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Preface

D-Amino acids were once called unnatural amino acids and were considered to be
insignificant for eukaryotes especially in mammals. D-Amino acids had been known
to have only a few roles, for example, as components of the peptidoglycan layers of
bacterial cell walls and as antibiotics. However, in the 1990s, p-serine was found to
serve as a co-agonist of the N-methyl-p-aspartate (NMDA) receptor in mammalian
brains and to be involved in various brain functions. These findings encouraged
further studies on p-amino acids. Currently, they have been revealed to bear
important physiological roles. For example, p-serine is implicated in memory
formation and learning, and its abnormal concentration in tissues has been reported
in various neurological diseases such as schizophrenia and amyotrophic lateral
sclerosis. D-Aspartate is found in various mammalian tissues, particularly in the
central nervous system and the genitals. D-Aspartate facilitates the endocrine
secretion of prolactin, inhibits the secretion of melatonin, and plays a peculiar
role in the control of reproductive functions in mammals, including the stimulation
of testosterone synthesis.

The objective of this book is to provide an overview of the roles of b-amino acids
and to introduce recent progress in studies of them. Part I reviews the indispensable
analytical methods by which p-amino acids are studied. Results of studies on
D-serine and D-aspartate are shown in Parts II and III, respectively. Remarkable
progress in studies on p-amino acids in peptides is described in Part IV. Enzymes
producing and degrading p-amino acids are reviewed in Part V, as the knowledge of
these enzymes is indispensable for understanding the profound functions of
D-amino acids. Part VI introduces their role in foods, especially in fermented
foods, which is probably the source of exogenous p-amino acids. It will give me
great pleasure if this book facilitates a better understanding of the importance and
the fascinating aspects of p-amino acids.

Nagoya, Japan Tohru Yoshimura, on behalf of the editors
January 2016
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Part I
Detection of p-Amino Acids



Chapter 1
Determination of p-Amino Acids and Their
Distribution in Mammals

Yurika Miyoshi, Reiko Koga, and Kenji Hamase

Abstract p-Amino acids are the enantiomers of L-amino acids. Although the
L-forms are predominantly present in life systems in the free form and also in the
protein-bound form, the optically inversed p-forms were hardly found especially
in higher animals. This is due to the very low amounts of these p-amino acids, and
the determination is frequently disturbed by large amounts of L-amino acids and
uncountable numbers of peptides and amino compounds. However, due to the
recent progress in analytical technologies, several p-amino acids have been
found in mammals including humans. In this chapter, the analytical methods
for determining these p-amino acids and their distribution in mammals are
described.

Keywords p-Amino acids ¢ Chiral separation * Analytical method * Distribution

D-Amino acids are the enantiomers of L-amino acids. Although L-amino acids are
predominantly present in organisms with distinct physiological functions, the
chiral counterparts, p-amino acids, were rarely found, especially in the higher
animals. Therefore, these p-amino acids had been long believed that they do not
have physiological meanings in mammals. However, along with the progress in
analytical techniques, several free p-amino acids have been found in mammals
including humans and their distributions, functions, and regulation mechanisms
have gradually been clarified. In this chapter, the analytical methods of these free
pD-amino acids and their distributions in mammals are described. Concerning
the p-amino acid residues in proteins, please refer to an excellent review
(Fujii et al. 2011).
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4 Y. Miyoshi et al.
1.1 Determination of p-Amino Acids in Biological Samples

In most cases, the amounts of p-amino acids are at trace levels in the tissues and
physiological fluids of higher animals, and the determination is interfered by many
of the intrinsic substances (large amounts of L-amino acids, peptides, and amines).
Therefore, sensitive and selective analytical methods consisting of chromato-
graphic or electro-driven separation techniques, or using highly selective
enzymes/antibodies, have been established. In this section, colorimetric methods
using enzymes/antibodies and separation analyses including GC, HPCE, and HPLC
are described.

1.1.1 Colorimetric Analysis Using Enzymes and Antibodies

Colorimetric analyses are useful as simple and rapid methods. Concerning the
D-amino acid analysis, several methods have already been established. Historically,
simple methods using b-amino acid oxidase (DAO, EC 1.4.3.3) and p-aspartic acid
oxidase (DDO, EC 1.4.3.1) have frequently been used. These enzymes react with
the p-amino acids to form o-keto acids, and the keto acids further react with
hydrazine to form hydrazones. Therefore, p-amino acids could be determined by
a simple colorimetric analysis (Nagata et al. 1985). However, the substrate speci-
ficity of these enzymes is broad, and the p-amino acids are determined as their sum
in the target matrices. The combination of DAO and HPLC is also used to
separately determine various pD-amino acids (Kato et al. 2011). For the specific
determination of p-Ser, b-Ser dehydratase (DSD, EC 4.3.1.18) could also be used
(Suzuki et al. 2011). Concerning the method using an antibody, an enzyme immuno-
assay using a specific monoclonal antibody against p-Asp has been established
(Ohgusu et al. 2006). These methods are rapid and simple, and the amounts of the
p-amino acids could therefore be easily determined. However, a variety of sub-
stances is present in the tissues and physiological fluids; thus, a thorough confir-
mation of the determined values would be necessary.

1.1.2 GC Methods for the Determination of p-Amino Acids

For the chiral amino acid analysis, enantioselective separations should be carried
out. For the chromatographic and electrophoretic separations, the use of chiral
derivatizing reagents, chiral stationary phases, or chiral mobile phases is essential.
Concerning the GC methods, chiral derivatization reagents and chiral stationary
phases have been widely used. As the chiral derivatization reagents, historically, a
chiral alcohol ((4)-2-butanol) and a chiral amino acid derivative (N-trifluoroacetyl-
L-prolyl chloride (TPC)) were used (Hamase et al. 2002). A chiral derivatization
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reagent, (S)-o-methoxy-a-trifluoromethylphenylacetyl chloride (MPTA-CI, Gal
and Ames 1977), was also used as a promising reagent without racemization during
the derivatization procedure. As the chiral stationary phase, Chirasil-L-Val and
Chirasil-y-Dex are reported as useful columns, and most of the proteinogenic
amino acids could be separated within 60 min (Schurig 2011). Using Chirasil-L-
Val, a large amount of D-Ser in mammalian brain was discovered for the first time
(Hashimoto et al. 1992a, Fig. 1.1.). For the enantioselective analysis of amino
acids using GC, please refer to a previous review (Schurig 2011). In order to obtain
a higher selectivity, two-dimensional GC methods have also been established
(Junge et al. 2007; Waldhier et al. 2011). For the two-dimensional analysis, a
long enantioselective column was used as the first dimension, and a short
non-enantioselective column was used as the rapid second dimension. Although
complicated analytical instruments are needed, the 2D-GC methods provide a
selective and comprehensive determination of the p-amino acids in biological
samples.

1.1.3 HPCE Methods for the Determination of p-Amino
Acids

The separation of chiral amino acids using HPCE is mainly performed by chiral
mobile phase methods along with adding some chiral selectors to the electrophoresis
buffer system. For the sensitive determination, amino acids are normally derivatized
with a fluorescence reagent and determined by a laser-induced fluorescence detector.
As the derivatization reagent, naphthalene-2,3-dicarboxaldehyde (NDA) was often
used, and cyclodextrin derivatives are added to the buffer system as the chiral
selector. Using this method, p-Ser, D-Asp, D-Glu and p-Ala could be determined
(Miao et al. 2005; Ota et al. 2014). 4-Fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F)
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and fluorescein isothiocyanate (FITC) are also used as the derivatization reagent
and successfully applied to the cyclodextrin-based separation system. For the
HPCE analysis of p-amino acids, please refer to a previous review (Kitagawa and
Otsuka 2011).

1.1.4 HPLC Methods for the Determination of D-Amino
Acids

Concerning HPLC, chiral derivatization reagents and chiral stationary phases are
frequently used for the determination of p-amino acids in real biological samples.
Historically, a chiral derivatizing reagent, 1-fluoro-2,4-dinitrophenyl-5-L-alanine
amide (FDAA, Marfey’s reagent), was reported in 1984 (Marfey 1984). This
reagent reacts with amino acids to form peptide-type diastereomers and could be
separated by a widely used reversed-phase column. The FDAA-derivatized amino
acids could be monitored by the absorbance at 340 nm, and various FDAA
analogues are currently used as simple analytical tools for a user-friendly HPLC
system equipped with a UV detector (Bhushan and Briickner 2011). o-
Phthalaldehyde (OPA) plus chiral thiol is also historically used for the determina-
tion of chiral amino acids. OPA was originally developed for the highly sensitive
fluorescence derivatization of amino acids as a post-column derivatization reagent
and also a pre-column derivatization reagent with the a chiral thiol,
2-mercaptoethanol. In 1984, Aswad established a method using OPA and a chiral
thiol compound, N-acetyl-L-cysteine (Aswad 1984). Subsequently, various chiral
thiols were designed and used for the p-amino acid analysis (Buck and Krummen
1984; Nimura and Kinoshita 1986; Briickner et al. 1994). The OPA method enables
the highly sensitive fluorescence determination of chiral amino acids in combina-
tion with a reversed-phase HPLC system and widely used for biological samples.
Brain p-Ser is easily determined by OPA plus a chiral thiol, N-tert-
butyloxycarbonyl-L-cysteine (Boc-L-Cys, Hashimoto et al. 1992b). An analogue
of  9-fluorenylmethyl chloroformate  (Fmoc-Cl), (+)-1-(9-fluorenyl)ethyl
chloroformate (FLEC), was designed (Einarsson et al. 1987). FLEC has a chiral
carbon, and most of the proteinogenic amino acids were nicely separated using a
reversed-phase column. For the OPA and FLEC methods, an HPLC system with a
fluorescence detector was used, and the highly sensitive determination of chiral
amino acids could be carried out. These days, several chiral derivatization reagents,
such as R(—)-4-(3-isothiocyanatopyrrolidin-1-yl)-7-(N,N-dimethylaminosulfonyl)-
2,1,3-benzoxadiazole (R(—)-DBD-PyNCS (Min et al. 2011) and (S)-N-
(4-nitrophenoxycarbonyl)-L-phenylalanine-2-methoxyethyl ester (S)-NIFE (Visser
et al. 2011), have also been developed for the HPLC-MS/MS technique, and the
highly sensitive and selective determination of b-amino acids in biological matrices
was successfully performed. Although the chiral derivatization methods have
several fundamental problems, such as the optical purity of the reagents and a
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difference in the chemical properties of the diastereomers, they are frequently used
as user-friendly analytical tools. For these series of reagents, please refer to the
literature (Miyoshi et al. 2012a, 2013).

The non-chiral derivatization of amino acids and enantioselective separation
with a chiral stationary phase are also widely used for the determination of chiral
amino acids in biological matrices. Using the cyclodextrin-bonded column, amino
acid enantiomers were separated as their 1-dimethylaminonaphthalene-5-sulfonyl
(DNS) derivatives and also by their native (underivatized) forms (Armstrong
et al. 1987). Pirkle-type chiral stationary phases are also widely used for the
separation of amino acid enantiomers (Pirkle et al. 1980; Oi et al. 1989). Especially,
Pirkle-type columns having an amino acid derivative in the chiral center and also
having a - interacting moiety are powerful tools for separating N-protected chiral
amino acids. In combination with a fluorescence derivatization reagent, NBD-F
(Imai and Watanabe 1981), and a Pirkle-type column, Sumichiral OA-2500S, a
high amount of p-Asp in the pineal gland of the rat was demonstrated (Imai
et al. 1995). Normally, the separation efficiency of the chiral stationary phases is
not sufficient for the determination of p-amino acids in biological matrices and is
only applicable to specific samples containing high amounts of the p-forms. There-
fore, the combination of the chiral LC system with tandem mass spectrometry
(LC-MS/MS) is frequently used these days (Reischl et al. 2011, Reischl and
Lindner 2012). Cinchona alkaloid-based chiral stationary phases (Chiralpak
QN-AX, QD-AX, and ZWIX) are powerful columns (Hoffmann et al. 2008), and
several chiral HPLC-MS/MS methods have been established for the determination
of p-amino acids in mammals.

1.1.5 Two-Dimensional HPLC Determination of b-Amino
Acids

Although chiral LC methods are rapid and convenient, the determination of trace
amounts of p-amino acids in mammalian tissues and physiological fluids is difficult
in many cases. This is due to the presence of various interfering substances in real-
world samples, and the analytical methods with a higher selectivity are needed. In
this context, two-dimensional chromatographic approaches consisting of two dif-
ferent separation modes are effective (Miyoshi et al. 2014, Fig. 1.2.). Especially,
heart-cut two-dimensional methods isolating the target amino acid fractions in the
first dimension and further separating the target enantiomers in the second dimen-
sion are effective. Normally, amino acids are pre-column labeled with some
non-chiral reagents and separated by a microbore reversed-phase column in the
first dimension. The target amino acid fractions were online collected and trans-
ferred to the enantioselective column representing the second dimension in which
the p- and L-forms were separated. Applying this two-dimensional HPLC concept,
analytical methods for neuroactive p-amino acids (Miyoshi et al. 2011), acidic
p-amino acids (Han et al. 2011a), branched aliphatic p-amino acids (Hamase
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Fig. 1.2 2D-HPLC determination of p-Ser in mouse serum. (a) Flow diagram of the 2D-HPLC
system, (b) reversed-phase separation of Ser in the first dimension as a p plus L mixture, (c)
enantiomer separation of p- and L-Ser in the mouse serum in the second dimension (Reproduced
from a reference (Miyoshi et al. 2009) with permission)

et al. 2007), proline analogues (Tojo et al. 2008), and hydrophilic b-amino acids
(Hamase et al. 2010) have been established. The 2D-HPLC could be combined with
an MS/MS detection system and the higher selective analysis of trace amounts of
D-amino acids could be carried out (Koga et al. 2012). These methods are powerful
tools for the determination of a variety of p-amino acids in complicated biological
matrices.

1.2 Distribution of p-Amino Acids in Mammals

1.2.1 Distribution of p-Ser

In 1992, a high amount of pD-Ser has been found in rat brain extracts by using
GC-MS and HPLC (Hashimoto et al. 1992a, b). Until now, different research
groups have confirmed the presence of p-Ser in mammalian brain using various
analytical methods, and the distribution of p-Ser in various tissues and physiolog-
ical fluids of mammals was also investigated (Hamase et al. 1997; Hashimoto
et al. 1995; Morikawa et al. 2001; Nagata et al. 1994; Nishikawa 2011; Schell
et al. 1997). The amounts of p-Ser in various tissues and physiological fluids of
adult rats and mice are summarized in Table 1.1 (obtained by the 2D-HPLC
methods, Hamase et al. 2010; Miyoshi et al. 2009, 2011, 2012b). The profiles of
D-Ser distribution in rats and mice were almost the same. High amounts of p-Ser
were found in the frontal brain areas such as the cerebrum and hippocampus (rats,
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253.6-309.5 nmol/g wet tissue; mice, 268.8-329.7 nmol/g wet tissue) and the %
D values (ratio of p-form to total Ser) of both species were 18-25 %. Relatively
high amounts of p-Ser were observed in the hypothalamus and olfactory bulb (rats,
78.7-136.8 nmol/g wet tissue; mice, 104.4—127.4 nmol/g wet tissue). On the other
hand, in the cerebellum, medulla oblongata, pituitary gland, spinal cord, and
peripheral tissues, b-Ser amounts were low compared to those in the frontal brain
areas. Concerning the physiological fluids, p-Ser amounts in the plasma/serum of
the rats and mice were around 2 nmol/mL, and those in the urine of the rats and
mice were 3.2-8.8 nmol/mL and 54.1 nmol/mL, respectively.

1.2.2 Distribution of p-Asp

D-Asp was discovered in rats and humans in 1986 (Dunlop et al. 1986), and
subsequently, the distribution of p-Asp in rodents has also been investigated
(D’Aniello et al. 2000; Hamase et al. 1997; Hashimoto et al. 1995; Katane and
Homma 2011; Morikawa et al. 2001). The amount of p-Asp in various tissues and
physiological fluids of rats and mice obtained using the 2D-HPLC system are
shown in Table 1.2 (Hamase et al. 2010; Han et al. 2011a, b, 2015). The distribution
of p-Asp in mammalian tissues and physiological fluids was entirely different from
that of p-Ser. D-Asp was mainly localized in the endocrine tissues such as the pineal
gland, pituitary gland, adrenal gland, testis, and thymus of the rats and pineal gland,
testis, and thymus of mice. Especially, a high amount of b-Asp was found in the rat
pineal gland (1669.8-3910.4 nmol/g wet tissue). On the other hand, the levels of
D-Asp in the mice pineal gland were different depending on the mouse strains.
D-Asp amounts in the pineal gland of specific strains (C3H and CBA mice) were
high, while those of other mouse strains such as ddY, C57BL, BALB/C, and ICR
were low. Concerning other brain tissues such as the cerebrum, hippocampus,
hypothalamus, cerebellum, and medulla oblongata, b-Asp amounts in both the
rats and mice were lower than 60 nmol/g wet tissue. In the peripheral tissues of
both species, p-Asp was widely present (3—200 nmol/g wet tissue). In the plasma
and urine of both the rats and mice, low amounts of D-Asp were present; the
amounts of plasma and urine were 0.4-0.9 nmol/mL and 0.6-4.1 nmol/mL,
respectively.

1.2.3 Distribution of p-Ala

Similar to p-Ser, D-Ala is well known as a co-agonist of the NMDA receptor. The
distribution of p-Ala in various brain tissues, peripheral organs, and physiological
fluids has been investigated both in rats and mice (Miyoshi et al. 2009, 2011;
Morikawa et al. 2003). Regarding its distribution in rats, a relatively high amount
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of p-Ala was found in the pituitary gland and the pancreas. Especially, the highest
amount was observed in the anterior pituitary gland (the amount was six times
higher than that in the posterior pituitary gland). Concerning the distribution in
mice, D-Ala was highly localized in the pancreas followed by the pituitary gland
(the mouse pituitary gland is too small to separate the anterior and posterior lobes).
In addition to its presence in mammals, D-Ala was reported to have clear circadian
changes (Morikawa et al. 2003; Karakawa et al. 2013). The concentration of p-Ala
was high during the daytime and closely related to the activity rhythms of the rats
and mice. The physiological meanings of the distribution and circadian changes of
D-Ala in mammals are highly expected to be clarified (Table 1.3).

1.2.4 Other p-Amino Acids Observed in Mammals

Other than p-Ser, p-Asp, and D-Ala, the presence of various p-amino acids in
mammals has gradually been elucidated in spite of their low amounts. p-Pro and
D-Leu were reported to exist in some brain tissues of mice, and the amounts of both
amino acids were comparatively high in the pineal gland (Hamase et al. 2001,
2006). As for p-Leu, the content in rats was also investigated in some specific
tissues (Hamase et al. 2007). The amounts of p-Leu in both rodents are quite
similar. Regarding other branched aliphatic p-amino acids (p-Val, p-allo-Ile, and
p-Ile), most of them were observed only in the urine. The agonist for the NMDA
receptor, D-Glu, was widely observed in the rat brain, peripheral tissues, and
physiological fluids (Han et al. 2011a). However, the amounts were much lower
than those of p-Asp, which is the same neuroactive and acidic amino acid as p-Glu.
Other p-amino acids, such as hydrophilic amino acids, pb-Asn, b-Arg, and p-allo-
Thr, were highly excreted in the urine (Hamase et al. 2010; Zhao et al. 2004).

1.3 Closing Remarks

It was long believed that only L-amino acids were present in the higher animals like
mammals as the physiologically active substances. However, since the discovery
of high amounts of p-Ser and p-Asp in the neuronal and endocrine tissues, and
also along with the progress of highly sensitive and selective analytical technolo-
gies, D-amino acids were increasingly recognized as “intrinsic bioactive molecules.”
Their functions, diagnostic values, and regulation mechanisms have also been
gradually clarified, and further contribution to the human health sciences is highly
expected.
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Chapter 2
Overview

Toru Nishikawa

Abstract The discovery of endogenous p-serine and its brain-preferring and
NMDA type glutamate receptor (NMDAR)-like distribution by the Nishikawa
research group has become a milestone opening a new avenue in the research fields
of not only p-amino acids but also the glutamate neurotransmission. This chapter
consists of an overview and seven review articles describing the following current
extension of our knowledge on different aspects of physiological functions and
pathophysiology of p-serine in the central nervous system (CNS). In accordance
with the finding preceded to the intrinsic p-serine detection that p-serine, but not
L-serine, acts as a coagonist for the NMDAR by stimulating its strychnine-
insensitive glycine site, D-serine, but not another coagonist glycine, has been
shown to be required for full activation of the NMDAR in vitro and in vivo
forebrain preparations. More recently, p-serine is suggested to be an endogenous
ligand for the 5-type glutamate receptor in the cerebellum. These interactions have
been considered to play a pivotal role in the regulation of the higher-order brain
functions because glutamate neurotransmission is essential for their expression and
control. The first half of this chapter depicts major progresses in the research about
the molecular and cellular mechanisms that regulate the extracellular and intracel-
lular concentrations and the target molecules of pD-serine. The later half discusses
pathophysiological consequences of disturbed p-serine metabolism and signaling
and their relevance to clarify the biological basis of and to develop a novel therapy
for neuropsychiatric disorders such as schizophrenia, ischemia, neurodegenerative
disorders, and epilepsy.
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The detection of the homeostatic presence of endogenous D-serine at high concen-
trations in mammalian brains by the Nishikawa research group (Hashimoto
et al. 1992, 1993; Nishikawa 2011 for a review) was a groundbreaking discovery
that required rethinking about the homochirality dogma that the free p-amino acid is
uncommon in mammalian tissues. Until then, while p-amino acid residues of long-
living proteins (Fujii et al. 2010 for a review) and the transient emergence of free
D-aspartate during embryonic or early postnatal stages of development in brain and
other organs in mammals (Dunlop et al. 1986; Neidle and Dunlop 1990) had been
reported, these observations had been considered to be due to nonphysiological
changes or an unusual phenomenon seen only in a very restricted developmental
period. Endogenous D-serine has also attracted interests from the finding of its
N-methyl-p-aspartate-type glutamate receptor (NMDAR)-like distribution in the
brain that suggest the possibility of D-serine as a novel type of physiological modu-
lator of the receptor (Hashimoto et al. 1992, 1993; Nishikawa 2011), because
(1) p-serine had been known from earlier studies as a coagonist for the glycine
modulatory site of the NMDAR that is needed for the activation of the NMDAR
but does not produce the current of the receptor by itself (Danysz and Parsons 1998),
(2) the NMDAR has been revealed to play essential roles in expression and regulation
of the higher-order functions of the mammalian central nervous system (CNS)
(Danysz and Parsons 1998), and (3) the pathophysiology of a variety of neuropsy-
chiatric disorders such as brain ischemia, Alzheimer’s disease, and schizophrenia has
been documented to be related to malfunction of the NMDAR (Nishikawa 2011).
Since the first paper of the detection of endogenous brain p-serine published in 1992,
enormous efforts have focused and advanced our knowledge on the molecular and
cellular mechanisms underlying the metabolism and functions of D-serine and their
pathological changes (Nishikawa 2011). It is notable that recent studies have revealed
extra-NMDAR target molecules for b-serine (Nishikawa 2011). This chapter contains
the seven review articles on the important contributions to the CNS free p-serine
research by selected experts in this field.

The first three chapters will center the topics on the physiological metabolism
and functions of p-serine. Synaptic dynamics and interactions with other CNS
physiologically active substances of p-serine will also be reviewed in Chap. 6 in
the second half of this chapter.

In the beginning Chap. 3, the Mothet group of CNRS of the Aix-Marseille
University, France, will illustrate differential roles between p-serine and glycine
in the glutamate synapse of the brain during postnatal development and in adult
period. Before the advent of endogenous D-serine, glycine was believed to be the
only NMDA receptor coagonist acting at its glycine modulatory site. In vitro
experiments indicated that the allosteric regulation site of the NMDA was saturated
by intrinsic glycine. However, this conjecture is challenged by the additional
augmentation of the NMDA receptor function by exogenous application of glycine
or D-serine based on both in vivo and in vitro experiments. On the other hand, the
respective types of neurons and glia that synthesize, store, and release p-serine in
the brain are still a debatable matter. To answer these fundamental questions, they
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will provide the data depicting how the two coagonists share the region-specific,
NMDAR subunit-related, synaptic, or extrasynaptic area-directed, and
development-dependent actions at the NMDAR in the rodent brains. The neuronal
and glial components of these actions, their regulation mechanisms, and cognitive
functional contexts will also be also extensively discussed.

In the next Chap. 4, the Konno group of the International University of Health
and Welfare, Japan, will describe the significance of p-amino acid oxidase (DAO)
in the degradation of D-serine and its behavioral consequences. Although the
existence of p-amino acid oxidase in mammals was identified in 1935 (Krebs),
indwelling p-amino acids as substrates for the enzyme had long been uncertain until
the detection of various b-amino acids including p-serine following the advances in
separation measurement technology for chiral amino acids. The spontaneously
DAO activity-deficient mice that the Konno group found have significantly con-
tributed to analyses to clarify the involvement of DAO in the decomposition of
D-serine in vivo. They will review the changes in the p-serine concentrations in
various CNS portions and peripheral organs and in motions and drug-induced and
cognitive behavior in the DAO mutant mice.

In Chap. 5, Yuzaki’s group in Department of Physiology at Keio University,
Japan, will present the fact that the 8-type glutamate receptors are second physio-
logical binding targets for D-serine besides the NMDAR. The ligand-binding
portion of the 82-type glutamate receptor has been shown to bind p-serine and
glycine with a low affinity (10~* M order) (Naur et al. 2007). This observation fits
with the presence of a specific non-NMDAR glycine site binding of [3H]p-serine in
the brain (Matoba et al. 1997). Extremely higher contents of D-serine in the
cerebellum during infancy compared to the adult period and cerebellum-preferring
localization of the 82 receptor have predicted a developmentally regulated func-
tional link between the two molecules. They will summarize their results demon-
strating that p-serine, but not glycine, plays a pivotal role through its action at the 52
receptor during the induction of long-term depression that is associated with motor
learning only in the neonatal, but not adult, period and that p-serine also interacts
with another 8-type glutamate receptor, the 81 receptor that is widely distributed in
the brain. These findings extend a perspective to the endogenous D-serine functions.

The subsequent four chapters of this chapter will discuss the relationships
between D-serine and neuropsychiatric disorders with special attention on schizo-
phrenia, neurodegenerative diseases of Alzheimer’s disease, amyotrophic lateral
sclerosis (ALS), and epilepsy. The increased and decreased p-serine signalings
have been postulated to underline the pathological NMDAR hypofunction and
hyperfunction in schizophrenia and the latter three disorders, respectively.

In Chap. 6, Nishikawa’s group of the Tokyo Medical and Dental University,
Japan, will review the link of p-serine with schizophrenia to the detection of
endogenous D-serine and their pioneering achievements about the neuroanatomical
and biochemical nature of endogenous D-serine, its metabolism and related mole-
cules, and mode of control of tissue and extracellular p-serine concentrations,
chiefly in vivo. The potential modifications of p-serine signaling in schizophrenia
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will be pointed out in terms of the data of the above pieces of the p-serine system in
the light of biological fluids, postmortem CNS tissues, or brain imaging of patients
with schizophrenia. Moreover, the therapeutic efficacy of p-serine for schizo-
phrenic symptoms will be outlined, and several target molecule candidates for the
development of a new treatment will be mentioned.

In Chap. 7, Coyle’s group of the Harvard Medical School, USA, will introduce
their systematic approach to elucidate the pathological consequences of reduced
D-serine signaling in schizophrenia by creating total serine racemase knockout
mice. They will clearly delineate the abnormalities in the serine racemase-deficient
mice that mimic those seen in schizophrenia. Furthermore, they will present the
data obtained from their genetically engineered mice with the neuron- or astroglia-
specific disruption of serine racemase, which provides a powerful clue to resolving
the current disputes about cellular localization of p-serine and its synthesis, and
analyze the disturbances of cell circuits in schizophrenia. A critical review about
the clinical trials of p-serine and other NMDAR glycine site agonists that the Coyle
group pioneered will also be included.

In Chap. 8, Mori’s group of Toyama University, Japan, will purvey important
lines of information concerning the modulatory roles of the basal level of the
D-serine signal in the neurotoxicity and hyperexcitability mediated by the
NMDAR in the brain based on the studies of their original serine racemase totally
deficient mice. These studies provided a clue to clarifying the exact in vivo
mechanisms of the excessive NMDAR activity that causes neuronal cell death or
degeneration and convulsive seizures. Furthermore, their perspective will be
extended to the molecular basis of control of serine racemase activity and the
positioning of the serine racemase-null mutant mice.

Finally, in Chap. 9, Sasabe’s group from the Department of Anatomy at Keio
University, Japan, will summarize the findings obtained from animal models of and
patients with ALS that suggest involvement of the aberrant b-serine metabolism in
the loss of the motoneurons in ALS. By integrating the increased p-serine concen-
trations and/or DAO activity in ALS and its model, the association of the mutation
of DAO with familiar ALS, and the degeneration of motoneurons in the mice with
diminished DAO activity, they will discuss the plausible pathological pathways and
a future therapy targeting the p-serine metabolism.
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Chapter 3
Physiological Roles of p-Serine in the Central
Nervous System

Jean-Pierre Mothet, Grégoire Mondielli, and Magalie Martineau

Abstract The N-methyl p-aspartic acid receptors (NMDARSs) are key glutamate
receptors that transduce glutamatergic signals throughout the developing and adult
central nervous system (CNS). Despite diversity in their subunit composition, their
subcellular localization, and their biophysical and pharmacological properties,
activation of NMDARs always requires in addition to glutamate the binding of a
co-agonist that has long been thought to be glycine. However, research over the last
two decades has challenged this long-cherished model by showing that the p-isomer
of serine is the preferential co-agonist for a large population of NMDARSs in many
areas of the adult brain. Nowadays, a totally new picture of glutamatergic synapses
is emerging where both glycine and p-serine are involved in a complex interplay to
regulate NMDAR functions in the CNS following time and space constraints. In
this review, we focus on the particular contribution of b-serine relatively to glycine
in orchestrating synapse formation, dynamics, and neuronal network activity in a
time- and synapse-specific manner and its role in cognitive functions. We will
discuss also how astroglia and neurons use different pathways to regulate levels of
extracellular p-serine and how alterations in synaptic availability of this b-amino
acid may contribute to cognitive deficits associated to healthy aging and therefore
may open new avenues for therapies.

Keywords NMDA receptors ¢ Synaptic transmission ¢ Synaptic plasticity e
Neurons * Astrocytes

The neurotransmitter glutamate once released in the synaptic cleft binds and acts on
various transporters, ionotropic and metabotropic membrane receptors located onto
neuronal elements (Traynelis et al. 2010), but also onto glial cells including
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astrocytes and oligodendrocytes (Parpura and Verkhratsky 2013). The ionotropic
glutamate-gated receptor (iGluR) family encodes 18 gene products or subunits
subdivided into three main subtypes characterized by their preferential agonists:
AMPA receptors (GluARs), kainate receptors (GluKRs), and NMDARs (GluNs)
(Traynelis et al. 2010; Paoletti et al. 2013). AMPARs and KARs are cation-
permeable ion channels which upon binding of glutamate mediate fast excitatory
synaptic transmission, while NMDARs are calcium permeable and drive the trans-
duction of specific temporal patterns of synaptic activity into long-term structural
and functional changes. N-Methyl p-aspartic receptors (NMDARSs) are ionotropic
glutamate-gated receptors that are central to many physiological processes includ-
ing learning and memory and are involved in neurotoxicity and psychiatric disor-
ders (Traynelis et al. 2010; Paoletti et al. 2013).

3.1 The NMDA Receptors

3.1.1 Structure and Subunit Diversity of NMDARs
in the CNS

NMDA receptors are heterotetramers associating two obligatory GluN1 subunits
with two identical or different GluN2 or a mixture of GluN2 and GluN3 subunits
(Traynelis et al. 2010; Paoletti et al. 2013) (Fig. 3.1). The GluN1 subunit exists as
eight distinct splice variants of a single encoding gene (GRIN!). Four distinct
GIuN2 subunits (GIuN2A-D) and two GIluN3 subunits (GluN3A, B) have been
identified which are encoded by four (GRIN2A-D) and two (GRIN3A, B) different
genes, respectively (Traynelis et al. 2010; Paoletti et al. 2013). The large repertoire
of diheteromeric and triheteromeric NMDARs display distinct trafficking, biophys-
ical, and pharmacological properties and are differentially populating synapses
depending on neuronal subpopulations and on development (Traynelis
et al. 2010; Paoletti et al. 2013).

Similar to all iGluR subunits, every GluN subunit has four domains (Fig. 3.1).
The extracellular region comprises the amino-terminal domain (NTD) involved in
subunit association and the agonist-binding domain (ABD) formed by two seg-
ments S1 and S2 which bind the co-agonists glycine and p-serine on GluN1 and
GIluN3 subunits or glutamate on GluN2 subunits. The transmembrane domain
(TMD) is formed by three helices (M1, M3, M4) and a hairpin (M2) forming the
channel pore and conferring the ion selectivity. The cytoplasmic carboxy-terminal
domain (CTD) is involved in protein-protein interactions which determine traffick-
ing (membrane targeting, lateral diffusion, stabilization, recycling), posttransla-
tional regulation, and coupling to specific intracellular signaling cascades. All
domains except the CTD are the targets of multiple endogenous or synthetic
allosteric modulators (Traynelis et al. 2010; Paoletti et al. 2013).
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Fig. 3.1 The NMDA receptors. (a) Linear organization of monomeric subunits. Seven subunits
(GlIuN) have been identified: GIuN1, GluN2A-GIluN2D, and GluN3A and GIuN3B. M1-M4 refer
to membrane segments. (b) Modular organization of a GluN subunit. The N-terminal domain
(NTD); the agonist-binding domain (ABD) that binds to the ligand (L), i.e., glycine or p-serine in
GlIuN1 and GluN3 and glutamate in GluN2; the transmembrane domain (TMD) containing the ion
channel; and an intracellular C-terminal domain (CTD). With permission from Mothet et al. (2015)
J Neurochem. (c¢) Possible subunits compositions for diheteromeric and triheteromeric receptors

3.1.2 NMDARs and the Glycine Modulatory Binding Site

NMDARs possess unique biophysical and pharmacological properties among the
iGluR family (Traynelis et al. 2010; Paoletti et al. 2013). In contrast to GluKRs and
GluARs, all NMDARs show much slower gating and deactivating kinetics, thus
displaying a large single channel conductance (~40 pS) depending on the subunit
composition. The NMDARs display high Ca** permeability (with subunit-specific
variations) and behave as unique Hebbian-like coincidence detectors owing to their
voltage-dependent Mg®" block and the presence of many modulatory sites on the
different domains of each subunit. But a major property of NMDAR activation of
interest for us here is the need of a concomitant binding of glutamate on GluN2
subunits and of a co-agonist D-serine or glycine on GluN1 (Martineau et al. 2006;
Traynelis et al. 2010; Paoletti et al. 2013).

The absolute necessity of a co-agonist together with glutamate for the activation
of the NMDARs stemmed from the original observations that NMDA-evoked
inward currents recorded in native NMDARs (Johnson and Ascher 1987) and
from NMDARs expressed in oocytes (Kleckner and Dingledine 1988) require the
addition of glycine at high nanomolar range. In their seminal work, Kleckner and
Dingledine already showed that several glycine analogs such as p-serine or p-ala-
nine could substitute in activating NMDARSs (Kleckner and Dingledine 1988). This
observation is consistent with early binding experiments and electrophysiological
recordings showing that glycine and p-serine target NMDARs with relatively
similar nanomolar affinity (Monaghan et al. 1988; Matsui et al. 1995). Cocrystal
structures of the GluN1 S1-S2 ligand-binding core with glycine or p-serine reveal
that agonist binding is critically dependent upon a series of hydrogen bonds to side-
chain and main-chain atoms, as well as to water molecules in the binding pocket.
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Because it makes three additional hydrogen bonds and displaces a water molecule,
D-serine binds more tightly to the receptor in comparison to glycine (Furukawa and
Gouaux 2003) and would therefore virtually make it more efficient to activate the
NMDAR. Nevertheless, the affinity of GluN1 for b-serine or glycine is very similar
(EC50~0.1-1 pM, (Priestley and Kemp 1994; Chen et al. 2008). The affinity of
glycine or p-serine for GluN1 is in fact dictated by the identity of GluN2 subunit.
Indeed, the binding sites of the co-agonist and glutamate are allosterically coupled.
Accordingly, heterodimeric GluN2B-containing NMDARs display 10x higher
affinity for glycine than those containing the GluN2A subunit (ECsy~0.1 pM
versus 1 pM). Conversely, the affinity of p-serine for GluN1 seems to be higher
when the NMDARSs are containing the GluN2A subunits (Priestley and Kemp 1994;
Matsui et al. 1995). While the binding of p-serine at NMDARSs was described more
than 25 years ago, only glycine was thought to be the right co-agonist since D-serine
was not expected to exist in higher living organisms. The discovery that p-amino
acids including p-serine are present in organisms throughout evolution including in
humans has forced neuroscientists to reconsider the mode of activation of
NMDAR:s. In different tissues including the brain, p-amino acids have emerged
as important signaling molecules (Ohide et al. 2011). The field has grown very fast
since the pioneer observations made in early 1990s and results from intensive
research and from many groups around the world now support that p-serine is the
preferred endogenous ligand for the glycine site of NMDARs and thus that this
unexpected D-amino acid is central to many brain functions.

3.2 Astrocytes and Neurons Use Different Pathways
to Release p-Serine

3.2.1 bp-Serine: Glial and Neuronal

In mammals, p-serine is exclusively synthesized from L-serine by serine racemase
(SR) (Wolosker and Mori 2012), an enzyme widely distributed in the CNS. SR is a
highly regulated enzyme reviewed in (Campanini et al. 2013; Martineau et al. 2014)
that binds to several receptor-interacting proteins that modulate the production of
D-serine. In addition, p-serine degradation is controlled by the flavoenzyme DAAO,
a peroxisomal enzyme that eliminates the amino acid retrieved from the extracel-
lular space (Martineau et al. 2006). The expression and activity of DAAO is
widespread in the human and rodent CNS being expressed in both astrocytes and
neurons (Verrall et al. 2007; Sasabe et al. 2014). Despite many progresses, our
knowledge on the biochemical cascades modulating DAAO activity is still very
limited. DAAO interacts with pLG72, a primate-specific protein present in mito-
chondria (Sacchi et al. 2008; Otte et al. 2014). The interaction with DAAO would
involve interaction of the cytosolic fraction of DAAO with pLG72 potentially
exposed at the surface of mitochondria as suggested by Sacchi and colleagues
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(Sacchi et al. 2011). We do not know if an ortholog of pLG72 may exist in
non-primate mammals. Proteomics analyses have revealed that DAAO interacts
also with Bassoon and Piccolo, two proteins of the presynaptic active zone
(Popiolek et al. 2011) supporting the neuronal localization for DAAO.

In which cell type p-serine is formed? Although a glial localization has been
largely attributed to SR and p-serine (Schell et al. 1997; Wolosker et al. 1999;
Panatier et al. 2006; Williams et al. 2006), allowing the amino acid to be considered
as a gliotransmitter, several studies indicate that SR may be instead preferentially
expressed in excitatory and inhibitory neurons in rodent and human brains rather
than in glia (Miya et al. 2008; Ehmsen et al. 2013; Balu et al. 2014). Accordingly,
neuronal-specific conditional deletion of SR induces a much larger decrease in
cerebral and hippocampal Dp-serine contents compared to deletion limited to the
astrocyte population (Benneyworth et al. 2012). However, variations in the cellular
expression of SR and Dp-serine between species could not be totally ruled out.
Accordingly, Suzuki et al. (2015), using SR-KO as negative controls, recently
reported that astrocytes abundantly express SR in the human subiculum. The notion
that p-serine could be formed in astroglia is further reinforced by the fact that SR
interacts with DISC-1 in astrocytes (Ma et al. 2013). Furthermore, using multiplex
single-cell RT-PCR, we observe that both neurons and astrocytes express SR at
least at the levels of transcripts in the prefrontal cortex of adult rat (Dallerac, Turpin
& Mothet, Personal communication). Thus, the cellular distribution of SR remains
an open issue particularly since a recent transcriptome analysis of isolated purified
brain cell groups shows that the enzyme is more expressed in glial cell lineage and
notably astrocytes than in neurons in the mature cortex of mice (Zhang et al. 2014).
As neurons are not capable of synthesizing much L-serine, neuronal SR activity
would depend on the supply of the p-serine precursor which is primarily formed in
astrocytes from glucose by 3-phosphoglycerate dehydrogenase (Yang et al. 2010;
Ehmsen et al. 2013).

