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Abstract

D-Serine has been shown to play an important role in the expression and control of a variety of brain functions by acting
as the endogenous coagonist for the N-methyl-p-aspartate type glutamate receptor (NMDAR), at least, in the forebrain. To
obtain further insight into the still debatable cellular localization of the p-amino acid, we have examined the effects of the
selective destruction of the neuronal cell bodies by quinolinate on the tissue or extracellular p-serine concentrations in the
medial prefrontal cortex of the rat. A local quinolinate infusion into the bilateral medial prefrontal cortex produced a cortical
lesion with a marked (— 65%) and non-significant alteration (—5%) in the cortical and striatal tissue p-serine concentra-
tions, respectively, 7 days post-infusion. In vivo microdialysis experiments in the right prefrontal lesion site 9 days after
the quinolinate application revealed that the basal extracellular p-serine levels were also dramatically reduced (— 64%). A
prominent reduction in the tissue levels of GABA in the interneurons of the prefrontal cortex (—78%) without significant
changes in those in the striatum (+ 12%) verified that a major lesion part was confined to the cortical portion. The lack of a
significant influence of the prefrontal quinolinate lesion on its dopamine concentrations in the mesocortical dopamine pro-
jections suggests that the nerve terminals and axons in the lesion site may be spared. These findings are consistent with the
perikarya-selective nature of the present quinolinate-induced lesion and further support the view that neuronal cell bodies
of intrinsic neurons in the prefrontal cortical region contain substantial amounts of b-serine, which may sustain the basal
extracellular concentrations of D-serine.
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Introduction

A body of evidence has been accumulated indicating that
D-serine plays a pivotal role in the physiological function-
ing of the N-methyl-p-aspartate type glutamate receptor
D< Toru Nishikawa (NMDAR) as the endogenous coagonist for the receptor by

torunishi @med.showa-u.ac.jp binding to its glycine modulatory site, at least, in the fore-
brain areas of mammals [1, 2]. Thus, selective depletion of
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tion of the NMDAR [5] has been found in mice lacking a
D-serine synthesizing enzyme, i.e., serine racemase, which
display a marked decrease in brain tissue and extracellular
concentrations of D-serine without significant changes in
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those of glycine [5-7]. Finally, it has been demonstrated
by using an in vivo microdialysis technique that the dimin-
ished basal extracellular concentrations of D-serine under
the normal glycine levels result in the attenuation of the
NMDAR-mediated increasing response of taurine release
in the hippocampus of the mice with CaMKII-conditional
depletion of serine racemase in the forebrain neurons [8]
and in the rat medial prefrontal cortex locally perfused by a
selective antagonist for the GABAA receptor, muscimol [9].

Since the NMDAR has been shown to be one of the key
molecules that regulate the higher order brain functions, and
since its dysfunction has been implicated in the pathophysi-
ology of neuropsychiatric disorders including schizophre-
nia, Alzheimer’s disease, and cerebrovascular diseases, to
clarify the cellular and molecular mechanisms underlying
brain p-serine signaling is crucial to understand and develop
a novel therapeutic approach to various pathological con-
ditions of the brain [1]. Together with the close positive
relationship between the brain regional distribution patterns
of p-serine and those of the binding density of glutamate,
glycine and phencyclidine sites of the NR1/NR2 heteromeric
NMDARs [1, 10], the above intrinsic coagonist nature of
D-serine indicates the possible existence of p-serine in syn-
apse-related structures. However, the exact types and setups
of cells containing D-serine and the associated molecular
machinery are still inconclusive and await further elucida-
tion [2, 11, 12]. In fact, the extracellular p-serine concentra-
tions in the rodent brain have been reported to be modified
by neuronal and glial activities [9, 13—16], suggesting the
plausible localization of D-serine in neurons and glia.

Results obtained from immunohistochemical studies
using the anti-D-serine antibody recognizing D-serine con-
jugated to glutaraldehyde or paraformaldehyde are disputed
among investigators. Schell et al. [17] first showed a D-ser-
ine-like immunoreactivity predominantly in astroglia while
the subsequent experiments [18, 19] drew the conclusion
that p-serine was contained not only in the astroglia but also
in the neurons. Williams et al. [20] found immunostaining
of p-serine in vesicle-like compartments in the astroglia and
radial glial cells and a subset of glutamate neurons. More
recent examinations pointed out that the immunoreactivity
of D-serine and serine racemase was observed in the neurons,
but not in the astroglia [21, 22], and that, coincident with
the histological data, neuron-specific, but not astroglia-spe-
cific, the deletion of serine racemase produced a significant
decrease in the tissue and/or extracellular p-serine concen-
trations in the hippocampus [6, 18].

