Neurochem Res (2016) 41:398-408
DOI 10.1007/s11064-016-1838-8

CrossMark

@

ORIGINAL PAPER

Modulating NMDA Receptor Function with p-Amino Acid
Oxidase Inhibitors: Understanding Functional Activity in PCP-

Treated Mouse Model

Henry Sershen'? - Audrey Hashim' - David S. Dunlop' - Raymond F. Suckow'" -

Tom B. Cooper'” - Daniel C. Javitt'*

Received: 7 January 2016/Revised: 14 January 2016/ Accepted: 17 January 2016/ Published online: 8 February 2016

© Springer Science+Business Media New York 2016

Abstract Deficits in N-methyl-p-aspartate receptor
(NMDAR) function are increasingly linked to persistent
negative symptoms and cognitive deficits in schizophrenia.
Accordingly, clinical studies have been targeting the
modulatory site of the NMDA receptor, based on the
decreased function of NMDA receptor, to see whether
increasing NMDA function can potentially help treat the
negative and cognitive deficits seen in the disease. Glycine
and p-serine are endogenous ligands to the NMDA mod-
ulatory site, but since high doses are needed to affect brain
levels, related compounds are being developed, for exam-
ple glycine transport (GlyT) inhibitors to potentially ele-
vate brain glycine or targeting enzymes, such as b-amino
acid oxidase (DAAOQO) to slow the breakdown and increase
the brain level of p-serine. In the present study we further
evaluated the effect of DAAO inhibitors 5-chloro-
benzo[d]isoxazol-3-ol (CBIO) and sodium benzoate (NaB)
in a phencyclidine (PCP) rodent mouse model to see if the
inhibitors affect PCP-induced locomotor activity, alter
brain p-serine level, and thereby potentially enhance D-
serine responses. D-Serine dose-dependently reduced the
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PCP-induced locomotor activity at doses above 1000 mg/
kg. Acute CBIO (30 mg/kg) did not affect PCP-induced
locomotor activity, but appeared to reduce locomotor
activity when given with p-serine (600 mg/kg); a dose that
by itself did not have an effect. However, the effect was
also present when the vehicle (Trappsol®) was tested with
D-serine, suggesting that the reduction in locomotor activity
was not related to DAAO inhibition, but possibly reflected
enhanced bioavailability of p-serine across the blood brain
barrier related to the vehicle. With this acute dose of CBIO,
D-serine level in brain and plasma were not increased.
Another weaker DAAO inhibitor NaB (400 mg/kg), and
NaB plus p-serine also significantly reduced PCP-induced
locomotor activity, but without affecting plasma or brain p-
serine level, arguing against a DAAO-mediated effect.
However, NaB reduced plasma vr-serine and based on
reports that NaB also elevates various plasma metabolites,
for example aminoisobutyric acid (AIB), a potential effect
via the System A amino acid carrier may be involved in the
regulation of synaptic glycine level to modulate NMDAR
function needs to be investigated. Acute ascorbic acid
(300 mg/kg) also inhibited PCP-induced locomotor activ-
ity, which was further attenuated in the presence of p-serine
(600 mg/kg). Ascorbic acid may have an action at the
dopamine membrane carrier and/or altering redox mecha-
nisms that modulate NMDARSs, but this needs to be further
investigated. The findings support an effect of p-serine on
PCP-induced hyperactivity. They also offer suggestions on
an interaction of NaB via an unknown mechanism, other
than DAAO inhibition, perhaps through metabolomic
changes, and find unexpected synergy between D-serine and
ascorbic acid that supports combined NMDA glycine- and
redox-site intervention. Although mechanisms of these
specific agents need to be determined, overall it supports
continued glutamatergic drug development.
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Introduction

Schizophrenia is a severe and complex neuropsychiatric
disorder that has been linked to hyperactivity of brain
dopaminergic systems that may, in turn, reflect an under-
lying dysfunction of N-methyl-p-aspartate receptor
(NMDAR)-mediated neurotransmission [1]. Hypofunction
of the NMDAR has been implicated as one feature in the
pathophysiology of schizophrenia. Phencyclidine (PCP), an
NMDA receptor antagonist, induces schizophrenia-like
cognitive dysfunction and psychoses by blocking the
NMDA receptor-mediated transmission, and has been fre-
quently used in rodents to model aspects of the disease,
since PCP or ketamine treatment induces the enhancement
of amphetamine-induced dopamine release that is also seen
schizophrenics [2, 3].

Current antipsychotic medications are only partially
effective towards all the symptoms of the disease, with
30 % responding and enter full remission, another 30 %
showing some response, and 20-30 % do not respond at all
[4-6]. In the search for more efficacious treatments, many
studies have focused on testing a number of glutamate
receptor (NMDAR)-based modulators as novel drugs for
schizophrenia. Many of these trials have been evaluating
adjunctive therapies to on-going antipsychotic treatments,
especially compounds that target the glycine modulatory
site of the NMDA receptor [7, 8]. For example, glycine and
D-serine are endogenous modulators of NMDA receptors
that can therefore be used as supplemental agents. These
drugs have been used in several clinical studies with mixed
results across single-site and multi-center studies [9-11],
but with significant meta-analytic findings [12]. Never-
theless, use of these compounds is limited by the high-
doses needed for efficacy, in addition to (for D-serine)
potential high-dose nephrotoxicity [13].