3.2.2 Cell-Type-Specific Mechanisms of Release: Exocytosis
Versus Hetero-exchange

As shown so far, p-serine can be formed in both neurons and astrocytes (Martineau
et al. 2014). Different elements of the literature support the notion that neurons and
astroglia use different molecular machinery and signaling pathways to release
D-serine into the extracellular space (Fig. 3.2). Early studies have shown that
D-serine release is triggered by agonists of the ionotropic and metabotropic gluta-
mate receptors (iGluR and mGIluR, respectively; (Schell et al. 1995; Mothet
et al. 2005; Martineau et al. 2008; Ishiwata et al. 2013). We have accumulated
evidence that the release of D-serine by astrocytes is mainly dependent on an
increase in cytosolic Ca®*. Indeed, disrupting Ca”* signaling inside astrocytes
reduces D-serine release from astrocytes in culture and in hippocampal slices
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Fig. 3.2 Modes of release of p-serine. (a) Preembedding peroxidase immunohistochemistry
showing that D-serine immunoreactivity is mainly distributed in astrocytic processes (arrows) at
the level of asymmetric synapses in the adult rat cerebral cortex. Representative low-magnification
(top) and high-magnification (bottom) electron micrographs showing that no peroxidase staining is
detected with a preabsorbed anti-p-serine antibody. Ast astrocyte, D dendrite, S dendritic spine,
B axonal bouton. Scale bars, 500 nm. Modified with permission from The Society of Neuroscience
(Martineau et al. 2013). (b) Immunogold labeling (small gold particles) of p-serine in small
synaptic-like vesicles (indicated by red arrowheads) in astrocytic processes (Ast) positive for
EAAT?2 (large gold particles) contacting asymmetric synapses (stars) between nerve terminals
(Term) and dendritic spines (Sp). Insets: higher magnification showing the similarities between
SLMVs (red dotted arrows) and SVs (black dotted arrow). Note that the astrocytic SLMVs are
often localized in small clusters close to the plasma membrane. Scale bars: 100 and 50 nm in
insets. Right immunogold quantification of p-serine gold particles in astrocytic processes. The bar
charts show the mean number of p-serine gold particles/um? 4 SD in SLMVs and the cytoplasmic
matrix of astrocytic processes (Acyr). Reprinted with permission from Oxford University Press
(Bergersen et al 2012). (¢) Graphical abstract showing that in astrocytes p-serine is mainly released
by exocytosis of some vesicles containing also glutamate, while in neurons p-serine is released
from the cytosol through asc-1. For explanation, see text

(Mothet et al. 2005; Henneberger et al. 2010; Shigetomi et al. 2013) but also from
astrocytes in vivo (Takata et al. 2011). Calcium certainly represents the most critical
signaling hub for p-serine release from astrocytes, even though we are still largely
ignoring the spatial and temporal signature of these Ca®* signals: activation of
astrocytic transforming growth factor (TGF)-p (TGFR; (Diniz et al. 2012)),
bradykinin-type2 (B2R; (Martineau et al. 2008)), adenosine-type 2 (A2R; (Scianni
et al. 2013)), ephrinB3 (Zhuang et al. 2010), and muscarinic acetylcholine (Takata
et al. 2011; Lopez-Hidalgo et al. 2012) receptors. The activation of these G protein-
coupled receptors (GPCRs) is associated with the recruitment of Ca** from the
intracellular stores mainly via inositol-1,4,5-trisphosphate receptors (IP3R) located
on the endoplasmic reticulum (ER) (Zorec et al. 2012). But Ca** driving D-serine
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release could also originate from the extracellular space through channel-mediated
transmembrane Ca>* fluxes in astrocytes. For example, astrocytic transient receptor
potential A1 (TRPA1) channels contribute to basal Ca®* signals which are required
for p-serine release (Shigetomi et al. 2013). These studies clearly established that
astrocytes express a plethora of functional receptors which activation is coupled to
the release of Dp-serine. Then, what could be the mechanisms downstream Ca®*
triggering D-serine release? Although not exclusive of another release mechanism,
we have found that p-serine release from astrocytes is dependent on soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins,
indicating that glial Ca**-regulated exocytosis is a main release mechanism used
by astroglia to release D-serine. Indeed, astrocytes as most eukaryotic cells
expressed synaptobrevins, also referred to as vesicle-associated proteins-VAMPs,
or R (for arginine)-SNAREs) and the plasma membrane (syntaxins and
synaptosome-associated protein of 23 kDa (SNAP23); Q (for glutamine)-SNARE:)
(Jahn and Fasshauer 2012). The vesicle fusion is triggered by an increase in
cytosolic Ca**, which presumably binds to vesicular synaptotagmins (Montana
et al. 2006). Astroglial vesicles also possess proteins necessary for vesicular filling,
such as the vacuolar type H'-ATPase (V-ATPase) (Martineau et al. 2013) which
provides the proton gradient necessary for intravesicular loading of gliotransmitters
via appropriate transporter(s). Cleavage of Sb2 and cellubrevin by tetanus neuro-
toxin causes a strong inhibition of Ca**-dependent D-serine release (Mothet
et al. 2005; Henneberger et al. 2010). Additionally, the blockade of D-serine
vesicular uptake using a V-ATPase blocker inhibits D-serine release from astrocytes
(Mothet et al. 2005). Indeed, based on electron microscopy (EM), p-serine accu-
mulates in clear vesicles with a diameter of 36 nm in the perisynaptic processes of
hippocampal and cortical astrocytes (Bergersen et al. 2012; Martineau et al. 2013).
In the adult hippocampus, clear vesicles are organized in small groups of 2—-15
vesicles preferentially located within 100 nm from the astrocytic plasma membrane
(Bergersen et al. 2012) and observed at sites adjacent to neuronal elements bearing
NMDARs (Bezzi et al. 2004). Thus, astrocytes possess small vesicles resembling
those found at synaptic terminals, albeit at lower density. It should be noted,
however, that the vesicular size in astrocytes appears to be more diverse than that
described for neurons. In addition to Ca**- and SNARE-dependent exocytotic
release of D-serine from astrocytes, this gliotransmitter can be released via alterna-
tive non-exocytotic conduits at the plasma membrane, including volume-regulated
anion channels (VRAC; (Rosenberg et al. 2010)), alanine—serine—cysteine trans-
porter (ASCT; (Ribeiro et al. 2002), but see (Maucler et al. 2013)) and likely
through connexin 43 hemichannels (Stehberg et al. 2012). Although the vesicular
transporter for p-serine has not been identified, the transport of p-serine inside
astroglial vesicles was recently characterized (Martineau et al. 2013). While gluta-
mate transport is observed in both synaptic and astroglial vesicles, the transport of
D-serine is specific to astroglial vesicles (Martineau et al. 2013). Its apparent affinity
is ~7 mM, consistent with the affinity of vesicular inhibitory amino acid transporter
for y-aminobutyric acid, another neutral amino acid (Chaudhry 2008; Martineau
et al. 2013). Similar to glutamate, extravesicular chloride concentration modulates
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D-serine transport into astroglial vesicles, reaching the maximum activity at 4 mM.
Because p-serine transport induces vesicular acidification and critically relies on
chloride, the vesicular p-serine transporter is proposed to be a D-serine/chloride
co-transporter (Martineau et al. 2013) (Fig. 3.2). A spatial association of SR activity
and p-serine vesicular transport was observed, resulting in a functional coupling
between D-serine synthesis and uptake (Martineau et al. 2013). Finally, p-serine and
glutamate vesicular loading exert a mutual stimulation which indicates a functional
crosstalk between the two transporters (Martineau et al. 2013). This synergy at
vesicular level can only be explained if both transporters reside on the same vesicle,
indicating the co-storage and thus the co-release of both gliotransmitters. However,
the immunogold colabeling of p-serine and glutamate in the adult hippocampus did
not reveal a population of vesicles containing both gliotransmitters (Bergersen
et al. 2012); this seemingly disparate findings could be a result of the limited
sensitivity of the immuno-EM. Nonetheless, the mechanism underlying the vesic-
ular synergy between D-serine and glutamate uptake requires additional investiga-
tion. The possible co-storage of glutamate and p-serine, at least in a subpopulation
of astroglial vesicles, points to the possibility of interdependence of their dynamics
and modulatory functions at synaptic and extrasynaptic sites.

Release of p-serine as a neurotransmitter operates through a different mecha-
nism than those described before. Neuronal pD-serine is mainly released in response
to depolarization, induced by veratridine, a voltage-dependent Na* channel activa-
tor, or by increased extracellular potassium concentration, both in vitro and in vivo
(Hashimoto et al. 2000; Rosenberg et al. 2010) (Fig. 3.2). Intriguingly, neuronal
silencing by tetrodotoxin increased D-serine extracellular concentration in vivo
(Maucler et al. 2013) although some studies show no effect (Hashimoto
et al. 1995). Chelation of intracellular and extracellular Ca** does not affect
depolarization-elicited p-serine release. In addition, inhibition of V-ATPase by
bafilomycin Al or cleavage of Sb2 by tetanus neurotoxin failed to inhibit D-serine
release from neurons, excluding the vesicular release mechanism (Rosenberg
et al. 2010) which is consistent with D-serine absence in the lumen of synaptic
vesicles (Martineau et al. 2013), p-serine is released by neuronal presynaptic
elements from a cytosolic pool through the Na*-independent antiporter alanine—
serine—cysteine transporter 1 (asc-1; (Rosenberg et al. 2010; Rosenberg et al. 2013);
Fig. 3.2). Asc-1 is restricted to neurons and catalyzes neutral amino acid hetero-
exchange (Fukasawa et al. 2000; Helboe et al. 2003; Matsuo et al. 2004), between
D-serine and another neutral amino acid. Neuronal p-serine release could be trig-
gered by neutral amino acids, such as L-serine, D-alanine, or b-isoleucine, through
this hetero-exchange (Rosenberg et al. 2010, 2013). Two independent studies
published in 2013 (Ishiwata et al. 2013; Maucler et al. 2013) have explored
in vivo the dynamics of D-serine release in rat cortex. Using a second-by-second
time scale microelectrode biosensors, Maucler et al. (2013) found that the applica-
tion of the asc-1 transporter inhibitor, S-methyl-L-cysteine, depressed the release of
D-serine evoked by L-serine, while L-asparagine, a substrate of ASCT2, did not
induce p-serine release in vivo. Conversely, intra-medial frontal cortex infusion of
S-methyl-L-cysteine, caused a concentration-dependent increase in the
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microdialysate contents of p-serine (Ishiwata et al. 2013). The reasons of these
opposite results are not known but could reflect differences in timescale of both
analytical methods used in the two studies but clearly show that asc-1 could work in
both directions. Which direction (uptake or release) in vivo prevails is not known
so far.

3.3 Functions of p-Serine: From Development to Cognition

What could be the function of p-serine in the CNS? Early studies in the 1980-1990s
evidenced that exogenous D-serine can potentiate NMDARSs activity (Danysz
et al. 1990). Two pioneer observations in the 1990s put p-serine in the spotlight
by revealing that endogenous D-serine may be linked to NMDARs activation. First,
its distribution in the rodent brain mirrors the expression of NMDARs, as one might
expect for an NMDAR co-agonist, during development and in the adult animal
(Hashimoto et al. 1993; Schell et al. 1995, 1997).

3.3.1 Role of p-Serine in the Adult Brain

Although p-serine could serve as a co-agonist of NMDAR, the experimental
evidence for it awaited for the development of specific pharmacological and genetic
tools allowing manipulating the levels of the endogenous amino acid.

A first approach we introduced consisted in the use of purified DAAO on top
cultured neurons or brain slices to deplete endogenous D-serine while recording
synaptic events (Mothet et al. 2000). We then discovered that depleting D-serine
with DAAO consistently reduces synaptic events and NMDAR-mediated currents
just demonstrating that p-serine rather than glycine as initially proposed would be
the endogenous ligand for synaptic NMDARS in the hippocampus and juvenile
cerebellum (Mothet et al. 2000). Therefore, it was predicted that the functions of
p-serine and glycine could be dependent on the location of specific synapses within
different brain area. But, subsequently acute depletion of p-serine with recombinant
Rhodotorula gracilis DAAO (RgDAAOQO) or serine deaminase (Dsda), two enzy-
matic D-serine scavengers, consistently affects NMDAR activity on glutamatergic
neurons in widespread area of the mature brain including the Schaeffer collateral
(SC)-CAL synapse in the hippocampus (Papouin et al. 2012; Le Bail et al. 2015),
medial prefrontal cortex (Fossat et al. 2012), hypothalamic supraoptic nucleus
(Panatier et al. 2006), nucleus accumbens (Curcio et al. 2013), the medial nucleus
of the trapezoid body (MNTB) (Reyes-Haro et al. 2010), or even the retina (Stevens
et al. 2003). These observations lead us to jump on the conclusion that p-serine and
not glycine is the right endogenous co-agonist for synaptic NMDARs at most
central synapses. This conclusion was reinforced by the observations that a con-
comitant removal of endogenous glycine with Bacillus subtilis GO (BsGO) has only
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weak or no effects at the SC-CA1 glutamatergic synapse in the hippocampus
(Papouin et al. 2012; Le Bail et al. 2015) or in the hypothalamus (Panatier
et al. 2006). Conversely, in some case like the nucleus tractus solitarii (NTS), a
structure located in the brainstem, glycine acts as the primary co-agonist for
synaptic receptors (Panatier et al. 2006). In the structures where D-serine action
predominates, it is thought that extrasynaptic glia-derived glycine should be unable
to reach synaptic sites due to efficient capture by GlyT1 (Fossat et al. 2012; Papouin
etal. 2012; Le Bail et al. 2015). Nevertheless, this dichotomic view is challenged by
the fact that a substantial fraction of the synaptic NMDAR responses remained
systematically resistant to the enzymatic degradation of p-serine. In addition,
neuronal-derived glycine released through Asc-1 physiologically modulates
NMDAR activation (Rosenberg et al. 2013) at the SC-CA1 hippocampal synapses.
Introduction of animal models for p-serine represented another important opening
to define the function of D-serine. A first model was developed early by Konno and
collaborators which is a mutant mouse strain (ddY/DAO™) lacking DAO activity
(Konno and Yasumura 1983). The ddY/DAO™ mice have a missense mutation
(G181R) that causes a complete loss of enzyme activity (Sasaki et al. 1992). As
expected, these mutant mice exhibit larger NMDA/AMPA ratio due to a higher
occupancy of the glycine site of NMDARSs in diverse areas like the hippocampus
(Maekawa et al. 2005) and the retina (Romero et al. 2014) and also show enhanced
hippocampal LTP (Maekawa et al. 2005). More recently, specific DAAO inhibitors
have been developed by different companies. Duplantier and colleagues (2011)
show that inhibition of DAAO increases NMDA receptor-mediated synaptic cur-
rents in primary neuronal cultures from rat hippocampus and resulted in a signif-
icant increase in evoked hippocampal theta rhythm, an in vivo electrophysiological
model of hippocampal activity (Strick et al. 2011). Likewise, inhibition of DAAO
was reported to increase NMDAR activity and LTP formation in the mature
hippocampus (Hopkins et al. 2013a, b; Le Bail et al. 2015) and to normalize the
activity of impaired NMDARs in the supraoptic nucleus of lactating rats (Hopkins
et al. 2013a) by increasing D-serine levels. These results predict that DAAO
inhibition would have a positive effect on cognition, most probably through its
ability to augment NMDAR-mediated currents. In 2009, Coyle and colleagues
introduced the first genetically invalidation of SR in mice (Basu et al. 2009).
Despite some subtle behavioral and structural deficits (see Sects. 3.3.2 and 3.3.3),
electrophysiological phenotyping of NMDARs activity and synaptic plasticity
intriguingly revealed that a 90 % decrease in forebrain p-serine content (Basu
et al. 2009), had only a moderate impact on NMDARs at SC-CA1 synapses. Indeed,
the amplitude of NMDA-mediated synaptic currents was normal; only the decay
kinetics of evoked NMDAR-mediated currents were slower in hippocampal slices
in SR-KO mice (Basu et al. 2009) due certainly to a compensatory mechanism by
glycine. The most striking effect in SR-KO is the absence of LTP induced by a
pairing protocol (Basu et al. 2009; Rosenberg et al. 2013; Le Bail et al. 2015). It is
worth noticing that the selective depletion of both p-serine and glycine reduce
NMDAR synaptic responses in the lateral nucleus of the amygdala (LNA)
(Li et al. 2013). Therefore, the contribution of the two co-agonists in activating
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NMDARs shows general overlap in the brain, but regional differences in the
preference for one co-agonist over the other certainly occur.

Could the preference for a co-agonist be related to the molecular composition of
synaptic NMDARs? We have recently discovered that in the mature hippocampus,
D-serine is the main co-agonist at SC-CA1 hippocampal synapses whereas glycine
is preferentially concerned at connections within the dentate gyrus (Le Bail
et al. 2015). The role of p-serine prevails in brain regions where the GluN2A-
containing subtype of NMDARs predominates such as hippocampal SC-CA1 and
prefrontal cortex synapses (Fossat et al. 2012; Papouin et al. 2012; Le Bail
et al. 2015), while glycine acts as the preferred co-agonist in regions where the
contribution of the GluN2B subunit is favored, as seen in the dentate gyrus (Le Bail
et al. 2015). This segregation would explain why SR-deficient mice display mod-
erate synaptic dysfunctions at the medial perforant path-dentate gyrus synapses
(Balu et al. 2013).

But in addition to be synapse specific, the function of p-serine is developmen-
tally regulated (Le Bail et al. 2015) (Fig. 3.3). Indeed, we have found that glycine is
the preferred co-agonist at immature SC-CA1 synapses and demonstrated that a
switch from glycine to D-serine occurs at these synapses during postnatal develop-
ment (Le Bail et al. 2015) that parallels a progressive replacement of GluN2B by
GIluN2A subunits in NMDAR assemblies (Rodenas-Ruano et al. 2012). Neverthe-
less, a strict association between the identity of the co-agonist and the NMDAR
molecular composition is not a general rule since D-serine acts as the main
co-agonist in the supraoptic nucleus (Panatier et al. 2006) where GIluN2B-
containing receptors predominate but also in the nucleus accumbens and the
prefrontal cortex (Fossat et al. 2012; Curcio et al. 2013), where both GIuN2 sub-
units are equally expressed. Additionally, one has to keep in mind that a substantial
fraction of synaptic NMDARs are triheteromers containing both GIuN2A and
GIuN2B subunits (reviewed in (Traynelis et al. 2010; Paoletti et al. 2013)) and
are thus expected to be regulated by both p-serine and glycine.

Besides the impact of the co-agonist regional specificity, a segregated role for
D-serine and glycine at the synaptic cleft has also been reported. Indeed, NMDARs
are not only present synaptic sites but are also located at extra- and peri-synaptic
sites (Petralia 2012) where they may have different roles in cell death or survival
programs (Hardingham and Bading 2010) and may be involved in different forms
of synaptic plasticity (Papouin et al 2012; Mothet et al 2015). Enzymatic depletion
of p-serine with RgDAAO consistently reduces NMDAR synaptic events at mature
SC-CAL connections (Papouin et al. 2012; Le Bail et al. 2015), while the pharma-
cologically isolated extrasynaptic NMDAR activation or the NMDAR-driven tonic
glutamate current remain mostly unaffected by changes in p-serine levels (Papouin
etal. 2012). Opposite effects were observed when endogenous glycine was depleted
using Bacillus subtilis GO (BsGO), indicating that at those hippocampal synapses,
D-serine would gate preferentially the synaptic GluN2A-NMDARs while glycine
would target extrasynaptic receptors (Papouin et al. 2012). The segregated role of
the two co-agonists at gating synaptic and extrasynaptic NMDARs at SC-CALl
synapses delineates their respective role in synaptic plasticity, with D-serine
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Fig. 3.3 Functions of p-serine. (a) Immature versus mature synapses. At immature synapse where
only GluN1/2B receptors are present, glycine serves as the co-agonist. During postnatal develop-
ment, the replacement of GluN2B- by GIuN2A-containing NMDARs at synapses parallels a
change in the identity of the co-agonist from glycine to p-serine. Conversely, glycine is the
main co-agonist for extrasynaptic NMDA receptors. (b) p-serine and metaplasticity. D-serine
levels govern the activity of NMDA receptor-dependent synaptic plasticity. Decreasing the levels
of p-serine shifts the relationship to higher activity values, whereas increasing them has the
opposite effect. Reprinted with permission from Cell Press (Panatier et al. 2006). (¢) p-serine
and cognition. p-serine levels drive cognitive and behavioral performances. Decreased levels as
observed in normal aging and below a pathological threshold as observed in SR-KO or
GrinD481N mice induce deficits. Conversely, increased levels of p-serine as observed under
DAAO inactivation increases performances. Current therapy interventions aimed to normalize
D-serine levels

specifically required for the expression of LTP and both p-serine and glycine acting
for the induction of long-term depression (LTD) (Papouin et al. 2012). Our obser-
vation for a role of p-serine in the formation of hippocampal LTD in the mature
brain expands earlier observations made by Xu and colleagues (2008) that the
p-amino acid regulates LTD in the hippocampal CAl region in a “bell-shaped”
concentration-dependent manner (Zhang et al. 2008). The retina is offering another
model to appreciate the relative functions of D-serine and glycine at synaptic and
extrasynaptic sites. The group of Miller have nourished evidence that AMPA
receptor-dependent and light-evoked NMDA receptor-mediated currents recorded
at retinal ganglion cells are shaped by the release of p-serine from Muller cells
(Stevens et al. 2003, 2010; Gustafson et al. 2007), while glycine would rather
activate extrasynaptic NMDARs (Sullivan and Miller 2012). However, this appeal-
ing dichotomic synaptic versus extrasynaptic segregation of the functions of p-ser-
ine and glycine has limitations. Several studies demonstrate that GluN2B-
NMDARs preferring glycine are also required to induce LTP (reviewed in (Paoletti
et al. 2013)). Furthermore, the repetitive observation that LTP at SC-CA1 synapses
is only partly affected in SR-KO mice displaying trace levels of p-serine (Basu
et al. 2009; Rosenberg et al. 2013) supports the idea that glycine could compensate
for any D-serine synaptic dysfunction. Indeed, a couple of very recent studies have
shown that the two endogenous co-agonists are necessary for LTP since both
treatments with RgDAAO and BsGO result in significantly reduced LTP expression
in CA1 hippocampal area and dentate gyrus, as well as in the LNA (Li et al. 2013;
Le Bail et al. 2015). Interestingly, a robust LTP may be induced in the LNA of
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SR-KO mice by increasing the strength of presynaptic activation. This LTP is then
consistently reduced under glycine depletion by BsGO (Li et al. 2013). These
results indicate that independent of their synaptic location in the brain, both D-serine
and glycine may be recruited for activating NMDARSs during enhanced synaptic
activity. Accordingly, treatments with RgDAAO but not BsGO reduces the
NMDAR component of spontaneous excitatory postsynaptic currents in the LNA
while synaptic responses evoked by enhanced afferent stimulation are impacted by
BsGO (Li et al. 2013). Ambient p-serine could therefore drive tonic activation of
NMDARs under low-synaptic activity in this structure, while the involvement of
glycine should rely on increased afferent activity. In the hippocampus, although
p-serine and glycine preferentially drive low-frequency-evoked NMDAR synaptic
responses at mature SC-CA1 and dentate gyrus synapses, respectively, they both
contribute to LTP expression driven by high-frequency stimulation at both hippo-
campal synapses (Le Bail et al. 2015) suggesting that both co-agonists may be
necessary for memory formation. Therefore, although the identity of the NMDAR
co-agonist may be synapse specific under low basal conditions, it appears that the
activation by the two co-agonists is concerned when a sustained recruitment of
synaptic activity is promoted.

NMDARs are also present at presynaptic sites where they regulate the release of
glutamate by nerve terminals (Sjostrom et al. 2003; Corlew et al. 2008; Larsen
et al. 2014). The mode of activation by either glycine or p-serine remained to be
defined. Jones and colleagues, by using RgDAAO and BsGO to deplete p-serine and
glycine, respectively, have recently reported that in the mature entorhinal cortex,
these presynaptic NMDA receptors are tonically activated by p-serine but not by
glycine, suggesting that p-serine is the endogenous co-agonist of presynaptic
NMDARs (Lench et al. 2014).

Finally, p-serine and glycine synaptic functions closely rely on a fine coupling
between astrocytes and neurons. Indeed, the profile of the tripartite synapse could
also impact the identity of the predominant co-agonist acting on NMDAR. As
mentioned earlier, a progressive developmental switch from glycine to p-serine
occurs at SC-CA1 synapses that could reflect to some extent postnatal changes in
the intimate neuron—glial coupling (Le Bail et al. 2015). At immature synapses,
pharmacological blockade of astrocytic GlyT1 does not increase NMDAR activa-
tion as it does at mature connections, confirming that ambient glycine is able to
saturate NMDAR binding sites early after birth. These elevated levels of glycine at
birth presumably rely on a weak expression of GlyT1 (Zafra et al. 1995) related to
the lack of a prominent astrocyte network that only progressively develops during
the first postnatal weeks (Yang et al. 2013). The fact that inactivation of astrocyte
activity with the gliotoxin fluoroacetate (FAC) does not significantly alter NMDAR
activation at immature synapses further supports the view that this functional aspect
of neuron—glial coupling is weakly effective early after birth (Le Bail et al. 2015).
On the other hand, the postnatal formation of the tripartite synapse does not only
result in a higher clearance of glycine by astrocytic GlyT1 but also in a better supply
of Dp-serine either from astrocyte or through activation of the serine shuttle
(Wolosker 2011). Further lines of experimental evidence show that p-serine derived
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from glia regulates NMDARSs. Rusakov and colleagues reported that in the mature
hippocampus, astrocyte processes contacting SC-CA1 synapses retain the ability to
control Hebbian LTP within or near their individual territories involving Ca**-and
SNARE protein-dependent p-serine release (Henneberger et al. 2010) confirming
earlier evidence for a vesicular release of D-serine from astrocytes (Mothet
et al. 2005; Martineau et al. 2008). Because astrocytes express a plethora of
receptors, they could link different neurotransmitter systems through the release
of p-serine. Accordingly, potentiating effect of nicotine on hippocampal synaptic
transmission and long-term synaptic plasticity recorded at SC-CA1l synapses
depends on p-serine furnished by astrocytes (Lopez-Hidalgo et al. 2012). Notewor-
thy, a7 nAChR gene deletion leads to impaired synaptic NMDAR functions
through specific loss of D-serine in the neocortex (Lin et al. 2014). Likewise,
astrocyte TRPA1 channels contribute to basal Ca®* levels and are required for
constitutive p-serine release into the extracellular space, which in turn contributes
to NMDA receptor-dependent LTP (Shigetomi et al. 2013). In layer 2/3 of the
neocortex, activation of either astroglial cannabinoid or al-adrenoreceptors recep-
tors induces Ca>*-signaling and synaptic plasticity through notably the release of
p-serine (Rasooli-Nejad et al. 2014; Pankratov and Lalo 2015). Such a relationship
between the degree of the astrocyte—neuron coupling and the prevalence of D-serine
as a co-agonist agrees with the differential impact of the amino acid in activating
NMDARs at hypothalamus synapses during lactation where p-serine efficiency is
linearly related to the extent of astrocytic coverage of synapses (Panatier
et al. 2006). Indeed in virgin rats, astrocytic coverage of synapses is maximal
guaranteeing an optimal activity of NMDARs and enabling formation of LTP by
p-serine. Conversely, lactation induces loss of synapses coverage by glia. This
anatomical remodeling leads to a decrease of occupancy by p-serine of NMDARs
(Panatier et al. 2006). As a consequence, the activity dependence of LTP and LTD
whose induction depends on NMDAR activation is modified by this neuron—glial
remodeling. The levels of p-serine shift the activity dependence of long-term
changes toward higher activity (Fig. 3.3).

But, astrocyte-derived p-serine could play also a critical role in neurovascular
coupling. Indeed astrocytes modulate hemodynamism of microcirculation by pro-
viding a physical linkage from synapses to arterioles and through notably the
release of vasoactive gliotransmitters (Haydon and Carmignoto 2006). In two
elegant studies, Anderson and colleagues have discovered that endogenous D-serine
released by astrocytes contributes to the vasodilatory response of penetrating
cortical arterioles produced by astrocyte activation (LeMaistre et al. 2012; Stobart
et al. 2013). Still, we could also predict that the progressive setup of a close
astrocyte—neuron interaction will favor the astrocyte-derived precursor L-serine to
be provided to neurons to boost D-serine synthesis. According to this possibility, the
FAC-induced decrease in NMDAR activation recorded at mature SC-CA1 synapses
is rescued by increasing synaptic availability of L-serine (Le Bail et al. 2015).

Adult neurogenesis offers another example where the functions of b-serine have
been recently explored. In the adult mammalian brain, neurogenesis occurs mainly
in the subventricular zone (SVZ) and the subgranular zone (SGZ) of DG in the
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hippocampus (Aimone et al. 2014). NSCs are the progenitor cells in the brain,
which are capable of continuous self-renewal and differentiation into neurons,
astrocytes, and oligodendrocytes (Aimone et al. 2014). The local environment
may dictate the fate choice of NSCs. Nevertheless, we are still largely ignoring
the identity of the extrinsic mediators that regulate proliferation, survival, migra-
tion, and differentiation of NSCs. Hu and colleagues have shown that forebrain
neural stem cells (NSCs) in vitro could synthesize and release p-serine and that
D-serine supports the proliferation and neuronal differentiation of NSCs (Huang
et al. 2012). Furthermore, they show that p-serine promotes neurogenesis through
acting on NMDARs and subsequently regulating the Ca**-related signaling path-
ways, including the phosphorylation of ERK1/2-CREB and GSK-3f. These in vitro
observations were later expanded by Toni and colleagues (2013) who reported that
D-serine increased adult hippocampal neurogenesis in vivo and in vitro and
increased the density of neural stem cells and transit amplifying progenitors.
Furthermore, b-serine increased the survival of newborn neurons (Sultan
et al. 2013).

3.3.2 Role of p-Serine in the Developing Brain

Even that p-serine function may preferentially dominate at mature synapses, this
co-agonist could already play an important role in the developing brain by control-
ling neuronal migration and synaptogenesis. Indeed, series of evidence indicate that
D-serine and its enzymes are already present early during embryonic and postnatal
development in different like the retina (Romero et al. 2014) and the vestibular
nuclei (Puyal et al. 2006) where it could critically influence postnatal development.
Therefore defects in neonatal p-serine could lead to severe brain defaults. Mice with
a 3-phosphoglycerate dehydrogenase deficiency lack both L-serine and D-serine
throughout their lives (Yang et al. 2010), but maternal p-serine supplementation
can completely reverse the abnormal neurological phenotype (Fuchs et al. 2006).
During neocorticogenesis, migrating neurons can adopt different types of tra-
jectories and a large proportion of neurons migrate radially, along radial glial cells,
from the germinative zone to their final place (Yacubova and Komuro 2003).
Glutamate acting on NMDARs exerts a crucial role by acting as a motility-
promoting signal for immature neurons. Blocking NMDARs impairs neuronal
migration during postnatal development (Yacubova and Komuro 2003). Radial
migration of immature granule cells in the developing cerebellum, along the
Bergmann glia, is one of the best studied models. How NMDARs of migrating
immature neurons are activated remains unknown. Because D-serine levels peak at
P14 in the cerebellum at the time of intense granule cell migration (Schell
et al. 1997) and due to the absolute requirement of NMDARs activation for normal
migration, one can imagine that p-serine is involved in this process. Snyder and
colleagues (2005) have demonstrated that p-serine released by Bergmann glial cells
promotes the migration of granule cells from the external to the internal granular
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layer through activation of NMDARs (Kim et al. 2005). The physiological influ-
ence of D-serine on neuronal migration involves the activation of SR by GRIP.

The motility-promoting role of p-serine is probably not restricted to the postnatal
development of the brain and may be involved earlier during fetal development.
Indeed SR is present in the perireticular nucleus, a transient structure of the human
fetal brain supposed to be engaged in the lamination of the forebrain (Martineau
et al. 2006). Furthermore, D-serine and NMDARs are already present at embryonic
day 14 (Paoletti et al. 2013; Martineau et al. 2006). Thus p-serine is well positioned
both spatially and temporally to control NMDAR-mediated neuronal migration and
synaptogenesis. Although SR knockout mice develop normally and show no obvi-
ous deficit in lamination or ectopic neurons, the mice have a significantly reduced
cortical volume (Balu et al. 2012, 2013). Detailed structural analysis of the CNS of
SR knockout mice reveals that SR deletion when achieved before weaning results in
altered cortical dendritic morphology of pyramidal neurons in the prefrontal cortex
and in the primary somatosensory cortex (DeVito et al. 2011) supporting the
hypothesis that p-serine through the modulation of NMDARSs could contribute to
neuronal differentiation and therefore to synaptogenesis. Noteworthy, SR knockout
mice have a reduction in total brain-derived neurotrophic factor (BDNF) protein
levels (Balu et al. 2012), an activity-regulated neurotrophin that plays a key role in
promoting synapse formation and maturation and in regulating the functional
development of neuronal circuits (Park and Poo 2013). Accordingly, Gomes and
colleagues (2012) have discovered that astrocytes induce the formation of
glutamatergic synapses through transforming growth factor (TGF)-p1 pathway
and the TGF-B1 synaptogenic property is dependent on D-serine signaling (Diniz
et al. 2012). Indeed, the growth factor increases D-serine release from astrocytes,
and blocking the synthesis of p-serine or its function prevents TGF-f1 to promote
the development of functional glutamatergic synapses in the cerebral cortex.
Another study demonstrates that differentiation of P19 cells induces SR expression
and Dp-serine formation and that p-serine shapes synaptogenesis, potentially by
preventing widespread untargeted synaptogenesis (Fuchs et al. 2012). These results
contribute to expand evidence for a role of p-serine in synaptic shaping and wiring
of neuronal circuitry during brain development.

3.3.3 Role of p-Serine in Cognition and Healthy Aging

In addition to their role in shaping neuronal circuitries and in synapse dynamics,
NMDARs are essential for memory formation and for higher cognitive functions
and social interactions (Paoletti et al. 2013). Genetically or pharmacologically
driven hypofunction of NMDARs leads to profound deficits in cognition and social
activity (Paoletti et al. 2013). For example, mice with a point mutation in Grinl
(D481N) showed abnormally persistent latent inhibition (a measure of information-
processing deficit), reduced social approach behaviors, and enhanced startle reac-
tivity (measure of sensory gatting) and impairments in nonassociative spatial object
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recognition task (Labrie et al. 2008). These deficits are reversed by administration
of agents that enhance NMDAR glycine site function like D-serine (Labrie
et al. 2008). Various regimens of systemic administration of low-dose D-serine
(50 mg/kg/day) increase performances on BALB/c mice performing object recog-
nition, T-maze alternation, and open-field exploration tasks (Bado et al. 2011).
Analysis of SR-KO mice revealed that the animals exhibited a significantly
disrupted representation of the order of events in distinct experimental paradigms
as shown by object recognition and odor sequence tests (DeVito et al. 2011);
However, SR mutant mice showed normal detection of novel objects and in spatial
displacement and showed intact relational memory in a test of transitive inference.
SR mice exhibited normal sociability and preference for social novelty (DeVito
et al. 2011). Analysis of mice with inactive DAAO further offers complementary
evidence that p-serine is crucial for normal cognition and social behavior.
First, Roder and colleagues have generated mice carrying point mutations in
DAO (Daol%"3'®). These mice have no active DAAO and display elevated brain
levels of p-serine. Introducing the Daol GISIR mutations in Grinl(D481N) mice
corrects all cognitive deficits and normalizes social behavior deficit normally
observed in Grinl(D481N) mice (Labrie et al. 2010). Second, Dao /™ mice gener-
ated more recently by Peirson and colleagues (2015) demonstrate enhanced spatial
recognition memory performance, improved odor recognition memory perfor-
mance, and enhanced spontaneous alternation in the T-maze (Pritchett et al. 2015).
Overall, these observations are fully consistent with, and extend, findings in the
natural mutant ddY/Dao™ line introduced and largely popularized by Konno and
colleagues (Almond et al. 2006; Zhang et al. 2011). Thus, an increased level of
D-serine resulting from decreased catalysis (i.e., DAAO inactivation) increases the
cognitive performance and behavior of mice in striking contrast to SR deficient mice
(Fig. 3.3). Building on this ground, inhibitors for DAAO show remarkable benefit
in improving cognitive performance in animal models of NMDAR hypofunction
(Smith et al. 2009; Strick et al. 2011; Hopkins et al. 2013a, b). Nicotine has long been
known to improve long-term hippocampal-dependent memory in both laboratory
animals and humans (Changeux 2010). Garcia-Colunga and colleagues (2012) have
found that the facilitating effect of nicotine on long-term memory evaluated with the
one-trial step-through inhibitory-avoidance task depends on glial p-serine (Lopez-
Hidalgo et al. 2012). Accordingly, nicotine activates nAChRs present on glial
cells stimulating the release of p-serine and then the activation of NMDARs in
the hippocampus. These data further expand the earlier observation that glial
cells through the release of D-serine contribute to spatial memory retrieval
(Zhang et al. 2008).

Non-pathological brain aging is certainly one of the best documented situation
where accumulated experimental evidence have shown that deficits in synaptic
plasticity and cognitive functions notably memory and learning result from reduced
activation of NMDARs. In collaboration with Jean-Marie Billard, we have discov-
ered that those deficits are caused by a reduction in the levels of b-serine produced
by SR during aging (Mothet et al. 2006; Turpin et al. 2011) thus resulting in a
hypofunction of NMDARs (Fig. 3.3). More detailed analysis revealed that
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oxidative stress as occurring during aging affects SR and then the production of
D-serine and that treatment with the reducing agent N-acetyl cysteine prevents
hippocampal synaptic plasticity deficits by protecting p-serine-dependent NMDA
receptor activation (Haxaire et al. 2012). Recently the notion that p-serine contrib-
utes to age-related cognitive decline has been expanded by Saitoe and colleagues
who demonstrated that age-related memory impairments in Drosophila
melanogaster are a result of reduced p-serine production by glia and that p-serine
feeding suppresses these deficits (Yamazaki et al. 2014) thus showing that p-serine
metabolism and functions may be conserved throughout evolution (Schell 2004).

3.4 Conclusion

D-serine has overturned fundamental axioms of biology. Intensive research during
the last two decades has shown that this p-amino acid has emerged as a very
important brain messenger with implication for Human disease. Despite many
progresses since the breakthrough of Nishikawa (1992) and Snyder (1995) groups,
there are still some opened questions regarding the functions of p-serine in the CNS
and in the peripheral nervous system. The discovery that NMDAR co-activation
takes more than glycine illustrates perfectly there’s no simple rule governing the
regulation of NMDA receptors. There is still a great need for efforts to discriminate
the relative contribution of these two NMDAR neuromodulators in the healthy and
diseased nervous system.
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Chapter 4
Behaviors of Mutant Mice Lacking
p-Amino-Acid Oxidase Activity

Hiroaki Sakaue, Hiroko Ohide, Masahiro Yamanaka, and Ryuichi Konno

Abstract p-Amino-acid oxidase (DAO) catalyzes oxidative deamination of
D-amino acids, including p-serine. DAO is present in the brain, liver, and kidney
of higher animals. A large amount of p-serine is known to be present in the
mammalian brains. p-Serine is a co-agonist of N-methyl-p-aspartate-subtype gluta-
mate receptors (NMDARs) and potentiates NMDAR activity. NMDARs are
involved in many physiological and pathological processes, and an abnormal
NMDAR activity can thus have a severe effect on normal functioning. For instance,
NMDAR hypofunction is considered one of the causes of schizophrenia, and over-
excitation of NMDARSs causes neuronal cell death, which can lead to amyotrophic
lateral sclerosis. Therefore, p-serine is considered to be deeply involved in both
diseases. Since DAO degrades p-serine, DAO is also associated with these illnesses.
Accordingly, mutant mice lacking DAO activity have been attracting much attention
of the researchers. In this article, we review currently available studies on behaviors
of DAO mutant mice, especially those associated with schizophrenia. As of yet,
accumulated behavioral data have not been necessarily consistent to draw a clear
conclusion, the reasons for which are considered and discussed.

Keywords p-Amino-acid oxidase « Mutant mice * Behavior * p-Serine « NMDA
receptor

4.1 Introduction

In 2002, Chumakov et al. (2002) published an astonishing article that p-amino-acid
oxidase (DAO, EC 1.4.3.3) is involved in the etiology of schizophrenia. Since then,
many articles that approve or disapprove of this finding have been presented (see
Verrall et al. 2010). More recently, Mitchell et al. (2010) published another
interesting article that DAO is involved in the etiology of amyotrophic lateral
sclerosis (ALS). DAO is considered to be responsible to these neuropsychiatric
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diseases through its metabolism of D-serine which potentiates N-methyl-p-aspartate
receptors (NMDARs). These researches have spotlighted mutant mice lacking
DAO activity. Here, we review the properties and behaviors of these mutant mice.

4.2 p-Amino-Acid Oxidase (DAO)

DAO catalyzes oxidative deamination of p-amino acids, stereoisomers of naturally
occurring L-amino acids, which yield the corresponding 2-oxo acids, hydrogen
peroxide and ammonia (Krebs 1935). DAO is present in a wide variety of organ-
isms, from yeast to humans. In higher animals, it is primarily present in the kidney,
the liver (with the exception of the mouse liver), and the brain (Konno et al. 1997).
DAO has a wide range of substrate specificity and oxidizes many neutral and basic
D-amino acids. Because p-amino acids are considered rare in higher animals,
physiological role of DAO has remained unclear for some time. However, the
recent developments of analytical instruments and improvements in analytical
techniques have revealed the presence of p-amino acids in higher animals, includ-
ing humans. The discovery of p-serine in the brains was a landmark event in the
research of the physiological function of DAO.

4.3 p-Serine and NMDA Receptors

High levels of p-serine have been found in the brains of mammals (Hashimoto
et al. 1992, 1993). p-Serine is produced from L-serine by serine racemase
(SR) (Wolosker et al. 1999). p-Serine functions as a co-agonist of NMDARs, a
subclass of ionotropic glutamate receptors (Mothet et al. 2000). For full activation,
NMDARs require the binding of a co-agonist (D-serine or glycine) in addition to
glutamate. NMDARSs are involved in many related physiological and pathological
processes, including synaptic plasticity, learning, memory, and neural diseases
(Wolosker et al. 2008; Santangelo et al. 2012).

4.4 Mutant Mice Lacking DAO

In order to uncover the physiological function of DAO, we established a mutant
strain (ddY/DAQO™) that lacks DAO activity (Konno and Yasumura 1983). These
ddY/DAO™ mice carry a missense mutation (Glyl181Arg) that causes a complete
loss of DAO activity (Sasaki et al. 1992).