Despite these discrepancies, the localization of p-serine
has not been verified by any method other than immunohis-
tochemistry. To obtain further neuroanatomical information
about p-serine for understanding these discrepancies, we
have investigated the effects of intra-medial prefrontal infu-
sion of the excitotoxin, quinolinate, which is well established

to selectively destroy the cell bodies of neurons [23], on
the tissue and extracellular concentrations of D-serine in
the prefrontal cortex of the rat. We have also compared the
influences among various amino acids that are related to the
NMDAR and/or well known to be contained in the perikarya
of the intrinsic or projecting neurons in the cortical area.

Methods
Approval for Animal Experiments

All experimental procedures in this study were performed
in strict accordance with the guidance of the National Insti-
tute of Neuroscience, National Center of Neurology and
Psychiatry (NCNP), Tokyo Medical and Dental University
(TMDU), and Showa University and were approved by the
Animal Investigation Committees of the respective insti-
tutes: Committee for Ethical Issues in Animal Experiments
(NCNP); Institutional Animal Care and Use Committee
(TMDU); Laboratory Animal Science Committee (Showa
University). At Showa University, we conducted a statis-
tical examination of the quantitative measurement data of
amino acids and monoamines and microscopic analysis of
tissue preparations, which were obtained from the animal
experiments.

Animals

Male Wistar rats (ST strain, Clea Japan, Tokyo, Japan)
on postnatal day 56 at the time of injection of the excito-
toxin quinolinate were used. The animals were housed at
22 +0.5 °C and 50% humidity under a controlled dark—light
cycle (light: 08.00-20.00 h) and had free access to food and
water.

Chemicals

Quinolinate and (—)-bicuculline methiodide were purchased
from the Wako Pure Chemical Corporation, Osaka, Japan
(presently FUJIFILM Wako Pure Chemical Corporation
at present) and Tocris Bioscience (USA), respectively. All
other chemicals and drugs were of ultrapure quality and
commercially available.

Chemical Lesion

Procedures for the quinolinate lesions were performed in
principle according to the method of Schwarcz et al. [23]
Quinolinate (240 nmol/2.0 pl, dissolved in 0.1 M phosphate-
buffered saline, pH 7.4) or vehicle was bilaterally infused
into the medial prefrontal cortex in a volume of 2 pl/side for
10 min at the following coordinate: medial prefrontal cortex,
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A+3.2mm, V+5.2 mm, L+0.6 mm (the atlas of Paxinos
and Watson [24]). The injection canula was left in place for
a further 5 min before removal. The tissue concentrations of
the amino acids were determined 7 days after the infusion.
This date was chosen because quinolinate-induced lesions
have been reported to reach a maximum before 7 days post-
infusion and remain mostly unchanged thereafter [25-27].

Histological and Inmunohistochemical Examination

The histological and immunohistochemical examinations
of the present quinolinate-induced lesion were achieved on
brain sections prepared according to our previous report
[28], as described below. Under pentobarbital anesthesia
(40 mg/kg, i.p.), the rats were transcardially perfused with
physiological saline followed by 4% paraformaldehyde in
0.1 M phosphate buffer (PB, pH 7.4). The whole brains were
removed, post-fixed and coronally cut at 60 pm after cryo-
protection by transfer in different concentrations of sucrose
solution and freezing.

To evaluate the extent of the quinolinate-induce lesion,
brain coronal sections obtained from frozen brains were
mounted on slides and stained with cresyl violet (Chroma,
Co., Ltd: Nissl staining) as already mentioned [28, 29].
Cresyl violet was dissolved in purified water to which an
appropriate amount of 10% acetate was dropwise added, and
used for tissue staining at a concentration of 0.1%.

For analyses of the types and distribution of damaged
cells in the quinolinate-lesioned portions, we conducted
immunohistochemical studies to detect various neuronal
and glial cells by applying the following specific antibod-
ies against their respective marker proteins which were
purchased from Abcam (Cambridge, UK): (1) neuronal
nuclei/RNA-binding Fox3 (NeuN/Rbfox3; the neuronal
nucleus marker [30] (rabbit monoclonal; diluted to 1:100;
ab177487), (2) glial fibrillary acidic protein (GFAP; the
astroglia marker [25, 26, 31] (goat polyclonal; 1:1000;
ab53554), (3) myeline basic protein (MBP: the oligodendro-
glia marker [32] (rabbit monoclonal; 1:5000, rabbit mono-
clonal; ab218021).