Other approaches seek to modulate glycine and/or p-
serine levels indirectly by affecting regulatory mechanisms
[14]. For example, glycine (GlyT1) transport inhibitors
prevent removal of glycine from the synapse [15]. These
compounds were found to be effective in several preclini-
cal schizophrenia models, including the ability to reverse
PCP-induced hyperactivity and alterations in ampheta-
mine-induced dopamine release [16]. Nevertheless, clinical
experience with these agents has also been mixed with
some studies showing significant beneficial effects using
the GlyT1 inhibitor sarcosine [17, 18], but other studies
reporting non-significant effects [19].

Another potential approach is through manipulation of p-
serine metabolism. D-Serine is degraded in the brain by D-
amino acid oxidase (DAAQ), an enzyme that is also increased
in post mortem brain tissue from patients with schizophrenia
[20, 21]. As such, DAAO inhibitors may be novel treatments
as ways to enhance NMDA activity via increasing D-serine
concentrations. The DAAO inhibitor 5-chloro-benzo[d]isox-
azol-3-ol (CBIO) has been reported to enhance the efficacy of
D-serine in attenuating prepulse inhibition (PPI) deficits after
administration of a NMDA antagonist [22], but studies with
the compound remain limited.

An alternative compound, sodium benzoate (NaB) has
also recently been tested in both preclinical [23] and
clinical [19, 24] studies with encouraging results. Never-
theless, the affinity of this compound for DAAO is low, so
the degree to which effects were mediated by DAAO
inhibition remains uncertain. Given uncertainty regarding
mechanism of action, the present study evaluates plasma
and brain levels of p-serine produced by treatment with
these agents alone or in combination with D-serine at doses
that produce putative pro-therapeutic activity in animal
models of dopaminergic hyperactivity. Finally, in addition
to the glycine modulatory site, NMDA receptors are sen-
sitive to the redox state within the brain, with some studies
suggesting that dysfunction of NMDA receptors in brain
may result from impairments in redox balance [25]. In
order to evaluate the potential effects of acute manipula-
tions of redox state on NMDA receptor function, we
combined D-serine administration here with acute admin-
istration of ascorbic acid. We hypothesized that agents
would be effective in reversal of NMDA receptor antago-
nist (PCP)-induced behavioral effects to the extent that
they modulated NMDA receptor function through either
the glycine- or redox-modulatory sites.

Materials and Methods
Material

Phencyclidine hydrochloride (PCP) was provided by NIDA
(Reference Number 013603), 6 chloro-3-hydroxy-1,2-
benzisoxazole (CBIO, CAS 61977-29-5) from Carbocore,
TX, Trappsol® (hydroxypropyl BCD, cat. THPB-EC) from
Cyclodextrin Technologies Development, Inc., FL., cis-
4,7,10,13,16,19-Docosahexaenoic acid (CAS 6217-54-5,
cat. D2534) and sodium benzoate (CAS 532-32-1, cat.
B3420) p-amphetamine hemisulfate (CAS 51-63-8, cat.
A5880), ascorbic acid (CAS 50-81-7, cat. A0278), and
dimethyl sulfoxide (DMSO, CAS 67-68-5, cat. D2650)
from Sigma-Aldrich (St. Louis, MO, USA).
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Animals

C57BL/6 mice, males 8-9 weeks of age, were use, and
locomotor activity measured in activity boxes equipped
with infrared beams. In brief, an Opto-Varimex Auto-Track
System (version4.10, 8 Opto-Varimex-3 photocell activity
monitors; Columbia Instruments, Columbia Station, OH,
USA) was used. Mice were housed singly in a standard
mouse cage (7 x 12 x 5 inches) 1 day before activity
monitoring. The cage was placed in the activity monitor,
and activity was measured starting after intraperitoneal
drug injection. Locomotor activity was calculated based on
total ambulatory counts (consecutive beams broken during
ambulation; single beams broken repeatedly were not
counted). Data were expressed as ambulatory beam breaks
over a 60- to 120-min period (in 10-min segments or total
counts).

Drug treatment schedules are described in the figure le-
gends. Generally, CBIO was given 60 min or sodium
benzoate 90 min before, and p-serine 30 min before PCP
administration. Locomotor activity was measured during
drug administration and 60-90 min after PCP or as indi-
cated in the legend.