Labrie et al. (2009a) and Sasabe et al. (2012) independently crossed mutant
ddY/DAO™ mice with C57BL/6 J mice and continuously backcrossed their off-
spring to C57BL/6 J mice in order to transfer the Gly181Arg mutation to a C57BL/
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6 J genetic background. Then, two strains have been established: the Daol¢8'%
strain (Labrie et al. 2009a) and the BSDAO " strain (Sasabe et al. 2012).

More recently, a knockout strain (DAO-KO) has been established (Rais
et al. 2012; Schweimer et al. 2014). DAO-KO mice have a deletion of exons 6-9
of the DAO gene in a 129SVEV genetic background.

4.5 Properties of Mutant Mice Lacking DAO Activity

Mutant ddY/DAO™ mice contain large quantities of p-amino acids, including
D-serine in their organs and body fluids (see Hashimoto et al. 2005; Yamanaka
et al. 2012). Despite this, ddY/DAO™ mice do not show overt abnormality and
exhibited normal development, longevity, and reproduction (Konno and Yasumura
1983; Konno et al. 2010). In addition to this, ddY/DAO™ mice have not manifested
obvious compensatory changes in D-serine-associated proteins (Almond
et al. 2006).

Detailed analyses have shown that the ddY/DAO™ mice display an enhancement
of NMDAR-mediated synaptic transmission in the hippocampus and spinal cord
(Wake et al. 2001; Maekawa et al. 2005). Function and expression of NMDARS in
the retina are also different in the ddY/DAO™ mice (Gustafson et al. 2013).

Daol%"®® mice do not show any gross abnormalities, either (Labrie
et al. 2009b), and are physically indistinguishable from wild-type mice in terms
of their reflexes, vision, and fur and whisker condition (Labrie et al. 2010).

BSDAO ™ mice, on the other hand, have been reported to develop an abnormal
limb reflex: they retracted the hind limbs toward the trunk when lifted up by their
tails, which was thought to be due to the degeneration of motoneurons of the lumber
ventral horn (Sasabe et al. 2012). The authors also found that aged mice exhibited
muscle atrophy.

4.6 Behaviors of Mutant Mice Lacking DAO Activity

Hypofunction of NMDARs is one of the most plausible causes of schizophrenia
(see Verall et al. 2010; Labrie et al. 2012). DAO metabolizes p-serine, which
potentiates NMDAR activity. Since some behaviors are known to be reliant on
NMDAR activity, the behaviors of mutant mice lacking DAO have been examined,
especially those relating to schizophrenia.

While preliminary tests have failed to show significant differences between the
ddY/DAO™ and ddY/DAO" mice in the swim test, grip strength, or time taken to
cross a beam, ddY/DAO™ mice have been shown to commit fewer overall footslips
than ddY/DAO" mice when walking across a slender, round, wooden beam
(Almond et al. 2006). The ddY/DAO™ mice committed fewer overall footslips
compared to the ddY/DAO™ mice. This may be due to high content of p-serine in
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the cerebellum; p-serine is involved in learning, memory, and motor coordination
through 82 glutamate receptors (Kakegawa et al. 2011).

Findings that Daol%"%'® mice show similar latencies to find a food pellet buried
beneath corncob bedding as wild-type mice indicate that they have normal olfactory
activity (Labrie et al. 2010). The authors also found no differences in motor
coordination, balance, and motor learning between Daol®'$'® mice and wild-
type mice, as measured by the performance of the accelerating rotarod task.
Latencies to fall from the rotating axle were not different between the two groups.

4.6.1 Locomotor Activity

Tests of locomotor activity in mutant mice lacking DAO activity have yielded
variable results. Hashimoto et al. (2008) observed that, compared to ddY/DAO*
mice, ddY/DAO~ mice were hyperlocomotive. On the contrary, Almond
et al. (2006) reported that ddY/DAO™ mice were hypolocomotive in a novel
environment. However, Labrie et al. (2009a) did not see the difference between
ddY/DAO™ and control mice in locomotion on the elevated plus maze test. Hori-
zontal and vertical locomotion did not differ between ddY/DAO™ and wild-type
mice. Zhang et al. (2011) observed that the ddY/DAO™ mice were hypoactive and
traveled less than the ddY/DAO™ mice in enclosed boxes but that they were as
active as the ddY/DAO" mice though they spent more time on the periphery in the
Barnes maze.

While Daol "% mice and wild-type mice have previously been found to show
no differences in their horizontal and vertical locomotor activity in the open-field
test (Labrie et al. 2009a), subsequent research has reported a greater vertical
locomotion in Daol“’¥'® mice than in wild-type mice (Labrie et al. 2010). It has
also been found that these mice do not present locomotion differences in the
elevated plus maze test or in the novel object test (Labrie et al. 2009a).

4.6.2 Novel Object Test

For this test, a novel object was placed in the center of the home cage, and time
spent for a test mouse to explore it, the number of contacts, and the duration of
locomotor activity were recorded. Labrie et al. (2009a) have shown that Daol GISIR
mice and wild-type mice do not show differences in their response to a novel object.
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4.6.3 Spatial and Nonspatial Object Recognition Test

A test mouse was habituated to four different objects placed near each corner of the
square field, after which two of four objects were switched while the mouse was set
aside. When the mouse was returned to the field, its reaction to the displaced and
non-displaced objects was recorded. Next, one of four objects was replaced by a
novel object while the mouse was set aside. When the mouse was again returned to
the field, its reaction to the novel object and the three familiar objects was recorded.

In the first test, Labrie et al. (2010) found that Daol GISIR mice and wild-type
mice spent more time exploring the objects with a novel spatial configuration than
the objects that remained stationary. In the second test, Daol“/®'% mice and wild-
type mice spent more time investigating the novel object than the familiar objects.
Because there were no differences between the two strains, the authors concluded
that Daol%’%'® mice had normal recognition abilities.

4.6.4 Social Interaction Test

Social behaviors in Daol“"¥® mice were also examined by Labrie et al. (2010)

using a social interaction test with three chambers. Similar to wild-type mice, Daol
GISIR mice preferred the chamber containing an unfamiliar conspecific mouse to the
empty cage chamber. In addition to this, both groups were examined for their
preference to social novelty. Both groups of mice spent more time in the chamber
containing a newly introduced mouse (stranger 2) than in the chamber containing a
now familiar mouse (stranger 1).

4.6.5 Morris Water Maze

Mackawa et al. (2005) have reported that ddY/DAO™ mice performed better in the
Morris water maze test than did ddY/DAO™ mice, which suggests that they have a
better spatial working memory. Indeed, long-term potentiation (LTP) in the CA1l
area of the hippocampus, the basis of learning and memory, was augmented in
ddY/DAO™ mice.

Conversely, Zhang et al. (2011) found that ddY/DAO™ mice could not perform
the Morris water maze test due to their hypoactivity; they did not readily swim and
instead just floated.

Labrie et al. (2009b) did not find a difference between Daol GISIR mice and wild-
type mice in task performance. The two groups showed a similar path length and
latency to reach the platform, and swim speed, floating time, and thigmotaxis
duration were not significantly different.
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In an extension of the Morris water maze test, Labrie et al. (2009b) changed the
platform position and found that the extinction of the learned experience occurred
earlier in the Daol%’%'® mice. The memory for the new platform location was
substantially enhanced in Daol“’%'® mice in the reversal probe test. Therefore, they
concluded that the loss of DAO activity enhances extinction and reversal learning.

4.6.6 Barnes Maze

The ddY/DAO™ mice showed a shortened latency and a higher velocity to enter the
tunnel (Zhang et al. 2011). However, when the tunnel was removed, there was no
significant difference in total distance traveled on the Barnes maze area between the
ddY/DAO™ and ddY/DAO" mice. The authors suggest that the better performance
of the ddY/DAO™ mice was due to high edge activity as these mice spent much
more time on the periphery, which enabled them to get into the tunnel easily.

4.6.7 24-h Inhibitory Avoidance Test

Memory consolidation was examined using a two-compartment chamber (Zhang
et al. 2011). A mouse was placed into the light chamber. When the mouse entered
the adjoining dark chamber, a foot shock was presented. Twenty-four hours later,
the mouse was placed into the light chamber again, and the latency to enter the dark
chamber was measured. During training, there was longer latency in the ddY/DAO
~ mice due to their hypoactivity. However, no difference was observed between the
ddY/DAO™ and ddY/DAO™ mice when they were tested for recall after 24 h, which
suggests that ddY/DAO™ mice have an unimpaired memory consolidation.

4.6.8 Novelty-Suppressed Feeding Test

In order to investigate novelty-suppressed feeding in ddY/DAO™ mice, Zhang
et al. (2011) gave food to a starved mouse in a novel environment and measured
the feeding onset latency. The authors found that the feeding onset latency and the
time spent interacting with the food in a novel environment did not differ between
ddY/DAO™ mice and ddY/DAO" mice, which suggests that ddY/DAO™ mice have
a normal level of anxiety.
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4.6.9 Contextual Fear-Conditioning Test

Using a contextual fear-conditioning test, Labrie et al. (2009b) found no differences
in freezing time between Daol“’%'® mice and wild-type mice; both groups showed
a similar learning of the context-shock association. However, Daol GISIR mice
displayed an enhanced rate of extinction of contextual fear memory. The extinction
in the cued/tone fear-conditioning test, on the other hand, was not different between
Daol%"3"® mice and wild-type mice.

4.6.10 Open-Field Test

Female ddY/DAO™ mice display greater anxiety in the open-field test than their
male counterparts, spending less time in the center area of the open field (Labrie
et al. 2009a). However, the authors found that horizontal and vertical locomotion of
both male and female ddY/DAO™ mice was not different from that of wild-type
mice. The time for freezing and grooming was also similar between ddY/DAO™
mice and wild-type mice.

Female Daol“"%'® mice also display anxiety-like behaviors in the open field like
the female ddY/DAO™ mice above (Labrie et al. 2009a).

Anxiety has also been reported in DAO-KO mice, which were found by Rais
et al. (2012) to show a decreased center path in the open-field test. However, they
did not show anxiety behavior in the elevated plus maze test.

4.6.11 Elevated Plus Maze

In the elevated plus maze, both male and female ddY/DAQO™ mice have been found
to enter the open arms less frequently and to spend less time in the open arms
compared to wild-type mice, indicating an increased anxiety in the mutant mice
(Labrie et al. 2009a).

Labrie et al. (2009a) also found that female Daol°/®/% mice, but not male mice,
exhibited more anxiety than wild-type females and spent less time and made fewer
entries into the open arms of the elevated plus maze.

However, Zhang et al. (2011) did not find a difference in the time spent in the
open arms between the ddY/DAO™ mice and ddY/DAO™ mice. Nonetheless, the
authors reported a significant reduction of closed arm entries and total arm entries in
the ddY/DAO™ mice, which they considered the reflection of their hypoactivity of
these mice.



58 H. Sakaue et al.
4.6.12 Acoustic Startle

There was a significant difference in the acoustic startle response of ddY/DAO™
compared to ddY/DAO" mice (Almond et al. 2006). The ddY/DAO™ mice showed
a greater startle response (startle amplitude) for several sound stimuli.

While male mice of both Daol%’3'® and wild-type strains showed an increased
startle response in comparison to female counterparts, no difference between these
two strains was found (Labrie et al. 2010).

4.6.13 Prepulse Inhibition (PPI)

PPI to an acoustic startle response has been reported to be markedly reduced in
patients with schizophrenia (see Swerdlow et al. 2008). While Almond et al. (2006)
did not find a difference in PPI between ddY/DAO™ and ddY/DAQO™ mice, Zhang
et al. (2011) found that ddY/DAO™ mice did indeed exhibit an enhanced PPI
response compared to ddY/DAO™ mice.

Labrie et al. (2010) did not find a difference in PPI between Daol GISIR mice and
wild-type mice.

4.6.14 Tail-Flick Test

The latency to flick the tail following immersion of the tail in hot water was
significantly longer in ddY/DAO™ mice compared to ddY/DAO" mice (Zhao
et al. 2008).

However, the tail-flick test in Daol GI8IR mice revealed no significant differ-
ences in tail-flick latency from wild-type mice, suggesting that these mice have
equivalent pain sensitivity (Labrie et al. 2009b).

4.6.15 Hot-Plate Test

In the hot-plate test (at 55 °C), Zhao et al. (2008) found that the latencies of licking,
biting, or jumping were significantly prolonged in ddY/DAO™ mice compared to
ddY/DAO" mice.
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4.6.16 Formalin Test

Subcutaneous injection of formalin (20 pl of 8 % formaldehyde) into the hind paw
produced a biphasic pain response with an early phase of acute pain and a late phase
of chronic pain. No significant difference in licking behaviors during the early
phase of acute pain was observed between ddY/DAO™ and ddY/DAO" mice, but
the licking response was significantly augmented during the late phase of chronic
pain in ddY/DAO™ mice compared to ddY/DAO" mice (Wake et al. 2001).

Similarly, Zhao et al. (2008) did not find a difference in the early phase response
after formalin injection (10 pl of 5 % formaldehyde) between ddY/DAO™ mice and
ddY/DAO™ mice but did report that ddY/DAO™ mice showed a significant reduc-
tion of the licking/biting duration during the late phase compared to ddY/DAO™
mice

4.6.17 Acetic Acid-Induced Writhing Test

Zhao et al. (2008) have also reported the effect of intraperitoneal injection of 1.5 %
acetic acid (6 ml/kg). The resulting writhing response was significantly lesser in
ddY/DAO™ mice than in ddY/DAO™ mice.

4.7 Responses to Inhibitors and Psychotropics

4.7.1 Phencyclidine, a Noncompetitive Inhibitor of NMIDAR

Administration of phencyclidine (PCP) induces schizophrenia-like symptoms in
healthy subjects and exacerbates symptoms of patients with schizophrenia (Javitt
and Zukin 1991). It has been found that administration of PCP (3 mg/kg) caused
ddY/DAO" mice to become hyperlocomotive, an effect that is not seen in
ddY/DAQO™ mice (Almond et al. 2006). The authors also found that while PCP
induced hyperactivity in both strains, its effects were attenuated in the ddY/DAO™
mice.

4.7.2 MK-801, a Noncompetitive Inhibitor of NMDAR

Administration of MK-801 is known to induce schizophrenic behaviors in mice and
rats (Contreras 1990). For instance, administration of MK-801 (0.4 mg/kg) has been
found to induce stereotypy (sniffing, head weaving, and tumbling) and ataxia
(awkward-jerky movements and falling) in both ddY/DAO™ mice and ddY/DAO*
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mice but with attenuated effects in ddY/DAO™ mice (Hashimoto et al. 2005).
However, the authors found no difference in locomotor activity between MK-801
injected ddY/DAO™ and ddY/DAO" mice.

MK-801 (0.3 mg/kg) significantly increased the startle response in ddY/DAO™
mice compared to ddY/DAO* mice and disrupted PPI in both ddY/DAO™ and
ddY/DAO" mice; this disruptive effect was stronger in ddY/DAO™ mice (Zhang
et al. 2011).

4.7.3 SDZ 220-581, a Competitive NMDAR Antagonist

SDZ 220-581 is a competitive NMDAR antagonist that binds to the glutamate-
recognition site on the outside of the channel. It has been found that this antagonist
(5 mg/kg) disrupted the PPI response in both ddY/DAO™ and ddY/DAO™ mice,
although the disruptive effect was stronger in the ddY/DAO™ mice (Zhang
et al. 2011).

4.7.4 L-701,324, an Antagonist to NMDAR Co-agonist-
Binding Site

Almond et al. (2006) found that L.-701,324 administration (0.5 mg/kg) increased
both the number of footslips and falls during beam walking in the ddY/DAO™ mice
but did not significantly impair the performance of the ddY/DAO™ mice. The
ddY/DAO™ mice were considered to be protected from ataxic effects of
L-701,324 due to the occupancy of the co-agonist-binding site by increased p-serine
levels.

4.7.5 Harmaline, a Psychoactive Alkaloid

After administration of harmaline (80 mg/kg), the cGMP level in the cerebellum
was increased to a greater extent in ddY/DAO™ mice than in ddY/DAO™ mice
(Almond et al. 2006), which indicates that NMDAR activity is enhanced in
ddY/DAO™ mice.
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4.7.6 Methamphetamine, a Psychostimulant

Administration of methamphetamine (5 mg/kg) induced stereotypy and increased
locomotion in both ddY/DAO™ mice and ddY/DAO* mice (Hashimoto et al. 2008).
However, compared to ddY/DAO* mice, ddY/DAO~ mice exhibited a marked
reduction of stereotypy and a drastic augmentation of locomotor activity.

4.8 Conclusions

At early stages of research into the effects of DAO in mouse behavior, behaviors of
ddY/DAO™ mice seemed to result from an enhanced NMDAR activity. These mice
also showed resistance to NMDAR antagonists, which was considered to be due to
the increased D-serine content resulting from the lack of DAO activity. However,
subsequent research has yielded inconsistent results. Possible reasons for this are
considered in more detail.

One reason for the inconsistent behavioral findings of mutant mice lacking DAO
activity may be their different genetic backgrounds, which likely influence behav-
ior. The ddY/DAO™ strain was established from ddY mice (Konno and Yasumura
1983). The ddY mice have been maintained as a closed colony and are not inbred
mice. These mice may have tolerance to changing environments. On the other hand,
DAOI4"3'® mice and B®DAO ™~ mice have been produced by transferring the
G18IR mutation carried by ddY/DAO™ mice to a C57BL/6 J background (Labrie
et al. 2009a; Sasabe et al. 2012). These mice may be more sensitive to environ-
mental changes. Another reason for inconsistent behavioral findings may be the
differences in experimental environments; behavioral experiments described in this
review have been carried out in many different places, which may have affected
mouse behaviors.

Inconsistent behaviors have also been observed in wild-type mice and rats that
were treated with DAO inhibitors (see Verrall et al. 2010; Ferraris and Tsukamoto
2011). Mice of several SR-KO strains also displayed inconsistent behaviors (see
Labrie et al. 2012). These mice lack nearly 90 % of normal level of p-serine in the
forebrain. They do not necessarily manifest the behaviors opposite to the mutant
mice lacking DAO activity which contain very high level of p-serine.

It is also worth bearing in mind that changes in DAO activity and D-serine
content may not cause clear changes in behaviors. This seems consistent with the
finding that a lack of DAO does not cause compensatory changes in p-serine-related
proteins (Almond et al. 2006). DAO and p-serine may produce subtle changes that
lead to schizophrenia, which is consistent with the idea that schizophrenia is likely
to be caused by the gradual accumulation of small genetic and environmental cues.

Compared with ddY/DAO" mice, p-serine content in ddY/DAO~ mice was
significantly elevated in the cerebellum, but not in the cerebrum (Hashimoto
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et al. 1993; Hashimoto et al. 2005). Similar results have been observed in Daol
GISIR mice (Labrie et al. 2009a) and DAO-KO mice (Rais et al. 2012). Together,
these results are consistent with the distribution of DAO in the brain; DAO is
predominantly present in the cerebellum and brain stem and is essentially absent in
the forebrain, though different results have been obtained (see Verrall et al. 2010).
Because schizophrenia arises from an abnormality in the cerebrum, the underlying
mechanism that connects DAO and schizophrenia is not known. Recently,
Schweimer et al. (2014) have found that DAO modulates dopaminergic neuron
activity. Since it is well known that aberrant dopamine system is implicated in
schizophrenia, this finding may be a steppingstone. This possibility needs to be
extensively investigated.

In addition to mutant mice, mutant rats lacking DAO (Konno et al. 2009;
Miyoshi et al. 2011) would also be useful for further behavioral studies.
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Chapter 5

Physiological Functions of p-Serine Mediated
Through 62 Glutamate Receptors

in the Cerebellum

Wataru Kakegawa and Michisuke Yuzaki

Abstract p-Serine (D-Ser), a major gliotransmitter, acts as an endogenous
co-agonist for the N-methyl-p-aspartate-type ionotropic glutamate receptor
(NMDA receptor) which regulates synaptic plasticity underlying certain types of
learning and memory in the central nervous system. While p-Ser is abundant in the
forebrain throughout life, it exists only transiently in the immature cerebellum
because p-amino acid oxidase (DAAQO), a p-Ser-degrading enzyme, begins to be
highly expressed in the mature cerebellum. However, it remains unclear why and
how p-Ser impacts physiological functions in the developing cerebellum. Recently,
D-Ser has been reported to bind to d2-type ionotropic glutamate receptors (52
receptors), which are exclusively expressed on the excitatory synapses between
cerebellar granule cell axons (parallel fibers) and Purkinje cells, and control the
induction of long-term depression (LTD), a form of synaptic plasticity underlying
cerebellar motor learning. In the developing cerebellum, we found that p-Ser,
released from Bergmann glia in response to neuronal activity, binds to 82 receptors,
thereby conveying a critical signal for LTD and motor learning. Interestingly, while
D-Ser activates NMDA receptor-coupled channels, it evoked non-channel functions
of 82 receptors. In addition to 82 receptors, their homolog 81 receptors are widely
expressed in various brain regions throughout life and also bind to p-Ser; therefore,
D-Ser-9 receptor interactions may be a general signaling mechanism by which glia
communicate with neurons, an important facet of the tripartite synapse.
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5.1 p-Serine in the Cerebellum

With the development and improvement of measurement techniques, including
microdialysis and high-performance liquid chromatography (HPLC), it has been
established that p-amino acids exist in various brain regions in mammals (see
Chap. 1). Among these, D-serine (D-Ser) is abundant in the forebrain, such as in
the cerebral cortex, striatum, and hippocampus, with high tissue concentrations
(of the order of 1073 M) throughout development and adulthood (Hashimoto
etal. 1992, 1995; Hashimoto and Oka 1997; Matsui et al. 1995). p-Ser is reportedly
the endogenous co-agonist for the N-methyl-p-aspartate-type ionotropic glutamate
receptor (NMDA receptor; Fig. 5.1), a member of the ionotropic glutamate receptor
(iGluR) family. Importantly, D-Ser has been reported to regulate synaptic transmis-
sion and synaptic plasticity, including long-term potentiation (LTP) and long-term
depression (LTD), commonly accepted as molecular bases of learning and memory
(Henneberger et al. 2010; Oliet and Mothet 2009; Panatier et al. 2006; Mothet
et al. 2000) (see Chap. 3). In addition, many lines of evidence have indicated that
D-Ser is crucially involved—NMDA receptor dependently—in various neurode-
generative and psychiatric disorders, such as Alzheimer’s disease, amyotrophic
lateral sclerosis, and schizophrenia (Billard 2008, 2013; Hashimoto and Oka
1997) (see Chaps. 6, 7, 8, 9).

In the cerebellum, a brain area essential for motor coordination and motor
learning, high concentrations of pD-Ser are also found during the early postnatal
period. However, D-Ser becomes undetectable after the first postnatal month in
rodents because p-amino acid oxidase (DAAO), an enzyme that degrades p-Ser, is
highly expressed in later developmental stages (Hashimoto and Oka 1997; Schell
et al. 1997; Wang and Zhu 2003; Weimar and Neims 1977). Although p-Ser
activation of NMDA receptors reportedly contributes to the migration of cerebellar
granule cells during development (Kim et al. 2005), the cytoarchitecture of cere-
bella lacking serine racemase, a major synthesizing enzyme for p-Ser (Wolosker
et al. 1999a, b), is grossly normal (Miya et al. 2008). Therefore, whether and how
D-Ser plays a role in the developing cerebellum have hitherto remained unclear. In
this review, we discuss the functions of p-Ser in the cerebellum. Specifically, we
focus on physiological roles of b-Ser binding to the orphan iGluRs known as 8-type
glutamate receptors.

5.2 82 Glutamate Receptor: A New p-Ser Binding Receptor

Recently, X-ray crystallographic analysis has revealed that p-Ser binds to 82-type
glutamate receptors (862 receptors), members of the iGluR family (Naur et al. 2007).
02 receptors, which were cloned in 1993 independently by Seeburg’s and Mishina’s
groups (Araki et al. 1993; Lomeli et al. 1993), are supposedly homomeric tetramers
consisting of GluD2 subunits from the d-type subfamily (81 and 82 receptors) of
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Fig. 5.1 82 receptor structure and the phenotypes of GluD2-null mice. (A) Membrane topology of
the 82 receptor. Like other iGluRs, including NMDA receptors (left), 82 receptors (right) are
tetrameric complexes of GluD2 subunits consisting of the ATD and LBD on the extracellular
region, three transmembrane domains (TM1, TM3, and TM4), an ion channel-forming reentrant
loop segment (TM2), and the CTD in the intracellular region. Although p-Ser binds to the LBD of
GluD2 subunit in a similar way to other iGluR agonists, 52 receptors do not show any ion channel
activity in vitro. (B) Abnormal phenotypes of G/uD2-null mice. These null mice show impaired PF
synapse structures, which are called a “naked” synapse, which lacks a presynaptic-like contact or a
“mismatched” synapse, in which the PSD is abnormally elongated compared to the active zone. In
addition, G/uD2-null mice exhibit abrogated LTD and impaired motor learning
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iGluRs (Dingledine et al. 1999; Traynelis et al. 2010; Yuzaki 2003). 82 receptors
are exclusively expressed at the postsynaptic sites of cerebellar parallel fiber (PF, an
axon of a granule cell)-Purkinje cell synapses throughout life (Kurihara et al. 1997;
Landsend et al. 1997). On the basis of amino acid sequence similarity and
computer-based analysis of transmembrane regions, the topology of GluD2 subunit
in the cell membrane is predicted to be similar to that of other iGluR subunits [i.e.,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), NMDA, and
kainate receptor subunits], which are composed of an amino-terminal domain
(ATD), a bipartite ligand-binding domain (LBD) on the extracellular side of the
plasma membrane, three transmembrane (TM) domains (TM1, TM3, and TM4), an
ion channel-forming reentrant loop segment (TM2 or P-loop), and a cytoplasmic
carboxyl-terminal domain (CTD; Fig. 5.1). Although 82 receptors are structurally
similar to other iGluRs, heterologous cells expressing 82 receptors display no ion
channel activity in response to known iGIuR agonists, such as glutamate, glycine,
and p-Ser. Therefore, the 82 receptor has long been classified as “an orphan
receptor” (Yuzaki 2003).

However, mutant mice in which G/uD2 genes were disrupted (G/uD2-null mice)
exhibited cerebellar ataxia, motor discoordination, and severe synaptic abnormal-
ities at PF-Purkinje cell synapses (Fig. 5.1): synapse malformation, abnormal
synaptic structures, and abrogated LTD, a form of synaptic plasticity underlying
motor learning and memory (Kashiwabuchi et al. 1995). Furthermore, cerebellum-
dependent motor learning was markedly impaired in GluD2-null mice
(Kashiwabuchi et al. 1995). These results indicate that 82 receptors are crucial
for synaptic integrity and cerebellar functions. Together with the findings that p-Ser
is the endogenous ligand for 82 receptors, it raises the intriguing possibility that
D-Ser regulates these physiological functions in vivo.

5.3 Dp-Ser Modulates PF Synaptic Transmission Through 62
Receptors

To unveil the mystery of 82 receptors, we previously exploited a “transgenic
rescue” approach (Yuzaki 2005). GluD2-null mice that expressed the wild-type
(WT) GluD?2 transgene (designated Tg-WT rescue mice) or a mutant transgene, in
which p-Ser binding was disrupted by replacing arginine (R) with lysine (K) in the
LBD (Hansen et al. 2009; Hirai et al. 2005a) (designated Tg-R/K rescue mice),
were generated and we analyzed their phenotypes. Because a polyclonal antibody
against the LBD of GluD2 subunit was previously shown to induce the endocytosis
of AMPA receptors at PF-Purkinje cell synapses in mature cerebellar slices (Hirai
et al. 2003), we first electrophysiologically determined whether exogenous p-Ser
can replicate this phenomenon. Whole-cell patch-clamp recordings were performed
on Purkinje cells in acute cerebellar slices prepared from both Tg rescue mice
(Fig. 5.2). In the presence of NMDA receptor blockers (p-AP5 and MK801), when
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Fig. 5.2 Exogenous p-Ser causes PF-EPSC rundown through 82 receptors. (A) Schematic of the
recording and stimulus electrodes positioned in an acute cerebellar slice. D-Ser was applied to the
artificial cerebrospinal fluid (ACSF) after the PF-EPSC became stable for 10 min. Right, enlarged
cellular view of the stimulation paradigm. (B) p-Ser-mediated PF-EPSC rundown experiments
from WT and GluD2-null mice (left) or from Tg-WT and Tg-R/K rescue mice (right)

D-Ser was applied to the cerebellar slices from WT or Tg-WT rescue mice,
PF-evoked excitatory postsynaptic currents (PF-EPSCs), which consist of only an
AMPA receptor component (Kano and Kato 1987), gradually decreased, and this
effect persisted after p-Ser washout (Fig. 5.2). This inhibitory effect of p-Ser on
PF-EPSCs increased in a dose-dependent manner with an apparent ECsq of 147 pM,
becoming saturated at approximately 1 mM. These values were largely consistent
with the affinity of the purified LBD of GluD2 subunit to p-Ser (Naur et al. 2007),
indicating that, compared to NMDA receptors, 52 receptors have extremely low
affinities for p-Ser (K4 ="7.02 pM for GIluN1, 643 nM for GluN3A, and 163 nM for
GIuN3B) (Yao et al. 2008). Similar to our results using an antibody against GluD2
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subunit (Hirai et al. 2003), this p-Ser-mediated EPSC rundown was likely to be
caused by the endocytosis of postsynaptic AMPA receptors since (i) decoy peptides
disrupting GluA2 subunit-containing AMPA receptor endocytosis (Lee et al. 2002)
completely blocked this rundown; (ii) this effect was mutually occlusive with LTD,
which also occurs by AMPA receptor endocytosis (Man et al. 2000; Matsuda
et al. 2000); and (iii) p-Ser application to cultured Purkinje cells dramatically
decreased the surface expression level of AMPA receptors. Surprisingly, this
pD-Ser-mediated EPSC rundown was not observed in cerebellar slices from
GluD2-null or Tg-R/K rescue mice (Fig. 5.2). Thus, by binding to 82 receptors in
Purkinje cells, exogenous D-Ser regulates postsynaptic AMPA receptor endocytosis
(Kakegawa et al. 2011).

5.4 Activity-Dependent p-Ser Release from Glia
in the Developing Cerebellum

In vivo microdialysis studies showed that p-Ser in the cerebrospinal fluid was
present in rodents at concentrations of several micromolar (Hashimoto
et al. 1995; Kakegawa et al. 2011; Matsui et al. 1995), which is too low to activate
62 receptors. Therefore, 82 receptors may be activated by D-Ser released in
response to increased neuronal activity, such as during LTD-inducing stimulation.
To examine whether endogenous D-Ser is released in an activity-dependent manner,
a micro two-dimensional HPLC (2D-HPLC) system was used to measure the
concentration of p-Ser released from cerebellar slices into extracellular recording
solutions ([D-Ser],y) (Miyoshi et al. 2009) (see Chap. 1). When burst stimulation
was repetitively applied to the PFs in immature WT cerebellar slices, [D-Ser]qy,
dramatically increased as well as [L-Ser],, and [Gly],,. In contrast, although
similar stimulations increased [L-Ser],, and [Gly],,, in mature slices, it failed to
increase [D-Ser],,, (Fig. 5.3), consistent with earlier studies reporting that endoge-
nous D-Ser becomes undetectable after the first postnatal month (Hashimoto and
Oka 1997; Schell et al. 1997; Wang and Zhu 2003; Weimar and Neims 1977).
These results indicate that b-Ser is preferentially released by an increase in neuronal
activity in immature, but not mature, cerebellum (Kakegawa et al. 2011).

The cellular origin of p-Ser release remains contentious despite longstanding
research efforts. p-Ser was originally proposed to be synthesized and released from
glial cells as a “gliotransmitter” (Billard 2008; Martineau et al. 2006; Newman
2003; Oliet and Mothet 2009; Wolosker 2007). On the other hand, recent studies
have indicated that serine racemase is expressed in both neurons and glia or rather
selectively expressed in neurons (Balu et al. 2014; Ehmsen et al. 2013;
Kartvelishvily et al. 2006; Miya et al. 2008; Yoshikawa et al. 2007). In cerebellar
slice preparations, we found that PF-evoked p-Ser release was significantly reduced
by sodium fluoroacetate (NaFAC), which preferentially inhibits glial metabolism
and the release of D-Ser in hippocampal slices (Zhang et al. 2008). Similarly, p-Ser
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release was inhibited by 1-naphtyl acetyl spermine (NASP), a blocker of Ca*"-
permeable AMPA receptors, which are specifically expressed on Bergmann glia
(Iino et al. 2001; Koike et al. 1997) (Fig. 5.3). Furthermore, although the mecha-
nisms of how p-Ser is released are not completely clear, the adenovirally mediated
expression of tetanus neurotoxin (TeNT, light-chain form), which blocks soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)-
dependent vesicular release of neurotransmitters, in Bergmann glia effectively
suppressed D-Ser release. Similarly, p-Ser release from astrocytes was blocked by
TeNT treatment in the hippocampus (Henneberger et al. 2010). Furthermore, p-Ser
immunoreactivity is enriched in Bergmann glia (Schell et al. 1997; Williams
et al. 2006; Wolosker et al. 1999a). Therefore, even if p-Ser is synthesized in
neurons, glia likely play important roles in the activity-dependent release of p-Ser
in immature cerebellar slices (Kakegawa et al. 2011; Kim et al. 2005; Martineau
et al. 2013; Mothet et al. 2005; Schell et al. 1995). One possibility is that p-Ser
might accumulate in glia via p-Ser transporters, such as neutral amino acid trans-
porter (ASCT)-type transporters (Yamamoto et al. 2004).
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5.5 Endogenous p-Ser Activates §2 Receptors to Promote
LTD and Motor Learning

p-Ser is absolutely required for the LTP and LTD at excitatory synapses expressing
NMDA receptors in various brain regions (Henneberger et al. 2010; Oliet and
Mothet 2009; Panatier et al. 2006; Mothet et al. 2000). Although synaptic plasticity
at PF-Purkinje cell synapses is crucial for cerebellar motor learning and memory,
this synapse lacks functional NMDA receptors (Kakegawa et al. 2003; Kano and
Kato 1987). Therefore, as a substitute for NMDA receptors, 82 receptors may be
activated by endogenous D-Ser to regulate synaptic plasticity. In particular, LTD at
these synapses has been intensively studied and is induced by the excitatory inputs
from both PFs and climbing fiber (CF), another excitatory input from the inferior
olive in the medulla that delivers an “error signal” to Purkinje cells (Ito 1989;
Yuzaki 2013). Experimentally, LTD is detectable in cerebellar slices by simulta-
neously stimulating PFs and depolarizing Purkinje cell soma, which mimics a
strong CF input. As described above, accumulating evidence shows that LTD is
caused by the endocytosis of postsynaptic AMPA receptors, which is initiated by
the phosphorylation of Ser880 located at the C-terminus of GluA2 subunit by
protein kinase C (PKC) to dissociate it from the anchoring protein GRIP (Man
et al. 2000; Matsuda et al. 2000).

This simultaneous stimulation consisting of a PF burst, which triggered p-Ser
release in immature cerebellar slices, together with Purkinje cell depolarization
(CJ-stim) led to a robust LTD in immature WT or Tg-WT rescue mice that
depended on postsynaptic AMPA receptor trafficking (Fig. 5.4). This LTD induc-
tion was completely blocked by pretreating cerebellar slices with purified DAAO
(Fig. 5.4), NaFAC, or NASP. In addition, slices expressing TeNT in Bergmann glia
showed abrogated LTD, indicating that this LTD is regulated by glial-derived
D-Ser. Furthermore, in the presence of NMDA receptor blockers, CJ-stim failed
to induce LTD in immature GluD2-null or Tg-R/K rescue mice (Fig. 5.4). Alto-
gether, glial-derived p-Ser, released in response to neuronal activity, promoted
LTD in immature cerebellar slices by binding to 82 receptors (Kakegawa
et al. 2011).

We further examined whether p-Ser influenced cerebellar motor functions by
performing a rotor-rod test on Tg-WT and Tg-R/K rescue mice during develop-
ment. As expected, Tg-R/K rescue mice consistently exhibited a poorer perfor-
mance than the Tg-WT rescue mice (Fig. 5.4). These results indicate that the
specific activation of 82 receptors by endogenous D-Ser is likely caused by the
transiently high concentrations in the immature cerebellum, which may help ani-
mals to acquire motor coordination and learn more efficiently during early postnatal
periods (Kakegawa et al. 2011).
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Fig. 5.4 Endogenous p-Ser regulates LTD and cerebellar motor learning by activating 62
receptors. (A—C) CJ-stim-evoked LTD data from immature WT cerebellar slices treated with or
without purified DAAO (A), from slices in Tg-WT and Tg-R/K rescue mice (B) and from slices in
Tg-V/R and Tg-ACT7 rescue mice (C). (D) Rotor-rod test performance in immature Tg-WT and
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5.6 82 Receptors Work as a Non-ion Channel In Vivo

Although it was initially discovered that p-Ser does not evoke channel activity in
heterologous cells expressing 82 receptors in vitro, it remained unclear how p-Ser
regulated LTD and motor functions in the developing cerebellum in vivo. To
determine how D-Ser binding to 82 receptors regulates these physiological
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functions, we again utilized the transgenic rescue approach. We introduced two
additional mutant GluD2 transgenes into G/uD2-null Purkinje cells: Tg-V/R, in
which the putative channel pore was disrupted (Kakegawa et al. 2007), and
Tg-ACT7, in which the most C-terminal seven amino acids necessary for binding
to intracellular PDZ proteins (such as PSD-93, PTPMEG, S-SCAM, and delphilin)
were deleted (Kakegawa et al. 2008).

Virally mediated expression of Tg-V/R into immature G/uD2-null Purkinje cells
restored abrogated LTD in the presence of NMDA receptor blockers, as well as
Tg-WT (Fig. 5.4). Therefore, p-Ser-dependent LTD is unlikely to require the
channel functions of 52 receptors in the developing cerebellum. In contrast, imma-
ture GluD2-null mice genetically expressing Tg-ACT7 (designated as Tg-ACT7
rescue mice) (Kakegawa et al. 2008) showed impaired pD-Ser-dependent cerebellar
LTD in the presence of NMDA receptor blockers (Fig. 5.4). Furthermore, this LTD
was effectively suppressed by the intracellular loading of inhibitory peptides for
PKC, which phosphorylates GluA2-Ser880 to trigger the endocytosis of GluA2
subunit-containing AMPA receptors (Man et al. 2000; Matsuda et al. 2000). These
results imply that p-Ser binding to 82 receptors conveys signals through the
cytoplasmic CTD, which converge onto PKC signals, thereby regulating AMPA
receptor endocytosis during LTD in immature Purkinje cells (Fig. 5.5). Interest-
ingly, such non-channel functions of iGluRs have also been reported for AMPA
(Hayashi et al. 1999), NMDA (Nabavi et al. 2013), and kainate receptors
(Rodriguez-Moreno and Lerma 1998).

Recently, we have shown that PTPMEG, a tyrosine phosphatase expressed in
Purkinje cells that binds to the C-terminus of 82 receptors (Hironaka et al. 2000;
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Kina et al. 2007), directly dephosphorylates Tyr876 located at the GluA2
C-terminus. Interestingly, dephosphorylation of Tyr876 of GluA2 subunit was
sufficient to restore Ser880 phosphorylation and LTD induction in mature GluD2-
null Purkinje cells. These results indicate that 52 receptors serve as a “gatekeeper”
for cerebellar LTD by coordinating interactions between the two phosphorylation
sites of GluA2 subunit, Ser880 and Tyr876 (Kohda et al. 2013). Future studies are
warranted to clarify whether and how p-Ser binding to 82 receptors activates
PTPMEG-GIuA?2 dephosphorylation signaling in Purkinje cells.

5.7 p-Ser-6 Receptor Interactions Outside the Cerebellum:
Focusing on 81 Receptors

Like 82 receptors, 61 receptors are reported to bind p-Ser in vitro (Yadav
et al. 2011). Using specific antibodies against GluD1 subunit, we recently showed
that 81 receptors are widely expressed in the adult mouse brain, with high levels in
forebrain regions, including the cerebral cortex, striatum, and hippocampus (Konno
et al. 2014), where p-Ser is abundant throughout life. More recently, we analyzed
GluD1-null mice and found severe abnormalities in excitatory synapse morphology
and synaptic functions in the hippocampus (unpublished data). In addition, GluD1-
null mice show impaired social behavior and certain forms of learning (Yadav
et al. 2012; Yadav et al. 2013). Indeed, recent human genetic studies indicate a
strong association of the GluD1 gene with several neuropsychiatric disorders, such
as schizophrenia and autism spectrum disorders (Cooper et al. 2011; Glessner
et al. 2009; Guo et al. 2007; Smith et al. 2009; Treutlein et al. 2009). Thus, p-Ser
binding to 81 receptors may contribute to synaptic integrity involved in physiolog-
ical functions at relevant brain regions.