Immunohistochemistry was achieved on PFA-fixed frozen
coronal sections embedded on microscope glasses. Follow-
ing 60-min rinses (incubation) in the blocking agent, Block-
ing One Histo (NAKARAI TESQUE, INC. Kyoto, Japan),
at room temperature, brain slices were incubated for 12 h
at 4 °Cin 0.01 M PBS containing 0.2% Tween-20 (PBST)
and each antibody previously mentioned. After three 5-min
washes in 0.01 M PBST, the brain sections were incubated
for 1 h in a secondary antibody, an Alexa Fluor-conjugated
goat anti-rabbit IgG ((# A-11029, Thermo Fisher Scientific
Co. Ltd., Massachusetts, USA), an Alexa Fluor-conjugated
goat anti-mouse IgG (Vector Labs), or a FITC (Fluores-
ceinisothiocyanate isomer-I)-conjugated rabbit anti-goat
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IgG (CiteAb, Bath, UK). The stained sections were washed
3 times with PBST and mounted onto subbed slides by using
an encapsulant for fluorescent staining, Fuluoromount (DBS
Diagnostic BioSystems, California, USA).

Brain Dissection

The animals were killed by cervical dislocation 7 days after
the local infusion of quinolinate into the bilateral medial
prefrontal cortex. The right and left medial prefrontal cortex
including the lesioned area (dopamine-rich portion accord-
ing to Bjorklund and Lindvall [33] (A+4.2 to+2.5 mm; the
atlas of Paxinos and Watson [24]) and right anterior striatum
(A+2.4t0o+0.0 mm) were dissected out in the cold, imme-
diately frozen on dry ice and stored at — 80 °C until quanti-
tative measurements of the amino acids and monoamines.

In Vivo Microdialysis

An in vivo brain microdialysis method was employed to
monitor the extracellular concentrations of p-serine in the
medial prefrontal cortex of the freely moving rats as previ-
ously depicted [9, 34, 35]. On the 8th day of the bilateral
prefrontal injection of quinolinate, the rats were anesthe-
tized with pentobarbital (40 mg/kg, intraperitoneally) and
mounted on a stereotaxic frame. Straight-shaped cellulose
dialysis tubing (3.0 mm length, 0.16 mm internal diameter,
molecular weight cutoff of 50,000, EICOM Co., Ltd., Japan)
was then implanted into the right medial prefrontal cortex
(A+3.2mm, V+5.2, L+0.6; the atlas of Paxinos and Wat-
son [24]).

Two days after the operation, the dialysis probe was per-
fused with a Ringer solution (NaCl, 147 mM; KCI, 4 mM;
CaCl,, 1.3 mM; pH 7.4) at the flow rate of 2 pl/min. Follow-
ing stabilization for at least 80 min, the dialysate samples
were serially collected every 20 min. The first four samples
were determined as the basal concentrations of D-serine and
other amino acids, and the average of the amino acid meas-
urements of the first two samples was used for the statistical
analysis. After the experiments were completed, the accu-
racy of the position of the dialysis probe was macroscopi-
cally confirmed in each case on 150-um-thick serial coronal
sections.

We did not correct for the p-serine concentrations in the
dialysate by the recovery rate of the dialysis probe because
(1) our previous experiments have shown that its variability
is very low when tested in vitro [13] and (2) it is not possible
to determine the exact in vivo recovery rate in each animal.

Quantitative Analysis of Amino Acids

The simultaneous determination of the free amino acid
enantiomers and non-chiral amino acids in the brain tissues
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and dialysates was accomplished by high performance liq-
uid chromatography (HPLC) with fluorometric detection as
previously described [9, 36]. Briefly, the brain tissue sample
was homogenized in 10 volumes of 4% trichloroacetic acid
(TCA) after adding p-homocysteic acid as the internal stand-
ard, and the homogenate was centrifuged at 14,500xg for
20 min at 4 °C. The supernatant and the collected dialysates
following the addition of the internal standard were stored
at —80 °C until derivatization. When conducting an assay
of the samples, each tissue supernatant or an aliquot of each
dialysate was derivatized with N-fert-butyloxycarbonyl-
L-cystein (Boc-L-Cys) and o-phthaldialdehyde for 2 min at
room temperature. The amino acid derivatives were subse-
quently applied to the HPLC system and separated on a 4-um
Nova-Pak C18 column (300% 3.9 mm, I.D., Waters, Japan)
using the following mobile phases at the constant flow rate
of 0.9 ml/min at 30 °C. Mobile phase A was 0.1 M acetate
buffer (pH 6.0), including 12% acetonitrile, and mobile
phase B was the acetate buffer with 20% acetonitrile. The
separation procedure was accomplished with a linear gradi-
ent from mobile phase A to B in 50 min, and the isolated
fluorescent derivatives were detected by an FP-2025 spec-
trofluorometer (Jasco International Co., Ltd., Japan). The
excitation and emission wavelengths were 344 and 443 nm,
respectively.