In Vitro NMDA-Induced [3H]D0pamine Release-
Fractional Release

Mice were decapitated and the striatal tissue (approxi-
mately 8-10 mg block of tissue) was dissected out and
incubated for 60 min in Mg”"-containing 0.5 ml of Krebs
bicarbonate buffer containing 1.25-3.0 pCi [*H]dopamine
(New England Nuclear, Boston, MA, USA) as previously
described [16]. The reaction mixture was continuously
gassed with an O,/CO, mixture (95/5 %). After prelabel-
ing, tissue was transferred to superfusion chambers
(12 x 0.3 ml chambers, Brandel Superfusion 1200, MD)
and pre-perfused at a rate of 0.8 ml/min for 60 min in the
above buffer minus Mg?*. Effluent was discarded during
this period and thereafter 3 or 4 min fractions were col-
lected for an additional 45-60 min, depending on the
experiment. D-Serine was added before indicated fractions
and maintained until the end of the experiment. Mice were
also first treated with CBIO (30 mg/kg, i.p.) and killed 1 h
later for release measurements. NMDA (300 pM)-induced
[3H]d0pamine release was defined as the area under the
fractional release curve for 24 min following NMDA
exposure (fractions 6-11), relative to surrounding fractions.
Fractional release (FRS) was defined as radioactivity con-
tent of each fraction divided by the amount of radioactivity
remaining in the tissue at the time the fraction was col-
lected. Following the perfusion period (fraction 15), the
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tissue was removed from the perfusion chamber along with
the remaining perfusion buffer, sonicated, and assayed for
tissue radioactivity. To determine radioactivity released
from the tissue, the perfusate (2.4 ml) was mixed with 3 ml
Liquiscint scintillation fluid (National Diagnostics, Atlanta,
Georgia) and counted in a Packard Scintillation Counter
(Model 1500).

p-Serine Measurement

Plasma and brain p/L-serine was determined using liquid
chromatography with fluorescence detection. The proce-
dure is based upon the formation of a fluorescent
diastereomeric derivative formed from the pre-column
addition of o-phthalaldehyde and BOC-L-Cys [26].

For the CBIO treated-tissue, to 100 pl of plasma or brain
homogenate sample, the internal standard (p-homocysteic
acid) is added, with acetonitrile, vortexed and centrifuged.
Following evaporation of the supernatant, the residue was
re-dissolved in borate buffer and allowed to react with the
derivatizing reagent. Immediately following the reaction,
the mixture was injected onto a C;g column (LUNA Cgg,
150 x 4.6 mm, 3 p, Phenomenex) and eluted using a
complex gradient elution program consisting of an acetate
buffer, tetrahydrofuran and acetonitrile. The separated
components were detected using an Agilent Model 1321A
fluorescence detector set at  Aegeirr = 245 nm  and
Aemisss = 470 nm. The resulting retention times for the
internal standard, L-serine and D-serine were 12.4, 28.5, and
34.3 min, respectively. The total run time between samples
was about 70 min, including equilibration time and on-line
derivatization. Intra-assay variability did not exceed 6.4 %
for the 7 calibration concentrations of p-serine (n = 8 for
each concentration). Inter-assay variation did not exceed
9.1 % based on 2 sets of quality controls included with
each run (n = 13 days).

D-Serine was assayed by a slightly different method [27]
with the NaB-treated tissue. Tissues were rapidly removed,
weighed, and homogenized in 3 % perchloric acid. After
centrifugation the supernatant was stored at-80° until
assayed. Chiral derivatives of the amino acids were made
with orthophthalaldehyde and Nrers-butoxycarbonyl-L-
cysteine. Sample (5 ml) is mixed with 0.4 M borate buffer,
pH 9.7 (25 ml) and reagent (25 ml of 10 mg/ml of
orthophthalaldehyde and terr-butoxycarbonyl-L-cysteine
per ml methanol). After 2 min the sample was chro-
matographed on a Supelco discovery HS CI8 column
under isocratic conditions, 1 ml/min, using a buffer con-
taining 15 % acetonitrile and 25 mM sodium phosphate
and 25 mM sodium acetate, pH 5.7. p-serine, eluting at
48 min, was monitored on a fluorescence meter (excitation
at 340 nm and emission at 455 nm).
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Statistical Analysis

Date were analyzed by using repeated measures ANOVA
followed by post hoc r test. Two-tailed statistics with
preset alpha level for significance of p < 0.05 are used
throughout. Data in text represent the average = SD or
SEM of indicated n-values shown.

Results

Effect of p-Serine on PCP-Induced Locomotor
Activity

NMDA -receptor (NMDA-R) blockade with phencyclidine
(PCP) has been used to model schizophrenia in experi-
mental animals. As such, many studies have been con-
ducted to evaluate the co-agonist site of the NMDA
receptor as a potential target for drug treatment. The effect
of p-serine (600-4000 mg/kg i.p.) to block the behavioral
stimulation produced by acute phencyclidine administra-
tion in mice was measured. PCP (0.5 mg/kg) increases
locomotor activity with a dose-dependent decrease in
activity with p-serine administration (Fig. 1). Inhibition of
locomotor activity was significant starting at 1000 mg/kg
and higher doses of p-serine (p < 0.05-0.01).