5.8 Interactive Effects of Two Endogenous Ligands for 6
Receptors: p-Ser and Cbln

We previously identified a Cblnl as another endogenous ligand for 82 receptors
(Matsuda et al. 2010). Cblnl, which is a Clq family protein produced in cerebellar
granule cells throughout life and released from PF terminals, is essential for
PF-Purkinje cell synapse integrity by forming CbIn1-82 receptor-neurexin com-
plexes: Cbhinl-null mice exhibited severe cerebellar ataxia, synapse malformation,
and impaired LTD, very similar to the phenotypes of GluD2-null mice (Hirai
et al. 2005b). In the forebrain, not only Cbln1 but also its family members Cbln2-
4 are highly expressed (Miura et al. 2006), and these Cbln proteins can also bind to
01 receptors to establish functional synapses in vitro (Kuroyanagi et al. 2009;
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Matsuda et al. 2010; Yasumura et al. 2012). Since both p-Ser and Cbln proteins are
likely to be released in an activity-dependent manner, binding of p-Ser and Cbln to
the LBD and ATD of GluD1/2 subunits, respectively, may display an allosteric
interaction to regulate synaptic plasticity and other physiological functions of 51/2
receptors. Similar allosteric interactions between the ATD and LBD have been
observed in NMDA receptors (Traynelis et al. 2010).

5.9 Summary

The physiological significance of the transient expression of p-Ser in the develop-
ing cerebellum had long been unclear. We have recently demonstrated that p-Ser is
released from glia in a neuronal activity-dependent manner and binds to 82 recep-
tors to promote cerebellar LTD and motor learning in developing mice. Unlike the
binding of p-Ser to NMDA receptors, b-Ser binding to 82 receptors does not evoke
any channel activity but rather intracellular signaling leading to AMPA receptor
endocytosis through the C-terminus. An understanding of such non-channel func-
tions of 62 receptors will provide a unified view of iGluR functions regulating
physiological and pathological events at synapses. In addition, p-Ser binds not only
to 62 receptors but also to 81 receptors, which are expressed in various brain regions
throughout life. Therefore, b-Ser-0 receptor interactions may be a general signaling
mechanism by which glia communicate with neurons, one facet of the tripartite
synapse.
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Chapter 6
p-Serine Signaling and Schizophrenia

Toru Nishikawa

Abstract It has been widely accepted that the hypofunction of the N-methyl-p-
aspartate-type glutamate receptor (NMDAR) may be implicated in the pathophys-
iology of both positive- and negative-cognitive symptomatologies of schizophrenia
because NMDAR antagonists, including phencyclidine (PCP) and anti-NMDAR
antibodies, mimic these respective antipsychotic-responsive and antipsychotic-
resistant symptoms. D-Serine and other agonists for the glycine modulatory site of
the NMDAR, which facilitate the receptor function, are found to not only inhibit
behavioral models of schizophrenia and hyperdopaminergic transmission caused by
schizophrenomimetics, PCP, and amphetamines, in experimental animals, but also
ameliorate the entire extent of the above schizophrenic symptoms. Moreover,
D-serine has been revealed to be a brain-enriched endogenous substance displaying
an NMDAR-like distribution. At least, in the forebrain areas, the NMDAR function
levels are under control of the extracellular p-serine concentrations that are regu-
lated in a different manner from that of classical neurotransmitters by neuronal and
glial activities, the calcium-permeable AMPA receptor, the Asc-1 neutral amino
acid transporter, and the neuronal serine racemase, a D-serine synthesizing enzyme.
These findings raise the possibility that insufficient extracellular p-serine signaling
could be a part of a key factor that leads to the presumed hypofunction of the
NMDAR in schizophrenia. Further investigations on the molecular and cellular
mechanisms of the p-serine metabolism and their alterations in schizophrenia may
contribute to the elucidation of the pathophysiology of and development of a novel
therapeutic approach to this intractable mental disorder.
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6.1 Introduction: A Link Between p-Serine and
Schizophrenia

Prominent stereoselective effects of p-serine in the central nervous system were
first demonstrated on the sodium-independent [3H]glycine binding to the homog-
enate of the rat cerebral cortex (Kishimoto et al. 1981). At that time, the exact
nature of the target substance of p-serine was unknown, while the L-isomer of serine
had been described to be as equipotent as or more effective than the p-isomer during
interactions with the strychnine-sensitive inhibitory glycine receptor (Kishimoto
et al. 1981; Tokutomi et al. 1989; White et al. 1989). In 1988, the potent effects of
D-serine were possibly explained by the findings of Kleckner and Dingledine (1988)
that p-serine and p-alanine enhanced the ability of N-methyl-p-aspartate (NMDA)
to activate the NMDA-type glutamate receptor in neurons or expressed in Xenopus
Oocytes much stronger than their enantiomers. They also revealed that p-serine and
D-alanine stimulated the strychnine-insensitive glycine site of the NMDAR that was
shown to be stimulated by glycine, but different from the inhibitory glycine
receptor (Johnson and Ascher 1987). The stimulation of the glycine site was
required for activation of the NMDAR although an agonist for the site, such as
glycine, D-serine, or D-alanine, alone could not activate the NMDAR. In the light of
these unique actions, the three amino acids have been called “coagonists for the
NMDAR.”

The author noted the stereoselective facilitating effects of the p-amino acids
on the NMDAR functions as a tool to develop a novel pharmacotherapy for
intractable schizophrenia based on the glutamate hypothesis of schizophrenia.
Thus, phencyclidine (PCP: 1-(1-phenyl cyclohexyl)piperidine), which generates
an antipsychotic-resistant psychosis displaying both positive and negative symp-
tomatologies indistinguishable from those of schizophrenia, was found to block the
NMDAR in 1983 (Anis et al. 1983). These observations have suggested that
diminished NMDAR-mediated glutamate neurotransmission might be involved in
the pathophysiology of schizophrenia. This hypothesis is further supported by the
facts that sub-psychotomimetic doses of the NMDAR antagonists for healthy
volunteers produce schizophrenic symptoms in the patients with schizophrenia
under remission (Javitt and Zulkin 1991; Petersen and Stillman 1978). Moreover,
the S-isomer of ketamine, an NMDAR antagonist, has a higher affinity for the
glutamate receptor and a greater schizophrenomimetic effect than the R-isomer.
Recent observations that autoantibodies against the NMDAR subunits elicit a
psychotic state including symptoms that resemble those of schizophrenia also
favor the postulated NMDAR dysfunction in schizophrenia.

Therefore, the NMDAR hypofunction hypothesis has indicated that recovery of
the glutamate receptor function by its agonists, allosteric agonists, or indirect
positive modulators could be expected to ameliorate the antipsychotic-resistant
negative symptoms and cognitive deficits in patients with schizophrenia. To test
this possibility, the author started to study the effects of the p-serine and p-alanine
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on the drug-induced model of schizophrenia because (1) agonists for the glutamate
site, but not the glycine site, of the NMDAR produce neuronal cell injury or death,
(2) the selectivity of the actions of these p-amino acids at the glycine site can be
verified by using their L-isomers, and (3) the p-amino acids had been believed not to
be endogenous substances that would not be easily broken down due to the lack of
their specific metabolic pathways. This plan appears to be one of the beginnings for
the link between schizophrenia and p-serine and lead to the detection of intrinsic
D-serine in the brain.

The purpose of this section is to summarize the behavioral and neurochemical
analyses supporting the possible relationship between p-serine and schizophrenia
and introduce the studies that clarify the molecular and cellular mechanisms
underlying endogenous D-serine metabolism and functions that could be targets
for investigation of the pathophysiology of schizophrenia and for the development
of a novel pharmacotherapy for this mental disorder.

6.2 Ameliorating Effects of p-Serine on Pharmacological
Models of Schizophrenia

6.2.1 Phencyclidine Model

In rodents, the acute or chronic administration of a schizophrenomimetic, PCP,
induces abnormal behavior including hyperlocomotion, stereotypy, and ataxia and
disturbances in preattentive information processing/gating mechanisms and cogni-
tive and social functions (Javitt and Zukin 1991; Tanii et al. 1994). Because the
single and repeated use of PCP causes a schizophrenia-like psychosis resistant to
antipsychotic drugs and because the above behavioral changes are refractory to or
only partially attenuated by antipsychotic drugs, it has been well accepted that
PCP-treated animals provide an experimental and comprehensive model for schizo-
phrenia (Javitt and Zukin 1991).

Research groups of the author (Tanii et al. 1990, 1991a, b, 1994) and Contreras
(1990) first demonstrated that p-serine possesses an anti-PCP model property by
showing the attenuating effects of the p-amino acid given intra-cerebroventricurally
on the ability of the systemic administration of PCP to produce increased locomo-
tion, stereotypy, and/or ataxia. These effects of D-serine have been considered to be
mediated by the strychnine-insensitive glycine-binding site of the NMDAR on the
basis of the following observations: (1) p-serine and D-alanine more potently
inhibited the PCP-induced abnormal behavior than L-serine and L-alanine, respec-
tively, coinciding the stereoselectivity of the serine and alanine isomers as agonists
for the glycine site (Tanii et al. 1991a, 1994), (2) the decreasing effects of p-serine
and p-alanine on PCP-induced hyperactivity were antagonized by intraventricular
application of 7-chlorokynurenate and 5,7-dichlorokynurenate, respectively, which
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are selective antagonists of the glycine modulatory site (Tanii et al. 1994), and
(3) p-serine improved the behavioral abnormalities after administration of another
NMDAR antagonist, dizocilpine (MK-801) (Contreras 1990). The detailed mech-
anisms underlying the anti-PCP or anti-dizocilpine effects of p-serine and other
glycine modulatory site agonists including glycine, glycine transporter inhibitor,
and p-amino acid oxidase inhibitors that increase the brain concentrations of
endogenous D-serine (see Chap. 19) are still unclear. These allosteric agonists
could reduce the behavioral effects of noncompetitive antagonists for the
NMDAR by increasing the open frequency of the NMDAR ion channel that
facilitates liberation of these antagonists from the channel or by activation of the
NMDAR that is not occupied by these ion channel blockers (Tanii et al. 1991a,
1994). Furthermore, the NMDAR antagonist induction of disturbances in informa-
tion processing, sensorimotor gating, and/or attentional processes, which can be
evaluated by the prepulse inhibition and lateral inhibition test, respectively, has
been found to be ameliorated by direct and indirect agonists of the glycine modu-
latory site (Depoortere et al. 1999; Hashimoto et al. 2009; Kanahara et al. 2008;
Lipina et al. 2005).

The previously mentioned data support the ideas that stimulating agents of the
NMDAR glycine site may have a broader therapeutic efficacy for various symp-
toms of schizophrenia than current antipsychotic drugs and that behavioral distur-
bances evoked by the NMDAR antagonists could be useful indices for screening
such agents.

6.2.2 Amphetamine Model

Another pharmacological model for schizophrenia is the amphetamine or dopa-
mine agonist model that is presumed to mimic the pathophysiology of enhanced
dopaminergic transmission, at least, the D2-type dopamine receptor underlying
positive symptoms of the disorder. This presumption is based upon the facts that
the potency of the therapeutic effects of antipsychotics on the hallucinatory and
paranoid state of patients with schizophrenia parallels not only that of their
inhibiting effects on hyperlocomotion and/or stereotyped behavior induced by
acute treatment with a dopamine agonist such as amphetamines but also that of
their antagonizing effects on and affinity for the D2-type dopamine receptor.
Moreover, hallucinations and delusions easily relapse in remitted patients with
schizophrenia following a sub-psychotomimetic dose of a dopamine agonist for
healthy volunteers.

Intraventricular infusion of p-alanine and Dp-serine but not L-alanine (Hashimoto
et al. 1991) also attenuated the methamphetamine production of hyperlocomotion
in rats without affecting the stereotypy and catalepsy, suggesting that stimulation of
the NMDAR glycine modulatory site could improve the positive symptoms of
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schizophrenia and produce minimal extrapyramidal symptoms. In line with these
results, the attenuating influence of a large dose of p-serine given systemically on
amphetamine-induced psychomotor activity was observed in the rats by Smith
et al. (2009).

6.3 Dopaminergic Transmission and p-Serine

Acute application of schizophrenomimetic NMDAR antagonists, PCP or
dizocilpine, given either systemically or locally has been demonstrated to increase
the tissue dopamine metabolism and the extracellular dopamine concentrations in
the discrete brain regions of experimental animals including the prefrontal cortex;
the nucleus accumbens; the limbic forebrain area consisting of the septum, olfac-
tory tubercle, and nucleus accumbens; and the striatum (Deutch et al. 1987,
Kashiwa et al. 1995; Nishijima et al. 1996; Rao et al. 1989; Tanii et al. 1990;
Umino et al. 1998). The magnitude of the enhancement of dopamine transmission
after PCP or dizocilpine application was most prominent in the prefrontal cortical
areas (Deutch et al. 1987; Nishijima et al. 1996; Rao et al. 1989; Umino et al. 1998).
In the medial prefrontal cortex of the rat, the facilitating effects of PCP on the
dopamine metabolism were attenuated by an intra-prefrontal infusion of p-alanine,
but not L-alanine, in a dose-dependent fashion (Umino et al. 1998). Furthermore, a
similar augmented dopamine metabolism was elicited by local injection of com-
petitive antagonists for the NMDAR, but not for the non-NMDA ionotropic gluta-
mate receptors, into the prefrontal cortex in an NMDA-reversible manner (Hata
et al. 1990; Nishijima et al. 1994). These data indicate that the prefrontal NMDAR
exerts a tonic facilitatory control over the terminals of dopamine neurons projecting
to the prefrontal cortex from the ventral tegmental area.

While the accurate neuron setups of the NMDAR-dopamine interaction are still
unclear, the over-liberation of the prefrontal extracellular dopamine following
the NMDAR antagonists appears to result from a reduced inhibitory GABAergic
tone that is provoked by the interruption of the tonic facilitation by the NMDAR
expressed on the GABA interneurons. This possibility was substantiated by
the following results obtained by in vivo dialysis experiments of Yonezawa
et al. (1998): (1) systemic administration of PCP or dizocilpine leads to an increase
and a decrease in the extracellular dopamine and GABA concentrations, respec-
tively, (2) local infusion of a GABAA receptor agonist, muscimol, reversed the
elevated levels of the extracellular dopamine, and (3) a GABAA receptor antago-
nist, bicuculline, augmented the extracellular dopamine contents. In agreement
with this view, ketamine-induced acceleration of the frontal dopamine metabolism
was normalized by the systemic administration of diazepam, an allosteric agonist of
the GABAA receptor (Irifune et al. 1998).

It was also demonstrated by Balla et al. (2003, 2012) that repeated blockade of
the NMDAR by the daily systemic administration of PCP caused augmentation of
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an increase in the extracellular dopamine release in response to a challenge dose of
amphetamine in the prefrontal cortex and striatum. Such augmentation of the
amphetamine-provoked dopamine release was seen in the caudate-putamen of the
patients with schizophrenia as revealed by in vivo studies using positron-emission
tomography measuring the rate of displacement of radioligand binding to the D2
dopamine receptor by endogenous dopamine (Abi-Dargham et al. 2009; Laruelle
et al. 1996). Balla et al. (2003, 2012) further reported that the subchronic daily
co-administration of an agonist for the glycine modulatory site with PCP lowered
the hyperresponsiveness of the prefrontal dopamine release to an amphetamine
challenge.

Finally, an in vivo dialysis study in freely moving rats (Smith et al. 2009)
pointed out that an elevation of the extracellular dopamine levels in the nucleus
accumbens by amphetamine was reduced by the systemic injection of a high dose of
p-serine. The reducing effect could be related to the attenuation by p-alanine and
D-serine of methamphetamine induction of hyperactivity in the rats (Hashimoto
et al. 1991; see the previous Sect. 6.2).

6.4 Clinical Treatment Trials with p-Serine of Patients
with Schizophrenia

As indicated in Fig. 6.1, the aforementioned studies of the PCP model or NMDAR
dysfunction model and the amphetamine model or hyperdopaminergic transmission
model extrapolate that, at least in a group of schizophrenia, the NMDAR
hypofunction could elicit positive symptoms by hyperdopaminergic activity sub-
sequent to the reduced GABAergic tone and negative symptoms and cognitive
defects by disturbances of non-dopaminergic systems. Accelerated serotonergic
transmission would lead to the part of the positive and/or negative symptoms by
composing the pathophysiological consequences of the NMDAR dysfunction,
because (1) the NMDAR antagonists produce an increase in the extracellular
serotonin concentrations in the prefrontal cortex, hippocampus, nucleus
accumbens, and striatum (Lopez-Gil et al. 2007; Martin et al. 1998; Whitton
et al. 1992; Yan et al. 1997) and (2) a selective agonist, dimethyltryptamine,
provokes a type of formal thought disorder (Gouzoulis-Mayfrank et al. 2005)
(Fig. 6.1). The presumed mechanisms underlying the schizophrenic symptoms
suggest that facilitation of the NMDAR function by a direct or indirect agonist
could ameliorate both antipsychotic-responsive dopamine-related symptoms and
antipsychotic-resistant dopamine-unrelated symptoms (Fig. 6.1).

Allosteric agonists for the NMDAR acting at the glycine modulatory site
including glycine, p-serine (Table 6.1), p-alanine, glycine transporter inhibitor
sarcosine, and D-cycloserine have indeed been reported to improve the rating scores
of the antipsychotic-refractory negative and cognitive symptoms of patients with
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Fig. 6.1 Schematic representation of a pharmacological analysis of the molecular basis of
schizophrenic symptoms. Mainly based on the clinical and experimental pharmacological data,
the hypothetical pathological changes and their relationships among the neurotransmitter and
neuromodulator systems in schizophrenia and substance-induced schizophrenia-like psychoses
are depicted. Abbreviations: AMP amphetamine, GABA y-aminobutyric acid, SHT serotonin, MAP
methamphetamine, PCP phencyclidine
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schizophrenia treated with non-clozapine antipsychotics but not with clozapine.
The therapeutic efficacy of glycine, p-serine, and/or sarcosine has been confirmed
by meta-analyses of their double-blind clinical trials (Singh and Singh 2011;
Tsai and Lin 2010; Tuominen et al. 2006;). Recent dose-related investigations of
p-serine (Kantrowitz et al. 2010; Weiser et al. 2012) revealed that significant
improvement of rating scores of the negative and cognitive symptoms was found
after treatment of D-serine at more than 60 mg/kg/day, but not at 30 mg/kg/day and
2 g/day. It is also noteworthy that the results of pilot double-blind studies showed
that monotherapy by D-serine reduced the total and negative symptom PANSS
scores of patients with schizophrenia (Ermilov et al. 2013) or negative symptoms
of individuals at clinical high risk of schizophrenia as estimated by the scale of
prodromal symptoms (Kantrowitz et al. 2015).

Consequently, the ameliorating efficacy of the exogenous application of b-serine
and other glycine site agonists on schizophrenic symptoms is fitted with the
hypofunction of the NMDAR in a group of schizophrenia. However, the effect
size of these agents is rather small, which could be due to insufficiencies in their
potency or selectivity for the NMDAR and/or their permeability of the blood-brain
barrier (BBB).
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6.5 Endogenous p-Serine and the Pathophysiology
of Schizophrenia

6.5.1 Detection of Brain Endogenous p-Serine

In the initial behavioral study for the development of a novel therapy for intractable
schizophrenic symptoms, the author considered the use of p-serine and p-alanine to
facilitate the NMDAR function (see the Sect. 6.1) together with a way to overcome
their low permeability to the brain. In response to the request of the author,
Dr. Hibino from the Nippon Oil & Fat Company synthesized N-myristoyl-p-serine
and N-myristoyl-p-alanine as fatty acid derivatives of these amino acids with
improved permeability across the BBB. These compounds could be predicted to
decompose to their respective fatty acid and free p-amino acid that stimulate the
glycine site of the NMDAR (Tanii et al. 1991b). As expected, similar to p-serine
and Dp-alanine, N-myristoyl-p-serine and N-myristoyl-p-alanine inhibited the
PCP-induced hyperactivity, stereotypy, and ataxia in a glycine site antagonist-
reversible manner (Tanii et al. 1991b), suggesting their action at the NMDAR
regulation site. The possible emergence of assumed “non-intrinsic compounds” of
the two free p-amino acids in the rats treated by their N-myristic acid derivatives
was tested by gas chromatography (GC) and GC-mass spectrometry under cooper-
ation of Dr. Fujii (Tasukuba University, presently Kyoto University) and the late
Dr. Hayashi (National Institute of Neuroscience), and endogenous free p-serine was
detected at high concentrations in the forebrain, low in the kidney, and
non-detectable levels in the liver and serum in the control rats without injections
of the lipid-modified p-amino acids (Hashimoto et al. 1992a).

Endogenous D-serine shows a brain-preferring and NMDAR-associated distri-
bution pattern in the rats, mice, and humans (Hashimoto et al. 1992a, b, 1993a, b,
1993c, 1995b; Kumashiro et al. 1995). The author’s research group revealed the
synthesis (Takahashi et al 1997), extracellular release (Hashimoto et al. 1995a),
binding (Matsui et al. 1995; Matoba et al. 1997), uptake (Hayashi et al. 1997,
Yamamoto et al. 2001), and breakdown (Hashimoto et al. 1993c) processes of
D-serine. Serine racemase and p-amino acid oxidase are believed to catalyze the
synthesis of D-serine from L-serine (see Sect. 6.5.1) and the degradation of b-serine
to p-hydroxypyruvate and ammonia (see Sect. 6.5.1) in mammals, respectively.
However, the molecular machineries specific to the uptake and extracellular release
for p-serine are still unclear. In addition, the cell types that contain D-serine and
each D-serine metabolic pathway need further elucidation (Nishikawa 2011).

Interestingly, the distribution pattern and the levels of the tissue p-serine con-
centrations in the discrete brain portions dramatically change during postnatal
development, and these changes also resemble those of the GRIN2B (NR2B)
subunit mRNA of the NMDAR (Hashimoto et al. 1993a, 1995b). The neuroana-
tomical features of D-serine suggest that b-serine may be an intrinsic coagonist for
the NMDAR (Hashimoto et al. 1993a; Nishikawa 2011). Consistent with this view,
the elimination of p-serine without reduction in the tissue and/or extracellular
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concentration of another NMDAR coagonist, glycine, from brain slice preparation
(Kim et al. 2005; Mothet et al. 2000; Panatier et al. 2006) or in vivo (Ishiwata
et al. 2015) by application of p-amino acid oxidase or neuron-selective deletion of
the gene for a p-serine-synthesizing enzyme, serine racemase, respectively, pro-
duces a hypoactivity of the NMDAR.

Despite the p-serine action at a receptor site, regulation mechanisms of the
extracellular levels of p-serine differ from those of classical neurotransmitters
including glutamate, glycine, and dopamine in the medial frontal cortex of rodents:
(1) depolarization by a potassium channel opener evokes a considerable elevation
of the extracellular levels of glutamate and glycine but a significant diminution in
those of p-serine (Hashimoto et al. 1995a), (2) cessation of nerve impulse traffic by
a sodium channel blocker results in a almost complete loss of the extracellular
dopamine (Nishijima et al. 1996) but an increase in the extracellular p-serine
contents (Hashimoto et al. 1995a), and (3) chelation of the extracellular contents
of calcium ion leads to a drastic decrease in those of dopamine, but rather to an
upregulation of those of p-serine (Hashimoto et al. 1995a), although some
researchers report that maintenance of the extracellular p-serine levels requires
calcium ions (Mothet et al. 2005). No reduction in the extracellular Dp-serine
contents by the calcium ion depletion appears to fit with the demonstration by
Pan et al. (2015) that calcium ion-independent D-serine release occurs through the
pannexin-1 hemichannel in the astroglia.

6.5.2 Possible Involvement of Disturbed p-Serine Signaling
in the Pathophysiology of Schizophrenia

The accumulating lines of evidence indicating that p-serine plays a critical role as
an endogenous coagonist for the INMDAR display improving actions against PCP,
and amphetamine models for schizophrenia and therapeutic effects on
non-clozapine antipsychotic-refractory symptoms of schizophrenia agree with the
assumption that aberrant p-serine signaling could be a causative mechanism of the
hypofunction of the NMDAR in a group of schizophrenia. While there are so far no
findings directly proving the disturbed p-serine metabolism in the pathogenesis or
pathophysiology of schizophrenia, a lot of observations in both human and animal
studies concur with the implication.

In the postmortem brain tissues, no differences in the p-serine concentrations
have been detected between patients with schizophrenia and control subjects
without neuropsychiatric disorders (Bendikov et al. 2007; Kumashiro et al. 1995).
The results of case-control studies on the quantitative measurement of the p-serine
levels in the blood and cerebrospinal fluid (see Brouwer et al. 2013 for a review) are
controversial, and meta-analysis of these data indicates no significant changes in the
D-amino acid levels in schizophrenia (Brouwer et al. 2013).
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It should be noted that the density of [°H]glycine binding to the glycine modu-
latory site of the NMDAR, which is a target of p-serine, was upregulated in the
various cerebral cortical areas of the postmortem brains of patients with schizo-
phrenia as compared to the controls (Ishimaru et al 1994). This upregulation could
be explained by a compensatory phenomenon for diminished signaling of the
endogenous glycine site agonists, glycine, and /or p-serine. The hypothetical
reduced stimulation of the glycine site appears to accord with the in vivo study
using single photon emission tomography demonstrating that the drug-naive
patients with schizophrenia showed the loss of radioligand (['**IJCNS-1261) bind-
ing to the PCP site within the ion channel of the NMDAR in the hippocampus
(Pilowsky et al. 2006), because the binding loss could reflect decreased channel
open frequencies due to insufficient signals to the NMDAR coagonist site.

These data could be related to the plausible disturbed D-serine metabolism in
schizophrenia that is suggested by postmortem brain studies reporting the expres-
sional changes in the transcripts or proteins of genes for pD-serine synthesis and
degradation enzymes, serine racemase, and p-amino acid oxidase, respectively, in
the various brain portions (Madeira et al. 2008; Shinkai et al. 2007; Steffek
et al. 2006; Verrall et al. 2007). The plasma levels of protein products of the
p-amino acid oxidase activator that was identified from chromosome 13q34, a
linkage region for schizophrenia, have been observed to be higher in patients
with schizophrenia than in the healthy controls (Lin et al. 2014). In terms of the
controversial data (Detera-Wadleigh and McMahon 2006; Li and He 2007; Yamada
et al. 2005) or no ratification research, the reproducibility, specificity, and func-
tional significance of these data are still open to argument.

Some results of genetic investigations also agree with the possible deficits in the
D-serine signaling system. Single nucleotide polymorphisms and/or haplotypes of
the genes for serine racemase (Goltsov et al. 2006; Morita et al. 2007), p-amino acid
oxidase (Chumakov et al. 2002), and p-amino acid oxidase activator (G72)
(Chumakov et al. 2002) have been found to be significantly associated with
schizophrenia. Moreover, a meta-analysis (Shi et al. 2008) or genome-wide asso-
ciation study (Schizophrenia Working Group of the Psychiatric Genomics Consor-
tium 2014) has confirmed the genetic association of serine racemase or G72 with
schizophrenia, respectively.

In animal experiments, serine racemase gene knockout mice that deplete the
brain tissue and extracellular p-serine concentrations to approximately 10 % com-
pared to those of the wild-type controls (Balu et al. 2013; Horio et al. 2011; Labrie
et al. 2009) exhibit hypofunction of the NMDAR and behavioral, molecular, and
morphological abnormalities that are considered to be models of schizophrenia
(Balu et al. 2013; Labrie et al. 2009; see Chap. 7 for details). These reports reinforce
the notion drown from the abovementioned biochemical analysis of human brain
tissues that a decrement in the synaptic p-serine concentrations could yield certain
portions of schizophrenic symptomatologies, whereas no significant changes in the
tissue contents of D-serine in the postmortem schizophrenic brains seem to deny a
critical drop in the brain serine racemase activity.
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6.5.3 Regulation Mechanisms of p-Serine Signaling
in Mammalian Brains

From the viewpoint of the coagonist nature of p-serine for the NMDAR, the
extracellular concentrations of D-serine require exceedingly precise control systems
to maintain adequate levels for physiological activation of the glutamate receptor
that is essential for higher-order brain functions. The lack of a depolarization-
induced elevation and of a nerve impulse cessation-dependent diminishment of
the extracellular p-serine concentrations indicates the possibility that glial cells
could participate in their modulation. As expected, our in vivo dialysis experiments
revealed that a local infusion of a reversible glia toxin, fluorocitrate, via the dialysis
tubing caused a significant reduction in not only the extracellular concentrations of
glutamine, a glial activity marker, but also those of p-serine in the medial frontal
cortex of the rat (Kanematsu et al. 2006). Subsequent studies by Oliet group
(Henneberger et al. 2010; Panatier et al. 2006) added the data denoting the sub-
stantial role of astroglia in the regulation of the extracellular release of p-serine.

The extracellular liberation of brain p-serine has been pointed out to be under the
influence of the ionotropic glutamate receptors. Snyder’s research group found that
the kainate-type glutamate receptor facilitates the release of the [3H]p-serine
preloaded to the primary culture of the astroglia from the rat cortex (Schell
et al. 1995). The «a-amino-3-hydroxy-5-methyl-4-isoxazolepropioinic acid
(AMPA)-type glutamate receptor has also been described to play a phasic stimula-
tory role in the control of the extracellular release of preloaded radiolabeled or
intrinsic D-serine from the in vitro preparations including the primary culture of the
rat cortical astroglia (Mothet et al. 2005; Rosenberg et al. 2010; Schell et al. 1995)
or neurons (Kartvelishvily et al. 2006; Rosenberg et al. 2010), C6 glioma cells
(Mothet et al. 2005), and isolated retinal tissues (Sullivan and Miller 2010, 2012).
In contrast, our in vivo studies have demonstrated that the calcium-permeable-type
GRIA2 subunit-lacking AMPA receptor exerts a phasic inhibitory regulation of the
extracellular levels of p-serine in the medial frontal cortex of the rat (Ishiwata
et al. 2013a). This discrepancy could be attributed to the differences in the cellular
interactions (i.e., neuron-glia and glia-glia) and neuronal circuits between the
in vitro and in vivo experimental conditions. The calcium-permeable AMPA
receptor-connected inhibitory influence is considered to be a specific interaction
because an AMPA receptor agonist-induced decrease in the extracellular taurine
contents is insensitive to a selective antagonist for the calcium-permeable AMPA
receptor (Ishiwata et al. 2013a).

Neutral amino acid transporters containing sodium-dependent ASCT1 and
ASCT2 (Gliddon et al. 2009; Hayashi et al. 1997; O’Brien et al. 2005; Ribeiro
et al. 2002), sodium-independent Asc-1 (Fukasawa et al. 2000; Rutter et al. 2007),
and proton-dependent PAT1 (Metzner et al. 2005) have been documented to
provide an uptake capacity of p-serine with low to relatively high affinity (ICsq of
approximately 10-50 pM for Asc-1) and to be expressed in neurons or astroglia in
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the brain tissues. The pharmacological and neuroanatomical features of these
transporters suggest their plausible involvement in the physiological uptake of
D-serine in mammalian brains. In fact, we have found using an in vivo dialysis
technique that an Asc-1 inhibitor, S-methyl-L-cysteine, augments the extracellular
p-serine levels in the medial frontal cortex of the rat (Ishiwata et al. 2013b).

A profound loss of the extracellular and tissue amounts of p-serine and distur-
bances in the NMDAR-mediated formation of the long-term potentiation (LTP) by
genetic total depletion of serine racemase in the mice seems to endow the D-serine-
synthesizing enzyme with a role in the setting of the extracellular levels of D-serine
(Benneyworth et al. 2011). CamKIla-expressing neuron-specific deficits in the
serine racemase lead to an NMDAR hypofunction with a significant diminution
in the extracellular p-serine contents in the hippocampus (Benneyworth et al. 2011;
Ishiwata et al. 2015).

Although the data indicating the molecules that modulate the extracellular
D-serine concentrations have been accumulated as already mentioned, the exact
machinery that directly liberates p-serine from the intracellular site to the extracel-
lular fluid and the precise intracellular storage site of the releasable p-serine are
mostly unknown. The SNARE proteins (Mothet et al. 2005), the hemichannel of
connexin-43 (Stehberg et al. 2012) or pannexin-1 (Pan et al. 2015), the Asc-1
transporter (Rosenberg et al. 2013), or Dsm-1 (PAPST-1) (Shimazu et al. 2006)
have been proposed to be involved in the extracellular release of p-serine and need
further elucidation regarding their detailed functions in the release process and
cellular localization.

6.6 Conclusions

Experimental and clinical investigations have indicated that the antipsychotic-
responsive and antipsychotic-resistant symptoms of schizophrenia and their phar-
macological models are ameliorated by D-serine through facilitation of the
NMDAR functions. Since p-serine has been demonstrated to be an endogenous
coagonist for the NMDAR, the molecular cascades and cellular setups for the brain
D-serine signaling may be suitable targets for analyses of the pathophysiology of the
NMDAR hypofunction and generation of a novel pharmacotherapy of schizophre-
nia and related psychoses.
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Chapter 7
p-Serine and the Pathophysiology
of Schizophrenia

Joseph T. Coyle

Abstract Schizophrenia is a chronic, disabling psychiatric disorder characterized
by psychosis, cognitive impairments, and negative symptoms such as social with-
drawal and anhedonia. Pathologic changes in the brain include cortical atrophy, loss
of pyramidal cell dendritic complexity and spine density, ventricular enlargement,
and reduction in intracellular mediators of neuronal plasticity. Acute blockade of
N-methyl-p-aspartate receptors (NMDARs) with ketamine reproduces the full
range of symptoms of schizophrenia in normal volunteers. A recent genome-wide
association study revealed that many of the risk genes for schizophrenia interact
directly with the NMDAR such as serine racemase (SR), which synthesizes its
co-agonist, D-serine, or downstream mediators of NMDAR activity. Consistent with
the genetic findings, alterations in the levels of SR, p-serine, and p-amino acid
oxidase have been found in schizophrenia. Genetically silencing the SR gene (SR—/—)
in mice causes an 85 % reduction of p-serine in the brain and reproduces the synaptic
neuropathology of schizophrenia as well as the cognitive deficits and anhedonia.
Treatment of adult SR—/— mice with D-serine to restore brain levels reverses most
of the neuropathology and the cognitive deficits. Placebo-controlled clinical trials in
schizophrenic patients on antipsychotic drugs with p-serine or agents that act at its site
on the NMDAR have shown significant reductions in symptoms including psychosis.
These findings support the hypothesis that drugs that enhance NMDAR function
might be effective treatments for schizophrenia, especially the cognitive and negative
symptoms, which are unaffected by current treatments.
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7.1 Introduction

Schizophrenia is a chronic debilitating psychiatric disorder, which afflicts approx-
imately 1 % of the population worldwide. Schizophrenia affects multiple domains:
positive symptoms including psychosis and thought disorder, cognitive impair-
ments affecting memory and executive functions, and negative symptoms with
anhedonia, alogia, and poverty of thought (Goff et al. 2001). Prospective studies
with youth at high risk for schizophrenia because of having an affected first-degree
relative and prepsychotic symptoms (Bang et al. 2015) and the so-called retrospec-
tive-prospective studies that exploit the longitudinal videotapes taken by families of
their children’s development (Schiffman et al. 2004) indicate that most youth, who
go on to develop schizophrenia, exhibit reduced intelligence, academic under-
achievement, social and physical awkwardness, and abnormal thinking. However,
these symptoms are poor predictors of schizophrenia as they affect nearly 10 % of
youth, and less than half of genetically high-risk adolescents convert to active
schizophrenia (Horton et al. 2015). These observations support the notion that
schizophrenia is a developmental disorder; however, the factors that precipitate
the conversion to psychosis remain still poorly understood (Nelson et al. 2013).

After the symptomatic onset of schizophrenia in late adolescence and early
adulthood, most individuals with schizophrenia experience lifelong unemployment,
social isolation, and substance abuse in spite of treatment with first- or second-
generation antipsychotic medications (Goff et al. 2001). In the United States,
schizophrenia is the seventh most costly medical condition to Society because of
the costs of care and loss of productivity. Yet the basic approach to treatment
remains largely unchanged over the last 40 years. (Tune et al. 1982; Goff
et al. 2001). The mainstay for treatment is the dopamine D2 receptor antagonists,
the antipsychotic drugs, which target positive symptoms but have negligible effects
on cognitive impairments and negative symptoms, the major contributors to dis-
ability (Goff et al. 2001).

This review will summarize recent research addressing the etiology of schizo-
phrenia that indicates that impaired function of the N-methyl-p-aspartate receptors
(NMDARs) plays a central role in its pathophysiology and the associated reduced
synaptic connectivity. The consequent cortical atrophy correlates with cognitive
impairments and negative symptoms (Keefe et al. 2006), suggesting that the former
are core features of the disorder with psychosis being a downstream consequence of
the cortical pathology (Coyle et al. 2010). The review will summarize the evidence
showing that enhancing NMDAR function directly with D-serine or indirectly
appears to be an important strategy for not only reducing symptoms but also for
restoring synaptic plasticity and synaptic reconnection.
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7.2 Brain Imaging

Early in the twentieth century, pneumoencephalographic studies, in which cerebral
spinal fluid is drained from the ventricles and replaced with air to permit their
visualization with x-rays, provided the first evidence of ventricular enlargement in
schizophrenia (Jacoby and Winkle 1927) as a result of cortical atrophy and (Haug
1982). However, it was with the development of modern brain imaging techniques —
computer-assisted tomography (CAT) scans and magnetic resonance imaging (MRI) —
that the evidence of reduced volume of cortico-limbic structures and increased
ventricular volume in schizophrenia became incontrovertible. Although the frontal
and temporal cortices are strongly affected, no region of the cortex appears to be
spared from atrophy (Kuperberg et al. 2003). Cortical atrophy is present at the first
episode of psychosis in schizophrenia and progresses over the next decade of
illness (DeLisi et al. 2006). Of concern, antipsychotic drugs, the mainstay of treatment
of schizophrenia, appear to exacerbate cortical atrophy in schizophrenia
(Ho et al. 2011). Default mode functional MRI in schizophrenia shows intracortical
and thalamocortical disconnection (Tu et al. 2015; Chang et al. 2015).

7.3 Neuropathology

This progressive cortical atrophy revealed by brain imaging studies suggested that
schizophrenia might be a neurodegenerative disorder like other dementias, consis-
tent with Kraepelin’s appellation dementia praecox. However, studies using
stereologic cell counting methods have not revealed loss of cortical neurons in
schizophrenia commensurate with the degree of atrophy (Selemon et al. 1995;
1998). Rather, the density of neurons was increased, and there was a significant
reduction in the neuropil. This reduction in cortical neuropil but not in neuronal
numbers stood in contrast to findings in Huntington’s disease, in which there is
reduced neuronal density and increased glial density (Selemon et al. 1998).

To understand the loss of neuropil, which is composed of axons, dendrites, and
synapses, several studies have exploited Golgi staining to examine the structure of
cortical pyramidal neurons in postmortem frontal and temporal cortices from
patients with schizophrenia and suitable controls (Glantz and Lewis 2000; Sweet
et al. 2009; Konopaske et al. 2014). Golgi stain results in random silver impregna-
tion of entire neurons, revealing the three-dimensional structure of their perikarya,
axons, and dendritic processes including synaptic spines (Mancuso et al. 2013).
Conditions are optimized to stain 1-2% of the neurons; with greater neuronal
impregnation, individual neurons cannot be visualized for analysis because they
are obscured by the densely stained neuropil. These studies have consistently
demonstrated reduced dendritic complexity (primary, secondary, and tertiary
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branching), reduced total dendritic length, and reduced spine density in
schizophrenia.

The total number of glutamatergic synapses on apical and basilar dendrites,
which receive their inputs from different brain regions, can be estimated by
multiplying the total dendritic length by spine density (Sheng and Hoogenraad
2007). The estimates vary but range from 20 to nearly a 40 % reduction in the
number of glutamatergic synapses on cortical pyramidal neurons, the principal
projecting neurons, in schizophrenia. Thus, the significant but modest 3—4 % loss
of cortical volume due shrinkage of the neuropil in schizophrenia obscures the
substantial loss of glutamatergic synaptic connections, consistent with Goldman-
Rakic’s description of schizophrenia as a “disconnection syndrome” (Selemon and
Goldman-Rakic 1999). A recent study has shown comparable losses of
glutamatergic synapses on pyramidal neurons in layer III of the dorsolateral
prefrontal cortex in bipolar disorder as in schizophrenia (Konopaske et al. 2014).
However, brain imaging studies indicate that the cortical atrophy is more
circumscribed in bipolar disorder than in schizophrenia (De Peri et al. 2012).

7.4 Neurochemistry

Nearly 40 years ago, postmortem neurochemical studies revealed reduction in the
activity of glutamic acid decarboxylase (GAD), the enzyme that synthesizes
y-aminobutyric acid (GABA), the major inhibitory neurotransmitter, in the cortex
in schizophrenia (Bird et al. 1977). Results of subsequent studies disputed this
conclusion, suggesting that the reduction in GAD was an artifact of the slow death
in the schizophrenic subjects (Bird et al. 1978). However, the last 10 years have
witnessed an accumulation of compelling evidence that there is a downregulation of
the fast-firing parvalbumin-positive (PV+) GABAergic interneurons in the inter-
mediate layers of the cortex in schizophrenia. The evidence includes immunocyto-
chemical staining, neurochemical assays, in situ hybridization, and DNA chip array
measurements of mRNA levels from the brain material obtained from several
different brain banks from hundreds of subjects (for review, Lewis 2014). Cortical
GABAergic neurons also express two other calcium-binding proteins, calbindin and
calretinin, besides PV; however, these other GABAergic neuronal cell types appear
to be relatively spared in schizophrenia (Fung et al. 2010). In addition to PV and
GAD67, GABA transporter (GAT1) expression, another presynaptic marker, is
reduced (Hoftman et al. 2015). This subpopulation of GABAergic neurons,
known as chandelier cells, synapse on the proximal hillock of the axon of the
pyramidal neuron, thus having the final “say” over the firing of an action potential
(Lewis 2014).

