority of clinical findings in which existing antipsychotic effi-
cacy can be augmented by the enhancement of glutamate function
by positivemodulation of either the NMDAor the AMPA receptor.
The present study is the first to demonstrate a positive adjunctive
effect of a glycine-site agonist (D-serine) and an AMPAkine (CX-
516) in the CAR paradigm. Also noteworthy is the unpublished
observation that the glycine transport-1 inhibitors NFPS and other
disclosed compounds, produced a very similar profile to D-serine
andCX-516, namely they appeared ineffective in suppressingCAR
behaviour when given alone, but augmented antipsychotic-induced
CAR suppression. Overall, these data add to the potential of using
CAR to support further augmentation strategy research work, to
evaluate the effects of adding non-dopaminergic target compounds
to existing atypical antipsychotics.
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