PCP + D-Serine

3500
1) 3000 1 —e— Vehicle
g —O— D-Serine 600 mg/kg
o 2500 1 —w— D-Serine1000 mg/kg
©] —v— D-Serine 2000 mg/kg
S 2000 - —&— D-Serine 4000 mg/kg
°
3 1500
IS
<
© 1000 4
o
'_
500
0 -

0 10 20 30 40 50 60 70 80 90
Time (min)

Fig. 1 p-Serine, at the dose indicated, was administered to mice
60 min before PCP (5 mg/kg i.p.). Activity was measured after PCP
administration. Results are the mean total ambulatory counts in
10-min segments (n = 8, mean + SE), ¢ test p values for 10-30 min
segment after PCP administration <0.05 1000 mg versus vehicle;
<0.01 2000 and 4000 mg versus vehicle

Effect of CBIO * p-Serine on PCP-Induced
Locomotor Activity and on Plasma and Brain p-
Serine Level

CBIO (5-chloro-benzo[d]isoxazol-3-ol) is a p-amino acid
oxidase (DAAOQO) inhibitor. CBIO was administered at a
dose of 30 mg/kg (prepared in Trappsol® (cyclodextrin)
12 % at 3 mg/ml CBIO) &+ p-serine (600 mg/kg). CBIO
was administered, followed 30 min later with D-serine
(600 mg/kg) or saline. After another 30 min, PCP (5 mg/
kg) was given and locomotor behavior monitored for
another 90 min (Fig. 2). CBIO (in Trappsol) + D-serine
showed an apparent decrease of PCP-induced behavior
(p < 0.05), but the effect was also present with Trappsol
(no CBIO) + p-serine (p < 0.05), suggesting that the
response was not related to DAAO inhibition.

With this dose and acute administration of CBIO, there
were no changes in plasma or brain p-serine level (Table 1)
and plasma and brain p-serine was not higher in CBIO + p-
serine (600 mg/kg) versus p-serine (600 mg/kg) only-trea-
ted mice. In mice treated with CBIO in their drinking water
for 3 days, plasma and kidney p-serine level increased
(p < 0.05), but brain level was unchanged (Table 2).

. 3500
0 —@— Trappsol + Saline
S —O— Trappsol + D-Serine
QO 3000 4 | —w— CBIO -Trappsol + Saline
o —v— CBIO -Trappsol + D-Serine
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Fig. 2 Mice were treated with the DAAO inhibitor CBIO (5-
chlorobenzo[d]isoxazol-3-ol, 30 mg/kg, i.p.) solubilized in 12 %
Trappsol® (Hydroxypropyl Beta Cyclodextrin). Thirty minutes later,
the mice were given p-serine (600 mg/kg i.p.) followed 30 min later
with PCP (5 mg/kg i.p.) and locomotor activity monitored for another
90 min. Values are total ambulatory counts taken in 10 min segments
(n = 15, mean £ SE) (p values over segments 10-40 min <0.05
Trappsol + p-serine  and  CBIO + Trappsol + D-serine  vs.
Trappsol + saline)
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Table 1 Effect of CBIO + p-serine on plasma and brain L-serine and p-serine level

Control D-Serine Trapp + p-Serine CBIO/ CBIO/Trapp + p-Serine
600 mg/k, Tra 600 mg/k
600 (mg/ke) 1000 (merkgy 000 meke) PP (600 mg/ke)
Plasma (nmol/ml)
L-Serine 93 £ 82 105 £5.6 96.3 + 16.4 94.6 + 6.2 88.2 £ 11.0 113 £ 279
D-Serine 3.6 £0.3 2132 + 337 4702 £ 1315 2288 + 283 25+20 1998 + 483
Brain (mol/g)
L-Serine 1.20 &+ 0.04 1.18 £ 0.01 1.12 £ 0.59 1.32 £ 0.29 1.24 £ 0.10 1.17 £ 0.09
D-Serine 0.29 £+ 0.01 0.43 £ 0.02 0.63 £ 0.04 0.42 £+ 0.09 0.31 £ 0.01 0.45 £ 0.07

Groups of mice were treated with vehicle (controls, Trappsol), p-serine (600 and 1000 mg/kg), Trappsol + p-serine (600 mg/kg), CBIO (30 mg/
kg, i.p. in 12 % Trappsol) and CBIO-treated mice + p-serine (600 mg/kg) p-serine was given 1 h after CBIO and killed and killed 30 min later.
Trunk blood was collected and plasma isolated, and brain cortex removed and processed for L- and D-serine measurement. Values are

mean &+ SD, n =5

Table 2 Effect of CBIO in

drinking water on plasma and D-Serine Plasma (nmol/ml) Brain (umol/g) Kidney (pmol/g)
brain p-serine level Control 3.36 & 0.66 0.30 % 0.02 0.04 % 0.02
CBIO-treated 5.17 £ 0.40%* 0.34 £ 0.01 0.12 £ 0.05%*