The functional impact of this downregulation of the presynaptic components of
the PV + —GABAergic interneurons is supported by evidence of postsynaptic
GABA, receptor upregulation consistent with supersensitivity (Benes
et al. 1996). Early studies by Hanada et al. (1987) revealed a 40 % increase in the
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Biax but no change in affinity in the specific binding of [3H] muscimol in the
prefrontal cortex of patients with schizophrenia. Subsequent studies demonstrated
significant increases in [’H] muscimol binding to the GABA 4 receptor in subfields
of the hippocampal formation, the anterior cingulate cortex and the prefrontal
cortex (Benes et al. 1996; Benes et al. 1992). Consistent with the selective vulner-
ability of chandelier cells, Volk et al. (2002) reported a 100 % increase of immu-
noreactive alpha 2 subunit of the GABA 4 receptor on the pyramidal neuron initial
axon segments. Impagnatiello et al. (1996) also found increased alpha 1 and alpha
5 subunits of the GABA 4 receptor in the prefrontal cortex.

What could account for this disparate neuropathology affecting a subpopulation
of cortical GABAergic neurons and the dendrites of the principal output neurons,
the glutamatergic pyramidal neurons? The pathology does not comport with the
innervation pattern of the dopaminergic terminal fields in the cortex. Given the
reciprocal synaptic relationship between the pyramidal neurons and the chandelier
GABAergic neurons, a primary dysfunction of glutamatergic neurotransmission
would be the plausible explanation (Lisman et al. 2008).

7.5 NMDA Receptor Antagonists

The potential involvement of impaired glutamatergic neurotransmission in the
pathophysiology of schizophrenia was initially supported by the clinical observa-
tions of the psychotomimetic effects of dissociative anesthetics, first reported over
50 years ago (Luby et al. 1959; Itil et al. 1967). The demonstration that these drugs
act as use-dependent noncompetitive inhibitors of NMDA receptors at the concen-
tration associated with their psychotomimetic properties pointed to inhibition of
NMDA receptors as a potential pathologic mechanism (Anis et al. 1983). However,
as the psychiatric manifestations of dissociative anesthetics were generally based
on anecdotal clinical observations of intoxicated patients presenting in emergency
rooms, there were concerns that the “psychosis” could be due to co-occurring abuse
of other substances such as stimulants, which were known to cause psychosis, or
due to latent schizophrenia (Bowers and Swigar 1983).

The growing appreciation of the importance of negative symptoms and cognitive
impairments as critical components of the endophenotype of schizophrenia
prompted a more careful analysis of the psychiatric effects of ketamine, another
NMDA receptor antagonist. When normal volunteers were studied under laboratory
conditions (as opposed to substance abusers observed in emergency rooms) and
administered low doses of intravenous ketamine that did not cause impairments in
consciousness, they developed negative symptoms (blunted affect, withdrawal) and
the rather selective impairments in memory and cognition that are specifically
associated with schizophrenia (Krystal et al. 1994). Positive symptoms with audi-
tory hallucinations and fully formed delusions do not typically occur after acute
administration of ketamine to normal subjects but are seen in neuroleptic-free
schizophrenics (Lahti et al. 2001). In addition, low-dose ketamine produces several
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physiologic abnormalities associated with schizophrenia including abnormal eye
tracking, enhanced subcortical dopamine release (Kegeles et al. 2000), impaired
prepulse inhibition in experimental animals (Braff et al. 2001), hypofrontality, and
abnormal cortical event-related potentials (Umbricht et al. 2000).

In an “experiment of nature,” individuals with NMDAR autoimmune encepha-
litis, which results from the development of antibodies against the extracellular
epitopes of the NR1A subunit, initially present with psychiatric symptoms similar
to schizophrenia (Hughes et al. 2010). Many are young women with occult terato-
mas that precipitate the autoimmune reaction; the syndrome is resolved by re-
moving the teratoma. It is believed that these antibodies cause NMDAR
internalization, resulting in NMDAR hypofunction. A recent study also detected
NMDAR antibodies, particularly IgG-NR1A, that are different from the antibodies
detected in NMDAR encephalitis, in acutely ill schizophrenic patients (Steiner
et al. 2013).

7.6 p-Serine and Glycine

The NMDAR is a heterotetrameric, cation channel receptor primarily composed of
two GluN1 channel subunits and two GIluN2 subunits (for review, Glasgow
etal. 2015). It is widely distributed throughout the brain and is the primary mediator
of activity-dependent postsynaptic plasticity. What makes the NMDAR unique is
that in addition to the binding of its agonist glutamate to the GluN2 subunit, the
neuron must also be contemporaneously depolarized, which relieves the Mg2+
blockade of the channel, and either glycine or b-serine must be bound at the glycine
modulatory site (GMS) on the GluN1 subunit to open the cation channel (McBain
et al. 1989). Although the concentration of glycine in the cerebrospinal fluid is high,
the GMS of the NMDAR is not saturated in vivo because the glycine transporter-1
(GlyT1), which is expressed primarily on astrocytes in the adult brain, maintains
subsaturating concentrations of glycine in the synapse (Bergeron et al. 1998; Berger
et al. 1998). The NMDAR ion channel is highly permeable to Ca?", which upon
entry into the neuron, triggers a cascade of intracellular events that mediate local,
acute functional synaptic plasticity but also changes in gene expression that influ-
ence long-term neural structural plasticity (Bading 2013).

Although the presence of small amounts of D-serine in mammalian tissues was
long known (Nagata et al. 1989), Hashimoto et al. (1992) were the first to demon-
strate the remarkably high free levels of p-serine in mammalian brain using gas
chromatography-mass spectroscopy. In their comprehensive review, Hashimoto
and Oka (1997) summarize the compelling findings that p-serine is concentrated
in the forebrain across several mammalian species including humans. The synthetic
enzyme for p-serine, SR, was purified to homogeneity by Wolosker et al. (1999a)
and subsequently cloned and shown to be expressed in the forebrain of the adult rat
(Wolosker et al. 1999b). Immunocytochemical staining for both SR and p-serine
suggested that they were co-localized to astrocytes consistent with tissue culture
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results showing expression of SR in type 2 astrocytes (Schell et al. 1995; Wolosker
et al. 1999a). Given that p-serine was threefold more potent agonist at the GMS on
the NMDAR (Matsui et al. 1995), it would appear that p-serine is the preferred
GMS agonist in the forebrain, whereas glycine would play this role in the midbrain,
brainstem, and cerebellum where the glycine transporter, GlyT1, is highly
expressed and D-serine levels are negligible (Schell et al. 1995). Recent neurophys-
iologic studies show that Dp-serine appears to be the primary co-agonist at
CA1-Schaffer collateral and thalamic-lateral amygdala synapse, whereas glycine
appears to act at extra-junctional NMDARSs and to activate synaptic NMDARs
when there is a high presynaptic activity (Papouin et al. 2012; Li et al. 2013).

As noted above, SR and p-serine were originally thought to be localized to
astrocytes. However, Kartvelishvily et al. (2006), having developed more selective
antibodies against SR, reported substantial SR immunostaining in cultured fore-
brain neurons and in forebrain tissue sections. Furthermore, they reported a neuro-
nal localization of D-serine, which was released by stimulating ionotropic glutamate
receptors but via an alanine-serine-cysteine-1 (Asc-1) transporter and not through a
vesicular exocytotic mechanism (Rosenberg et al. 2013). More recent studies,
which used SR—/— mice to optimize immunostaining by providing a true “control”
devoid of SR and p-serine to establish immuno-specificity for both SR and p-serine,
describe SR and Dp-serine as having a predominant neuronal localization in the
rodent forebrain (Miya et al. 2008; Balu et al. 2014). Notably, under
immunostaining conditions used in prior studies with regard to the blocking con-
centration of L-serine, astrocytes exhibited robust staining in SR—/— mice (Balu
et al. 2014).

To resolve the confusion over the relative level of expression of SR and p-serine
in neurons versus glia, Benneyworth et al. (2012) used mice with cell-specific
expression of Cre-recombinase crossed with mice with the s77’s first coding exon
flanked by lox-P sites to suppress SR expression in astrocytes (GFAP promoter) or
glutamatergic neurons (CamKIla promoter). They demonstrated that ~65 % of SR
was localized to cortical glutamatergic neurons, whereas there was a quite modest
to negligible expression of SR in forebrain astrocytes. Immunostaining for SR and
conditional inactivation of SR with Cre-recombinase driven by a GAD65 promoter
indicate that the remaining SR was expressed in forebrain GABAergic neurons,
especially those co-expressing PV and somatostatin (Takagi et al. in preparation).
Consistent with this localization of SR, p-serine immunostaining was localized to
glutamatergic and GABAergic neurons in the murine cortex. Using conditions for
optimal specific immunostaining established in mice, Balu et al. (2014) showed that
SR was expressed exclusively in pyramidal neurons and GABAergic neurons but
not astrocytes in the human cortex.

Serum/plasma glycine and serine levels have been investigated as biological
markers for schizophrenia. Plasma total serine and glycine levels were found to be
significantly higher in schizophrenic patients than in controls (Baruah et al. 1991).
An inverse association between plasma glycine levels and negative symptoms
in schizophrenic patients has also been reported (Neeman et al. 2005;
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Sumiyoshi et al. 2005). Ketamine impairs prepulse inhibition (PPI) in rodents, but
heightens it in humans. Thus, NMDA receptor blockade in experimental animals
may be related to a prepulse inhibition deficit in schizophrenic patients (Braff
et al. 2001). In this regard, Heresco-Levy et al. (2007) found an inverse relationship
between plasma glycine levels and PPI in schizophrenic subjects. Decreased SR
and increased p-amino acid oxidase (DAAO), which mediates the degradation of
D-serine, were reported in brains of schizophrenic subjects (Bendikov et al. 2007),
consistent with reduced p-serine availability in schizophrenic brains.

Although a postmortem study did not reveal a significant difference in the
D-serine levels in the brains of individuals diagnosed with schizophrenia and
controls, the means were lower for the schizophrenic subjects but the number of
subjects was quite small and underpowered so as to preclude statistical analysis
(Kumashiro et al. 1995). Subsequent studies revealed significantly lower levels of
D-serine in serum (Hashimoto et al. 2003) and in cerebrospinal fluid (CSF) in drug-
naive patients with schizophrenia as compared to suitable controls (Hashimoto
et al. 2005). Consistent with this finding, Yamamori et al. (2014) found that the
plasma p-serine to L-serine ratio was lower in subjects with schizophrenia and that
treatment with clozapine, the antipsychotic with the greatest effects on negative
symptoms, normalized the plasma D-serine to L-serine ratio and increased the
plasma glycine levels and the glycine to L-serine ratio. In a genome-wide associ-
ation study (GWAS) of human subjects from the general population, Luykx
et al. (2015) found an association between DAAQO gene and the D-serine plasma-
CSF ratio and L-serine to p-serine ratio in CSF with an allelic variant of SRR.

7.7 Genetics and the NMDA Receptor

Over the last 50 years, twin and adoption studies have provided compelling
evidence of the heritability of schizophrenia (Kety 1959; Kendler and Diehl
1993). The risk of schizophrenia in a first-degree relatives of an affected proband
is 15-fold greater than in the general population similar the risk in fraternal twins.
Concordance in identical twins is approximately fourfold higher than in fraternal
twins. Nevertheless, environmental factors including fetal infections, dietary defi-
ciencies during pregnancy, and perinatal insults account for approximately a third
of the risk. The pattern of heritable risk indicates that schizophrenia is due to
complex genetics wherein multiple risk alleles of modest effect interacting with
environmental factors produce the phenotype (Kendler and Diehl 1993).

Most of the early studies of the molecular genetics of schizophrenia focused on
putative risk genes identified by postmortem neurochemical findings or pathways
related to the dominant hypothesis of pathophysiology based on D2-dopamine
receptor blocking action of antipsychotic drugs. For example, using the case control
method, several studies involving at the most hundreds of subjects implicated
dopamine receptors D2, D3, and D4 as risk genes for schizophrenia while others
contradicted these results (Crocq et al. 1992; Arinami et al. 1994; Weiss et al. 1996;
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Sommer et al. 1993). The contradictory results emanating from these early studies
stemmed from multiple problems: biased selection of genes, underpowered studies
leading to type 1 errors, and publication bias where negative findings were either
not submitted to journals or were denied publication (Farrell et al. 2015).

With the completion of the sequencing of the human genome in 2001, the ability
to carry out molecular genetic studies to identify genes that confer risk for schizo-
phrenia became feasible (Williams and Hayward 2001). On rare occasions highly
penetrant mutations, often de novo, were associated with schizophrenia (Kirov
et al. 2012). These mutations are the result of deletion or replication of kilobases
of DNA including multiple genes and have been designated as “copy number
variants” (CNV). The same CNV has been associated with autism and schizophre-
nia as indicated by studies of carriers of the 22ql1.2 deletion (Vorstman
et al. 2013). Kirov et al. (2012) sequenced the CNVs involving nearly eight
thousand subjects with schizophrenia. They found that the CNVs were highly
significantly enriched with gene-encoding proteins localized to the glutamatergic
synapse and its postsynaptic density.

Geneticists interested in psychiatric disorders have advocated for sufficiently
powered genome-wide association studies so that risk genes could achieve the high
statistical threshold required: 5x10~® (Farrell et al. 2015). The Schizophrenia
Working Group of the Psychiatric Genomics Consortium carried out a genome-
wide association study (GWAS) comprised of nearly 37,000 cases and over
110,000 controls and identified 108 loci that met genome-wide significance
(Schizophrenic Working Group 2014). Associations were enriched with genes
expressed primarily in the brain, especially those associated with NMDA receptor
neurotransmission or its downstream mediators. In fact, nearly a dozen risk genes
were within 2° of separation from the NMDA receptor including SR. Thus, the
findings from the GWAS are consistent with the gene analysis of the CNVs
associated with schizophrenia.

7.8 Serine Racemase and the Pathology of Schizophrenia

As reviewed in this volume (Balu 2015), genetically silencing in mice, the gene-
encoding serine racemase (SR), a risk gene identified in the large GWAS (Schizo-
phrenic Working Group 2014), results in a phenotype that closely replicates many
aspects of schizophrenia including reduced dendritic length, reduced spine density,
ventricular enlargement, cortical atrophy, downregulation of the cortical fast-firing
parvalbumin-positive GABAergic interneurons, and cognitive impairments (Basu
et al. 2009; DeVito et al. 2011; Balu et al. 2012). In mice with SRR constitutively
silenced, sub-chronic treatment of adult SR—/— mice with doses of D-serine that
normalize their cortico-hippocampal p-serine levels restores trophic factor markers,
and transcriptional downstream to the NMDA receptor corrects cognitive deficits
and partially restores spine density (Balu et al. 2013). The dendritic deficits are also
observed in mice in which SR is conditionally silenced in glutamatergic neurons in
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the forebrain in late adolescence (Balu and Coyle 2012). Thus, NMDA receptor
hypofunction in cortico-limbic brain regions caused by the lack of p-serine repli-
cates those aspects of schizophrenia associated with negative symptoms and cog-
nitive impairments (Puhl et al. 2014). Furthermore, these seemingly irreversible
structural brain changes due to congenital NMDA receptor hypofunction may be
corrected with restoration NMDA receptor function in adulthood (Balu and Coyle
2014).

SR stands at the apex of a family of risk genes for schizophrenia that are within
two degrees of separation from the NMDA receptor. For example, the kinase, Akt3,
is a major regulator in the class I PI3 kinase pathway and is activated in neurons by
phosphorylation as a consequence of NMDA receptor activity. Silencing Akt3
expression in neurons adversely affects neuronal survival and axon extension
(Diez et al. 2012). Notably, the activation of Akt, a risk gene for schizophrenia, is
reduced in SR knockout mice, pointing to the potential of epistatic interactions of
two risk genes (Balu et al. 2013).

7.9 Clinical Trials to Increase NMDA Receptor Function

Intervention studies to test the hypothesis that enhancement of NMDA receptor
function would attenuate symptoms of schizophrenia were initiated quite early.
Deutsch’s group carried out an open-label study in which they examined the
efficacy of glycine (10.8 g/day) in chronically psychotic patients as an adjunct to
conventional antipsychotic treatment (Rosse et al. 1989) and had inconclusive
results. In a subsequent open-label study, they examined the effects of milacemide,
a prodrug for glycine, and found no significant therapeutic effects. Javitt and his
colleagues initiated a series of placebo-controlled clinical trials with glycine in
patients stabilized on antipsychotics (Javitt et al. 1994; Lederman et al. 1996;
Heresco-Levy et al. 1996). Because of the poor penetration of glycine through the
blood-brain barrier, they studied high daily doses ranging from 0.4 to 0.8 g/kg/day.
The high-dose intervention increased plasma levels of glycine by sixfold and
resulted in significant reductions in negative symptoms, the very symptoms resis-
tant to antipsychotic treatment, and improved cognition.

At the same time, Goff et al. (1995a, b) examined the effects of p-cycloserine
(DCS), drug used to treat tuberculosis, which is a partial agonist at the glycine
modulatory site and crosses the blood-brain barrier better than glycine. Preclinical
studies indicated that DCS exhibited cognitive enhancing effects (Schuster and
Schmidt 1992). Clinically, DCS exhibited a U-shaped dose-response curve with the
optimal dose, 50 mg/day, significantly reducing negative symptoms and improving
performance on a cognitive task in patients with chronic schizophrenia stabilized on
antipsychotics. A subsequent placebo-controlled, parallel clinical trial with DCS
replicated the finding of a significant reduction in negative symptoms but not
positive symptoms (Goff et al. 1999). In contrast, the addition of DCS to clozapine
resulted in a significant exacerbation of negative symptoms (Goff et al. 1996), a
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counterintuitive finding later interpreted as the result of the antagonistic effect of
the partial agonist at a fully occupied glycine modulatory site caused by clozapine
(Goff and Coyle 2001). A functional imaging study in schizophrenic patients
receiving antipsychotics demonstrated that the addition of DCS significantly
enhanced performance on a memory task and increased activation of the left
temporal superior gyrus required for performance and that this effect correlated
inversely with negative symptom change (Yurgelun-Todd et al. to, 2005). A
troubling aspect of the therapeutic effects DCS is that its efficacy decreased with
increasing duration of treatment, resulting in variable effects across studies (Goff
et al. 2005).

A multicenter, placebo-controlled trial of add-on of DCS and glycine to a stable
antipsychotic regimen in patients with schizophrenia reported that neither were
more effective than placebo (Buchanan et al. 2007). However, there was a highly
significant difference in site-by-site response, indicating a “failed” study. Post hoc
analysis by site revealed significant effects on negative symptoms by DCS and
glycine.

Double-blind, placebo-controlled trials of p-serine on schizophrenic patients
receiving stable doses of antipsychotic treatment have similarly shown effects on
negative symptoms and cognition (Tsai et al. 1998; Lane et al. 2005). Notably,
D-serine treatment of schizophrenic patients receiving clozapine did not affect
negative symptoms or cognition, consistent with the hypothesis that clozapine’s
effects on negative symptoms are mediated by full occupancy of the NMDAR GMS
(Tsai et al. 1999). In a large multicenter, placebo-controlled trial of p-serine add-on
treatment to antipsychotics in patients with schizophrenia or schizoaffective disor-
der, p-serine did not separate from placebo on Scale the for Assessment of Negative
Symptoms (SANS) and Measurement and Treatment Research to Improve Cogni-
tion in Schizophrenia (MATRICS); however, placebo response was unusually
robust (Weiser et al. 2012). A blinded comparison of high-dose D-serine as
monotherapy to olanzapine revealed that p-serine was significantly less effective
than olanzapine on Positive and Negative Syndrome Scale but nevertheless signif-
icantly improved negative symptoms without affecting psychotic symptoms
(Ermilov et al. 2013).

Between 1995 and 2010, 26 double-blind, placebo-controlled trials had been
carried out with agents that directly or indirectly (sarcosine) act at the NMDAR
GMS in patients with chronic schizophrenia, who were receiving antipsychotic
medications. These include glycine, p-serine, alanine, and sarcosine. The effects on
negative and depressive symptoms are substantial (effect size =0.4) and highly
significant, whereas the effects on cognition, positive symptoms, and general
psychopathology are more modest but still highly significant (Tsai and Lin 2010).
Because of problems with crossing the blood-brain barrier, metabolism, and intrin-
sic potency, these natural products are unlikely to be useful treatments, but they
have provided proof of principle that enhancing NMDA receptor function can
significantly reduce symptoms in schizophrenia, especially those least responsive
to existing antipsychotic medications (Coyle et al. 2002).
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7.10 Conclusion

Twenty years after the first proposals that hypofunction of NMDARs might be a
core pathophysiologic feature of schizophrenia, especially with regard to the
negative symptoms and the cognitive impairments (Krystal et al. 1994; Tsai
et al. 1995), a sufficiently powered GWAS has revealed that several gene-encoding
proteins involved with glutamatergic neurotransmission and neuroplasticity are risk
genes for schizophrenia (Schizophrenic Working Group 2014). Notably, SR,
located presynaptically in forebrain glutamatergic neurons and the co-agonist at
forebrain NMDARs, sits at the apex of a pathway of risk genes critical
to synaptogenesis and synaptic plasticity (Balu and Coyle 2015). Genetically
silencing srr in mice reproduces the cortical atrophy, reduced glutamatergic syn-
aptic connectivity, and the cognitive deficit characteristic of schizophrenia (Balu
et al. 2012). Remarkably, this “schizophrenic” neuropathology in the SR—/— mice
can be reversed by treating them with p-serine in adulthood (Balu et al. 2013). This
finding raises the possibility that pharmacologically enhancing NMDAR function
in adult individuals with schizophrenia could restore synaptic plasticity, thereby
attenuating or even eliminating the cognitive impairments and negative symptoms
currently responsible for the persistent disability.
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Chapter 8
Serine Racemase Knockout Mice:
Neurotoxicity, Epilepsy, and Schizophrenia

Ran Inoue and Hisashi Mori

Abstract The mammalian brain contains high levels of p-serine, which acts as a
coagonist at the glycine site of the N-methyl p-aspartate (NMDA)-type glutamate
receptor (NMDAR). The synthesis of p-serine from L-serine is catalyzed by serine
racemase (SR). To date, several SR knockout (KO) mouse strains have been
established to elucidate the role of the SR-p-serine pathway in the regulation of
NMDAR activity under both physiological and pathological conditions. Here, we
will review the phenotypes of these SR-KO mice used as animal models of
NMDAR-mediated neurotoxicity, epilepsy, and schizophrenia and discuss the
mechanistic involvement of the SR-p-serine pathway in these neurological and
psychiatric disorders.

Keywords Serine racemase knockout ¢ D-Serine ¢ Neurotoxicity ¢ Epilepsy ¢
Schizophrenia

8.1 Introduction

D-Amino acids were initially identified in bacteria and many invertebrate species
and found to be used for cellular functions. It has long been considered that higher
organisms were confined to the use of L-amino acids until the discovery of signif-
icant amounts of D-serine in the rodent brain (Hashimoto et al. 1992). The distri-
bution pattern of p-serine is similar to that of N-methyl-p-aspartate (NMDA)-type
glutamate receptor (NMDAR) (Schell et al. 1997). The NMDAR plays key roles in
excitatory synaptic transmission, plasticity, learning and memory, neural network
formation during development, and various neurological and pathological disorders
(Bliss and Collingridge 1993; Komuro and Rakic 1993; Lancelot and Beal 1998;
Coyle et al. 2003; Wang and Zhang 2005). p-Serine was found to be 100 times more
potent than glycine in enhancing the NMDAR component of miniature synaptic
currents recorded in rat hypoglossal motoneurons (Berger et al. 1998), and selective
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destruction of endogenous D-serine by D-amino acid oxidase (DAAQO), which
depletes endogenous D-serine but not glycine, greatly reduces NMDAR activation
(Mothet et al. 2000). Therefore, p-serine is widely recognized as a major endoge-
nous ligand for the glycine site of NMDARSs.

The origin of brain p-serine had merely been speculated before serine racemase
(SR) was discovered in the mammalian brain (Wolosker et al. 1999a, b). Using a
conventional biochemical purification method, Wolosker et al. first isolated SR and
cloned SR cDNA from the rat brain. SR not only catalyzes the racemization of L-
serine to synthesize D-serine but also catalyzes the o,p-elimination of water from L-
or D-serine to form pyruvate and NH, (Foltyn et al. 2005).

As mentioned above, NMDAR dysfunctions are involved in various neurolog-
ical and psychiatric disorders, including disorders resulting from acute excitotoxic
insults (e.g., ischemic stroke and traumatic brain injury), diseases due to chronic
neurodegeneration [e.g., Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS)], disorders
arising from sensitization of neurons (e.g., epilepsy and neuropathic pain), and
neurodevelopmental disorders associated with NMDAR hypofunction (e.g., schizo-
phrenia) (Lau and Tymianski 2010; Ghasemi and Schachter 2011; Lakhan
et al. 2013). Many in vitro and in vivo studies have focused on the pharmacological
inhibition of the NMDAR as a therapeutic strategy for some of these diseases, and a
number of blockers of the NMDAR were proven to have beneficial effects. How-
ever, undesirable side effects due to the inhibition of a wide range of NMDAR
function have limited their clinical applications (Chen and Lipton 2006). Therefore,
alternative methods of modulating NMDAR function need to be determined and
developed. In contrast to the wide distribution of the NMDAR, SR is localized
mainly in the forebrain region (Miya et al. 2008). Recently, p-serine and serine
racemase have emerged as new potential targets for the regulation of NMDAR
activity in forebrain regions under pathological conditions (Labrie and Roder
2010).

To fully elucidate the role of the SR-p-serine pathway in the regulation of
NMDAR activity under physiological conditions, and the mechanisms underlying
neurological and psychiatric disorders associated with NMDAR hyper- and
hypofunctions, several SR knockout (KO) mouse strains have been established.
Here, we will review the phenotypes of these SR-KO mice used as animal models of
NMDAR-mediated neurotoxicity, epilepsy, and schizophrenia, and discuss the
mechanistic involvement of the SR-p-serine pathway in these neurological and
psychiatric disorders, and conclusively recommend SR as a target for developing
new therapeutic strategies.
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8.2 Modulation of NMDAR by p-Serine

The NMDAR is a heteromeric protein complex composed of at least one GluN1
subunit in combination with GIuN2 and/or GIluN3 subunits (Cull-Candy
et al. 2001). Unlike other neurotransmitter receptors, the activation of the
NMDAR requires, besides the binding of glutamate to the GluN2 subunit, the
binding of glycine or p-serine to the glycine site on the GluN1 subunit (Dingledine
et al. 1999). The mammalian forebrain contains high levels of p-serine. p-Serine is
efficacious in potentiating the activity of the NMDAR (Fadda et al. 1988; Matsui
et al. 1995), and its deletion by treatment with DAAO was demonstrated to
markedly decrease NMDAR activity (Mothet et al. 2000).

NMDARs are located in neuronal cell membranes at synaptic and extrasynaptic
locations, where they are believed to mediate distinct physiological and patholog-
ical processes. Recently, Papouin et al. have demonstrated that synaptic and
extrasynaptic NMDARs are gated by distinct endogenous coagonists (Papouin
et al. 2012). Whereas p-serine is the coagonist at synaptic NMDARs, glycine acts
at extrasynaptic NMDARs. The observation that p-serine but not glycine gates
synaptic NMDARs could be the consequence of the preferential affinity of synaptic
NMDARs for p-serine. GluN2A-containing NMDARs, which exhibit a stronger
affinity for p-serine over glycine, appear to compose 70-75 % of the NMDAR
population at hippocampal CA3-CA1 synapses in adult rats. Regulation of synaptic
NMDARs by p-serine has been shown to be essential for long-term potentiation
(LTP) induction and NMDA-induced neurotoxicity.

8.3 Serine Racemase and Modulation of p-Serine Synthesis

SR is a fold-type II of the pyridoxal 5’-phosphate (PLP)-dependent enzyme that
catalyzes the racemization of L-serine to synthesize D-serine and does not use
glycine as a substrate (Wolosker et al. 1999a, b). SR also catalyzes the o,-
B-elimination of water from L- or D-serine to form pyruvate and NH, (Foltyn
et al. 2005). PLP is the main cofactor that stimulates the activity of SR (Wolosker
et al. 1999a). In addition to PLP, other compounds such as Mg>" and ATP are
capable of stimulating the synthesis of D-serine by increasing SR activity
(De Miranda et al. 2002).

SR activity can be regulated by protein-protein interactions. SR binds to the
glutamate receptor interacting protein (GRIP), which also binds to the a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor (AMPAR). Upon
neuronal depolarization, GRIP dissociates from the AMPAR and binds to SR to
increase its activity and p-serine production (Kim et al. 2005). SR also binds to the
protein interacting with C-kinase (Pick-1). Neonatal Pick-1-deficient mice display
30 % lower D-serine levels in the forebrain than wild-type (WT) mice, and HEK293
cells transfected with both SR and Pick-1 show an increase in D-serine levels
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(Hikida et al. 2008). SR is also modulated by Golga-3, which stabilizes SR levels
through the inhibition of its ubiquitination, which leads to slower degradation by
the ubiquitin-proteasome system (Dumin et al. 2006).

In addition to the regulation by protein interactions, SR activity is dynamically
regulated by glutamate receptors. The activation of metabotropic glutamate recep-
tors leads to the cleavage of phosphatidylinositol (4,5)-bisphosphate (PIP2) by
phospholipase C (PLC), thereby diminishing the inhibition by PIP2 of SR (Mustafa
et al. 2009). On the other hand, activation of NMDAR inhibits SR activity by
promoting SR translocation to the membrane (Balan et al. 2009) and by enhancing
SR S-nitrosylation (Mustafa et al. 2007).

The capability of SR to produce p-serine and to simultaneously degrade both
D-serine and L-serine makes it a unique enzyme. As mentioned above, a number of
regulatory mechanisms are proposed to play roles in modulating SR activity, but
very little is known in terms of how they regulate SR physiologically, let alone the
effects they may have on racemase versus eliminase activity. Further study is
needed to elucidate the role of SR in the dynamic regulation of p-serine under
both physiological and pathological conditions in vivo.

8.4 SR-KO Mouse Strains

To date, four SR-KO mouse strains have been established and used for phenotype
analysis. The first SR-KO mouse strain, which we refer to as SR—KOHM, was the
insertional mutation-type SR-KO mouse strain with a pure C57BL/6 genetic back-
ground (Miya et al. 2008). The second, the SR-KO'" mouse strain, was generated
by targeted deletion of the exon encoding initiation methionine of the SR gene.
SR-KO'™ mice were developed from 129Sv-derived embryonic stem (ES) cells
and were backcrossed with the C57BL/6 strain for at least seven generations (Basu
et al. 2009). The third, Srr¥**®", was identified from the FI progeny of
ethylnitrosourea (ENU)-mutagenized C57BL/6 male mice and DBA/2 female
mice (Labrie et al. 2009). Srr¥?*“mice show a complete loss of the SR protein
owing to a nonsense point mutation at the start of exon 9. Srr****“mice contained
>99.6 % of the C57BL/6 genome. The fourth, the SR-KO®Y mouse strain, was
generated by the disruption of the third exon of the SR gene containing the initiation
codon (Miyoshi et al. 2012). The number of backcrossings of SR-KO* mice
(129Sv genetic background) with C57BL/6 mice was not mentioned in the report.
All these mutant mice exhibit an 80-90% reduction in D-serine level in the
forebrain. The level of L-serine in the forebrain of SR-KO'™, SR-KOJTC, and
SR-KO™" mice are is equivalent to those of WT controls (Inoue et al. 2008; Basu
et al. 2009; Miyoshi et al. 2012), whereas StrY2%" mice have elevated L-serine level
in the frontal cortex (Labrie et al. 2009). These findings indicate that D-serine
production in the mouse brain is predominantly catalyzed by SR.

The origin of the residual 10-20 % of p-serine is not known. Possible alternative
pathways for D-serine synthesis include the glycine cleavage system (Iwama
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et al. 1997), the hydrolysis of phosphoserine by phosphoserine phosphatase (Wood
etal. 1996), and exogenous D-serine from intestinal bacterial flora. In addition to the
brain, p-serine may also be produced in peripheral organs such as the liver
(Benneyworth et al. 2012) and the skin (Inoue et al. 2014). The increase in the
SR expression level in the liver of neuron-specific SR-KO'™® (nSR-KO'™) mice
suggests that there may be a cross talk between the brain and the liver, possibly to
maintain brain and peripheral p-serine levels (Benneyworth et al. 2012).

8.5 Analysis of the Localization of SR Using SR-KO Mice

Early data on the cellular distribution of SR indicated that the enzyme is expressed
in astrocytes (Wolosker et al. 1999a). However, later studies by immunohistochem-
istry and in situ hybridization demonstrated that SR (Kartvelishvily et al. 2006) and
its mMRNA (Yoshikawa et al. 2007) are present primarily in neurons. More definitive
data on SR distribution was obtained using SR-KO™ mice as negative controls
(Miya et al. 2008). This approach ensured the specificity of the antibodies and
revealed that SR is predominantly localized in pyramidal neurons of the cerebral
cortex and hippocampus. Double-immunofluorescence experiments revealed that
SR colocalizes with the neuron-specific nuclear protein (NeuN), but not with
astrocytic markers, namely, the glial fibrillary acidic protein (GFAP) and
3-phosphoglycerate dehydrogenase (Phgdh). In the striatum, SR is expressed by
y-aminobutyric acid (GABA)ergic medium spiny neurons. In the adult cerebellum,
weak but significant SR signals are detected in GABAergic Purkinje cells. Taken
together, these findings indicate that SR is expressed by the main neuronal
populations in most brain regions, irrespective of the excitatory or inhibitory nature
of the cells. These findings, however, cannot exclude the possibility that SR is
expressed in glial cells in vivo below the levels that could not be detected by the
available antibodies. Recently, the notion that SR is predominantly neuronal has
gathered additional support from the analysis of nSR-KO'™® mice. These mice
exhibit low p-serine and SR expression levels in the brain, especially in cortical
glutamatergic neurons (Benneyworth et al. 2012). In contrast, astrocyte-specific
SR-KO mice (aSR—KOJTC) exhibit no change in p-serine levels. Therefore, neurons
are likely the main source of p-serine.

8.6 Altered NMDAR-Mediated Neurotransmission in SR-
KO Mice

The contribution of endogenous D-serine to the activation of NMDAR has been
assessed in SR-KO mouse brain slices. Analyses of neurotransmission between
Schaffer collaterals and hippocampal CA1 by whole-cell patch-clamp recording
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from brain slices of juvenile (postnatal days 21-28) SR-KO’™ mice revealed
slower decay kinetics of NMDAR-mediated excitatory postsynaptic currents
(EPSCs), suggesting an increased contribution of the GIuN2B-containing
NMDAR in SR-KO mice (Basu et al. 2009). The increase in GluN2B protein
expression level was later detected in juvenile SR-KO'™® mouse brains (Balu and
Coyle 2011). The juvenile SR-KO'T® mice also exhibited impaired induction of
NMDAR-dependent long-term potentiation (LTP) of synaptic transmission, as
shown using a pairing stimulation protocol (Basu et al. 2009). The impaired LTP
induction can be rescued by D-serine bath application. In contrast to juvenile
SR-KO mice, adult SR-KO™ mice did not show impairment of glutamatergic
neurotransmission in hippocampal CA1 synapses (Rosenberg et al. 2013).

The contribution of endogenous p-serine to NMDAR-mediated neurotransmis-
sion was further assessed in the dentate gyrus (DG) using SR-KO'™ mice (Balu
etal. 2013). The amplitude of NMDAR-mediated miniature excitatory postsynaptic
currents (mEPSCs) was found to decrease significantly in the mutant mice. Exog-
enously applied p-serine potentiated the amplitude and prolonged the decay time of
NMDAR-mediated mEPSCs in both mutant and WT mice. SR-KO'T" mice also
displayed diminished magnitude of LTP at the medial perforant pathway to DG
synapses.

To differentiate between the roles of p-serine produced by neurons and those
produced by astrocytes, in the induction of NMDAR-dependent LTP, Benneyworth
et al. (2012) stimulated Schaffer collaterals and recorded field excitatory postsyn-
aptic potentials (fEPSPs) from the stratum radiatum of the CA1 of the hippocampus
in slices from aSR-KO'™ or nSR-KO'™“ mice. The magnitude of LTP induced by a
weak single-train tetanus protocol was significantly reduced in slices from nSR-KO
TC mice but unaffected in slices from aSR-KO’"“ mice. Consistent with the results
obtained from SR-KO'" mice, nSR-KO'" mice also displayed reduced mEPSCs
in CA1 pyramidal neurons. Taken together, these findings demonstrate the principal
role of neuronal SR in the induction of NMDAR-dependent LTP.

8.7 Diminished Neurotoxicity in SR-KO Mice

Glutamate excitotoxicity, which occurs mainly through excessive activation of the
NMDAR and subsequent massive calcium influx into a cell, has been linked to
acute central nervous system (CNS) insults, such as ischemia and traumatic brain
injury, and chronic neurodegenerative disorders, such as AD, ALS, and PD (Lau
and Tymianski 2010). The role of brain p-serine in NMDAR-mediated neurotox-
icity was first demonstrated in studies using in vitro culture systems. Shleper
et al. proposed that p-serine is a predominant endogenous glycine site agonist for
the induction of NMDA neurotoxicity in hippocampal slice cultures (Shleper
et al. 2005). In this slice culture system, despite the high glycine levels in the
medium, removal of endogenous D-serine by D-serine deaminase completely abol-
ishes NMDA neurotoxicity. However, another study demonstrated that the
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neurotoxicity of NMDA in rat cerebrocortical slice cultures is potentiated by the
addition of both glycine and p-serine (Katsuki et al. 2004). These findings stimu-
lated the interest in the study of the importance of the two coagonists, D-serine and
glycine, in NMDAR-mediated neurotoxicity in vivo.

Injection of NMDA into the cerebral cortex may induce excitotoxic neuronal
death. SR-KO™ mice displayed significantly attenuated NMDA-induced neuro-
toxicity, and this phenotype was abolished by the coinjection of p-serine and
NMDA (Inoue et al. 2008). The levels of glycine in the forebrain were not altered
in SR-KO"™ mice (Inoue et al. 2008), indicating that endogenous D-serine is the
predominant and necessary coagonist for NMDAR activation in NMDA-induced
neurotoxicity in vivo. This notion was supported by a recent study demonstrating
that synaptic NMDARs, which use p-serine but not glycine as the coagonist, mainly
contribute to NMDA-mediated excitotoxicity (Papouin et al. 2012). In contrast to
the findings obtained from SR-KO™ mice, Mustafa et al. reported a 50 % increase
in NMDA-induced lesion volume in the striatum of SR-KO'™® mice (Mustafa
et al. 2010). Although the expression levels of NMDAR GluNl remained
unchanged in the forebrains of SR-KO™ mice, it increased fourfold in the striatum
of SR-KO'™ mice. The difference in genetic background may account for the
variations in GluN1 subunit expression level and for the development of NMDA-
induced lesion volume in these two SR-KO mouse strains.

SR and p-serine were also found to play roles in the development of stroke. In
comparison with WT mice, the stroke model SR-KO’"® mice exhibited a 50-60 %
reduction in infarct volume in the cerebral cortex and caudate-putamen region
following middle cerebral artery occlusion (Mustafa et al. 2010). Activation of
the NMDAR by glutamate/p-serine leads to the formation of nitric oxide (NO),
which promotes oxidative neuronal damage by forming reactive oxygen species
and nitrosylation of diverse proteins (Mustafa et al. 2007). Cerebral cortical cul-
tures derived from SR-KO'™® mice displayed a ~50 % reduction in NO generation
and markedly diminished oxygen-glucose deprivation neurotoxicity (Mustafa
et al. 2010).

AD is a major neurodegenerative disorder in which the excitotoxic effect of
D-serine may be involved. The amyloid beta (Af) peptide is a main constituent of
amyloid plaques found in the brains of patients with AD and proposed as the main
pathological factor for AD. AP is reported to induce the release of p-serine and
glutamate from cultured microglia (Wu et al. 2004). AP also enhances microglial
SR transcription through the JNK-dependent recruitment of the AP-1 complex to
the SR promoter (Wu and Barger 2004). In addition, the hippocampus of AD
patients shows increased SR activity (Wu et al. 2004). Supporting the roles of
p-serine and SR in AD, the neuronal injury induced by the direct injection of AP 4>
into the hippocampus is shown to be attenuated in SR-KO™ mice and in WT mice
pretreated with MK-801, an antagonist of the NMDAR, prior to AP;_4, injection
(Inoue et al. 2008).

ALS is a neurodegenerative disorder characterized by dysfunction and death of
both upper and lower motoneurons, leading to fatal paralysis. The mechanism
underlying selective motoneuronal death is still unclear, but excitotoxicity has
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been proposed to play a principal role (Bruijn et al. 2004; Spreux-Varoquaux
et al. 2002). In the G93A mutant of superoxide dismutase (SOD1) transgenic
mice, a frequently used model of ALS, SR, and p-serine levels in the spinal cord
gradually increased with disease progression. In addition, in the spinal cords of
patients with the familial and sporadic forms of ALS, the levels of SR and p-serine
also markedly increased (Sasabe et al. 2007). These findings offered the first
evidence of a link between mutated SOD1 and p-serine. The role of SR and p-serine in
the pathogenesis of ALS has recently been studied using the SR-deficient (Srr¥2*"")
G93 A mutant of SOD1 mice (Thompson et al. 2012). The SR-deficient G93 A mutant
of SOD1 mice showed an earlier symptom onset, but decreasing rate of disease
progression and longer life span in a gene-dose-dependent manner. SR deletion also
decreased spinal cord levels of D-serine. These findings suggest that SR and p-serine
are fundamentally involved in both the presymptomatic and progression phases
of ALS.

In conclusion, the diminished neurotoxicity in SR-KO mice in various models of
acute and chronic neurodegenerative diseases suggest that SR and p-serine can be
the targets for the development of new therapies for the treatment of these diseases
through the regulation of NMDARs.