Quantitative Analysis of Monoamines

Dopamine in the brain tissues were determined by reverse-
phase HPLC with electrochemical detection, as previously
described [37]. Briefly, after the addition of 3,4-dihydroxy-
hydro-cinnamic acid (DHHCA) as an internal standard, the
cortical tissues were homogenized in 0.1 M perchloric acid
containing 2 mM EDTA and 4 mM sodium pyrosulfate, and
the homogenates were spun at 8800xg for 20 min at 4 °C.
The pH of the separated supernatant was optimized by 1 N
sodium acetate and stored at — 80 °C until use. Dopamine
and other monoamines and their metabolites were separated
on a reverse-phase column filled with 5C18 (octadesil) using
0.1 M acetate-citrate buffer (pH 4.1) containing 15% metha-
nol, 0.7 mM octasulfonic acid and 0.1 mM EDTA at the
flow rate of 0.6 ml/min. The ECD was accomplished using
a carbon graphite working electrode set at+0.7 V.

Statistics

The results represent the mean with SEM of the data. Sta-
tistical differences of the independent data between the two
groups were evaluated using the unpaired two-tailed Wil-
coxon rank sum test (the homogeneous and heterogeneous
variances for each experimental group).

Results

In the prefrontal areas of the quinoliinate-induced lesion,
we determined the tissue concentrations of the amino acids
metabolically or functionally linked with D-serine and/or the
NMDAR: (1) p-Serine and glycine acting at the NMDAR gly-
cine site [1], (2) NMDAR glutamate site agonists, L-glutamate
and L-aspartate, and their respective metabolites, L-glutamine
and L-aspargine [36], (3) L-arginine as a precursor for nitric
oxide as a NMDAR modulator [36], (4) a precursor of D-ser-
ine, L-serine, [1] and (5) inhibitory amino acids, GABA and
taurine, interacting with p-serine [9]. GABA [38] and L-glu-
tamate [39] are also well documented to be useful markers for
cell bodies of cortical interneurons and frontostriatal glutamate
neuronal pathways, respectively. The dopamine levels were
quantified because the prefrontal dopamine is considered to
be a marker for the nerve terminals and axons in the medial
prefrontal cortex.

Histological Examination of Extent
of Quinolinate-Induced Lesion in the Medial
Prefrontal Cortex of the Rat

As shown in the Fig. 1a and d, our Nissl staining validated that
degeneration 7 days after quinolinate injection was observed in
the bilateral prelimbic, infralimbic, cingulate (Cgl) and dorsal
peduncular (DP) cortices and parts of the secondary motor
cortex around the injection sites, at least, at the levels from
4.2 mm to 2.5 anterior to the bregma (Paxinos and Watson
1986) [24]. There were no evident lesions in the primary motor
cortex, the cortical regions lateral to the motor cortex (M1 and
M2), the striatum (STR), and the white matter including the
forceps minor (fmi) and the corpus callosum (ac) (Fig. la—c).
Figure 1b depicts a photomicrograph of high-magnification
image of a boundary region between a lesion and non-lesioned
site, which is surrounded by the dotted line in Fig. 1a. No
apparent degeneration was detected in the prefrontal section of
the control animals treated with an intra-medial frontal cortex
injection of vehicle (Fig. 1c).

Some variations in the extent of the neurotoxin-induced
destruction area were observed among the 5 animals in which
histological and immunohistochemical evaluation were per-
formed (Fig. 1e and f). The tissue in the striped area depicted
in Fig. le and f was dissected so that the smallest degradation
area could be sampled.

Immunohistochemical Analysis
of Quinolinate-Induced Lesion in the Medial
Prefrontal Cortex of the Rat

Immunoreactivity to antibodies against the neuronal
nuclear marker protein, NeuN, was verified to be dense
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Fig. 1 Histological examination of the extent of quinolinate-induced
lesion in the medial prefrontal cortex of the rat. Stereomicrographs
and light photomicrographs display representative cresyl violet-
stained brain coronal sections including quinolinate-lesioned area
at the level of the medial prefrontal cortex of the rat (approximately
3.7 mm (a, b, and ¢) or 2.5 (d) anterior to the bregma (Paxinos and
Watson 1986) [24]) 7 days after local infusion of the quinolinate (a, b
and d) or vehicle (PBS: controls) (c) into the cortical region. b A high
magnification image of a boundary area between the degenerated and
undegenerated site, which is surrounded by the dotted line in a. e and
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f Schematically represent an extent of the quinolinate lesion in the
medial prefrontal cortex in each of 5 animals by dotted, short-dashed,
long-dashed, dot-dashed or double line (adapted from the figures at
3.72 mm (e) and 2.52 mm (f) anterior to the Bregma of the Reference
[24]). The striped areas surrounded by solid line in these panels illus-
trate the respective prefrontal cortical tissues sampled for the amino
acid quantification. ac anterior commissure; Cgl cingulate area 1; DP
dorsal peduncular cortex; fini forceps minor; /L infralimbic cortex;
M1 primary motor cortex; M2 secondary motor cortex; NA nucleus
accumbens; OB orbital cortex; PL prelimbic cortex; STR striatum
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in the neuron-predominant gray matter and sparse in the
glia-predominant white matter [30] at the prefrontal coro-
nal sections of vehicle-treated control animals (Fig. 2a). In
the quinolinate-induced lesion in the cingulate, prelimbic
and infralimbic cortex which was evaluated by cresyl violet
staining (Fig. 1a, b and d), there was a marked decay in the
intensity and density of the NeuN immunohistochemical
staining (Fig. 2b and d). In contrast, the GFAP (Fig. 3b and
d) and MBP (Fig. 3e and h) immunoreactivity was found
to be enhanced and more densified as compared to vehicle-
injected control animals (Fig. 3a and c). The medial prefron-
tal immunostaining of MBP in the vehicle treated animals
was exclusively detected in the white matter, but not the gray
matter (Fig. 3e), whereas the quinolinate-lesioned portion in
the cortical gray matter clearly exhibited the MBP immuno-
reactivity (Fig. 3f). Incubation of the brain sections without
the respective primary antibodies produced no immunostain-
ing (data not shown).