Mice were treated with CBIO (1.5 mg/ml) in their drinking water for 3 days. Based of fluid consumption,
the CBIO dose consumed was about 8 mg/mouse/day. Values are mean + SD, n = 3, * p < 0.05 CBIO-

treated versus control

Effect of p-Serine £ CBIO on NMDA-Induced
Fractional Release of Labeled [3H]D0pamine
from Mouse Striatum

The effect of 300 uM NMDA on [3H]d0pamine release
was measured in mouse striatal tissue in vitro, in the
presence of D-serine in the perfusion buffer. Release of
tritium was expressed as fractional release (FRS) a per-
centage of amount of radioactivity in the tissue when the
release was measured as previously described [28]. NMDA
(added for fraction 5) induced an increase in dopamine
efflux that peaked immediately following NMDA exposure
and decayed over the next 7 fractions. NMDA-induced
release (FRS fractions 4-8 = 2.35 £ 0.55) was not affec-
ted in the presence of 1 mM bp-serine in the perfusion
buffer (added starting at fraction 1) (FRS fractions
4-8 = 2.80 £ 0.37) (Fig. 3 top). Similarly, striatal tissue
from mice treated with CBIO (30 mg/kg 1 h prior), did not
show a difference in NMDA-induced dopamine release in
the presence of p-serine in the perfusion buffer [FRS
fractions 4-8 = 2.24 £+ 0.50 (saline-treated mice) vs.
2.59 + 0.34 (CBIO-treated mice) (Fig. 3, bottom].

Effect of Sodium Benzoate £ p-Serine on PCP-
Induced Locomotor Activity and on Plasma
and Brain p-Serine Level

Sodium benzoate (NaB) is also a modest DAAO inhibitor

and has been used as add-on treatment therapy in
schizophrenia [24]. Locomotor activity was measured after

@ Springer

sodium benzoate acute administration (NaB, 400 mg/kg,
i.p.). p-serine (600 mg/kg, i.p.) or saline was given 90 min
later, and followed 30 min later by PCP (5 mg/kg), and
activity monitored for another 60 min. NaB or p-serine by
themselves did not significantly affect PCP-induced loco-
motor activity, but NaB + p-serine did inhibit the PCP-
induced locomotor activity (p < 0.05 vs. D-serine or
p < 0.01 vs. saline) (Fig. 4).

Administration of NaB did not increase plasma or brain
D-serine level compared to p-serine (100 mg/kg) alone
administration, but decreased plasma, but not brain L-serine
(p < 0.05) (Table 3).

Effect of Ascorbic Acid and Docosahexanoic
Acid % p-Serine on PCP- and Amphetamine-
Induced Locomotor Activity

Polyunsaturated fatty acid metabolism deficits have been
suggested in psychiatric disorders, and omega-3 fatty acid
and vitamins (Vitamin E and C) supplementation have
been evaluated as added to antipsychotics, but with mixed
findings on symptom reductions [29-31]. Docosahexanoic
(DHA) (50 mg/kg) or DHA + p-serine (600 mg/kg) had
no effect on PCP-induced locomotor activation, but
ascorbic acid (300 mg/kg, i.p.) reduced, and ascorbic
acid + p-serine further inhibited the PCP-induced loco-
motor response (p < 0.01 vs. saline from Fig. 2) (Fig. 5).

Similarly, when tested against amphetamine-induced
locomotor activation, there was no difference in locomotor
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Fig. 3 Effect of p-serine (1 mM) on NMDA (300 mM)-induced
[*H]dopamine release from mouse striatal tissue (fop panel). p-Serine
was added to the perfusion buffer at fraction 1 and maintained
throughout the collection period. NMDA was added at fraction 5 for
one fraction. NMDA induced [3H]d0pamine release (filled square),
but p-serine did not affect the release (open square). Values are
expressed as mean fractional release £SE, n = 6. Mice were treated
with CBIO (30 mg/kg) and killed 1 h later and striatal tissue
incubated as above (bottom panel). NMDA-induced [3H]dopamine
was measured (bottom). NMDA + p-serine induced [3H]dopamine
release (filled triangle), but prior CBIO treatment (open triangle) did
not affect the fractional release. Values are expressed as mean
fractional release &+ SE, n = 6

activity after administration of either DHA or DHA + bp-
serine (Fig. 6). Amphetamine-induced locomotor activity
was reduced in the presence of ascorbic acid and further
reduced with administration of p-serine (p < 0.01 vs.
DHA) (Fig. 6).