8.8 Decreased Susceptibility to Epileptic Seizures in SR-
KO Mice

Epilepsy is a serious neurological disorder in human beings, which is characterized
by neuronal death in brains and spontaneous recurrent seizures. It is well
established that alterations in central inhibitory [e.g., y-aminobutyric acid
(GABA)] and excitatory (e.g., glutamate) neurotransmission play a crucial role in
the etiology of epilepsy (Cloix and Hevor 2009; McCormick and Contreras 2001).
Animal models of epilepsy and clinical studies have demonstrated that NMDAR
activity and expression can be altered in association with epilepsy and particularly
with some specific seizure types (Ghasemi and Schachter 2011). Therefore, many
studies have focused on the pharmacological inhibition of the NMDAR as a
therapeutic strategy for epilepsy, and a number of antagonists of the NMDAR
were proven to have a potent anticonvulsant effect in a wide range of animal
epileptic models (Brandt et al. 2003; Clifford et al. 1990; Croucher et al. 1982).
However, blocking NMDARs leads to severe adverse effects, which limited their
clinical applications (Kohl and Dannhardt 2001).

Growing evidence has shown that p-serine may be involved in the pathogenesis
and progression of epilepsy. Upon systemic injection of pilocarpine, a mouse model
for epilepsy, D-serine expression was upregulated in GABAergic neurons, which
underwent degenerating death in the cerebral cortex and hippocampus (Liu
et al. 2009). In addition, following status epilepticus, D-serine and SR immunore-
activities were found to increase in astrocytes (Ryu et al. 2010). These findings
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suggest that abnormal p-serine generation may be involved in the epileptogenesis
and recurrent seizure development.

The effect of p-serine deficiency on seizures induced by a single injection of
pentylenetetrazol (PTZ), a GABA 4 receptor blocker, was examined in SR-KO™
mice (Harai et al. 2012). SR-KO™ mice showed the attenuation of seizure expres-
sion in terms of a significantly shortened duration of generalized seizures and
resistance to generalized clonic-tonic seizures. Consistent with this finding, immu-
nohistochemical analysis of c-Fos, a marker of cellular activation, demonstrated
that the numbers of cells expressing c-Fos induced by high-dose PTZ in the cerebral
cortex, hippocampal CA1, hippocampal CA3, and the basolateral nucleus of the
amygdala in WT mice were significantly higher than those in SR-KO mice. The
excessive release of glutamate has been implicated in the generation and mainte-
nance of epileptic seizures (Geula et al. 1988; Li et al. 2000; Ueda and Tsuru 1994).
PTZ induced an increase in extracellular glutamate level in the DG of WT mice, but
this change was completely suppressed in SR-KO mice.

8.9 Schizophrenia-Like Behavioral Abnormalities in SR-
KO Mice

Schizophrenia is a severe mental illness affecting approximately 1 % of the popu-
lation worldwide and it ranks as one of the leading causes of chronic disability.
Symptoms of schizophrenia are generally divided into three main classes: positive
symptoms such as hallucinations, delusions, and thought disorder; negative symp-
toms, such as social withdrawal and blunted affect; and cognitive symptoms, which
involve profound deficits in attention, learning, and memory (Ross et al. 2006;
Lewis and Gonzalez-Burgos 2006). Current treatments for this disease have limited
efficacy, particularly in ameliorating the negative and cognitive symptoms, and
have significant side effects that often lead to poor compliance.

NMDAR hypofunction has been hypothesized to contribute to the pathophysi-
ology of schizophrenia. This hypothesis was based on studies demonstrating that
noncompetitive NMDAR antagonists, such as phencyclidine or ketamine, can
produce transient schizophrenia-like symptoms (Javitt and Zukin 1991; Krystal
et al. 1994). Transgenic mice with reduced NMDAR activity also display pheno-
types relevant to schizophrenia, particularly to the negative and cognitive symp-
toms (Mohn et al. 1999). Several studies have shown that p-serine may also be
involved in the pathophysiology of schizophrenia. Significant reductions in b-serine
level have been found in the cerebrospinal fluid (CSF) of drug-naive patients with
schizophrenia (Hashimoto et al. 2005; Bendikov et al. 2007). p-Serine concentra-
tions were also decreased in the serum of patients with schizophrenia (Hashimoto
et al. 2003; Yamada et al. 2005). Treatment with D-serine was shown to attenuate
positive, negative, and cognitive symptoms in patients with schizophrenia
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(Tsai et al. 1998; Heresco-Levy et al. 2005), suggesting that b-serine metabolism
may be altered in schizophrenia.

Several genetic association studies have implicated that a single-nucleotide
polymorphism variant of SR is associated with schizophrenia (Goltsov
et al. 2006; Morita et al. 2007; Labrie et al. 2009). Moreover, neonatal administra-
tion of Met-Phen, an SR inhibitor, was shown to cause schizophrenia-like behav-
ioral abnormalities in juvenile and adult mice (Hagiwara et al. 2013).

Recently, in a limited number of studies, the role of SR in schizophrenia has
been investigated using SR-KO mice. SR-KO'" mice exhibited behavioral abnor-
malities such as hyperactivity, impaired spatial memory, and elevated anxiety,
which are all relevant to schizophrenia (Basu et al. 2009). Schizophrenia patients
exhibit reduced hippocampal dendritic spine density and volume and altered
neuroplasticity. These abnormalities have been recapitulated in SR-KO'™® mice
(Balu et al. 2012). Pyramidal neurons in the primary somatosensory cortex of
SR-KO'™ mice show reductions in the complexity, total length, and spine density
of apical and basal dendrites. In accordance with reduced cortical neuropil, SR-KO
T mice show a smaller cortical volume than WT mice. SR-KO’™ mice also show
alteration in the signaling pathways, including that of BDNF/TrkB, the
Akt/mammalian target of rapamycin (mTOR), and microRNA (miR)-312, which
have been found to be genetically associated with or perturbed in schizophrenia
(Balu et al. 2013).

Prepulse inhibition (PPI) of the acoustic startle response (ASR) is one indication
of the sensory-motor gating process, which is attenuated by the pharmacological
suppression of NMDARs. PPI attenuation is also observed in patients with schizo-
phrenia (Cadenhead et al. 2000). PPI deficits were not observed in SR-KO'™ (Mori
and Inoue 2010) and SR-KO'™ (Basu et al. 2009) mice. In contrast, Srr¥?%" mice
showed diminished PPI (Labrie et al. 2009). The discrepancies between these
genetic models may be related to the genetic background of SR-KO mouse strains
used for the analysis of PPI. It has been demonstrated that inbred mouse strains
differ in the regulation of ASR and PPI of ASR (Bullock et al. 1997).

Social dysfunction is an important component of schizophrenia negative symp-
toms, often present in the prodromal stages and persisting throughout life (Ross
et al. 2006; Ellenbroek and Cools 2000). Srr¥?*** mice displayed social approach
deficit in social affiliation task, and the application of p-serine was shown to reverse
the reduced sociability in mutant mice (Labrie et al. 2009).

Cognitive impairments are recognized to be a primary and enduring core deficit
in schizophrenia. As mentioned above, p-serine deficiency in SR-KO mice leads to
alteration in NMDAR-dependent neurotransmission and impaired LTP. To assess
the effect of p-serine deficiency on cognitive function, several memory tasks have
been conducted in SR-KO mice. SR-KO’™ and SrrY269* male mice showed an
impaired spatial reference memory, indicating a role of p-serine in spatial discrim-
ination (Basu et al. 2009; Labrie et al. 2009). In a trace fear conditioning task that is
dependent on both the hippocampus and amygdala, SR-KO'™ mice exhibited
impairment in contextual fear memory, and this deficit can be reversed by the
chronic administration of p-serine (Balu et al. 2013). SR-KO'™ mice also exhibit
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disrupted representation of the order associated with events in distinct experiences
monitored by object recognition and the odor sequence test (DeVito et al. 2011).
These findings strongly suggest that p-serine deficiency is associated with cognitive
dysfunctions in schizophrenia.

8.10 Conclusions

Studies using SR-KO mice have provided compelling evidence that p-serine pro-
duced by neuronal SR constitutes the majority of forebrain p-serine and that an
appropriate level of p-serine is required for normal NMDAR function. These
studies also revealed the crucial roles of p-serine and SR in pathologies associated
with NMDAR dysfunction, such as neurotoxicity, epilepsy, and schizophrenia
(Table 8.1). Because SR-KO mice are viable and do not exhibit any gross physi-
ological abnormalities, the pharmacological inhibition of SR may serve as a new
strategy for the treatment of a number of neurological disorders associated with
NMDAR overactivation, such as acute and chronic neurodegenerative disorders
and epileptic seizures.

Alterations in D-serine level appear to be central to many neurological and
psychiatric disorders that we have mentioned above. Nevertheless, the mechanisms
underlying the abnormal increase or decrease in D-serine level in various patholog-
ical states remain largely unknown. Therefore, to fully understand the mechanisms
involved in p-serine production, degradation, uptake, and release should be the first
priority. In addition to using conventional pharmacological and genetic approaches,
the development of an optimized probe for visualizing D-serine at synapse may
facilitate the elucidation of p-serine dynamics under physiological and pathological
conditions.
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Table 8.1 Phenotypes of four established SR-KO mouse strains

SR-KO™ SR-KO'™® S SR-KO*H
Miya
et al. (2008),
Inoue Basu et al. (2009), Labrie
et al. (2008), DeVito et al. (2011), | et al. (2009),
Rosenberg Balu et al. (2012), Thompson Miyoshi
Strains et al. (2013) Balu et al. (2013) et al. (2012) et al. (2012)
Expression of SR Not detected Not detected Not detected Not
protein detected
p-Serine level 90 % reduction | 90 % reduction 95 % reduction | 90 %
reduction
L-Serine level No change No change Increased in the | No change
frontal cortex
Glycine level No change NA No change NA
NMDAR-mediated | Unaffected Slower decay kinet- | NA NA
neurotransmission ics of EPSCs in hip-
in the hippocampal pocampal CAl
slices (P21-P28)
Decreased ampli-
tude of mEPSCs in
dentate gyrus (adult)
Impaired LTP
Neurotoxicity
NMDA-induced Reduced Increased (striatum) | NA NA
neurotoxicity (cerebral
cortex)
AP_42-induced Reduced NA NA NA
neurotoxicity (hippocampus)
Neurotoxicity
Stroke model NA Reduced NA NA
ALS model NA NA Early disease NA
onset and slow
disease
progression
Epileptic seizures Resistant to NA NA NA
generalized
clonic-tonic
seizures
Phenotypes associated with schizophrenia
Neuronal NA Dendritic dysplasia | NA NA
morphology and reduced cortical
volume
Locomotion Unaffected Hyperlocomotion Unaffected NA

(continued)
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Table 8.1 (continued)

SR-KO™ SR-KO'™ S SR-KO*"
Miya
et al. (2008),
Inoue Basu et al. (2009), Labrie
et al. (2008), DeVito et al. (2011), | et al. (2009),
Rosenberg Balu et al. (2012), Thompson Miyoshi
Strains et al. (2013) Balu et al. (2013) et al. (2012) et al. (2012)
PPI1 Unaftfected Unaffected Reduced NA
Sociability NA Unaffected Decreased NA
Cognitive functions | NA Impaired spatial Impaired spatial
learning and mem- | learning and
ory; impaired con- | memory;
textual fear memory; | impaired mem-
impaired memory for| ory for order of
the order of events | events

NA not analyzed
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Chapter 9
Abnormal p-Serine Metabolism
in Amyotrophic Lateral Sclerosis

Jumpei Sasabe and Sadakazu Aiso

Abstract Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative
disease, whose pathology is characterized by death of upper and lower motor
neurons, inclusion bodies in remaining neurons and glia, and glial activation around
the neurons. The pathophysiological mechanisms underlying ALS are multifacto-
rial and remain to be fully elucidated. Here, we review D-serine-related findings in
ALS and delineate how D-serine metabolism is disturbed and why such p-serine
derangement could potentially be toxic to motoneurons.

Motoneurons are vulnerable to glutamate excitotoxicity. b-Serine is an endog-
enous coagonist with glutamate for stimulation of N-methyl-p-aspartate (NMDA)
subtype glutamate receptors. b-Serine accumulates progressively in the spinal cord
of a mouse model of familial ALS, in which human superoxide dismutase 1 (SOD1)
with a mutation G93A is overexpressed. Such accumulation was also reported in a
few patients with sporadic ALS or familial ALS with A4T-SOD1. The p-serine
accumulation in the mouse model is explained by a combination of increased
D-serine-producing enzyme and decreased Dp-serine-degrading enzyme, D-amino
acid oxidase (DAO), which are both found in activated glial cells. Importantly, a
dominant negative mutation D199W in DAO has been reported in patients with
familial ALS that exhibits classical motor symptoms of ALS. The mutant D199W-
DAO increases autophagy in motor neurons through activation of NMDA receptors
by p-serine, which results in motoneuronal apoptosis. Furthermore, a null mutation
G181R in DAO significantly increases p-serine level in the spinal cord with mild
motoneuronal degeneration in mice. Collectively, aberrant metabolism of p-serine
in glial cells may trigger motoneuronal degeneration, which sheds light on a unique
aspect of ALS pathophysiology.
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9.1 Role of p-Serine in the Etiology of ALS

9.1.1 Opverview of Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS), also called as Lou Gehrig’s disease, is the
most common motor neuron disease. “Amyotrophic” means muscular atrophy, and
“lateral sclerosis” describes the scarring tissues in the lateral funiculus of the spinal
cord, where the corticospinal tract of motor pathways is found. ALS exhibits a
diverse and complex phenotype, which is clinically characterized by coexistence of
upper and lower motoneuronal signs with progressive neurological deterioration
(Kiernan et al. 2011). In addition to motor symptoms, subtle cognitive abnormal-
ities are evident in up to 50 % of ALS patients, and frontotemporal dementia (FTD)
may develop in up to 15 % (Phukan et al. 2012; Lomen-Hoerth et al. 2002, 2003). In
most cases, disease onset is during late-adulthood, and fatal event due to respiratory
paralysis occurs usually within 5 years after the onset. The mean incidence of ALS
is 1.8/100,000 and the prevalence is 3.4/100,000 in North America (Chio
et al. 2013), and these parameters are largely constant across the globe.

Whereas majority of ALS cases are sporadic, about 10% are inherited in,
mostly, a dominant manner. The identifications of mutations in the superoxide
dismutase 1 (SODI) gene (Rosen et al. 1993) followed by those in the genes of
TAR DNA-binding protein 43 (TDP-43) (Kabashi et al. 2008; Sreedharan
et al. 2008), fused in sarcoma/translocated in liposarcoma (FUS/TLS)
(Kwiatkowski et al. 2009; Vance et al. 2009), chromosome 9 open reading frame
72 (C90rf72) (Renton et al. 2011; DelJesus-Hernandez et al. 2011), and p-amino
acid oxidase (DAO) (Mitchell et al. 2010) in familial ALS have significantly moved
forward in understanding biological mechanisms of ALS, although the mechanisms
remain to be fully elucidated. The following are proposed principal hypotheses of
motoneuronal degenerative processes (Sreedharan and Brown 2013; Vucic
etal. 2014): (1) conformational instability of SOD1 triggers downstream neurotoxic
processes; (2) perturbations of RNA processing related to TDP-43/FUS can be toxic
to motoneurons; (3) glutamate excitotoxicity damages motoneurons; (4) neighbor-
ing glial cells mediate motoneuronal death; and (5) other mechanisms, such as
impairment of axonal transport and oxidative/endoplasmic reticulum stresses, con-
tribute to motoneuronal death.

Although a long list of investigational agents based on these hypotheses has been
tested in clinical trials, there is only one agent that has been established as effective
neuroprotective therapy for ALS. The agent with antiglutamatergic effect, riluzole,
prolongs survival of patients for 3—6 months (Bensimon et al. 1994; Lacomblez
et al. 1996), but the therapeutic effect is not radical. Therefore, the management of
ALS remains best supportive therapy to maintain patient quality of life, and the
therapeutic strategy that can control the progression of the disease is eagerly
anticipated.
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9.1.2 Dp-Serine-Related Pathology in ALS
9.1.2.1 Role of p-Serine in the Central Nervous System

D-Serine is a coagonist at D-serine-/glycine-binding site in NR1 subunit of N-
methyl-p-aspartate (NMDA) glutamate receptors (Mothet et al. 2000; Panatier
et al. 2006; Basu et al. 2009; Papouin et al. 2012). Activation of the NMDA
receptors essentially requires bindings of both glutamate and a coagonist (Johnson
and Ascher 1987; McBain et al. 1989). Although glycine also works as a coagonist,
the affinity of p-serine to the site is threefold stronger than that of glycine due to
additional hydrogen bonds (Furukawa and Gouaux 2003; Matsui et al. 1995).
Accumulating evidence support that p-serine is an endogenous coagonist of
NMDA receptors, and more recently Papouin et al. demonstrated that p-serine
gates synaptic NMDA receptors, whereas glycine works on extrasynaptic ones
(Papouin et al. 2012). NMDA receptors principally control synaptic plasticity and
physiologically contribute to memory formation and learning through long-term
potentiation (LTP). In line with the knowledge, depletion of a p-serine-producing
enzyme, serine racemase (SR), in mice almost nullifies induction of LTP with 90 %
reduction of p-serine in the hippocampus (Basu et al. 2009). On the other hand,
overstimulation of NMDA receptors evokes excitotoxicity to neurons. Degradation
of p-serine by externally added p-serine deaminase, a bacterial p-serine-degrading
enzyme, in slice culture settings (Shleper et al. 2005) or SR knockout mice
strikingly alleviates NMDA receptor-mediated excitotoxicity (Inoue et al. 2008),
implying that regulation of p-serine is crucial for neurons to retain their physiolog-
ical level of excitability.

In rodents, the physiological level of p-serine is highest (=300 pM) (Hashimoto
et al. 1993; Nagata et al. 1994; Morikawa et al. 2001) in the forebrain due to
abundance of SR and lack of a p-serine-degrading enzyme, p-amino acid oxidase
(DAO). In the cerebellum and spinal cord, the level of p-serine is maintained at a
low level (= 5 pM) (Hashimoto et al. 1993; Nagata et al. 1994; Morikawa
et al. 2001) since DAO activity is relatively high in the region. Miyoshi
et al. confirmed the contributions of SR and DAO in p-serine metabolism by
creating SR knockout mice without DAO activity (Miyoshi et al. 2012). In mouse
cerebral cortex, SR knockout dramatically reduces p-serine down to 1/10 level of
wild-type animals, and the p-serine levels stay unchanged in DAO-lacking SR
knockout animals, showing that SR principally controls p-serine, while DAO has
almost no roles in regulating cortical p-serine. In contrast, in mouse cerebellum and
spinal cord, pD-serine levels become ten-fold higher in DAO-lacking mice than in
wild-type controls, and the level in DAO-lacking animals is reduced to half in
DAO-lacking SR knockout mice, indicating that SR synthesizes D-serine but is
actively degraded by DAO in the regions. In short, the dominant regulator of
D-serine is SR in the cerebral cortex and is DAO in the cerebellum and spinal
cord in mice.
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9.1.2.2 Accumulation of p-Serine in ALS

D-Serine accumulation in the ventral spinal cord was first reported using immuno-
histochemistry with a polyclonal antibody to D-serine in an animal model of
familial ALS, G93A-SOD1 transgenic mice (mSOD1 mice), and in three patients
with sporadic ALS and one patient with familial ALS with a mutation of A4T in
SOD1 (Sasabe et al. 2007). Immunoreactivity to D-serine is accumulated in moto-
neurons in the presymptomatic stage of the mSOD1 mice and found prominently in
activated astrocytes and microglia in the advanced symptomatic stage. In postmor-
tem tissue of the patients with ALS, increased immunoreactivity to D-serine is
observed in motoneurons as well as surrounding glial cells, whereas a paper using
another antibody shows that p-serine immunoreactivity is rather decreased in ALS
patients (Paul et al. 2014). The accumulation of p-serine in mSOD1 mice was
verified using an enzymatic assay with DAO (Sasabe et al. 2007) and also in a later
study using a two-dimensional high-performance liquid chromatography
(2D-HPLC) (Sasabe et al. 2012), which enables supersensitive determination of
p-serine with chiral specificity (Morikawa et al. 2003; Miyoshi et al. 2009). In
accordance with the immunohistochemical findings, quantification with 2D-HPLC
shows that the p-serine level in the spinal cord of mSOD1 mice is higher than that in
non-transgenic wild-type animals even in presymptomatic stage and is progres-
sively elevated up to threefold of wild type with progression of motoneuronal
degeneration (Fig. 9.1). The p-serine increase is accompanied by mild increase of
L-serine (Sasabe et al. 2012), but not by alteration of glycine (unpublished data). On
the other hand, p-alanine and p-aspartate, which also bind to NMDA receptors,
show no alterations in their levels in spinal cord of the mSOD1 mice (Sasabe
et al. 2012). Such p-serine-specific increase can be exclusively found in the spinal
cord of mSODI, but not in their cortex nor in the spinal cords of another model of
ALS, overexpressed with A315T-TDP-43, or models for Parkinson’s/Alzheimer’s
diseases (Sasabe et al. 2012). Thus, p-serine accumulation is assumed to be specific
to a certain physiology of motoneuronal degeneration.

Compared to the well-characterized mouse model of ALS, p-serine levels in
patients with ALS are little understood except for immunohistological findings. Our
preliminary results obtained from limited number of non-fixed frozen postmortem
samples using 2D-HPLC suggest that ratio of b- to L-serine levels in the spinal cords
of sporadic ALS patients is about three times higher than that of non-ALS donors
(unpublished observation). On the other hand, the p-serine level or b-/L-serine ratio
in the cerebrospinal fluid showed no detectable difference between sporadic ALS
patients and non-ALS donors (unpublished observation), implying that p-serine
level in cerebrospinal fluid may not reflect the spinal lesion.
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Fig. 9.1 Increased p-serine level in the spinal cord of an ALS model animal. p-Serine in the spinal
cords of mSOD1 mice and wild-type controls was quantified using a 2D-HPLC system at 5 months
of age (corresponding to the end stage in mSOD1 mice) (#-test, ***P < 0.001). The right lines are
representative chromatogram in the second dimension of the HPLC. The arrows mean the peaks
specific to p-serine (Modified from Sasabe et al. 2012)

9.1.2.3 Genetic Relevance of p-Serine Metabolism in ALS

Among ALS cases, 10 % of them show familial transmission. Mutations in SOD],
TDP-43, and FUS occur in 20-30 % of familial form of the disease (Leblond
et al. 2014; Renton et al. 2014). A massive intronic hexanucleotide expansion in
C9o0rf72 accounts for up to 50 % of familial ALS (Leblond et al. 2014). The rest of
the cases with familial ALS comprise several genes, including vesicle-associated
membrane protein-associated protein B (VAPB), optineurin (OPTN), valosin-
containing protein (VCP), DAO, and etc. (Leblond et al. 2014; Renton
et al. 2014). Mitchell et al. reported in their seminal study a unique mutation
“R199W” in DAO associated with classical adult-onset ALS in a three-generational
kindred of familial ALS (Mitchell et al. 2010). The familial ALS is transmitted as a
dominant trait (Mitchell et al. 2010). The locus on chromosome 12 was identified
through linkage analysis by a whole genome screen with microsatellite markers in
families with confirmed ALS and lacking known familial ALS mutations (Mitchell
et al. 2010). The R199W mutation in exon 7 of DAO was found in three affected
individuals, one confirmed obligate carrier, and three “at-risk” individuals in the
kindred, but not in 1002 unrelated individuals (780 non-ALS cases, 23 sporadic
ALS cases, and 199 familial ALS cases lacking SOD1 mutations) (Mitchell
et al. 2010). The kindred with R199W-DAO exhibits both upper and lower moto-
neuronal symptoms with bulbar sings. The disease onset was early 40s and the
affected cases showed a severe phenotype with an average age at death of 44 years
(Mitchell et al. 2010).

Argl99 is highly conserved between mammalian and lower organisms and lies
close to the FAD binding site and between residues Tyr228 and His307. The
R199W-mutation nullifies enzymatic activity of DAO and the mutant suppresses
the activity of wild-type enzyme (Mitchell et al. 2010). DAO activity in the spinal
cord of a patient with both R199W mutation and wild-type alleles is 1/25 of that in
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control spinal cords with wild-type alleles only (Mitchell et al. 2010), suggesting
that R199W is a dominant negative mutant. Although p-serine levels in the familial
ALS cases have not been determined yet, significant disturbance of the degradation
by the mutation is considered to increase D-serine levels in the spinal cord.

9.1.3 Mechanism Underlying p-Serine Accumulation
9.1.3.1 Metabolism of p-Serine in the Motor Pathways

The cell type-specific regulation of D-serine remains uncertain. A serine-shuttle
model introduced by Wolosker explains how p-serine is synthesized and degraded
in the rodent forebrain (Wolosker 2011), where SR, but not DAO, works as a
principal regulator of p-serine. In the model, p-serine is synthesized in neurons from
L-serine, which is transported from astrocytes where L-serine is biosynthesized from
a glycolytic intermediate. The model explains that neuronal SR also catalyzes
D-serine degradation by o,f3-elimination activity and maintains the levels of p-serine
in the SR-rich forebrain regions. On the other hand, the cellular regulation of
D-serine in DAO-rich regions, such as the motor pathways in the brainstem and
spinal cord, is not fully understood. In the DAO-rich regions, the expression level of
SR is relatively low compared to the forebrain (Miya et al. 2008). Considering DAO
is a major regulator of D-serine and is expressed in the astrocytes in the DAO-rich
regions (Miyoshi et al. 2012; Sasabe et al. 2014), p-serine released from neurons
could be uptaken by astrocytes, degraded into hydroxypyruvate, and utilized in
energy metabolism.

Motor pathways consist of pyramidal and extrapyramidal systems. ALS primar-
ily involves pathology of the pyramidal system, also called as the corticospinal
pathway, which directly connects between the cerebral cortex and spinal cord. The
pyramidal system is well-developed in humans for fine movement of fingers
compared to rodents, in which reticulospinal tract dominantly controls motor
function, mostly consisting of gross movement (Lemon 2008; Alstermark
et al. 2004; Yang and Lemon 2003). Intriguingly, histological analysis based on
enzymatic activity shows that DAO activity is prominent in astrocytes of
corticospinal tracts in humans, whereas it is principally found in reticulospinal
tracts in mice (Sasabe et al. 2014). Although the distribution of SR is not well
defined, p-serine in the motor pathways should be retained at a low level due to
relatively high astrocytic DAO activity in physiological conditions.

9.1.3.2 Aberrant Metabolism of p-Serine in ALS
D-Serine accumulation results from both overproduction and suppressed degrada-

tion. Mechanisms underlying the accumulation have been characterized mostly in
the mSOD1 mice. Since p-serine accumulation is observed in neurons and glial
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cells both in mSOD1 and in patients with ALS (Sasabe et al. 2007), the accumu-
lation processes are supposed to involve these types of cells. Immunohistochemis-
try shows that microglial population with SR expression grows with progression of
motoneuronal degeneration in mSOD1 mice, implying that microglia overproduce
D-serine (Sasabe et al. 2007). In accordance with the report that SR expression is
induced in microglia by proinflammatory stimuli through a c-jun N-terminal kinase
and activator protein 1 (JNK-AP1) signal transduction pathway (Wu and Barger
2004), phosphorylation of JNK is observed in activated microglia in the motor
pathway of mSODI1 mice (Sasabe et al. 2007). Interestingly, besides inflammatory
stimuli, the forced expression of mSOD1 also increases the expression of SR in
microglia (Sasabe et al. 2007), suggesting that mSODI triggers the
proinflammatory signal of microglia or phosphorylates JNK through unknown
mechanisms. On the other hand, degradation of p-serine is also suppressed in the
mSOD1 mice. The histological analysis based on enzymatic activity shows that
DAO activity is strikingly suppressed in activated astrocytes in the reticulospinal
motor pathway of mSODI1 mice (Fig. 9.2) (Sasabe et al. 2012). The mRNA
expression of DAO is progressively reduced in the spinal cord of mSOD1 (Sasabe
et al. 2012), suggesting that the DAO inactivation results from loss of its expression.
Such reduction of DAO mRNA can be attenuated by inhibition of extracellular
signal-regulated kinase (ERK) (Sasabe et al. 2012). Indeed, phospho-ERK-positive
astrocytes lack DAO activity in mSOD1 mice (Sasabe et al. 2012), indicating
that proliferating signals in the activated astrocytes may downregulate DAO. The
contribution of DAO in the accumulation of p-serine was evaluated by creating
DAO-lacking mSODI1 mice (Sasabe et al. 2012). While p-serine level in mSOD1
mice is threefold higher than that in the wild-type animals, the p-serine level in
DAO-lacking mSOD1 mice shows only 10 % increase than that in DAO-lacking
mice. Therefore, overproduction by SR comprises only a small portion, and reduc-
tion of DAO expression is the major contributor of D-serine accumulation in

F-tyramide

=s:

H202 3 HzOz/HEFN 2H20

D-proline a-keto acid
FAD

P

D-amino acid oxidase F-D-amino acid oxidase

wild-type

Fig. 9.2 Reduction of DAO activity in an ALS model animal. (a) Cartoon shows how DAO can
be labeled with fluorescent dye based on its activity. Degradation of p-proline (externally added)
produces hydrogen peroxide. Hydrogen peroxide in the presence of peroxidase (HRP) activates
fluorescence-conjugated tyramide (F-tyramide), which triggers covalent binding of F-tyramide to
DAO. (b) Shown are images of DAO visualized by the activity-based technique in the sagittal
section of mouse brain from mSOD1 mice and wild-type animals. Arrows indicate reticular
formation including reticulospinal pathway in the brain stem (Modified from Sasabe et al. 2012)
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mSOD1 mice. In patients with ALS, p-serine accumulation and its mechanisms
remain to be fully characterized. Considering that activations of microglia and
astrocytes are a common feature of sporadic and familial ALS (Philips and
Rothstein 2014), the derangement of p-serine in mSOD1 may represent ALS
pathophysiology. Given the RI199W-DAO functions dominant negatively,
reduction of DAO activity followed by p-serine accumulation may be causative of
the familial ALS.

9.1.4 Toxicity of p-Serine Against Motoneurons

Classically, motoneurons are known to be vulnerable to glutamate excitotoxicity,
which has long been implicated in sporadic and familial ALS (Vucic et al. 2014;
Sasabe and Aiso 2010; Bogaert et al. 2010). Glutamate exerts toxicity through
excessive activation of ionotropic glutamate receptors, including NMDA and
a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA) receptors,
which leads to motoneuronal degeneration through activation of Ca®>"-dependent
enzymatic pathways. Furthermore, such excessive Ca>" disables mitochondrial
calcium-buffering system, resulting in being vulnerable to mitochondria-mediated
apoptosis, oxidative stress, and electron-chain dysfunction (Clapham 2007; Emerit
et al. 2004). The crucial role of p-serine in NMDA-evoked excitotoxicity against
neurons has been reported. Complete removal of D-serine abolished NMDA-
elicited excitotoxicity in organotypic hippocampal slices (Shleper et al. 2005),
and cell death caused by in vivo injection of NMDA is significantly attenuated in
SR knockout mice (Inoue et al. 2008). NMDA is more toxic to ChAT-positive
neurons in primary cultured cells from mSOD]1 spinal cords than those from wild-
type spinal cords (Sasabe et al. 2007). The additive toxicity in the tissue from
mSOD1 is attenuated by co-incubation with a specific inhibitor for SR (Sasabe
et al. 2007), suggesting that overproduction of D-serine accelerates NMDA-
mediated excitotoxicity. The view of D-serine toxicity in mSOD1 mice is partly
supported by in vivo study using SR knockout mSOD1 mice. Thompson et al. have
evaluated motor function and survival of SR knockout mSOD1 in comparison to
mSODI1 animals (Thompson et al. 2012). SR knockout significantly prolongs the
survival of mSODI mice, whereas it expedites the onset of the motor symptom.
Contrary to the SR knockout phenotype in mSOD1 mice, b-serine challenge test in
the drinking water also results in acceleration of the onset and elongated survival.
The authors explain the paradoxical findings that oral intake of D-serine rather
reduces D-serine accumulation in the spinal cord of mSOD1 mice through induction
of a D-serine transporter, alanine-serine-cysteine transporter 1 (Ascl). Together
with our unpublished findings that every-other-day intraperitoneal injections of
D-serine shorten the survival of mSODI1 mice with dramatic accumulation of
D-serine in the spinal cord, intestinal absorption of D-serine may trigger unknown
neuroprotective signals on the central nervous system.
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On the other hand, recent findings provide new aspect of mechanisms underlying
D-serine-mediated neurotoxicity. Mice lacking DAO activity due to G181R muta-
tion with C57BL6 background exhibit mild motoneuronal degeneration with reduc-
tion in number and size of motoneurons, accompanied by ubiquitin-positive
aggregates (Sasabe et al. 2012). Since bp-serine level in the spinal cord of
DAO-lacking animals is ~ten-fold higher than that of wild-type animals (Sasabe
et al. 2012; Miyoshi et al. 2012), bp-serine increase potentially causes
neurodegeneration. More recent study by Paul et al. shows that human DAO with
the DI99W mutation expressed in neurons or glia initiates apoptosis (Paul
et al. 2014). Furthermore, when expressed in glia, the mutant protein is also able
to initiate apoptosis in the neighboring neurons that lack the mutant protein. The
D199W-DAO is suggested to trigger motoneuronal apoptosis through promoting
autophagy, which can be nullified by an inhibitor of D-serine-binding site in NMDA
receptors. These results support the idea that p-serine triggers the accumulation of
ubiquitinated protein aggregates, activates autophagy, and leads to apoptotic cell
death through NMDA receptors, whose mechanisms could be distinguished from
excitotoxicity.

9.2 Conclusion

In this paper, we reviewed the role of p-serine in the etiology of ALS with recent
findings (Fig. 9.3). Currently, the evidence that link p-serine to ALS pathology are
as follows: (1) p-serine is accumulated in the spinal cord of an animal model of ALS
(G93A-SODI1 transgenic mice) mainly due to downregulation of the p-serine-
degrading enzyme, DAO, in activated glial cells; (2) the dominant negative muta-
tion of D199W in DAO gene causes familial ALS that exhibits adult-onset ALS
phenotype with rapid progression; (3) D-serine is toxic to motoneurons potentially
through enhancement of glutamate excitotoxicity, NMDA receptor-related accel-
eration of autophagy, or both; and (4) lack of DAO activity triggers mild motoneu-
ronal degeneration in mice. Since such evidence involve mechanisms that mediate
mSODI1, glutamate excitotoxicity, nonneuronal cells, and/or autophagy, p-serine-
related pathology would have nice correlation to currently proposed pathophysio-
logical hypotheses in ALS. To the best of our knowledge, the role of p-serine has
been established in the pathology mostly in familial ALS with mutant SOD1 and
DAO, and therefore, whether p-serine-related pathology represents ALS or whether
modulation of p-serine has therapeutic benefits in general for ALS patients warrants
future examinations.
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Fig. 9.3 Schematic depicting p-serine accumulation and its toxic mechanism in ALS. Degrada-
tion of p-serine in activated astrocytes is degreased due to downregulation of DAO mediated by
phosphorylation of ERK, whereas production of p-serine in microglia is increased by upregulation
of SR through phosphorylation of JNK. Increased p-serine binds to NMDA receptors and may
trigger excitotoxicity, enhanced autophagy, or both, leading to motoneuronal cell death (Modified
from Sasabe et al. 2012)

References

Alstermark B, Ogawa J, Isa T (2004) Lack of monosynaptic corticomotoneuronal EPSPs in rats:
disynaptic EPSPs mediated via reticulospinal neurons and polysynaptic EPSPs via segmental
interneurons. J Neurophysiol 91(4):1832-1839. doi:10.1152/jn.00820.2003

Basu AC, Tsai GE, Ma CL, Ehmsen JT, Mustafa AK, Han L, Jiang ZI, Benneyworth MA,
Froimowitz MP, Lange N, Snyder SH, Bergeron R, Coyle JT (2009) Targeted disruption of
serine racemase affects glutamatergic neurotransmission and behavior. Mol Psychiatry 14
(7):719-727. doi:10.1038/mp.2008.130

Bensimon G, Lacomblez L, Meininger V (1994) A controlled trial of riluzole in amyotrophic
lateral sclerosis. ALS/Riluzole Study Group. N Engl J Med 330(9):585-591. doi:10.1056/
NEJM199403033300901

Bogaert E, d’Ydewalle C, Van Den Bosch L (2010) Amyotrophic lateral sclerosis and
excitotoxicity: from pathological mechanism to therapeutic target. CNS Neurol Disord Drug
Targets 9(3):297-304

Chio A, Logroscino G, Traynor BJ, Collins J, Simeone JC, Goldstein LA, White LA (2013) Global
epidemiology of amyotrophic lateral sclerosis: a systematic review of the published literature.
Neuroepidemiology 41(2):118-130. doi:10.1159/000351153


http://dx.doi.org/10.1152/jn.00820.2003
http://dx.doi.org/10.1038/mp.2008.130
http://dx.doi.org/10.1056/NEJM199403033300901
http://dx.doi.org/10.1056/NEJM199403033300901
http://dx.doi.org/10.1159/000351153

9 Abnormal p-Serine Metabolism in Amyotrophic Lateral Sclerosis 147

Clapham DE (2007) Calcium signaling. Cell 131(6):1047-1058. doi:10.1016/j.cell.2007.11.028

Delesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Rutherford NJ, Nicholson
AM, Finch NA, Flynn H, Adamson J, Kouri N, Wojtas A, Sengdy P, Hsiung GY, Karydas A,
Seeley WW, Josephs KA, Coppola G, Geschwind DH, Wszolek ZK, Feldman H, Knopman
DS, Petersen RC, Miller BL, Dickson DW, Boylan KB, Graff-Radford NR, Rademakers R
(2011) Expanded GGGGCC hexanucleotide repeat in noncoding region of COORF72 causes
chromosome 9p-linked FTD and ALS. Neuron 72(2):245-256. doi:10.1016/j.neuron.2011.09.
011

Emerit J, Edeas M, Bricaire F (2004) Neurodegenerative diseases and oxidative stress. Biomed
Pharmacother 58(1):39-46

Furukawa H, Gouaux E (2003) Mechanisms of activation, inhibition and specificity: crystal
structures of the NMDA receptor NR1 ligand-binding core. EMBO J 22(12):2873-2885.
doi:10.1093/emboj/cdg303

Hashimoto A, Nishikawa T, Konno R, Niwa A, Yasumura Y, Oka T, Takahashi K (1993) Free
D-serine, D-aspartate and p-alanine in central nervous system and serum in mutant mice lacking
p-amino acid oxidase. Neurosci Lett 152(1-2):33-36

Inoue R, Hashimoto K, Harai T, Mori H (2008) NMDA- and beta-amyloid1-42-induced neuro-
toxicity is attenuated in serine racemase knock-out mice. J Neurosci 28(53):14486—14491.
doi:10.1523/JNEUROSCI.5034-08.2008

Johnson JW, Ascher P (1987) Glycine potentiates the NMDA response in cultured mouse brain
neurons. Nature 325(6104):529-531. doi:10.1038/325529a0

Kabashi E, Valdmanis PN, Dion P, Spiegelman D, McConkey BJ, Vande Velde C, Bouchard JP,
Lacomblez L, Pochigaeva K, Salachas F, Pradat PF, Camu W, Meininger V, Dupre N, Rouleau
GA (2008) TARDBP mutations in individuals with sporadic and familial amyotrophic lateral
sclerosis. Nat Genet 40(5):572-574. doi:10.1038/ng.132

Kiernan MC, Vucic S, Cheah BC, Turner MR, Eisen A, Hardiman O, Burrell JR, Zoing MC (2011)
Amyotrophic lateral sclerosis. Lancet 377(9769):942-955. doi:10.1016/S0140-6736(10)
61156-7

Kwiatkowski TJ Jr, Bosco DA, Leclerc AL, Tamrazian E, Vanderburg CR, Russ C, Davis A,
Gilchrist J, Kasarskis EJ, Munsat T, Valdmanis P, Rouleau GA, Hosler BA, Cortelli P, de Jong
PJ, Yoshinaga Y, Haines JL, Pericak-Vance MA, Yan J, Ticozzi N, Siddique T, McKenna-
Yasek D, Sapp PC, Horvitz HR, Landers JE, Brown RH Jr (2009) Mutations in the FUS/TLS
gene on chromosome 16 cause familial amyotrophic lateral sclerosis. Science 323
(5918):1205-1208. doi:10.1126/science.1166066

Lacomblez L, Bensimon G, Leigh PN, Guillet P, Meininger V (1996) Dose-ranging study of
riluzole in amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis/Riluzole Study Group
II. Lancet 347(9013):1425-1431

Leblond CS, Kaneb HM, Dion PA, Rouleau GA (2014) Dissection of genetic factors associated
with amyotrophic lateral sclerosis. Exp Neurol 262:91-101. doi:10.1016/j.expneurol.2014.04.
013

Lemon RN (2008) Descending pathways in motor control. Annu Rev Neurosci 31:195-218.
doi:10.1146/annurev.neuro.31.060407.125547

Lomen-Hoerth C, Anderson T, Miller B (2002) The overlap of amyotrophic lateral sclerosis and
frontotemporal dementia. Neurology 59(7):1077-1079

Lomen-Hoerth C, Murphy J, Langmore S, Kramer JH, Olney RK, Miller B (2003) Are
amyotrophic lateral sclerosis patients cognitively normal? Neurology 60(7):1094—1097