Fig.2 Immunohistochemical
analysis of a neuronal marker
protein in quinolinate-induced
lesion in the medial prefrontal
cortex of the rat. Photomicro-
graphs indicate representative
brain coronal sections showing
the immunoreactivity of NeuN
(a and b) at the level of the
anterior portion of the medial
prefrontal cortex (approximately
2.7-3.0 mm anterior to the
bregma (Paxinos and Watson
1986) [24]) of the rat treated
with local infusion of quinoli-
nate (b and d) or vehicle (PBS:
controls) (a and ¢) into the
cortical region. ¢ and d Display
a high-magnification image of
NruN immunorstaining in the
prelimbic cortex medial to the
forceps minor (see Fig. 1a—d).
Cgl cingulate area 1; CL
clastrum; E/OV ependymal and
subependymal layer/olfactory
ventricle; fini forceps minor; IL
infralimbic cortex; PL prelimbic
cortex. Scale bars: 500 um in a
and b; 100 ym in c and d

Effects of Quinolinate-Induced Lesion in the Medial
Prefrontal Cortex on the Tissue Concentrations

of p-Serine, L-Serine, L.-Glutamate, Glycine and GABA
in the Cortical Portion of the Rat

Local infusion of quinolinate into the bilateral medial
prefrontal cortex caused a significant decrease in the cor-
tical tissue concentrations of p-serine (— 65%), L-gluta-
mate (—59%), GABA (- 78%), glycine (—49%), L-serine
(= 29%), L-aspartate (— 48%), L-aspargine (— 59%), L-glu-
tamine (—41%) and taurine (—28%) to different extents
(Fig. 4 and Table 1) 7 days thereafter. In contrast, there
was an increase in those of L-arginine (+59%) (Fig. 4).
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Fig. 3 Immunohistochemical analysis of glial marker proteins in
quinolinate-induced lesion in the medial prefrontal cortex of the
rat. Photomicrographs display representative brain coronal sections
exhibiting the immunoreactivity of the astroglia marker, GFAP (a—d),
and the oligodendroglia marker, MBP at the level of the anterior por-
tion of the medial prefrontal cortex of the rat treated with local infu-
sion of quinolinate (b, d, f and h) or vehicle (PBS: controls) (a, c, e
and g) into the cortical region. e-h High-magnification images of the

Effects of Quinolinate-Induced Lesion in the Medial
Prefrontal Cortex on the Tissue Concentrations

of p-Serine, L-Serine, L-Glutamate, Glycine and GABA
in the Anterior Striatum of the Rat

The bilateral intra-medial prefrontal cortex injection of qui-
nolinate failed to modify the tissue concentrations of D-serine,
L-serine, L-aspartate, L-asparagine, L-glutamine, L-arginine and
GABA in the combined right and left anterior striatum 7 days
post-injection (Fig. 5 and Table 2). In contrast, there was a
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GFAP and MBP immunorstaining in the prelimbic cortex medial to
the forceps minor. j and k Schematically represent the respective pho-
tographic locations of the GFAP and MBP immunoreactivity as open
squares for a, b, e and f, and as fills for ¢, d, g and h [adapted from
the figures at 3.72 mm anterior to the Bregma of the Reference [24]
(Paxinos and Watson 1986)]. i Notes the name of each brain region.
Cgl cingulate area 1; fini forceps minor; /L infralimbic cortex; PL
prelimbic cortex. Scale bars in this figure are 100 pm

