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Abstract: L-Serine has a role in cellular proliferation, being a precursor for protein synthesis, and is also important for
brain development. D-Serine plays a role as the endogenous co-agonist at the glycine site on the N-methyl-D-aspartate
(NMDA) receptors in the brain. Accumulating evidence suggests that abnormality of D-serine levels might be involved in
the pathophysiology of schizophrenia. Using the automated blood sampling system, we examined whether or not intrac-
erebroventricular (icv) infusion of L- and D-isomers of serine could affect plasma levels of amino acids in conscious and
freely moving rats. The icv infusion of L-serine significantly decreased the plasma levels of glycine, glutamate, and D-
serine, but not glutamine and L-serine. Furthermore, the icv infusion of D-serine significantly decreased the plasma levels
of glycine, glutamate, and L-serine, but not glutamine. Expectedly, a marked increase of plasma D-serine was detected af-
ter icv infusion of D-serine. These findings suggest that the metabolic pathway for L- and D-serine may be markedly dif-

ferent in the rat brain.

INTRODUCTION

Several lines of evidence suggest that a dysfunction in
the glutamatergic neurotransmission via N-methyl-D-
aspartate (NMDA) receptors might be involved in the patho-
physiology of neuropsychiatric diseases, including schizo-
phrenia, mood disorders, Alzheimer’s disease, and autism [1-
9]. Amino acids, including glutamate, glutamine, glycine, L-
serine, and D-serine, have been shown to be associated with
the glutamatergic neurotransmission via NMDA receptors
[10]. Previously, we reported alterations in the blood levels
of these amino acids in patients with schizophrenia, Alz-
heimer’s disease and autism [11-14]. Thus, we considered
that it would be of great interest to examine the potential use
of the blood levels of these amino acids as biological mark-
ers for neuropsychiatric diseases..

L-Serine has been shown to play a role in cellular prolif-
eration, as it is a precursor for nucleotide synthesis [15-17].
In addition, after the first reports of serine deficiency disor-
ders (3-phosphoglycerate dehydrogenase (3-PGDH) defi-
ciency and 3-phosphoserine phosphatase (3-PSP) defi-
ciency)), it also became clear that L-serine and L-serine-
derived metabolites are important for brain development and
function [17-25]. In contrast, D-serine, an isomer of L-
serine, plays a role as a key co-agonist for NMDA receptors
[26-32]. D-Serine is produced by serine racemase (SRR)
from L-serine, and D-serine has been shown to be metabo-
lized by D-amino acid oxidase (DAAO) in the brain. Several
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reports have demonstrated that abnormality of D-serine lev-
els might be implicated in the pathophysiology of schizo-
phrenia [6-8,11,12,33-36].

Thus, it may be of great interest to study the metabolic
pathways of L- and D-serine in the brain. In addition, it
would also be of interest to investigate how brain levels of
L- and D-serine can affect blood levels of amino acids asso-
ciated with the NMDA receptors. In the present study, we
used an automated blood sampling system to examine
whether intracerebroventricular (icv) infusion of L- and D-
serine can alter the plasma levels of amino acids (glutamate,
glutamine, glycine, L-serine, and D-serine) in conscious and
freely moving rats.

MATERIALS AND METHODS
Animals

Male Sprague-Dawley rats (7 weeks old) weighing 180-
200 g were purchased from Charles-River Japan (Tokyo,
Japan). Rats were housed in clear polycarbonate cages
(22.5x33.8x14.0 cm) at 2 or 3 rats per cage under a con-
trolled 12/12-h light-dark cycle (lights on from 7:00 AM to
7:00 PM), with room temperature at 23 + 1°C and humidity
at 55 + 5%. The rats were given free access to water and
food pellets. The experimental procedure was approved by
the Animal Care and Use Committee of Chiba University
Graduate School of Medicine.

Materials

D-Serine, L-serine, glycine, glutamate, and glutamine
were purchased from Sigma-Aldrich Corporation (St. Louis,
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MO). Acetonitrile (CH;CN) and methanol of HPLC grade
were purchased from Wako Pure Chemical Co., Ltd. (Tokyo,
Japan). Other drugs were purchased from commercial
sources.

Operation

Rats were anaesthetized with sodium pentobarbital (40
mg/kg, i.p.) and were implanted with a probe that was ce-
mented in place in the cerebroventricular space (coordinates:
from the bregma (in mm), AP=- 0.8, ML= +1.4, DV=- 3.6)
[37]. Rats were allowed to recover from the surgery over-
night. After recovery, D-serine (1.0 mol/L) or L-serine (0.5
mol/L) in an artificial cerebrospinal fluid (147 mmol/L
NaCl, 4 mmol/L KCIl, and 2.3 mmol/L CaCl,) was infused at
a flow rate of 5.0 uL/min for 20 min. ICV infusion of 1.0
mol/L L-serine caused rats to experience severe seizure, and
to die shortly thereafter. Therefore, a half dose (0.5 mol/L)
of L-serine was used. The automated blood sampling system
DR-II (Eicom Co. Ltd., Kyoto, Japan) (Fig. 1) has been ap-
plied for blood sampling in conscious and freely moving
rats. Three fractions were collected every 30 min to obtain
control (baseline) levels of amino acids. Then five fractions
were collected every 30 min after icv infusion of L- or D-
serine.

Fig. (1). The automated blood sampling system DR-II.