Matsui T, Sekiguchi M, Hashimoto A, Tomita U, Nishikawa T, Wada K (1995) Functional
comparison of p-serine and glycine in rodents: the effect on cloned NMDA receptors and the
extracellular concentration. J Neurochem 65(1):454-458

McBain CJ, Kleckner NW, Wyrick S, Dingledine R (1989) Structural requirements for activation
of the glycine coagonist site of N-methyl-p-aspartate receptors expressed in Xenopus oocytes.
Mol Pharmacol 36(4):556-565


http://dx.doi.org/10.1016/j.cell.2007.11.028
http://dx.doi.org/10.1016/j.neuron.2011.09.011
http://dx.doi.org/10.1016/j.neuron.2011.09.011
http://dx.doi.org/10.1093/emboj/cdg303
http://dx.doi.org/10.1523/JNEUROSCI.5034-08.2008
http://dx.doi.org/10.1038/325529a0
http://dx.doi.org/10.1038/ng.132
http://dx.doi.org/10.1016/S0140-6736(10)61156-7
http://dx.doi.org/10.1016/S0140-6736(10)61156-7
http://dx.doi.org/10.1126/science.1166066
http://dx.doi.org/10.1016/j.expneurol.2014.04.013
http://dx.doi.org/10.1016/j.expneurol.2014.04.013
http://dx.doi.org/10.1146/annurev.neuro.31.060407.125547

148 J. Sasabe and S. Aiso

Mitchell J, Paul P, Chen HJ, Morris A, Payling M, Falchi M, Habgood J, Panoutsou S, Winkler S,
Tisato V, Hajitou A, Smith B, Vance C, Shaw C, Mazarakis ND, de Belleroche J (2010)
Familial amyotrophic lateral sclerosis is associated with a mutation in p-amino acid oxidase.
Proc Natl Acad Sci U S A 107(16):7556-7561. doi:10.1073/pnas.0914128107

Miya K, Inoue R, Takata Y, Abe M, Natsume R, Sakimura K, Hongou K, Miyawaki T, Mori H
(2008) Serine racemase is predominantly localized in neurons in mouse brain. J Comp Neurol
510(6):641-654. doi:10.1002/cne.21822

Miyoshi Y, Hamase K, Tojo Y, Mita M, Konno R, Zaitsu K (2009) Determination of p-serine and
p-alanine in the tissues and physiological fluids of mice with various p-amino-acid oxidase
activities using two-dimensional high-performance liquid chromatography with fluorescence
detection. J Chromatogr B Anal Technol Biomed Life Sci 877(24):2506-2512. doi:10.1016/j.
jchromb.2009.06.028

Miyoshi Y, Konno R, Sasabe J, Ueno K, Tojo Y, Mita M, Aiso S, Hamase K (2012) Alteration of
intrinsic amounts of p-serine in the mice lacking serine racemase and p-amino acid oxidase.
Amino Acids 43(5):1919-1931. doi:10.1007/s00726-012-1398-4

Morikawa A, Hamase K, Inoue T, Konno R, Niwa A, Zaitsu K (2001) Determination of free
D-aspartic acid, p-serine and p-alanine in the brain of mutant mice lacking p-amino acid
oxidase activity. J] Chromatogr B Biomed Sci Appl 757(1):119-125

Morikawa A, Hamase K, Zaitsu K (2003) Determination of p-alanine in the rat central nervous
system and periphery using column-switching high-performance liquid chromatography. Anal
Biochem 312(1):66-72

Mothet JP, Parent AT, Wolosker H, Brady RO Jr, Linden DJ, Ferris CD, Rogawski MA, Snyder
SH (2000) p-serine is an endogenous ligand for the glycine site of the N-methyl-p-aspartate
receptor. Proc Natl Acad Sci U S A 97(9):4926-4931

Nagata Y, Horiike K, Maeda T (1994) Distribution of free p-serine in vertebrate brains. Brain Res
634(2):291-295

Panatier A, Theodosis DT, Mothet JP, Touquet B, Pollegioni L, Poulain DA, Oliet SH (2006) Glia-
derived p-serine controls NMDA receptor activity and synaptic memory. Cell 125(4):775-784.
doi:10.1016/j.cell.2006.02.051

Papouin T, Ladepeche L, Ruel J, Sacchi S, Labasque M, Hanini M, Groc L, Pollegioni L, Mothet
JP, Oliet SH (2012) Synaptic and extrasynaptic NMDA receptors are gated by different
endogenous coagonists. Cell 150(3):633-646. doi:10.1016/j.cell.2012.06.029

Paul P, Murphy T, Oseni Z, Sivalokanathan S, de Belleroche JS (2014) Pathogenic effects of
amyotrophic lateral sclerosis-linked mutation in p-amino acid oxidase are mediated by
D-serine. Neurobiol Aging 35(4):876-885. doi:10.1016/j.neurobiolaging.2013.09.005

Philips T, Rothstein JD (2014) Glial cells in amyotrophic lateral sclerosis. Exp Neurol. doi:10.
1016/j.expneurol.2014.05.015

Phukan J, Elamin M, Bede P, Jordan N, Gallagher L, Byrne S, Lynch C, Pender N, Hardiman O
(2012) The syndrome of cognitive impairment in amyotrophic lateral sclerosis: a population-
based study. J Neurol Neurosurg Psychiatry 83(1):102—108. doi:10.1136/jnnp-2011-300188

Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollinson S, Gibbs JR, Schymick JC,
Laaksovirta H, van Swieten JC, Myllykangas L, Kalimo H, Paetau A, Abramzon Y, Remes
AM, Kaganovich A, Scholz SW, Duckworth J, Ding J, Harmer DW, Hernandez DG, Johnson
JO, Mok K, Ryten M, Trabzuni D, Guerreiro RJ, Orrell RW, Neal J, Murray A, Pearson J,
Jansen IE, Sondervan D, Seelaar H, Blake D, Young K, Halliwell N, Callister JB, Toulson G,
Richardson A, Gerhard A, Snowden J, Mann D, Neary D, Nalls MA, Peuralinna T, Jansson L,
Isoviita VM, Kaivorinne AL, Holtta-Vuori M, Ikonen E, Sulkava R, Benatar M, Wuu J,
Chio A, Restagno G, Borghero G, Sabatelli M, Consortium I, Heckerman D, Rogaeva E,
Zinman L, Rothstein JD, Sendtner M, Drepper C, Eichler EE, Alkan C, Abdullaev Z, Pack SD,
Dutra A, Pak E, Hardy J, Singleton A, Williams NM, Heutink P, Pickering-Brown S, Morris
HR, Tienari PJ, Traynor BJ (2011) A hexanucleotide repeat expansion in COORF72 is the
cause of chromosome 9p21-linked ALS-FTD. Neuron 72(2):257-268. doi:10.1016/j.neuron.
2011.09.010


http://dx.doi.org/10.1073/pnas.0914128107
http://dx.doi.org/10.1002/cne.21822
http://dx.doi.org/10.1016/j.jchromb.2009.06.028
http://dx.doi.org/10.1016/j.jchromb.2009.06.028
http://dx.doi.org/10.1007/s00726-012-1398-4
http://dx.doi.org/10.1016/j.cell.2006.02.051
http://dx.doi.org/10.1016/j.cell.2012.06.029
http://dx.doi.org/10.1016/j.neurobiolaging.2013.09.005
http://dx.doi.org/10.1016/j.expneurol.2014.05.015
http://dx.doi.org/10.1016/j.expneurol.2014.05.015
http://dx.doi.org/10.1136/jnnp-2011-300188
http://dx.doi.org/10.1016/j.neuron.2011.09.010
http://dx.doi.org/10.1016/j.neuron.2011.09.010

9 Abnormal p-Serine Metabolism in Amyotrophic Lateral Sclerosis 149

Renton AE, Chio A, Traynor BJ (2014) State of play in amyotrophic lateral sclerosis genetics. Nat
Neurosci 17(1):17-23. doi:10.1038/nn.3584

Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, Hentati A, Donaldson D, Goto J,
O’Regan JP, Deng HX et al (1993) Mutations in Cu/Zn superoxide dismutase gene are
associated with familial amyotrophic lateral sclerosis. Nature 362(6415):59-62. doi:10.1038/
36205920

Sasabe J, Aiso S (2010) Aberrant control of motoneuronal excitability in amyotrophic lateral
sclerosis: excitatory glutamate/p-serine vs. inhibitory glycine/gamma-aminobutanoic acid
(GABA). Chem Biodivers 7(6):1479-1490. doi:10.1002/cbdv.200900306

Sasabe J, Chiba T, Yamada M, Okamoto K, Nishimoto I, Matsuoka M, Aiso S (2007) p-serine is a
key determinant of glutamate toxicity in amyotrophic lateral sclerosis. EMBO J 26
(18):4149-4159. doi:10.1038/sj.emboj.7601840

Sasabe J, Miyoshi Y, Suzuki M, Mita M, Konno R, Matsuoka M, Hamase K, Aiso S (2012)
D-amino acid oxidase controls motoneuron degeneration through p-serine. Proc Natl Acad Sci
U S A 109(2):627-632. doi:10.1073/pnas.1114639109

Sasabe J, Suzuki M, Imanishi N, Aiso S (2014) Activity of p-amino acid oxidase is widespread in
the human central nervous system. Front Synaptic Neurosci 6:14. doi:10.3389/fnsyn.2014.
00014

Shleper M, Kartvelishvily E, Wolosker H (2005) p-serine is the dominant endogenous coagonist
for NMDA receptor neurotoxicity in organotypic hippocampal slices. J Neurosci 25
(41):9413-9417. doi:10.1523/INEUROSCI.3190-05.2005

Sreedharan J, Brown RH Jr (2013) Amyotrophic lateral sclerosis: problems and prospects. Ann
Neurol 74(3):309-316. doi:10.1002/ana.24012

Sreedharan J, Blair IP, Tripathi VB, Hu X, Vance C, Rogelj B, Ackerley S, Durnall JC, Williams
KL, Buratti E, Baralle F, de Belleroche J, Mitchell JD, Leigh PN, Al-Chalabi A, Miller CC,
Nicholson G, Shaw CE (2008) TDP-43 mutations in familial and sporadic amyotrophic lateral
sclerosis. Science 319(5870):1668—-1672. doi:10.1126/science.1154584

Thompson M, Marecki JC, Marinesco S, Labrie V, Roder JC, Barger SW, Crow JP (2012)
Paradoxical roles of serine racemase and p-serine in the G93A mSOD1 mouse model of
amyotrophic lateral sclerosis. J Neurochem 120(4):598-610. doi:10.1111/j.1471-4159.2011.
07601.x

Vance C, Rogelj B, Hortobagyi T, De Vos KJ, Nishimura AL, Sreedharan J, Hu X, Smith B,
Ruddy D, Wright P, Ganesalingam J, Williams KL, Tripathi V, Al-Saraj S, Al-Chalabi A,
Leigh PN, Blair IP, Nicholson G, de Belleroche J, Gallo JM, Miller CC, Shaw CE (2009)
Mutations in FUS, an RNA processing protein, cause familial amyotrophic lateral sclerosis
type 6. Science 323(5918):1208-1211. doi:10.1126/science.1165942

Vucic S, Rothstein JD, Kiernan MC (2014) Advances in treating amyotrophic lateral sclerosis:
insights from pathophysiological studies. Trends Neurosci 37(8):433—442. doi:10.1016/j.tins.
2014.05.006

Wolosker H (2011) Serine racemase and the serine shuttle between neurons and astrocytes.
Biochim Biophys Acta 1814(11):1558-1566. doi:10.1016/j.bbapap.2011.01.001

Wu S, Barger SW (2004) Induction of serine racemase by inflammatory stimuli is dependent on
AP-1. Ann N Y Acad Sci 1035:133-146. doi:10.1196/annals.1332.009

Yang HW, Lemon RN (2003) An electron microscopic examination of the corticospinal projection
to the cervical spinal cord in the rat: lack of evidence for cortico-motoneuronal synapses. Exp
Brain Res 149(4):458-469. doi:10.1007/s00221-003-1393-9


http://dx.doi.org/10.1038/nn.3584
http://dx.doi.org/10.1038/362059a0
http://dx.doi.org/10.1038/362059a0
http://dx.doi.org/10.1002/cbdv.200900306
http://dx.doi.org/10.1038/sj.emboj.7601840
http://dx.doi.org/10.1073/pnas.1114639109
http://dx.doi.org/10.3389/fnsyn.2014.00014
http://dx.doi.org/10.3389/fnsyn.2014.00014
http://dx.doi.org/10.1523/JNEUROSCI.3190-05.2005
http://dx.doi.org/10.1002/ana.24012
http://dx.doi.org/10.1126/science.1154584
http://dx.doi.org/10.1111/j.1471-4159.2011.07601.x
http://dx.doi.org/10.1111/j.1471-4159.2011.07601.x
http://dx.doi.org/10.1126/science.1165942
http://dx.doi.org/10.1016/j.tins.2014.05.006
http://dx.doi.org/10.1016/j.tins.2014.05.006
http://dx.doi.org/10.1016/j.bbapap.2011.01.001
http://dx.doi.org/10.1196/annals.1332.009
http://dx.doi.org/10.1007/s00221-003-1393-9

Part 111
Function of p-Aspartate



Chapter 10
Overview

Hiroshi Homma

Abstract As an introduction to Part III, the flow of p-aspartate research is
described. The primary works and review articles concerning the emergence of
D-aspartate and its action in the nonmammalian and mammalian animals are
summarized.

Keywords p-Aspartate ¢« Flow of research

As an introduction to this chapter, I look back over the course of p-aspartate (D-Asp)
research and briefly summarize the primary reports and subsequent review articles
for readers who hope to start b-Asp research.

D-Asp was first discovered by D’Aniello’s group in the brain of cephalopods
(octopus) (D’Aniello and Giuditta 1977). Thereafter, it was found in the nervous
system, endocrine tissues, and reproductive organs of a variety of invertebrates and
nonmammalian vertebrates, as reviewed in detail by D’ Aniello (D’ Aniello 2007). In
mammals, D-Asp was first detected in rat brain and peripheral tissues (such as the
liver) as well as in human blood (Dunlop et al. 1986). Dunlop et al. recognized that
the p-Asp contents of tissues exhibit characteristic alterations during growth. Then,
the group of Nishikawa carried out extensive research on the developmental
changes in the p-Asp contents of various tissues in rat and human (Hashimoto
et al. 1993, 1995). Thereafter, an anti-pD-Asp antibody was prepared, and the
localization of p-Asp was analyzed in rat tissues such as the brain and pineal
gland (Schell et al. 1997; Lee et al 1997). Subsequent studies on the localization
of D-Asp in a variety of tissues indicated that it is localized in a distinct type of cells
at a particular stage of the developmental process (Homma 2002; Furuchi and
Homma 2005).

Among nonmammalian vertebrates, D-Asp actions are related to testosterone
levels in the ovary of frog (Rana esculenta) (Di Fiore et al. 1998) and with the
testosterone and estradiol contents and ovarian aromatase activity in lizard
(Podarcis s. sicula) (Assisi et al. 2001), suggesting a physiological role of D-Asp
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in reproductive organs. Thereafter, its action was reported in other tissues such as
the testis and an exocrine organ (Harderian gland), as reviewed by Di Fiore’s group
(Raucci and Di Fiore 2011; Di Fiore et al. 2014). In this chapter, a review article is
described by Di Fiore et al., entitled “Endocrine activity of p-aspartate in
nonmammalian animals,” in which the role of p-Asp in endocrine control of
reproduction in amphibians, reptiles, and birds is summarized and reviewed.

D’ Aniello et al. suggested that D-Asp acts as a neurotransmitter by using Aplysia
as an experimental material (D’Aniello et al. 2011). Sweedler et al. detected
D-amino acids at subcellular levels in a giant axon of Aplysia (Miao et al. 2005)
and similarly studied and reviewed the role of p-Asp as a neurotransmitter (Ota
et al. 2012). In addition, they cloned the gene encoding aspartate racemase of
Aplysia (Wang et al. 2011). In this chapter, Sweedler and his associates summarize
the analytical techniques for p-amino acids and review the biochemical and molec-
ular biological aspects of p-Asp. They also provide comprehensive explanations for
the role of p-Asp in nonmammalian animals.

The physiological activities of pD-Asp were also reported in several endocrine
tissues and reproductive glands of mammals, such as the pineal gland (Takigawa
et al. 1998; Ishio et al. 1998), pituitary gland (Wang et al. 2000; Long et al. 2000;
D’Aniello et al. 1996, 2000), and testis (D’ Aniello et al. 1996; Nagata et al. 1999a,
b), suggesting that p-Asp is involved in the regulation of hormonal secretion.
Furthermore, clinical reports indicated the involvement of p-Asp in human repro-
duction and related diseases (D’Aniello et al. 2005, 2007). Several review articles
have been published concerning the physiological function of p-Asp in mammals
(Homma 2007; D’ Aniello 2007; Katane and Homma 2011; Ota et al. 2012; Di Fiore
et al. 2014). In this chapter, Homma and Katane describe a review article entitled
“Homeostasis of free p-aspartate in mammalian cells”.

Recently, there has been a major advance in research of the physiological action
of D-Asp in the mammalian central nervous system. Knockout (KO) mice of b-Asp
oxidase, a major degradative enzyme of acidic p-amino acids, were established
(Huang et al. 2006; Errico et al. 2006), and the effects of its deletion were analyzed.
It has been suggested that p-Asp is an agonist for the N-methyl-p-aspartate
(NMDA) receptor, a subtype of the glutamate receptor in the mammalian brain.
In KO mice, tissue levels of p-Asp (especially the brain level) are markedly
increased, and the effects on brain function and behavioral changes were investi-
gated. In addition to gene deletion, Usiello et al. studied the pharmacological effects
of chronic administration of p-Asp, and detailed reviews of the physiological
function of p-Asp were published (Errico et al. 2009, 2012). In this chapter, a
review article is described entitled “Neuromodulatory activity of p-aspartate in
mammals,” concerning the correlation among p-Asp, NMDA receptor, and
schizophrenia.

Although studies of the enzymes involved in p-Asp metabolism are introduced
and summarized in the other chapters of this book, some review articles of enzy-
matic research of D-Asp biosynthesis and degradation were published (Ota
et al. 2012; Katane and Homma 2010).
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D-Asp was discovered earlier than p-serine. However, research of b-Asp lags far
behind that of p-serine. Further studies of b-Asp and other acidic p-amino acids are
expected to identify the protein(s) that binds directly to p-Asp and controls its
biological actions and to characterize the enzymes related to p-Asp metabolism,
such as its biosynthesis, and the molecular apparatuses for b-Asp transport and flow.
Based on these findings and investigations, related diseases will be clarified, and
improved drugs and relevant functional foods will be developed.

References

Assisi L, Botte V, D’Aniello A, Di Fiore MM (2001) Enhancement of aromatase activity by
D-aspartic acid in the ovary of the lizard Podarcis s. sicula. Reproduction 121:803-808

D’ Aniello A (2007) p-Aspartic acid: an endogenous amino acid with an important endocrine role.
Brain Res Rev 53:215-234

D’Aniello A, Giuditta A (1977) Identification of p-aspartic acid in the brain of Octopus vulgaris
lam. J Neurochem 29:1053-1057

D’Aniello S, Somorjai I, Garcia-Fernandez J, Top E, D’ Aniello A (2011) p-Aspartic acid is a novel
endogenous neurotransmitter. FASEB J 25:1014-1027

D’Aniello A, Di Cosmo A, Di Cristo C, Annunziato L, Petrucelli L, Fisher G (1996) Involvement
of p-aspartic acid in the synthesis of testosterone in rat testes. Life Sci 59:97-104

D’Aniello G, Tolino A, D’Aniello A, Errico F, Fisher GH, Di Fiore MM (2000) The role of
p-aspartic acid and N-methyl-p-aspartic acid in the regulation of prolactin release. Endocri-
nology 141:3862-3870

D’Aniello G, Ronsini S, Guida F, Spinelli P, D’ Aniello A (2005) Occurrence of p-aspartic acid in
human seminal plasma and spermatozoa: possible role in reproduction. Fertil Steril
84:1444-1449

D’Aniello G, Grieco N, Di Filippo MA, Cappiello F, Topo E, D’Aniello E, Ronsini S (2007)
Reproductive implication of p-aspartic acid in human pre-ovulatory follicular fluid. Hum
Reprod 22:3178-3183

Di Fiore MM, Assisi L, Botte V, D’Aniello A (1998) p-Aspartic acid is implicated in the control of
testosterone production by the vertebrate gonad. Studies on the female green frog, Rana
esculenta. J Endocrinol 157:199-207

Di Fiore MM, Santillo A, Chieffi Baccari G (2014) Current knowledge of p-aspartate in glandular
tissues. Amino Acids 46:1805-1818

Dunlop DS, Neidle A, McHale D, Dunlop DM (1986) The presence of free p-aspartic acid in
rodent and man. Biochem Biophys Res Commun 141:27-35

Errico F, Pirro MT, Affuso A, Spinelli P, De Felice M, D’Aniello A, Di Lauro R (2006) A
physiological mechanism to regulate p-aspartic acid and NMDA levels in mammals revealed
by p-aspartate oxidase deficient mice. Gene 374:50-57

Errico F, Napolitano F, Nistico R, Centonze D, Usiello A (2009) p-aspartate: an atypical amino
acid with neuromodulatory activity in mammals. Rev Neurosci 20:429-440

Errico F, Napolitano F, Nistico R, Usiello A (2012) A new insights on the role of free p-aspartate in
the mammalian brain. Amino Acids 43:1861-1871

Furuchi T, Homma H (2005) Free p-aspartate in mammals. Biol Pharm Bull 28:1566-1570

Hashimoto A, Kumashiro S, Nishikawa T, Oka T, Takahashi K, Mito T, Takashima S, Doi N,
Mizutani Y, Yamazaki T, Kaneko T, Ootomo E (1993) Embryonic development and postnatal
changes in free p-aspartate and D-serine in the human prefrontal cortex. J Neuochem
61:348-351



156 H. Homma

Hashimoto A, Oka T, Nishikawa T (1995) Anatomical distribution and postnatal changes in
endogenous free D-aspartate and D-serine in rat brain and periphery. Eur J Neurosci
7:1657-1663

Homma H (2002) p-Aspartate in the mammalian body. Viva Origino 30:204-215. Available
online at http://www.origin-life.gr.jp/3004/3004204/3004204.pdf

Homma H (2007) Biochemistry of p-aspartate in mammalian cells. Amino Acids 32:3-11

Huang AS, Beigneux A, Weil ZM, Kim PM, Molliver ME, Blackshaw S, Nelson RJ, Young SG,
Snyder SH (2006) p-Aspartate regulates melanocortin formation and function: behavioral
alterations in p-aspartate oxidase-deficient mice. J Neurosci 26:2814-2819

Ishio S, Yamada H, Hayashi M, Yatsushiro S, Noumi T, Yamaguchi A, Moriyama Y (1998)
D-Aspartate modulates melatonin synthesis in rat pinealocytes. Neurosci Lett 249:143—-146

Katane M, Homma H (2010) p-Aspartate oxidase: the sole catabolic enzyme acting on free
D-aspartate in mammals. Chem Biodivers 7:1435-1449

Katane M, Homma H (2011) p-Aspartate—an important bioactive substance in mammals: a
review from an analytical and biological point of view. J Chromatogr B Analyt Technol
Biomed Life Sci 879:3108-3121

Lee JA, Homma H, Sakai K, Fukushima T, Santa T, Tashiro K, Iwatsubo T, Yoshikawa M, Imai K
(1997) Immunohistochemical localization of p-aspartate in the rat pineal gland. Biochem
Biophys Res Commun 231:505-508

Long Z, Lee JA, Okamoto T, Nimura N, Imai K, Homma H (2000) p-Aspartate in a prolactin-
secreting clonal strain of rat pituitary tumor cells (GH3). Biochem Biophys Res Commun
276:1143-1147

Miao H, Rubakhin SS, Sweedler JV (2005) Subcellular analysis of p-aspartate. Anal Chem
77:7190-7194

Nagata Y, Homma H, Matsumoto M, Imai K (1999a) Stimulation of steroidogenic acute regula-
tory protein (StAR) gene expression by D-aspartate in rat Leydig cells. FEBS Lett 454:317-320

Nagata Y, Homma H, Lee JA, Imai K (1999b) p-Aspartate stimulation of testosterone synthesis in
rat Leydig cells. FEBS Lett 444:160-164

Ota N, Shi T, Sweedler JV (2012) p-aspartate acts as a signaling molecule in nervous and
neuroendocrine systems. Amino Acids 43:1873-1886

Raucci F, Di Fiore MM (2011) p-Asp: a new player in reproductive endocrinology of the
amphibian Rana esculenta. J Chromatogr B Analyt Technol Biomed Life Sci 879:3268-3276

Schell MJ, Cooper OB, Snyder SH (1997) p-aspartate localizations imply neuronal and neuroen-
docrine roles. Proc Natl Acad Sci U S A 92:3948-3952

Takigawa Y, Homma H, Lee JA, Fukushima T, Santa T, Iwatsubo T, Imai K (1998) p-Aspartate
uptake into cultured rat pinealocytes and the concomitant effect on L-aspartate levels and
melatonin secretion. Biochem Biophys Res Commun 248:641-647

Wang H, Wolosker H, Pevsner J, Snyder SH, Selkoe DJ (2000) Regulation of rat magnocellular
neurosecretory system by D-aspartate: evidence for biological role(s) of a naturally occurring
free p-amino acid in mammals. J Endocrinol 167:247-252

Wang L, Ota N, Romanova EV, Sweedler JV (2011) A novel pyridoxal 5'-phosphate-dependent
amino acid racemase in the Aplysia californica central nervous system. J Biol Chem
286:13765-13774


http://www.origin-life.gr.jp/3004/3004204/3004204.pdf

Chapter 11
Endocrine Activity of p-Aspartate
in Nonmammalian Animals

Maria Maddalena Di Fiore, Lavinia Burrone, Alessandra Santillo,
and Gabriella Chieffi Baccari

Abstract p-Aspartate is a natural p-amino acid endogenously present in animal
tissues and able to bind to NMDA receptors. The biological actions of p-aspartate
have been demonstrated in the central nervous system and in peripheral tissue
where the amino acid is under the tight control of two enzymes responsible for its
synthesis and degradation, p-aspartate racemase and D-aspartate oxidase, respec-
tively. Furthermore, D-aspartate intervenes on aromatase enzyme functioning.

In the last 20 years, many reports have pointed out this p-amino acid as
mediators of critical signals involved together with sex hormones in various aspects
of animal and human reproduction. Although mammalian models have been mainly
used in the investigation of the role of p-aspartate in reproduction, this amino acid
has also been identified in the gonads of nonmammalian animals, in particular in
amphibians, reptiles, and birds.

The identification of its occurrence in reproductive cells and organs of verte-
brates highlights the key role played by these endogenous compounds along the
evolutionary axis. In this review we have summarized the current knowledge of the
main actions of p-aspartate on female and male reproductive processes along the
evolutionary axis of nonmammalian animals, focusing on the endocrine activity
and discussing the interplay between D-aspartate functions and steroid hormones in
regulating the reproduction.

Keywords p-Aspartate « Reproduction ¢ Sex hormones ¢ Testis « Ovary

11.1 Background in Mammals

Although it is beyond the scope of this review, a very brief accent is being here.
In the last two decades, growing evidence has been accumulated to show the
occurrence of D-aspartate (D-Asp) in endocrine tissues and its central role in
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controlling endocrine functions (for review, see Homma 2007; D’ Aniello 2007; Ota
et al. 2012; Di Fiore et al. 2014). The investigations have been mostly dedicated to
mammals, demonstrating that p-Asp is involved in several endocrine steps, which
follow one another to guarantee the synthesis and/or the release of several hor-
mones. In mammals, an increase in local concentrations of p-Asp facilitates the
endocrine secretion of anterior pituitary hormones, i.e., LH and GH (D’Aniello
et al. 2000a) and PRL (D’Aniello et al. 2000b), whereas it inhibits the secretion of
POMC/a-MSH from the intermediate pituitary (Huang et al. 2006) and of oxytocin
from the posterior pituitary (Wang et al. 2000). p-Asp also acts as a negative
regulator for melatonin synthesis in the pineal gland (Takigawa et al. 1998; Ishio
et al. 1998).

D-Asp has been demonstrated to play a peculiar role on the control of reproduc-
tive functions in mammals. Recently, in rat testis, it has been demonstrated that it
induces testicular NMDA receptor—extracellular signal-regulated kinase pathway
and upregulates androgen receptor expression (Santillo et al. 2014).

Several reports have showed that p-Asp exerts potent positive effects upon both
experimental animal and human reproduction, affecting the gonadotropin synthesis
and release, the gonadic steroid production, the spermatogenesis, and the ovulation
(D’Aniello et al. 1998, 2000a, b, 2005, 2007, 2012; Lamanna et al. 2006, 2007a, b;
Falvo et al. 2015; Santillo et al. 2016). In mammals p-aspartate modulates repro-
ductive functions by acting at multiple levels: (1) it can affect the secretion of
gonadotropin-releasing hormone (GnRH) by acting at the hypothalamic level,
generating an indirect cascade role on the hypothalamic-pituitary axis; (2) a direct
action on pituitary is possible, since D-aspartate regulates pituitary hormone secre-
tions; and (3) it has a local role on gonads, inducing sex steroid hormone secretion
(progesterone, testosterone, 17p-estradiol) and therefore modulating the reproduc-
tive functions through steroidogenesis.

11.2 Role of p-Asp in Ciona intestinalis

Only one study has been carried out on endocrine activity exerted by D-Asp in
Ciona intestinalis. It is an emerging animal model, situated in a key phylogenetic
position, and considered a descent of a chordate ancestor.

C. intestinalis is a marine protochordate belonging to the subphylum
Urochordata (Tunicata), class Ascidiacea. This species is considered to be phylo-
genetically about 500 million years distant from the highest vertebrate group, and it
is postulated that the ascidians share common ancestry with vertebrates. From an
endocrine point of view, C. intestinalis possesses steroid hormones such as proges-
terone, testosterone, and 17f-estradiol (Delrio et al. 1971; Cangialosi et al. 2010), a
humanlike thyroid-stimulating hormone (Di Fiore et al. 1997), and two different
forms of GnRH with amino acid compositions similar to that occurring in birds and
mammals (Di Fiore et al. 2000). Therefore, because of a dynamic developmental
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pattern and a simplified anatomical structure, C. intestinalis represents an excellent
experimental model for developmental and phylogenetic studies.

D’ Aniello and co-workers (2003) have demonstrated the occurrence of endog-
enous D-Asp and of its methylated form, N-methyl-p-aspartic acid (NMDA), in the
neural complex and in the gonads of C. infestinalis, indicating their involvement in
hormonal activity. b-Asp is synthesized from L-Asp by an aspartate racemase; it is
transferred to the neural gland where it gives rise to NMDA by an NMDA synthase.
NMDA, in turn, passes from the neural gland into the gonads where it induces the
synthesis and release of GnRH. The GnRH in turn modulates the release and
synthesis of testosterone and progesterone in the gonads (D’Aniello et al. 2003).

Given the simplicity of C. intestinalis endocrine system with respect to mam-
mals, the discovery of pD-Asp in this animal has been important to gain insights into
the role of endogenous p-Asp in the endocrine system of metazoans and particularly
in the chordate lineage.

11.3 Role of p-Aspartate in the Endocrine Regulation
of Reproduction in Nonmammalian Animals

11.3.1 Nonmammalian Animals as Models of Study

It has been generally recognized that a comparative approach gains a deep insight
on adaptative phenomena leading to evolutionarily track as well as provides an
insight into the understanding of physiological mechanisms in building general
models. Besides evolutionary speculations, the major advantage of nonmammalian
animals in the study of reproductive function is that most of them are seasonal
breeders with a physiological switch on/off of gonadic activity. Environmental
factors such as temperature and photoperiod deeply control reproductive functions;
both can easily be modified in the laboratory, leading to a controlled suppression
and/or induction of reproductive functions.

Lastly, gonad architecture is simpler than mammals, and this certainly facilitates
morpho-functional studies. Indeed, nonmammalian vertebrates have been recog-
nized to possess morphological features to better study relationships between
different neuroendocrine-paracrine systems. In this respect, the use of experimental
model other than mammals has been useful to elucidate some functional aspects of
D-aspartate. Seasonality of reproduction in nonmammalian animals has been the
subject of numerous studies, including investigations at the brain level, well known
to be the production site of neurosteroids. In the present review, we will mainly
describe the current knowledge about the role of p-aspartate in endocrine control of
reproduction in amphibians, reptiles, and birds.
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11.3.1.1 Pelophylax esculentus

In the amphibian green frog Pelophylax esculentus (new nomenclature of Rana
esculenta), mating usually occurs in early spring. Occurrence and role of D-Asp
have been investigated during the three main phases of their reproductive cycle that
are prereproductive (October), reproductive (February—March), and post-
reproductive (July), in both sexes.

It has been demonstrated that p-Asp undergoes regular changes in its concen-
tration throughout the reproductive cycle in both ovary (Di Fiore et al. 1998) and
testis (Raucci et al. 2004).

It is to be taken into account that the ovaries of P. esculentus undergo an annual
cycle of growth and developmental maturation depending on the reproductive
season. At pre-reproduction, the majority of follicles appear to be previtellogenic;
no estimable accumulation of yolk plates is observed in the oocyte cytoplasm
(Fig. 11.1a). At reproduction, the follicles appeared fully engaged in vitellogenic
and the zona pellucida is fully distinguishable (Fig. 11.1a). In post-reproductive
frogs, the follicles were smaller and no indication of vitellogenesis was observed
(Fig. 11.1a). p-Asp concentrations undergo significant variations during the main
phases of the sexual cycle. In spawning females (March), its concentration was low,
and during the post-reproductive period (June), it increased and reached its peak
level in prereproductive phase (October) (Fig. 11.1b). The concentrations of D-Asp
in the ovary and of testosterone in both ovary and plasma were inversely correlated
during the reproductive cycle: when endogenous p-Asp was low (reproductive
period), testosterone was high in the ovary (Fig. 11.1b) and plasma
(23.1 £2.76 ng/ml), and, in contrast, when the D-Asp concentration was high
(prereproductive period), the testosterone concentration was low in the ovary
(Fig. 11.1b) and plasma (5.0 £1.3 ng/ml). In vivo experiments, consisting of
injection of D-Asp (2 pmol/g body weight) into the dorsal lymphatic sac, demon-
strated that this amino acid accumulated significantly in the ovary. After 3 h, p-Asp
treatment caused a decrease in plasma testosterone levels of about 80 %. This
inhibition was reversible: within 18 h after the amino acid injection, as the D-Asp
concentration in the ovary decreased, the testosterone titer was restored. In vitro
experiments, performed in isolated ovarian follicles, confirmed this phenomenon.
Other amino acids (L-Asp, D-Glu, L-Glu, p-Ala, and L-Ala) used instead of pD-Asp
were ineffective (Di Fiore et al. 1998).

Furthermore, it has been demonstrated that b-Asp enhances the maturation of
frog oocytes, determining a higher accumulation of carbohydrate yolk plates in the
ooplasm (Raucci and Di Fiore 2011).

The study, carried out on the male of P. esculentus, investigated the involvement
of D-Asp in testicular steroidogenesis and its action on both morphology and
glandular activity of thumb pad, a typical testosterone-dependent secondary sexual
character in this amphibian species (Raucci et al. 2004).

Figure 11.2a reports morphological modification of germinal epithelium of the
testis through the sexual cycle. In the prereproductive period, seminiferous
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Fig. 11.1 (a) Oocyte morphology. Hematoxylin/eosin-stained sections of follicles of Pelophylax
esculentus during the sexual cycle. (b) p-Asp and testosterone levels in the green frog ovary during
the prereproductive, reproductive, and post-reproductive periods. Each point represents the mean
value & S.D. from five individual female frogs. ¥*P < 0.01 prereproductive versus reproductive and
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Fig. 11.2 (a) Testis morphology. Hematoxylin/eosin-stained sections of Pelophylax esculentus
testis during the sexual cycle (SPZ, spermatozoa). (b) b-Asp, testosterone, and 17f-estradiol levels
in the green frog testis during prereproductive, reproductive, and post-reproductive periods. Each
point represents the mean value &+ S.D. from five individual male frogs. *P < 0.01 prereproductive
versus reproductive; *P < 0.01 reproductive versus post-reproductive (p-Asp). *P < 0.01 repro-
ductive versus prereproductive and post-reproductive (testosterone)
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ampoules of the testis contained predominantly primary and secondary spermato-
gonia (Fig. 11.2a). In the reproductive period, testicular epithelium contained the
maximal number of primary spermatogonia, several secondary spermatogonia, and
primary and secondary spermatocytes, and the lumen was full of spermatozoa
(SPZ) (Fig. 11.2a). In the post-reproductive period, high numbers of cysts still
contained primary and secondary spermatocytes and a very few SPZ were present
(Fig. 11.2a). In the testis, in all three phases of the reproductive cycle, substantial
amounts of free D-Asp were found in testicular extracts, and its concentration varied
significantly during the reproductive cycle: it was lower in pre- and post-
reproductive periods, but when animals are engaged in sexual activity (reproductive
period), D-Asp reached the peak level (Fig. 11.2b). Moreover, testis D-Asp concen-
trations through the sexual cycle positively matched with testis testosterone levels
(Fig. 11.2b).

In vivo short-term experiments consisting of a single injection of b-Asp (2 pmol/
g body weight) demonstrated that this amino acid accumulated significantly in the
testis, and after 3 h its uptake is coupled with a testosterone increase in both testis
and plasma. Then, within 18 h of amino acid administration, testis b-Asp concen-
tration decreased to pre-stimulation levels as well as testis and serum testosterone
levels.

In in vivo long-term experiments, D-Asp was chronically administered to frogs
caught during the three phases of the reproductive cycle. b-Asp induced testoster-
one increase and 17B-estradiol decrease in the testis during the pre- and post-
reproductive period and vice versa during the reproductive period. The stimulatory
effect of D-Asp on testosterone production by the testis is consistent with the
stimulation of spermatogenesis and the maturation of thumb pads occurring in
D-Asp-treated frogs. In these animals, there was an increase of seminiferous
ampoule area and a higher number of spermatids and sperm. Moreover, in sper-
matogonia I and II and in spermatocytes, proliferating cell nuclear antigen (PCNA)
intense immunopositivity was observed. In addition, the thumb pads of p-Asp-
treated frogs compared with controls showed a significantly thicker epithelial
lining, a wider area of their glands with taller secretory cells (Raucci et al. 2004).

In conclusion p-Asp is endowed with the control of the synthesis and/or the
release of testosterone by the gonad as function of the sex. In the ovary a reverse
relation is founded between D-Asp and testosterone levels; conversely, in the testis
this link seems to be direct (Raucci and Di Fiore 2011).

To examine the molecular involvement of p-Asp on steroidogenesis, we have
carried out a study on the cyclic gene expression of key enzymes involved in the
steroidogenic pathway regulation in the testis of P. esculentus (Burrone
et al. 2012a). Particularly, we analyzed the expression of StAR (steroidogenic
acute regulatory protein, required for shuttling cholesterol across the mitochondrial
membrane), P450 aro (P450 aromatase, the enzyme responsible of testosterone
conversion into 17p-estradiol), and SaRed (5a-reductase, an enzyme which con-
verts testosterone into Sa-dihydrotestosterone) mRNAs in P. esculentus testis,
either in relation to the reproductive cycle or to p-Asp treatment (Fig. 11.3).
Basal StAR mRNA levels were higher in reproductive (Fig. 11.3a) than in post-
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Fig. 11.3 RT-PCR-based measurements of StAR, P450 aro, and Sa-red mRNA in the testis from
control and p-Asp-treated frogs during the reproductive (a) and post-reproductive (b) periods.
Ribosomal protein P mRNA levels were measured as the internal standard. Each point represents
the mean value £ SEM of five measurements. *P < 0.05 versus controls

reproductive (Fig. 11.3b) periods. p-Asp treatment increased StAR mRNA expres-
sion in both the reproductive (Fig. 11.3a) and post-reproductive (Fig. 11.3b)
periods. Although basal P450 aromatase mRNA levels were higher in the post-
reproductive period (Fig. 11.3b), following D-Asp administration, they increased
only in the reproductive period. The level of SaRed mRNA was higher in repro-
ductive (Fig. 11.3a) than in post-reproductive (Fig. 11.3b) frogs, and it increased
after p-Asp treatment only in the post-reproductive phase (Fig. 11.3b). The results
of this study demonstrated that p-Asp could modulate frog male sex steroid levels
through StAR, P450 aromatase, and SaRed gene expressions, depending on the
endocrine status of the animals. In fact, in the reproductive period, because the
testosterone concentrations and SaRed mRNA levels are already elevated, the
D-Asp administration did not augment SaRed mRNA expression, whereas it acti-
vated the aromatase to prevent a testosterone surplus. In the post-reproductive
period, where testosterone concentrations and 5aRed mRNA levels were lower,
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the p-Asp administration increased their levels, mimicking the physiology of the
reproductive period (Burrone et al. 2012a).