Discussion

Deficits in NMDAR function are well-established in
schizophrenia, but ideal approaches for reversal of these
deficits remains to be determined. We have previously
demonstrated significant inter-correlated reversal of PCP-
enhanced amphetamine-induced locomotor activity and
subcortical dopamine release by glycine and high-affinity
GlyT1 inhibitors [32-35]. NMDAR in the brain are regu-
lated by glutamate, which serves as the primary agonist,

and glycine and Dp-serine, which bind to an allosteric
modulatory site [36—38]. Over the past decade, several well
tolerated, high affinity GlyT1 inhibitors have been devel-
oped and shown to potentiate NMDA receptor-mediated
neurotransmission in animal models relevant to
schizophrenia. In addition, clinical trials have been con-
ducted with sarcosine (N-methylglycine), a naturally
occurring GlyT1 inhibitor, and with the high affinity
compound bitopertin (RG1678) [39]. Many studies have
initially evaluated potential treatments, for example GlyT1
inhibitors, in a PCP-induced locomotor activity model; the
ability to inhibit PCP-induced locomotor hyperactivity in
mice, or the effect of potential compounds on NMDA-
stimulated dopamine release in brain tissue preparations as
a screening method [16, 40, 41]. However, there have been
two major clinical trials —Roche and Merck, that show
questionable or disappointing outcome effects of the GlyT1
inhibitor bitopertin [42, 43].

D-Serine has also been suggested to have efficacy in the
treatment of negative symptoms in a recent small double-
blind trial [10]. Although in a larger multi-center trial, with
lower achieved doses of D-serine, no significant differences
were seen between placebo and p-serine (2 g/day) groups,
suggesting that further studies may be needed with higher
doses [11]. In the present study, the dose of D-serine
(1000 mg/kg and higher) that inhibited PCP-induced
locomotor activity agrees with the reported behaviorally
efficacious dose (1280 mg) in rat studies [44]. High doses
of p-serine were effective in reducing PCP-induced loco-
motor activity (Fig. 1), but CBIO did not enhance the
effect of p-serine when given at a dose (600 mg/kg) that
did not behaviorally affect PCP-induced locomotor activity
(Fig. 2). The attenuated response appeared to be mediated
by the cyclodextrin Trappsol, used to solubilize CBIO.
With a similar CBIO dose and administration time to the
Hashimoto study [22], we also did not see an increase in
brain cortex D-serine after CBIO or CBIO and p-serine
(600 mg/kg) (Table 1). However, in the Hashimoto study
[22], they reported an increase in extracellular, not tissue,
D-serine measured in frontal cortex by microdialysis with
CBIO plus p-serine versus D-serine alone [22]. In the pre-
sent study, total brain cortex pD-serine was measured. Strick
et al. [45] also did not see an increase in forebrain D-serine
other than cerebellum, after DAAO inhibition (Compound
1) in CD-1 mice. With a longer exposure to CBIO in the
drinking water (3 days), mouse plasma and kidney p-serine
were elevated (p < 0.05), but not brain p-serine (Table 2).
Species differences in D-serine metabolism has been sug-
gested, for example between mouse, monkey, and dog,
when DAAO inhibition did not influence exposure to D-
serine, but elevated plasma and brain Dp-serine in CD-1
mice [46]. It is possible that mouse strain differences also
exist (CD-1 mouse and C57B1/6 in present study), and that
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Fig. 4 In the first treatment groups, mice (n = 8) were treated with
Na-benzoate (400 mg/kg, i.p.) or saline, followed by b-serine
(600 mg/kg, i.p.) or saline 90 min later. After an additional 30 min,
PCP (10 mg/kg, i.p.) was given and locomotor activity monitored for
an additional hour. Na benzoate and p-serine did not increase
locomotor behavior during the pre-PCP injection. The PCP-induced
locomotor response was slightly decreased by bp-serine alone
[saline + D-serine (filled triangle) vs. saline + saline (filled circle)
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t test p < 0.05 over time segments 10—40 min]. Na benzoate (open
circle) by itself was not significantly different from control
[saline + saline (filled circle)], but when co-administered with p-
serine [NaB + p-serine (open triangle)] further reduced the PCP-
induce locomotor response (p < 0.05 open triangle vs. filled triangle
or p < 0.01 A vs. filled circle for time segments 10-40 min). Values
are total ambulatory counts taken in 10 min segments (n = 15,
mean £ SE)

Table 3 Effect of sodium

benzoate (400 mg/kg) + D- Control

p-Serine (100 mg/kg) Na-benzoate + p-Serine (100 mg/kg)

serine (100 mg/kg) on plasma

. . . Plasma (nmol/ml)
and brain L-serine and D-serine

level L-Serine 163 + 25.37
D-Serine 3.36 + 0.66
Brain (umol/g)
L-Serine 0.74 £+ 0.08
D-Serine 0.30 £ 0.02