small but significant diminution in the striatal tissue levels
of L-glutamate (— 11%) (Fig. 5), glycine (— 17%) and taurine
(Table 2).
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Fig.4 Tissue concentrations of p-serine, L-glutamate, GABA, and
L-arginine in the medial prefrontal cortex of the rats 7 days after
local infusion of quinolinate or vehicle into the cortical portion. The
results are means with S.E.M of data obtained from 8 animals and
are expressed as a percentage of the following absolute control val-
ues (umol/g of wet weight): p-serine (D-Ser), vehicle (phosphate buft-
ered saline)-infused controls (Veh) 0.20+0.015, Quinolinate (QA)
0.069+0.0072*** P=0.00094; L-glutamate (L-Glu), Veh 13 +0.46,
QA 5.5+0.51*** P=0.00094; GABA, Veh 1.7+0.055, QA
0.38+£0.078*** P=0.00094; L-arginine (L-Arg), Veh 0.15+0.0073,
QA 0.24+0.018*** P=0.00094. ***P <0.001 as compared to vehi-
cle-infused controls

Effects of Quinolinate-Induced Lesion

in the Medial Prefrontal Cortex on the Extracellular
Concentrations of p-Serine Under the Basal
Condition

In vivo microdialysis experiments revealed that there was a
marked reduction in the basal extracellular concentrations
of p-serine (-67%) in the medial prefrontal cortex 9 days
after the bilateral local administration of quinolinate into
the cortical area (Fig. 6).

Effects of Quinolinate-Induced Lesion in the Medial
Prefrontal Cortex on the Tissue Concentrations
of Dopamine in the Cortical Portion of the Rat

To confirm the survival of nerve terminals and fibers in the
quinolinate-lesioned medial prefrontal cortex, dopamine
concentrations were measured at the lesion area where these
parts of the mesocortical dopamine neurons were present.
No significant changes in the cortical tissue dopamine con-
centrations were detected in the lesioned area (Fig. 7).

Discussion

This study is the first to reveal that the excitotoxin-induced
lesion in the medial prefrontal cortex, which is rich in D-ser-
ine, yields a drastic reduction in the tissue D-serine concen-
trations in the lesioned area of mammalian brains. In the
prefrontal portion, the magnitude of the reduction (—65%) is
approximately twice that of L-serine (—29%), and is slightly
higher and lower than those of rL-glutamate (—59%) and

Table 1 Effects of intra-
prefrontal cortex injection

Local injection Amino acid concentrations (mmol/g of wet weight)

of quinolinate on the tissue

NMDA type glutamate receptor-related amino acids

Inhibitory amino acid

concentrations of various amino

acids in the medial prefrontal Glycine site

Glutamate site

cortex 7 days post-infusion in Gly L-Ser L-Asp L-Asn L-Gln Taurine
the rat
Vehicle 0.91+0.069 0.69+0.028 3.1+0.090 0.20+0.0081 6.6+0.26 7.6+0.18
(8)[100] (8)[100] (®)[100]  (8)[100] (®)[100]  (8)[100]
Quinolinate 0.46+0.036 0.49+0.054 1.6+0.088 0.12+0.0073 3.9+0.47 5.4+0.15
ok sk ek kokosk skokosk ek kokosk
®)[51] ®[71] (®)[52] ®)[59] @591  ®)[72]
P value 0.00094 0.018 0.00094 0.00094 0.0020 0.00094

Rats were treated with a local injection of quinolinate into the medial prefrontal cortex, and were killed
7 days. The prefrontal amino acids represented in this table are classified into the below three groups that
are sorted from the view point of the relationships with the NMDA receptor: Amino acids pertaining to
(1) the NMDAR glycine site, (2) the NMDAR glutamate site, and (3) the inhibitory amino acid taurine
receptor (non-NMDAR). Results are expressed as the mean with SEM of the data obtained from 8 ani-
mals. Within parentheses and brackets, the number of animals and percentage of respective control values,

respectively

*P<0.05, **P<0.01, ***P <0.001 as compared to respective vehicle-treated controls
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Fig.5 Tissue concentrations of b-serine, L-glutamate, GABA,
and L-arginine in the anterior striatum of the rats 7 days after local
infusion of quinolinate or vehicle into the cortical portion. The
results are means with S.E.M of data obtained from 8 animals and
are expressed as a percentage of the following absolute control val-
ues (umol/g of wet weight): p-serine (p-Ser), vehicle (phosphate
buffered saline)-infused controls (Veh) 0.22+0.0051, Quinolinate
(QA) 0.21+0.0031, P=0.13; rL-glutamate (.-Glu), Veh 12+0.072,
QA 10x0.33*, P=0.018; GABA, Veh 2.1+0.063, QA 2.4+0.13,
P=0.10; r-arginine (L-Arg), Veh 0.18+0.0038, QA 0.21+0.011%,
P=0.10. *P <0.05 as compared to the vehicle-infused controls

GABA (—78%), respectively. The extracellular p-serine lev-
els also markedly declined by the lesion in the cortical por-
tion (— 64%). The different percentages of decreases in the
tissue levels of the respective amino acids and the increased

L-arginine concentrations (Fig. 4) are likely to exclude the
possibility that the remarkable down-regulation of the tis-
sue D-serine concentrations of could be solely due to a non-
specific effect of the quinolinate lesion.