Measurement of Plasma Amino Acids

Measurement of the levels of glycine, glutamate, glu-
tamine, D-serine and L-serine was carried out as described in
previous studies [38,39] using a high performance liquid
chromatography (HPLC) system (Shimadzu Corporation,
Kyoto, Japan) with fluorescence detection. Briefly, 20 pL of
plasma sample was homogenized in 180 pL of methanol
(HPLC grade) on ice. The homogenates were centrifuged at
4500 x g for 10 min, and 20 pL of the supernatant was
evaporated to dryness at 40°C. To the residue, 20 pL H,O
(HPLC grade), 20 pL of 0.1 M borate buffer (pH 8.0), and
60 pL of 50 mmol/L 4-fluoro-7-nitro-2,1,3-benzoxadiazole
(NBD-F; Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan) in
CH;CN (HPLC grade) were added. The reaction mixture was
then heated at 60°C for 2 min, and immediately supple-
mented with 100 uL of H,O/CH;CN (90/10) containing
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0.1% trifluoroacetic acid (TFA) to stop the reaction. A 20 uL
aliquot of the resultant solution was injected into the HPLC
system. Fluorescence detection was performed at 530 nm
with an excitation wavelength at 470 nm.

Statistical Analysis

Data are expressed as the mean * standard deviation
(SD). Statistical analysis was performed by one-way analysis
of variance (ANOVA) and post hoc Dunnett test. Values of p
less than 0.05 were considered statistically significant.

RESULTS

The icv infusion of L-serine (0.5 mol/L, 5.0 pL/min for
20 min) significantly decreased plasma levels of D-serine,
glycine, and glutamate. In contrast, plasma levels of L-serine
and glutamine were not altered by icv infusion of L-serine
(Fig. 2).

The icv infusion of D-serine (1.0 mol/L, 5.0 pL/min for
20 min) significantly decreased plasma levels of L-serine,
glycine, and glutamate (Fig. 2). In contrast, plasma levels of
D-serine were markedly (more than 80-fold) increased by icv
infusion of D-serine. Plasma levels of glutamine were not
altered by icv infusion of D-serine (Fig. 2).

DISCUSSION

Using the automated blood sampling system DR-II, we
were able to successfully measure the plasma levels of
amino acids in conscious and freely moving rats. Therefore,
this system would be useful for determination of the blood
levels of endogenous substances as biological markers in
animal models and the blood levels of drugs for pharma-
cokinetic studies [40-42].

In this study, icv infusion of L-serine significantly de-
creased the plasma levels of glycine, glutamate, and D-
serine, but not glutamine and L-serine. The mechanism(s)
underlying the reduction of the plasma levels of these amino
acids after icv infusion of L-serine are currently unclear.
Unexpectedly, we found that plasma L-serine levels were not
altered after icv infusion of L-serine. In the metabolic path-
way of L-serine, L-serine is converted to phospholipids (ser-
ine palmitoyltransferase: SPT), phosphoglycerides (phos-
phatidylserine synthase: PSS), glycine (serine hydroxymeth-
yltransferase: SHMT), and D-serine (serine racemase:
SRR)[19] (Fig. 3). Therefore, it is likely that L-serine is rap-
idly metabolized to other amino acids or undergoes protein
synthesis, because the plasma levels of L-serine were not
affected by icv infusion of L-serine.

In this study, we found that plasma levels of D-serine
were markedly increased after icv infusion of D-serine, sug-
gesting that elevated plasma D-serine may be due to washout
from the brain. At the ultrastructural level, D-serine staining
appears patchy, and is most abundant around the blood ves-
sels in the forebrain [43]. Furthermore, other studies have
reported that there were no changes of D-serine levels in the
forebrains of mice lacking DAAO [44,45], suggesting that
DAAO does not regulate D-serine levels in the forebrain,
where the NMDA receptors are abundant [7,8]. Moreover,
icv infusion of D-serine significantly decreased plasma lev-
els of glycine, glutamate, and L-serine in the present study,
although the mechanism(s) underlying the reduction of the
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Fig. (2). Effects of icv infusion of L- and D-serine on rat plasma levels of amino acids. The data were shown as the percentage of control
(baseline: before icv administration) values (glutamate: 5.42 uM, glycine: 30.4 uM, glutamine: 217 uM, D-serine: 1.61 uM, L-serine: 208
uM (mean of total 13 rats). The data were the mean + SD of 6 (L-serine group) or 7 (D-serine group) rats. *p<0.05, **p<0.01, ***p<0.001
(vs. baseline).
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plasma levels of these amino acids after icv infusion of D-
serine are currently unclear. Further detailed studies will be
needed to determine these mechanisms.
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Fig. (3). Proposed pathways of L- and D-serine utilization in the
brain. CBS: Cystathionine B-synthase; DAAO: D-amino acid oxi-
dase; 3-PGDH: 3-Phosphoglycerate dehydrogenase; PSAT: Phos-
phoserine aminotransferase; 3-PSP: 3-Phosphoserine phosphatase;
PSS: Phosphatidylserine synthase; SHMT: serine hydroxymethyl-
transferase; SPT: Serine palmitoyltransferase; SRR: Serine race-
mase.

CONCLUSIONS

The present preliminary findings suggest that the meta-
bolic pathways for L- and D-serine in the brain might be
different, although further detailed studies are needed. In
addition, our results indicate that the automated blood sam-
pling system would be useful for determining the blood lev-
els of endogenous substances as biological markers in sev-
eral animal models and the blood levels of drugs in pharma-
cokinetic studies in conscious and freely moving rats.
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ABBREVIATIONS

CBS =  Cystathionine 3-synthase

DAAO =  D-Amino acid oxidase

NMDA =  N-Methyl-D-aspartate

3-PGDH = 3-Phosphoglycerate dehydrogenase
PSAT =  Phosphoserine aminotransferase
3-PSP =  3-Phosphoserine phosphatase

PSS =  Phosphatidylserine synthase
SHMT =  Serine hydroxymethyltransferase
SPT = Serine palmitoyltransferase

SRR =  Serine racemase
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