89.6 £ 10 50.8 £ 5.7*
462 + 138 327 £ 19

1.03 £ 0.12 0.93 £ 0.07
045 £ 0.14 0.45 £ 0.10

Mice were given sodium benzoate (NaB; 400 mg/kg) followed 90 min later with p-serine (100 mg/kg) and
killed 30 min after p-serine administration. Another group of mice were given b-serine (100 mg/kg) without
NaB and killed 30 min later. Values are mean £ SD, n = 4. * p < 0.0005 ¢ test versus D-serine alone

elevations of brain p-serine from acute inhibition of DAAO
are only modest. DAAO may also play less a role in
modulating cortical p-serine level than serine racemase
[45]. With a different DAAO inhibitor (AS057278), brain
D-serine only showed a modest increase and not enough to
produce behavioral effects in the test employed in that
study (amphetamine-induced locomotor activity) [47].
Since CBIO (a low affinity DAAO antagonist) had no
significant behavioral effects either alone or in combination
with D-serine once control was made for use of the

@ Springer

cyclodextrin Trappsol vehicle, suggests that permeability
or bioavailability of p-serine through the blood brain bar-
rier may be a major factor controlling effectiveness during
treatment. Cyclodextrins, their interaction with plasma
membranes and extraction of different lipids are relevant at
the level of the BBB [48], and may alter the delivery of p-
serine into the brain.

An even lower affinity DAAO inhibitor, sodium ben-
zoate (NaB), did show additive behavioral effects with p-
serine (Fig. 4), as also reported in other recent preclinical
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locomotor activity. DHA + p-serine (filled triangle) was not different
than DHA alone (open triangle), nor did DHA have an effect on
locomotor activity [vs. sal-sal +PCP (filled square) in Fig. 5].
Ascorbic acid (filled circle) and ascorbic acid 4 p-serine (open
circle) further reduced the PCP-induced locomotor activity. Values
are mean total ambulatory counts taken in 10 min segments (n = 8)
[p values for time segment 4-8, <0.001 ascorbic acid vs. saline (open
square from Fig. 2); <0.01 ascorbic acid vs. ascorbic acid + p-
serine]
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Fig. 6 Effect of ascorbic acid (300 mg/kg, i.p.) and docosahexanoic
acid (DHA 50 mg/kg in 25 % DMSO, i.p.) on amphetamine (5 mg/
kg, i.p.) induced locomotor activity. DHA + p-serine (open triangle)
was not different than DHA alone (filled triangle). Ascorbic acid
(filled circle) and ascorbic acid + Dp-serine (open circle) further
reduced the amphetamine-induced locomotor activity. Values are
mean total ambulatory counts taken in 10 min segments (n = 8)
(p values over time segments 20—60 min filled circle and open circle
vs. open triangle or filled triangle <0.01)

studies [49]. Furthermore, NaB dose-dependently attenu-
ated PPI deficits in mice after administration of PCP, but
was not affected in the presence of a glycine site antago-
nist, and NaB given orally at 1000 mg/kg did not change

brain or plasma p-serine [49]. Consistent with prior studies,
NaB has no significant effect on either plasma or brain p-
serine levels arguing against a DAAO-mediated effect.
Interestingly, in contrast to the lack of effect of NaB on p-
serine levels, NaB administration did lead to a highly
significant reduction in L-serine (Table 3), suggesting
potentially relevant effects on small amino acid metabo-
lism. However, in the Matsuura et al. [49] study, the slight
decrease (~20 %) in plasma L-serine (mice at 1 h,
Table 1) was not indicated as significantly different, nor
the decrease (~40 %) in plasma glutamine, but striatum L-
serine was reported as significantly decreased. In other
studies, NaB administration to rats has been reported to
decrease plasma glycine, serine, and alanine 2 h after
administration [50], and in humans a significant decrease in
plasma glycine was seen after oral administration [51], in
which the present study is in more agreement. Interest-
ingly, Lennerz et al. [52] recently evaluated the effect of
NaB on glucose homeostasis, and reported an influence on
circulating metabolites- anthranilic acid increased, and
acetylglycine and possibly glycine decreased, and although
not highlighted, also an increase in aminoisobutyric acid
(AIB, Fig. 4). The increase in AIB might indicate a pos-
sible effect on System A transport carriers, which may play
a role in the regulation of synaptic glycine level and by
extension NMDA receptor function, as we had suggested
as a potential mechanism for the clinical efficacy of
clozapine—System A antagonism [53]. Although NaB did
not affect p-serine metabolism, suggesting a relatively
weak effect at DAAO, it did affect plasma serine level
suggesting that it may affect more general levels of amino
acid homeostasis—potentially by conversion to AIB and
interference with system A-mediated small neutral amino
acid transport [53] Disturbances in glycine/serine metabo-
lism have been noted previously in schizophrenia [54, 55]
and shown to correlate with severity of negative symptoms,
in addition to response to clozapine [56]. Clozapine, in
turn, may mediate its actions in part through modulation of
system A transport [53]. To the extent that NaB has posi-
tive clinical effects in schizophrenia [19, 24], future studies
investigating its effect on regulation of small neutral amino
acids, such as glycine or L-serine, are warranted.