The present histological examination using cresyl violet
staining indicated that the quinolinate-induced lesion was
confined in neuron-rich gray matter, but not in the glia-rich
white matter, of the medial prefrontal and anterior cingu-
late cortical regions. Furthermore, the immunocyochemi-
cal analyses revealed a dramatic loss of the immunostaining
of the neuronal nucleus protein marker, NeuN, and aug-
mented immunoreactivity of the marker proteins for astro-
glia (GFAP) and oligodendroglia (MBP) in the neurotoxin
lesion area.

These data confirm the previous immunohistochemical
observations of neuronal [30] and astroglial [25, 26, 31]
marker proteins in the quinolinate-induced lesion. Although
there is so far no experiment to evaluate the influences of
the quinolinate lesion on the MBP, mature oligodendroglia
expressing this protein has been shown to be resistant to
another excitotoxin kainite [32]. Moreover, our findings do
not contradict the report of oligodendroglia proliferation at
the quinolinic acid-injected brain site [40]. Taken together,
our histological and immunohistochemical results validate
the concept that the present quinolinate infusion caused the
selective destruction of neurons without any obvious loss of
the astroglia and oligodendroglia.

As previously described [23, 41-43], the neuron-preferred
nature of the quinolinate-produced brain tissue destruction
is also supported by the biochemical data that the neuro-
toxin application caused a prominent decrease in the pre-
frontal levels of GABA (Fig. 4) that has been to shown to be

Table 2 Effects of intra-prefrontal cortex injection of quinolinate on the tissue concentrations of various amino acids in the striatum 7 days post-

injection in the rat

Local injection

Amino acid concentrations (mmol/g of wet weight)

NMDA type glutamate receptor-related amino acids

Inhibitory amino acid

Glycine site

Glutamate site

Gly L-Ser L-Asp L-Asn L-Gln Taurine
Vehicle 0.63+0.15 0.73+£0.015 2.4+0.042 0.23+0.0026 7.4+0.089 9.6+0.12
(8)[100] (8)[100] (8)[100] (8)[100] (8)[100] (8)[100]
Quinolinate 0.48 +£0.022 0.72+£0.015 2.3+0.085 0.21+0.0070 7.5+0.19 8.2+0.21
sk kkok
(3)[83] (®)[99] 3971 (N1l (3)[102] (®)[85]
P value 0.0028 0.96 0.43 0.16 0.96 0.00094

Rats were treated with a local injection of quinolinate into the medial prefrontal cortex, and were killed 7 days. The striatal amino acids repre-
sented in this table are classified into the below three groups that are sorted from the view point of the relationships with the NMDA receptor:
Amino acids pertaining to (1) the NMDAR glycine site, (2) the NMDAR glutamate site, and (3) the inhibitory amino acid taurine receptor (non-
NMDAR). Results are expressed as the mean with SEM of the data obtained from 7 to 8 animals. Within parentheses and brackets, the number

of animals and percentage of respective control values, respectively

*P<0.05, **P<0.01, ***P <0.001 as compared to respective vehicle-treated controls
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Fig.6 Extracellular concentrations of p-serine in the right medial
prefrontal cortex of the rat under perfusion of a Ringer solution
7 days after bilateral local infusion of quinolinate or vehicle into the
cortical portion. The results are means with S.E.M of data obtained
from 4 animals and are expressed as a percentage of the following
absolute control values (uM): p-serine (D-Ser), vehicle (phosphate
buffered saline)-infused controls (Veh) 0.46+0.038, Quinolinate
(QA) 0.15+0.025, P=0.029. *P<0.05 as compared to the vehicle-
infused controls

predominantly present in the cortical interneurons [41]. The
plausibility that the neurotoxin-induced destruction extends
to a large brain region other than the prefrontal region can
be denied by the fact that the concentrations of GABA in
the intrinsic neurons [44] were not altered in the striatum
(Fig. 4). The neurotoxin has been well established to mainly
degenerate the perikarya with sparing axons and terminals
in the neurons [23]. This feature seems to be affirmed by
no significant changes in the prefrontal tissue concentra-
tions of dopamine (Fig. 4) that is present in the fibers and
terminals of the ascending dopaminergic neurons project-
ing from the midbrain to the medial prefrontal cortex [45].
These data are consistent with the concept that p-serine may
be substantially contained in the neurons in the mammalian
cerebral cortex.