p-Serine did not affect NMDA-induced [3H]d0pamine
release from mouse striatal tissue (Fig. 3); however, we
have shown that a GlyT inhibitor ALX5311 does inhibit
dopamine release [16], and D-serine has been shown to
inhibit NMDA-induced endogenous dopamine efflux from
rat striatal tissue [57]. In the latter study, p-serine and
glycine stimulated endogenous dopamine release; whereas,
in our earlier studies glycine did not affect labeled dopa-
mine release [16, 28]. Similarly, NMDA-evoked release of
dopamine was not potentiated by glycine, agonist, while
these agonists stimulate the spontaneous release of
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dopamine in the absence of NMDA, suggesting different
populations of NMDA receptors are involved in the effects
of NMDA and glycine on striatal dopamine release [57]
and also possibly for p-serine. Although the present study
did not measure dopamine levels directly, we have previ-
ously shown that locomotor activity correlates with pre-
frontal cortex dopamine [35, 58] but future studies are
required to verify.

Omega-3 fatty acids like docosahexaenoic acid (DHA)
are being tested as an add-on therapy in schizophrenic
patients [59]. Although DHA may have action directly on
the NMDA receptor or indirectly by altering its lipid
environment [60], it had no effect on PCP- or ampheta-
mine-induced locomotor response (Fig. 6).

Ascorbic acid also inhibited the PCP-induced locomotor
activity and it was further reduced in the presence of D-
serine (Fig. 5). A similar inhibition was seen with amphe-
tamine-induced locomotor activity (Fig. 6). This effect
could involve the dopamine transporter, since ascorbic acid
may have a modulatory role involving dopamine carrier-
membrane translocation; both dopamine and ascorbic acid
being transported by the same carrier [61-63]. The effect
may also be directly related to enhanced glutamate. Ascor-
bic acid has also been shown to modulate glutamate trans-
mission, involving a hetero-exchange mechanism where
high level of extracellular ascorbic acid prevents glutamate
uptake, resulting in elevated extracellular glutamate [64].

Redox phenomena have also been reported to modulate
the activity of the NMDAR, for example by ascorbate [65—
68]. Several biochemical steps of NMDA receptor activa-
tion are redox-regulated and via volume transmission, the
redox property of dopamine, may also play a role in the
development of dysconnectivity between brain regions in
schizophrenia, which can cause abnormal modulation of
NMDA-dependent synaptic plasticity [69], which should
be further investigated.

NMDA receptors are located at synaptic and extrasy-
naptic locations and mediate distinct physiological and
pathological processes. The regionalized availability of co-
agonists also matches the preferential affinity of synaptic
NMDAR for p-serine and extrasynaptic NMDRs for gly-
cine, in which glycine and p-serine inhibit NMDAR sur-
face trafficking in a sub-unit dependent manner, and can
have roles in either synaptic plasticity and neuroprotection/
excitotoxicity [70]. As such, the ability to alter the avail-
ability of the supply of either p-serine or glycine at or
outside the synapse, for example with DAAO inhibitors or
transport inhibitors, may influence the subunit composition
of region-specific NMDARs and thereby have an important
role in the symptoms associated with schizophrenia.

The present study does not rule of the potential of using
a DAAO inhibitor to elevate brain p-serine levels, nor does
it rule out elevating brain Dp-serine at higher doses than
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currently attained as a pharmacological method for clinical
treatments. There are still questions of differences in D-
serine metabolism between different species or method-
ological differences in responses to account for the dis-
crepancies in outcome results. Many of the behavioral
assays that measure antipsychotic potential and pro-cog-
nitive effects in animal studies have to date been incon-
sistent [71]. Secondly, some of the add-on drugs targeting
DAADO inhibition may have action at other sites (other than
DAAO inhibition), can have potential relevance. The
effects seen in the present mouse animal models do not
necessarily predict or translate to potential efficacies in
human treatments, as seen in the outcome of some multi-
center trials, but the potential for their use cannot be
completely eliminated. As with the clinical trials, elevating
brain p-serine in several rodent models also shows some
inconsistencies, but nevertheless still suggestive of being
potentially efficacious in modulating NMDA function.

In summary, although NMDAR-based theories are well
established, ideal approaches for NMDAR enhancement
remain to be determined. In the present study, both p-serine
and NaB were effective in reversing PCP-induced behav-
ioral effects, supporting therapeutic efficacy. Moreover,
effects of these two agents were additive suggesting
potential synergistic effects. Effects of NaB, however, did
not appear to be mediated by DAAO, it did affect aspects of
amino acid metabolism, consistent with prior reports. Var-
ious metabolites (e.g. acteylglycine, AIB) may be of rele-
vance, and future studies should evaluate the mechanism of
effect. Ascorbic acid also showed additive effects with p-
serine, suggesting potential benefits of combined redox- and
glycine-site intervention. Beta-cyclodextrin (Trappasol)
also markedly facilitated p-serine effect, potentially by
facilitating bioavailability into brain. Because of the limi-
tations of each of these agents given individually, syner-
gistic nutritional intervention using a combination of
approaches for NMDAR enhancement may be more effec-
tive than treatment with any single agent individually.
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