Consequently, the quinolinate-induced salient decline in
the tissue D-serine concentrations in the medial prefrontal
cortex indicates that p-serine may, at least, be located in the
neuronal cell bodies of the brain region. These observations
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Fig.7 Tissue concentrations of dopamine in the medial prefron-
tal cortex of the rats 7 days after local infusion of quinolinate or
vehicle into the cortical portion. The results are means with S.E.M
of data obtained from 7-8 animals and are expressed as a percent-
age of the following absolute control values (nmol/g of wet weight):
dopamine, vehicle (phosphate buffered saline)-infused controls (Veh)
0.38+0.038, Quinolinate (QA) 0.41+0.056. No significant changes
were detected as compared to the vehicle-infused controls (P=0.54)

are in line with the previous detection of immunoreactiv-
ity of p-serine [18, 19, 21, 22] and serine racemase [46] in
the somas of the neocortical neurons. Also, the experiments
showing that serine racemase may be exported from the neu-
ronal cell nucleus to the cytosol [47] fits with the concept
that the excitotoxin could deplete the prefrontal p-serine by
destroying these portions of the neuronal somas for p-serine
production and storage.

In terms of astrogliosis occurring in and around the
quinolinate injection site [25, 48] and an increase in the
p-serine levels in such reactive astroglia following con-
trolled cortical impact injury [43], the present cortical
quinolinate lesion is expected to augment the D-serine
concentrations in the medial prefrontal cortex. However,
conversely, the resulting decrease (Fig. 4 and Table 1) is
considered to be due to the large loss of nerve cell bod-
ies containing D-serine synthase, i.e., serine racemase [21,
22, 46]. In fact, many neuronal cell bodies persisted in
tissues after controlled cortical impact injury, where an
increase in the astroglia and p-serine levels was observed

@ Springer



2738

Neurochemical Research (2022) 47:2728-2740

[49]. Alternatively, differences in the subpopulations of
the reactive astroglia depending on the types of lesions
may explain the above discrepancies as Complement-
3a-positive Al-type reactive astroglia was documented
to synthesize p-serine during the cell culture preparation
[50].

The striking reduction in the p-serine concentrations in
the extracellular fluid (Fig. 6) is parallel to that seen in the
tissue in the prefrontal quinolinate lesion site. The close
correlation between the extracellular and tissue levels of
D-serine in the brain is similarly noted under physiological
conditions [6, 13]. Therefore, the tissue and extracellular
alterations could be commonly ascribed to disruption of the
neuronal cell bodies that include serine racemase [46].

The unchanged striatal concentrations of p-serine (Fig. 5)
after the removal of the prefrontal perikarya by quinolinate
substantiate that the putative prefrontal p-serine contain-
ing neurons do not send axons to the anterior striatum and
may be interneurons. This idea is based upon the follow-
ing results: (1) The degeneration procedure replicated the
previously established decreasing effects of the prefrontal
ablation or chemical destruction [39, 51, 52] on the striatal
tissue glutamate amounts to corroborate the fronto-striatal
projections of glutamate neurons, and (2) the striatal tissue
levels of GABA entirely localized in the interneurons in the
prefrontal portion [38] were unaffected by the prefrontal
quinolinate lesion.

Interestingly, the chemical destruction of the prefrontal
neuronal cell bodies produced distinct influences on another
coagonist for the NMDAR, glycine, in the prefrontal and
striatal regions. Its tissue concentrations were lessened in
both the prefrontal lesion site and anterior striatum (Figs. 4
and 5), which indicated the possible presence of the uni-
dentified prefronto-striatal glycinergic neurons and/or of
prefrontal modification of the striatal glycine levels. These
observations may be related to the differences in the mode
of neuroanatomical localization and/or regulation of the two
NMDAR coagonists, b-serine and glycine, in the brain [1,
12]. In addition, the newly observed reduction in the tis-
sue concentrations of taurine in the two brain regions after
the prefrontal neuronal perikaryal lesion (Tables 1 and 2)
suggests the potential taurine-containing pathways from the
prefrontal area to the anterior striatum and/or indirect tun-
ing by the prefrontal cortex of the striatal taurine dynamics.
p-Serine could participate in the regulation of the taurine
metabolism by the NMDAR through the interaction with the
GABAergic system [9].

In conclusion, the present findings from the experiments
using the neurotoxin quinolinate provide further evidence for
the view that p-serine is, at least, present in the cell bodies
of the intrinsic neurons in the medial frontal cortex of the
rat. These putative p-serine-containing neurons appear to be
involved in the basal-evel maintenance of the extracellular
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D-serine concentrations for physiological activation of the
NMDAR.
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