11.3.1.2 Podarcis sicula sicula

In the ovary of the lizard Podarcis sicula sicula, endogenous D-Asp content varied
with the sexual cycle phase (Assisi et al. 2001). In reproductive females, it was at
the highest values, significantly lower in post-reproductive females, and interme-
diate in females at the prereproductive phase (Fig. 11.4). Testosterone level was
high in both pre- and post-reproductive females and low in the reproductive ones in
both ovary (Fig. 11.4) and plasma (prereproductive 5.54 £ 0.29 ng/ml, reproductive
1.54 £0.13 ng/ml, post-reproductive 7.16 +0.53 ng/ml). Contrariwise, 17-
B-estradiol concentrations were low in pre- and post-reproductive females and
reached the highest value in reproductive females in ovary (Fig. 11.4) and plasma
(prereproductive  1.50£0.15 ng/ml, reproductive 2.37+0.13 ng/ml, post-
reproductive 0.75 £ 0.06 ng/ml). Therefore, the p-Asp trend was inversely related
to testosterone and directly parallel to 17f-estradiol patterns (Assisi et al. 2001).
Another study carried out on lizard ovary demonstrated that p-Asp is endoge-
nously present in the oocytes, and its distribution varies during the reproductive
cycle and following intraperitoneal administration (Raucci and Di Fiore 2010). At
previtellogenesis, it is observed in the cytoplasm and nucleus of pyriform cells, in
intermediate cells, in some small cells of the granulosa, in the ooplasm, and in some
thecal elements. At vitellogenesis, D-Asp is localized in the proximity of the zona
pellucida, in the theca, and in the ooplasm. Injected p-Asp is mainly captured by
pyriform cells and ooplasm of previtellogenic oocytes, but a moderate accumula-
tion is evident in the cytoplasm of some small granulosa cells and in the theca
(Raucci and Di Fiore 2010). Therefore, taken together, the results of studies in
lizard ovary show that p-Asp may be related to the synchrony of reproduction,
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Fig. 11.4 Dp-Asp, testosterone, and 17f-estradiol levels in the lizard (Podarcis s. sicula) ovary
during the prereproductive, reproductive, and post-reproductive periods. Each point represents the
mean value £S.D. from five individual female lizards. *P <0.01 reproductive versus post-
reproductive; *P < 0.01 post-reproductive versus reproductive
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Fig. 11.5 Dp-Asp, testosterone, and 17B-estradiol levels in the lizard (Podarcis s. sicula) testis
during the prereproductive, reproductive, and post-reproductive periods. Each point represents the
mean value+S.D. from five individual male lizards. *P <0.01 reproductive versus
prereproductive and post-reproductive; *P < 0.01 post-reproductive versus prereproductive and
reproductive

either enhancing the growth and maturation of follicular epithelium or influencing
its endocrine functions.

In the testis of P. s. sicula, endogenous D-Asp underwent significant variations
depending on the reproductive cycle phase (Fig. 11.5) (Raucci et al. 2005). The
D-Asp level was significantly higher during the reproductive period than in pre- and
post-reproductive periods, and they are directly correlated with testosterone and
inversely correlated with 17p-estradiol levels (Fig. 11.5).

In adult males of P. s. sicula, the i.p. injection of D-Asp (2 pmol/g body weight)
was followed by the amino acid significant, although temporary, uptake by the testis
in all sexual cycle stages. Particularly, in the prereproductive phase, pD-Asp was
rapidly taken up by the testis so that 3 h after injection its concentration was about
seven times greater than the value observed in animals injected with the saline alone
(from 17.0 &= 1.2 nmol/g tissue to 120.1 = 9.9 nmol/g tissue). D-Asp levels were still
high at 6 and 15 h after injection and then reached near baseline value within 24 h
(23.0 £ 1.7 nmol/g tissue). In the reproductive period, p-Asp was accumulated in
the testis, peaking at same set time observed in the prereproductive period (3 h),
although its uptake was only twice as much; basal values were reached within
15-24 h. p-Asp was also rapidly taken up by the testis in the post-reproductive
period, and 3 h after injection its levels were about 30 times greater than the
endogenous content. At 6 h after injection its levels were still high; they decreased
at 15 and 24 h. p-Asp administration affected the levels of sex hormones. In the
prereproductive period, 3 h after b-Asp injection, a significant increase of testicular
testosterone was observed (from 35.0 £4.0 to 112.7 + 10.9 ng/g tissue). This effect
also appeared in circulation (plasma) when the testosterone peaked at 6 h after
injection (from 8.0 0.9 to 45.3 £ 4.7 ng/ml plasma). Plasma testosterone concen-
tration reached baseline within 24 h. The changes in 17p-estradiol after injection of
D-Asp were different. Estradiol concentrations in testes decreased at 3 h (from
11.54+0.9 pg/g to 3.0 £ 0.7 pg/g tissue) and in the plasma at 6 h (from 0.7 £0.2 to
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0.2 £0.1 ng/ml plasma). However, this effect appeared to be reversible because
plasma and testicular levels of 17f-estradiol returned to baseline values within 24 h
of treatment. In the reproductive and post-reproductive period, both testosterone
and 17B-estradiol increased.

In order to characterize the germinal cells involved in the capture and accumu-
lation of p-Asp, immunocytochemistry against b-Asp was performed. b-Asp immu-
noreactivity was localized in both cytoplasm and nucleus of Leydig cells, in
peritubular cells, and in spermatogonium cytoplasm (Raucci and Di Fiore 2009).
After p-Asp treatment, immunostaining revealed exogenous D-Asp highly accumu-
lated by the testis at 3 h after injection. At this time the increase of immunostaining
intensity was specifically observed in the Leydig cells, in peritubular elements, and
in some spermatogonia and Sertoli cells.

11.3.1.3 Anas platyrhynchos

There is only one paper reporting the endocrine activity of p-Asp in a bird, the
mallard duck Anas platyrhynchos (Di Fiore et al. 2008). Free p-Asp was endoge-
nously contained in Anas testis and varied between the two sexual reproductive
periods supporting its correlation with reproductive activity. b-Asp concentration
was higher during the reproductive period than during the post-reproductive
(Fig. 11.6).

Testosterone level in testicular extracts well correlated with p-Asp levels
(Fig. 11.6). In fact, the high testicular testosterone content occurring during the
reproductive period was coupled to a high pb-Asp level in the gonad. By contrast, in
sexually inactive Anas (post-reproductive), the low testosterone content in the testis
was coupled to a low D-Asp content.

The immunohistochemical analyses of D-Asp in the testes of reproductive and
post-reproductive mallards revealed the presence of the amino acid mostly in
Leydig cells. A feeble positive reaction was also noticed in Sertoli cells, in
peritubular cells surrounding the seminiferous tubule, in spermatogonia, and in

Fig. 11.6 p-Asp and D-Asp

testosterone levels in the [ Testosterone

duck (A. platyrhynchos) 30 @ @15
testis during the
reproductive and post-
reproductive periods. Each
point represents the mean
value + S.D. from six
individual male ducks.

*P < 0.01 reproductive N
versus post-reproductive

—— %

20 & 110

nmol/g testis

siysa1 8/8u

Do

Reproductive Post-Reproductive

o &



11 Endocrine Activity of p-Aspartate in Nonmammalian Animals 167

spermatids. Although no difference in the number of Leydig cells was found
between the two phases of the reproductive cycle considered, a significant increase
in D-Asp immunopositive Leydig cells was detected during the reproductive but not
during the post-reproductive period (Di Fiore et al. 2008).

To verify the exogenous effects of D-Asp on testicular testosterone release, slices
of duck testes were in vitro incubated for 60 and 120 min in a medium containing
D-Asp, where it induced a significant increase in testosterone synthesis with respect
to controls (Di Fiore et al. 2008).

The results of this study suggested the involvement of pD-Asp in testosterone
production in the adult captive wild-strain mallard drake. Further, the localization
of this molecule in the Leydig cells in different periods of the reproductive cycle
strongly supports the direct involvement in biosynthesis and/or release of
testosterone.

11.4 Enzymes Involved in Biosynthesis, Degradation,
and Functioning of p-Aspartate

11.4.1 bp-Aspartate Racemase

The endogenous presence of D-Asp in gonads of above reported nonmammalian
animals suggests a local biosynthesis of this amino acid, being generated from
L-Asp through the activity of the p-aspartate racemase, an enzyme which converts
D-Asp to L-Asp.

In a study carried out on R. esculenta (Raucci et al. 2004), p-Asp was incubated
with a homogenate of testis, and the formation of D-Asp was determined. Racemase
activity occurred in the testis of R. esculenta with the maximum at pH 7.0, while at
pH 6.0 and 8.0 the activity was about 80 % of pH 7.0. In addition, a variation of
racemase concentration was observed in different periods of the year. High activity
was observed during the reproductive cycle, where the values were found to be
25.3+3.9 U/g, as opposed to 9.1 £2.0 U/g in the prereproductive period and
5.5+ 1.2 U/g in the post-reproductive period.

We have reported that p-Asp synthesis also occurred in the testis of the lizard
Podarcis s. sicula (Raucci et al. 2005). Testis tissue homogenates were incubated
with L-Asp under different pH values. The conversion rate (L-Asp/p-Asp) was the
highest when the in vitro incubation was carried out at pH 6.0. Testicular tissue
converted L-Asp into D-Asp in all phases of the cycle reaching its maximal level in
the reproductive period (239.0 £ 21.4 nmol/g tissue) when the endogenous content
of both free p-Asp and testosterone was maximum and spermatogenesis was active.
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11.4.2 Dp-Aspartate Oxidase

D-Aspartate oxidase (D-AspO, Ddo; EC 1.4.3.1) is a flavin-dependent enzyme that
catalyzes the oxidative deamination of pD-Asp to produce oxaloacetate, ammonia,
and hydrogen peroxide. Localizations of D-AspO are reciprocal to D-Asp,
suggesting that the enzyme depletes endogenous stores of the amino acid. There-
fore, b-AspO-enriched tissues, low in bD-Asp, may represent areas of high turnover
where D-Asp may be physiologically important. Frog testis contained p-AspO and
specifically expressed D-AspO activity in response to D-Asp (Burrone et al. 2010; Di
Giovanni et al. 2010). The enzyme activity increased sixfold after p-Asp adminis-
tration (2 pmol/g body weight).

11.4.3 Aromatase

Aromatase (P450 aromatase, estrogen synthase), the enzyme that catalyzes the
transformation of testosterone into estradiol (for a review, see Simpson
et al. 1994), is an enzyme involved in the reproductive physiology and is expressed
both in gonads and the brain.

The results from the study in the oviparous lizard Podarcis s. sicula support the
hypothesis that p-Asp plays a direct local role in the enhancement of ovarian
aromatase activity (Assisi et al. 2001). This hypothesis is supported by the relation-
ships among the concentrations of D-Asp, testosterone, and estradiol that were
observed (1) during the reproductive cycle of the lizard, (2) under experimental
treatments, and (3) in experiments performed in vitro. Lizard ovarian follicles
converted testosterone to estradiol. The conversion rate was significantly increased
by the addition of D-Asp into the incubation wells containing fresh ovarian tissue.
An increase in the rate of conversion was also observed when p-Asp was added to
incubation wells containing acetone powder extracts from the ovarian follicles.
This conversion rate, evaluated on the basis of substrate concentration, was four
times greater in the presence of b-Asp than in the controls.

Using RT-PCR, P450 aromatase mRNA expression levels were measured in
testes from control and p-Asp-treated frogs (P. esculentus) during both the repro-
ductive and post-reproductive periods, respectively. Basal mRNA levels of aroma-
tase were significantly higher in post-reproductive than in reproductive testes
(Burrone et al. 2012a). At reproduction, P450 aromatase mRNA levels increased
of about twofold in pD-Asp-injected frogs versus controls, whereas, in the post-
reproductive period, no differences were observed following D-Asp treatment.
However, in the reproductive period, when the testosterone production is already
at its maximum, additional p-Asp administration increased testosterone levels,
causing the stimulation of P450 aromatase gene expression, which converts the
testosterone into 17f-estradiol (Burrone et al. 2012a).
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Brain aromatase is essential for sex hormone-mediated regulation of physiolog-
ical and behavioral processes, such as sexual differentiation of the brain, activation
of male sexual behavior, and regulation of gonadotropic hormone secretion, as well
as neurogenesis.

Given the role of aromatase in reproductive physiology, our research group has
evaluated the possible existence of a crosstalk between D-Asp and brain aromatase,
by analyzing either p-Asp content or the distribution in the brain sections or the
expression of aromatase in the frog P. esculentus following p-aspartate treatment
(Burrone et al. 2012b). We found that p-aspartate enhanced brain aromatase
expression (mRNA and protein) through the CREB pathway. Then, P450 aromatase
induced 17p-estradiol production from testosterone, with a consequent increase of
its receptor. Therefore, the regulation of p-aspartate-mediated P450 aromatase
expression could be an important step in the control of neuroendocrine regulation
of the reproductive axis (Burrone et al. 2012b).

In another paper (Santillo et al. 2013), we have reported that there is a direct
correlation among brain levels of p-Asp, P450 aromatase, 17f-estradiol, and estra-
diol receptor-o (ERa) in the male frogs during the reproductive as well as the post-
reproductive phases of the breeding cycle, with the highest levels being observed in
the post-reproductive period.

D-Asp i.p. administration to frogs ready for reproduction induced an increase of
brain P450 aromatase protein expression with concomitant enhancement of both
17B-estradiol levels and ERa expression; at the same time, brain testosterone levels
and androgen receptor expression decreased. In contrast, in the post-reproductive
frogs, D-Asp treatment did not modify any of these parameters. Therefore, brain
aromatase expression and activity fluctuate seasonally and with the reproductive
state. Furthermore, the neurosteroid production (testosterone and 17p-estradiol) and
the expression of androgen and estrogen receptors in relation to p-Asp treatment in
different phases of reproductive cycle have also been analyzed (Santillo
et al. 2013).

Taken together, these results imply that the regulation of P450 aro expression by
D-Asp could be an important step in the control of 17f-estradiol levels in the frog
brain.

Although our results are restricted to one species of amphibian, we can assert
that p-aspartate, favoring aromatase regulation, is likely to be the key molecule
enabling brain sexualization throughout the reproductive lifespan of amphibians.

11.5 Concluding Remarks

The data reported in nonmammalian animals strongly support the modulatory role
of p-aspartate on several endocrine activities correlated to reproductive functions.
Although the general physiological role of p-aspartate is far from being under-
stood in nonmammalian animals, the investigations in organisms different from
mammals actually provide new insights into the biology of reproduction.
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Basic information derived from comparative investigations in nonmammalian
animals, besides bearing value for evolutionary and wildlife biological studies,
could contribute to a better understanding of the role and of the mechanisms of
action of p-aspartate-related molecules and stimulate the development of new
studies in this field.

We hope that this review, in addition to having summarized the understanding of
D-aspartate role in the complex mechanisms involved in the endocrine activity of
nonmammalian animals, may also give a contribution to the already enlightening
data on breeding biology.
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Chapter 12

Free p-Aspartate in Nonmammalian
Animals: Detection, Localization,
Metabolism, and Function

Amit V. Patel, Takayuki Kawai, Stanislav S. Rubakhin,
and Jonathan V. Sweedler

Abstract Many functions of amino acids, including protein synthesis, require that
they be in the L-form. As a result, in most biological systems, the levels of free
D-amino acids (DAAs) are enzymatically suppressed. However, the site-specific
synthesis, accumulation, and release of DAAs do occur. In fact, the accumulation of
DAAs in the nervous, exocrine, and endocrine systems suggests that they perform
specific functions. The focus here is on the well-studied DAA, p-aspartate; we
review the advancements in the analytical approaches used for its detection and
characterization and discuss the role it plays in the structural and functional
organization of numerous biological systems of nonmammalian animals. The
view that D-Asp has specific functions is supported by a large body of experimental
data showing its endogenous synthesis, accumulation, release, stimulation of fol-
lower cells, uptake, and enzymatic catabolism. A variety of biological models, each
having distinct anatomies, morphologies, biochemistries, and behaviors, have been
used to investigate the fundamental mechanisms of p-Asp involvement in the
normal and pathological functioning of cells and organisms. Many physiological
and behavioral effects induced by p-Asp have been documented, demonstrating it
has neurotransmitter, hormonal, and neuromodulator roles. Similar to many classi-
cal neurotransmitters, D-Asp has physiological roles that are conserved throughout
the evolutionary tree, with nearly all studied animals shown to possess and use
D-Asp.
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12.1 Introduction

Aspartic acid (Asp), or 2-aminobutanedioic acid, is one of the nonessential
proteinogenic (L-stereoisomer) endogenous a-amino acids. Of the common amino
acids, Asp exhibits the lowest isoelectric point of 2.77. There are two conjugate
bases for Asp, aspartate(1-) and aspartate(2-). As is true for most of the other
proteinogenic amino acids, Asp has two enantiomers, an L-form and a p-form.
The physical properties of both are identical, with the exception of the direction the
substance rotates plane-polarized light. Despite reports on the parameters of
D-aspartate (D-Asp) as early as 1852 (Pasteur 1852; Dalton and Schmidt 1933),
and the finding of the degradative enzyme p-aspartate oxidase (D-AspQ) in rabbit
kidney and liver in 1949 (Still et al. 1949), for more than 100 years, only L-aspartate
(L-Asp) was considered as an endogenous form of Asp in animals. However, the
detection of significant amounts of free pb-Asp in the mollusk Octopus vulgaris in
1977 (D’ Aniello and Giuditta 1977) challenged this view.

Nonmammalian animal models are often used to investigate pD-Asp involvement
in the structural organization and functional activities of biological systems. This
diverse group of organisms unites a variety of animal species—insects, mollusks,
amphibians, reptiles, and birds—offering countless options for investigating the
fundamental aspects of organismal function and evolution on different levels of
organization, including cellular, tissue, organ, organismal, and biota. For example,
the mollusk Aplysia californica possesses a well-characterized neuronal network,
allowing for the experimental determination of functional links between the activity
of specific neurons and behavior. The insect Drosophila melanogaster and round-
worm Caenorhabditis elegans have genomes and transcriptomes that are amenable
to extensive molecular manipulation, as well as short life spans, making them ideal
for high-throughput investigations. These and other extensively characterized
model systems make possible experiments that target diverse fundamental ques-
tions under controlled conditions. Not surprisingly, nonmammalian animal models
have been widely used in D-Asp-related research to determine its localization,
metabolism, and function, as well as its role in cell-to-cell signaling (D’Aniello
and Giuditta 1977, 1978; D’Aniello et al. 1993b; Shibata et al. 2003; Miao
et al. 2006a; Spinelli et al. 2006; Di Fiore et al. 1998; Raucci and Di Fiore 2010,
2011; Assisi et al. 2001).

D-Asp is one of several endogenous p-amino acids (DAAs) found throughout the
metazoan. D-Alanine (D-Ala), D-asparagine (D-Asn), D-serine, D-glutamate (D-Glu),
and p-glutamine (p-Gln) are also detected in different nonmammalian vertebrates
and invertebrates, including cephalopods (D’Aniello and Giuditta 1977, 1978;
D’Aniello et al. 2010), gastropods (D’Aniello et al. 1993b; Shibata et al. 2003;
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Miao et al. 2006a; Spinelli et al. 2006), agnathans (Villar-Cervino et al. 2010),
amphibians (Di Fiore et al. 1998; Raucci and Di Fiore 2011), and reptiles (Assisi
et al. 2001; Raucci and Di Fiore 2010).

D-Asp has been detected in representatives from many phyla (for a review, see
D’Aniello 2007), including the roundworm C. elegans (Saitoh et al. 2012), the
common cuttlefish Sepia officinalis (D’ Aniello and Giuditta 1978), the Cape rock
lobster Jasus lalandii (Okuma and Abe 1994), the amphioxus Branchiostoma
lanceolatum (D’Aniello and Garcia-Fernandez 2007), the sea squirt Ciona
intestinalis (D’Aniello et al. 1992, 2003), the edible frog Rana esculenta
(Di Fiore et al. 1998; Di Giovanni et al. 2010; Raucci et al. 2004, 2005); Raucci
and Di Fiore 2011, the Italian wall lizard Podarcis s. sicula (Santillo et al. 2006),
the European hake Merluccius merluccius, the common sole Solea solea (D’ Aniello
et al. 1995), and the chicken Gallus gallus domesticus (Kera et al. 1996). p-Asp has
also been found in a variety of mammalian species. There are several recent reviews
describing different aspects of p-Asp physiology, biochemistry, and pathology in
mammals, an area of D-Asp research where investigations by Homma and his group
have played a crucial role (Errico et al. 2012; Homma 2007; Ota et al. 2012; Di
Fiore et al. 2014; Katane and Homma 2011; 2010; Errico et al. 2013; Furuchi and
Homma 2005; Errico et al. 2009; Tverdislov et al. 2011).

Detectable amounts of p-Asp are predominantly localized in the neuronal,
endocrine, and exocrine (Baccari et al. 2003) tissues and associated with cells
producing significant amounts of secreted biochemicals, including cell-to-cell
signaling molecules. For example, p-Asp has been found in the retina of octopus
(D’Aniello et al. 2005), as well as in the liver, kidney, and brain of squid (D’Aniello
et al. 2005, 2010) and frog (Di Fiore et al. 1998; Raucci et al. 2005; Burrone
et al. 2010; Di Giovanni et al. 2010; Raucci and Di Fiore 2011; Santillo et al. 2013)
and neuroendocrine cells of the sea hare (Miao et al. 2005, 2006a; Fieber
et al. 2010; Scanlan et al. 2010; Wang et al. 2011), and lizard (Raucci 2005;
Santillo et al. 2006; Raucci and Di Fiore 2010; Raucci and Fiore 2009). The tissue
levels of free p-Asp typically increase in the earlier stages of an individual’s
development and decrease with age (Neidle and Dunlop 1990).

The success of p-Asp research is partially due to progress in the development
and application of a variety of analytical tools. One of the main challenges in the
investigation of amino acid enantiomers is the similarity of most of their physico-
chemical properties. However, the difference in the shape of these molecules allows
their chiral separation via affinity recognition or enzymatic transformation,
enabling the detection and characterization of individual enantiomers. Utilization
of complex approaches based on chiral high-performance liquid chromatography
(LC)-laser-induced fluorescence (LIF), capillary electrophoresis (CE)-LIF, and
immunohistochemical staining, in conjunction with clever experimental designs
such as radionuclide pulse-chase experiments and pD-AspO sample treatment, has
allowed the studies of p-Asp synthesis, uptake, localization, and degradation with
greater sensitivity, selectivity, and confidence. Using these and other technologies,
the roles of D-Asp in neurotransmission, neuromodulation, and hormonal regulation
have been investigated (for a review, see Ota et al. 2012), and D-Asp
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Fig. 12.1 Schematic of potential b-Asp involvement in synaptic signaling. Biosynthesis of D-Asp
from L-Asp in cell soma by the action of aspartate racemase, release from presynaptic terminals,
and interactions with receptors and transporters are depicted. Additionally, p-Asp involvement in
signal transduction through triggering of an increase in cyclic adenosine monophosphate (cAMP)
concentration in a postsynaptic neuron and signal termination via the p-aspartate oxidase-mediated
degradation of p-Asp are also shown

neurotransmitter function has been asserted (D’Aniello et al. 2010). The schematic
in Fig. 12.1 depicts experimentally suggested mechanisms reported to be involved
in D-Asp neurotransmission, including p-Asp endogenous synthesis and known and
putative transporters and receptors, as well as enzymes that are required for signal
termination.

We begin with a discussion of the development and implementation of analytical
techniques used to investigate D-Asp, followed by information on p-Asp localiza-
tion and metabolism, as well as its physiological functions in nonmammalian
animals.

12.2 Analytical Techniques for p-Asp Detection
and Characterization in Biological Systems

The physical and chemical properties of L- and p-Asp are virtually identical, aside
from the direction in which they rotate plane-polarized light. Therefore, p-Asp
research requires methods that are capable of measuring enantiomeric species. A
variety of suitable approaches based on enzymatic assays, affinity recognition, and
chiral separations, including CE and LC, have been introduced (Konno 2007). Here,
the emphasis will be on the more commonly employed methods for analysis of
D-Asp in biological systems.
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12.2.1 Enzymatic Assays

Due to their ability to alter the structure of D-Asp with high selectivity, enzymatic
assays, often using the enzymes p-AspO and p-amino acid transaminase, are an
effective approach for p-Asp analysis (D’Aniello and Giuditta 1977, 1978; Jones
et al. 1994). For example, using a b-AspO-based colorimetric assay in which p-Asp
was catabolized by D-AspO in the presence of flavin adenine dinucleotide,
D’Aniello and Giuditta observed p-Asp in the nervous tissues of octopus and
squid (D’Aniello and Giuditta 1977, 1978). This resulted in the formation of
oxaloacetate, which was subsequently reacted with 2,4-dinitrophenylhydrazine to
form a colored hydrazone compound, which was then quantified spectrophotomet-
rically (D’Aniello et al. 1993c; Nagata et al. 1985). Enzymatic approaches are
typically not specific for a single DAA, for example, p-AspO is known to also
catabolize other DAAs and derivatives of DAAs, such as N-methyl-p-aspartate
(NMDA), p-Glu, p-Asn, and p-Gln. Typically p-AspO exhibits different specific-
ities for each substrate. Therefore, it is important to separate the DAAs prior to
enzymatic analysis to prevent signal overlap, thus enabling the characterization and
quantification of individual species.

12.2.2 Gas Chromatography (GC)

Due to the speed and resolving power of GC analysis, this rather mature separation
technique has been widely used to separate amino acid enantiomers or their
derivatives in complex mixtures. Chiral separations with GC are made possible
by using columns where the common stationary phases are derivatized with com-
pounds such as cyclodextrins (e.g., alkylated beta-cyclodextrins). Chiral columns in
which DAAs elute before their L-forms, and vice versa, are commercially available
and can be used with optically inactive derivatization reagents to facilitate detection
(Briickner and Hausch 1993; Frank et al. 1977; Ali et al. 2010; Schieber et al. 1997).
Additionally, traditional achiral columns can separate diastereomers formed by
derivatization of D- and L-Asp with optically active reagents (Hoopes et al. 1978;
Payan et al. 1985; Bertrand et al. 2008). However, it should be noted that deriva-
tization with such reagents sometimes racemizes the amino acids (Payan
et al. 1985).

Although there are a large number of detectors that can be utilized with GC, the
flame ionization detector (FID) is one of the most widely used (Briickner and
Hausch 1993; Frank et al. 1977; Hoopes et al. 1978; Payan et al. 1985; Skoog
et al. 2007). More recently, the use of a mass spectrometer as a detector for GC,
known as GC-mass spectrometry (MS), is an important approach. Compared to the
FID, MS adds confidence to the analyte identification (Kaspar et al. 2008; Waldhier
et al. 2010; Zampolli et al. 2007; Ali et al. 2010; Bertrand et al. 2008; Schieber
et al. 1997; Waldhier et al. 2011). While providing an increased confidence in
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identification, it offers a poorer detectability compared to the FID; 300 nM is one
example of GC-MS limits of detection (LODs) for p-Asp analysis (Kaspar
et al. 2008).

12.2.3 Liquid Chromatography (LC)

Currently, LC is the most commonly used technique for DAA analyses due to its
versatility, robustness, flexibility, and wide availability. As with GC, both chiral
and achiral columns can be used. Chiral columns with stationary phases possessing
optically active chemicals such as amino acids (Welch 1994), crown ethers (Shinbo
et al. 1987), cyclodextrins (Armstrong et al. 1987), and proteins (Allenmark and
Andersson 1991) are used in the separation of intact enantiomers. For separations
with achiral columns, p- and L-Asp must first be derivatized with chemical modi-
fiers such as o-phthalaldehyde (OPA) and/or chiral thiols like N-acyl-L-cysteine to
form diastereomers (Aswad 1984; Briuckner and Westhauser 2003; Buck and
Krummen 1987; Nimura and Kinoshita 1986; Tsesarskaia et al. 2009; Saitoh
et al. 2012). Two-dimensional high-performance LC separation using both achiral
and chiral columns increases separation efficiency and simplifies analyte identifi-
cation (Hamase et al. 2009; Miyoshi et al. 2012; Han et al. 2011).

Analyses of pD-Asp by LC typically utilize fluorescence or MS for detection.
Fluorescence detection allows for quantification with high sensitivity, for example,
an LOD of 150 nM was achieved for OPA-derivatized compounds (Morikawa
et al. 2001) and an LOD of 1 nM for 4-fluoro-7-nitrobenzofurazan-modified
molecules (Han et al. 2011). Confidence in the identification of p-Asp in experi-
ments relying on fluorescence-based detection can be enhanced by treating the
sample with D-AspO, resulting in a specific decrease in the p-Asp peak area
(Spinelli et al. 2006). Importantly, the use of MS detection adds information on
the mass-to-charge ratios of the analytes. This information, along with retention
time, aids analyte identification. The use of tandem MS (MS/MS) further enhances
analyte identification capabilities (Song et al. 2008). The reported LOD for MS/MS
detection of p-Asp is 1.20 pM (Song et al. 2007), which is poorer than obtained
using LC with fluorescence-based detection or with GC-MS.

12.2.4 Capillary Electrophoresis (CE)

CE is yet another separation technique that has been used to analyze p-Asp in
biological systems. This approach has a number of notable advantages, such as high
separation efficiency, relatively short separation times, and low sample volumes. As
with LC and GC, there are chiral and achiral separation modalities available
(reviewed in (Wan and Blomberg 2000)). Chiral CE analyte separation, using
micellar electrokinetic chromatography, for example, utilizes the interaction
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between enantiomers and chiral pseudostationary phases, with cyclodextrin and its
various derivatives (Kitagawa and Otsuka 2011; Wan and Blomberg 2000) most
commonly employed as the chiral selectors. Chiral surfactants such as
deoxycholate (Terabe et al. 1989) and N-dodecoxycarbonylvaline (Swartz
et al. 1995) are also capable of providing chiral separations in CE. The achiral
separation is applicable in the analysis of diastereomeric derivatives of amino acids,
which are produced by derivatization of analytes with optically pure reagents or
chiral reagents like o-phthaldialdehyde with N-acetyl-cysteine (Kang and Buck
1992) or chiral thiols (Tivesten et al. 1997).

LIF has been the most commonly utilized detection modality in CE analyses of
D-Asp. Ultraviolet absorption (Yang et al. 2010) and MS (Simo et al. 2005; Moini
et al. 2003) are also used for p-Asp detection following CE separation, although
with significantly lower sensitivity. When LIF detection is employed, the sample is
initially derivatized with fluorescent reagents such as fluorescein isothiocyanate
(Cheng and Dovichi 1988) or naphthalene-2,3-dicarboxaldehyde (Ueda
et al. 1991). The typical LODs in CE-LIF analyses of D-Asp are on the pM level,
which are sufficient for even subcellular analyses (Miao et al. 2005). In addition to
comparing migration times using standards and enzymatic (p-AspO) treatments,
immunoprecipitation of b-Asp increases the confidence in the D-Asp measurements
(Miao et al. 2006b).

12.2.5 Immunohistochemistry

The previously described enzymatic assays, GC, LC, and CE, are useful for the
characterization and quantification of endogenous free p-Asp; however, they do not
allow for the determination of p-Asp’s distribution in a given system with high
spatial resolution. In cases where details on analyte distribution are needed with
high specificity, sensitivity, and spatial resolution, immunohistochemical staining
is the method of choice. With proper tissue sample acquisition and fixation, and
treatment with a selective antibody, information on the localization of p-Asp can be
acquired. Accordingly, to enable the direct immunohistochemical analysis of
D-Asp, selective anti-D-Asp antibodies have been developed using the glutaralde-
hyde conjugate of p-Asp as an antigen (Masuda et al. 2003; Lee et al. 1997; Schell
et al. 1997). The obtained antibodies exhibit specificity only to the glutaraldehyde
conjugate of D-Asp, and not to that of L-Asp, thus enabling specific immunohisto-
chemical staining after tissue treatment with glutaraldehyde. The successful appli-
cation and efficacy of the developed antibodies for the purpose of D-Asp
visualization is shown in Fig. 12.2, which depicts immunostained neurons from
Aplysia limacina showing differences in p-Asp localization from cell to cell.
Specifically, the intensity of p-Asp immunostaining is distinct in the nucleus and
the cytoplasm of different neurons, suggesting a unique function for p-Asp in
different neuronal populations.
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Fig. 12.2 Paraffin section of a cerebral ganglion from Aplysia limacina immunostained with anti-
D-Asp antibody. Immunohistochemical staining visualized the differential localization of p-Asp;
some cells are stained in the (/) nucleus, others in the (2) cytoplasm, and others still in both the (3)
cytoplasm and nucleus, and positive staining is also observed in the (arrows) neuropil (Modified
with permission from Spinelli et al. 2006, copyright 2006, John Wiley & Sons)

12.2.6 Indirect Detection Approaches

The presence of D-Asp in a biological system can be inferred based on the presence
of metabolic enzymes that are related to D-Asp, such as D-AspO and D-Asp
racemase. These proteins can be detected with the use of affinity probes, which
are commonly used in immunohistochemistry and related approaches such as
immunoelectron microscopy, and the use of Western blotting and a range of
molecular reporters such as protein coexpression with green fluorescent protein
(Zaar 1996; Zaar et al. 2002; Yamamoto et al. 2011; Kim et al. 2010; Wang
et al. 2011). These approaches are used to localize p-Asp-related proteins and
hence, indirectly, the presence of D-Asp itself.

12.3 p-Asp Localization, Metabolism, and Fluxes

The application of the approaches described above has facilitated significant pro-
gress in characterizing and understanding the metabolism, concentration fluxes, and
functions of p-Asp in neuronal, endocrine, and exocrine tissues. Information on the
localization, fluxes, and levels of a given analyte in cells, tissues, and organs
provides important clues on its putative function as well as its relation to various
pathological states. The multiple mechanisms of p-Asp synthesis, uptake, spatial
containment, release, and catabolism, as well as the different modes of regulation of
extracellular and intracellular p-Asp levels, indicate that this molecule is an impor-
tant player in the homeostatic balance of multicellular organisms (Homma 2007).
These mechanisms also suggest the capability of D-Asp to mechanistically interfere
with important biological processes such as protein synthesis.
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12.3.1 Localization of p-Asp

Investigations of p-Asp localization have been carried out on vertebrate (Santillo
et al. 2006; Di Giovanni et al. 2010) and invertebrate (D’Aniello et al. 2005;
Scanlan et al. 2010) models as well as on cell cultures (Takigawa et al. 1998;
Gadea et al. 2004; Adachi et al. 2004). These studies often involved immunohisto-
chemical staining with anti-pD-Asp antibodies in order to visualize p-Asp localiza-
tion in cells and tissues and used a variety of analytical techniques to detect the
presence of endogenous and radiolabeled p-Asp. Using these approaches, b-Asp has
been detected in a large number of nervous, exocrine, and endocrine tissues of
nonmammalian animals, including the gonads and Harderian glands of tiger prawn
Penaeus esculentus (Di Fiore et al. 1998; Raucci et al. 2004; Di Giovanni
et al. 2010) and the lizard P. s. sicula (Raucci 2005; Raucci and Fiore 2009), as
well as the central nervous system of sea hare (Scanlan et al. 2010) and green frog
(Santillo et al. 2013). Di Fiore et al. (2014) reviewed and summarized reports of
D-Asp concentrations in endocrine and exocrine glands of several different species.
Endogenous D-Asp concentrations in the exocrine Harderian glands of frog and
lizard are 130 and 19 nmol/g tissue, respectively. Levels of p-Asp in endocrine
glands are often similar to concentrations of the compound in exocrine glands. As
examples (all in nmol/g tissue): the adrenal glands of chicken (23-30), pancreas of
pigeon (15-18), chicken (6-10), frog (3-58), duck (11-23), and lizard (2-8 in
ovaries and 3-30 in testes). Frog testes exhibit the highest levels of p-Asp at
140-236 nmol/g. p-Asp levels in the abovementioned glands are in the same
concentration range as in the exocrine and endocrine glands of mammals, except
for the rat pineal gland where its concentration may reach 3524 nmol/g tissue.
Importantly, b-Asp concentrations in these glands may vary with age and functional
state, as well as with the levels of D-Asp in the extracellular environment.

Free p-Asp formation and accumulation generally occur in a site-specific man-
ner. For example, p-Asp was detected in the optic lobe of the cephalopod
(D’Aniello et al. 2005), suggesting it may play a role in cephalopod vision. The
detected p-Asp most likely had an endogenous origin. In other studies, b-Asp was
found to form and accumulate in specific A. californica ganglia (Scanlan
et al. 2010) and in the somata of selected neurons (D’Aniello et al. 2010).

12.3.2 Biosynthesis of p-Asp

There are several sources of D-Asp in organisms. Exogenous sources include the
environment, e.g., seawater (Azua et al. 2014), food (Man and Bada 1987; Fried-
man and Levin 2012), and gut microbiota (Friedman 1999), whereas the endoge-
nous sources are due to enzymatic conversion of L-Asp to bD-Asp and the freeing of
D-Asp from DAA-containing proteins. DAA residues of proteins are formed via
enzymatic (Shikata et al. 1995) and nonenzymatic (Takahashi 2014; Stephenson
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and Clarke 1989) processes, which are often age dependent. The exogenous origin
of some D-Asp is supported by results of experiments carried out in both mamma-
lian and nonmammalian animals, which have demonstrated the absorption of this
small molecule by the intestine and its transport to various solid tissues, including
the brain, muscle, kidney, and liver (D’Aniello et al. 1993a). The enzymatic
conversion of L- to D-Asp has been shown in a number of models, including
pheochromocytoma cells (Long et al. 1998). The use of radiolabeled L-Asp in
pharmacological, biological, and analytical studies has demonstrated that p-Asp
can be formed from L-Asp via enzymatic activity in the nervous system, as shown in
Fig. 12.3 (Scanlan et al. 2010). This observation corroborates findings of other
studies performed on invertebrates such as European squid Loligo vulgaris
(D’Aniello et al. 2005, 2010) and sea hare A. californica (Miao et al. 2006a) as
well as vertebrates, e.g., the Italian wall lizard P. s. sicula (Raucci 2005; Raucci and
Fiore 2009) and the edible frog Pelophylax esculentus (Raucci et al. 2004, 2005).

In light of the findings from the aforementioned studies, it has been hypothesized
that in nonmammalian animals, D-Asp is synthesized by enzymes with character-
istics similar to known racemases and by DAA aminotransferases. One such D-Asp
racemase has been cloned from the foot muscle of the clam Anadara broughtonii
and subsequently purified and characterized (Shibata et al. 2003; Abe 2006). More
recently, two pyridoxal 5'-phosphate-dependent D-Asp racemases were reported
and characterized, one from the mouse brain (Kim et al. 2010). The other was from
the head ganglia of A. californica (Wang et al. 2011); interestingly, this p-Asp
racemase was found to also catalyze serine racemization.

In addition to p-Asp racemases, free D-Asp can be produced during the enzy-
matic degradation of DAA-containing peptides and proteins, perhaps where D-
aspartyl endopeptidase (EC 3.4.99.B2) plays a role. DAA-containing peptides are
typically formed by age-dependent posttranslational deamidation, isomerization,
and racemization of L-aspartyl residues (Katane and Homma 2011; Geiger and
Clarke 1987; Reissner and Aswad 2003). As a result, p-aspartyl and p-isoaspartyl
residues are produced. While this mechanism may be responsible for only a small
percentage of free D-Asp, it can impact D-Asp levels in some tissues and cells.

12.3.3 Catabolism of p-Asp

In addition to its formation, the ability to remove or degrade p-Asp is also impor-
tant. For example, the catabolism of intercellular signals allows for signal termi-
nation and preparation for a new signaling event. D-Asp clearance combines
diffusion away from the site of release, uptake by neurons or glia, and/or enzymatic
modification, including breakdown. p-Asp catabolism is predominantly mediated
by the enzyme p-AspO, a flavoenzyme which selectively catalyzes the oxidation of
D-Asp, D-Glu, and NMDA to their corresponding a-keto acids (D’Aniello
et al. 1993a). In contrast, the oxidative transformation of neutral and basic DAAs
into a-keto acids is carried out by a different flavoenzyme, p-amino acid oxidase
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Fig. 12.3 Biosynthesis of p-Asp in a cerebral ganglion of Aplysia californica. (a) Final percent-
ages of radiolabeled Asp enantiomers after incubation of intact cerebral ganglion in ['*C]-L-Asp,
showing biosynthesis of p-Asp from L-Asp. (b) Final percentages of radiolabeled Asp enantiomers
after incubation of desheathed cerebral hemiganglia and related sheath tissue in (/) [14C]—L—Asp
and (2) [14C]-L-Asp, showing significantly larger conversion of [14C]-L-Asp to [14C]-D-Asp in the
hemiganglion over the sheath tissue (Reprinted with permission from Scanlan et al. 2010, copy-
right 2010, Wiley-Blackwell)

(DAAO). Both p-AspO and DAAO are reported in C. elegans (Katane et al. 2010;
Saitoh et al. 2012) and L. vulgaris (D’ Aniello et al. 2010) and are likely ubiquitous
throughout the metazoan. Interesting distributions of these enzymes occur; for
example, p-AspO is present in higher concentrations in L. vulgaris brain cytosol
fractions.
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D-AspOs from different species exhibit a variety of catalytic efficiencies. For
example, multiple genes encoding functional p-AspOs have been found in
C. elegans, each with unique specificities, kinetic parameters, and expected sub-
cellular localizations (Katane et al. 2010). Although the physiological functions of
the multiple p-AspOs may be redundant, the aforementioned differences in com-
partmentalization, concentration, and catalytic properties suggest the possibility of
distinct roles for each enzyme. It is apparent that the existence of multiple b-AspOs
with functional differences can allow for the modulation of local concentrations of
D-Asp and thereby play integral roles in signaling, possibly by attenuating or
terminating D-Asp signaling via its degradation.

Hypothetically, two other enzymes could influence the levels of free p-Asp. One
is the protein-L-isoaspartate (D-aspartate) O-methyltransferase (EC 2.1.1.77), which
is involved in the repair of age-related damage of protein aspartate and asparagine
residues (Gomez et al. 2008). Another enzyme, D-amino acid transaminase
(EC 2.6.1.21), catalyzes reactions in which p-Ala and p-Glu are formed from
D-Asp. However, so far, the presence of this enzyme has only been reported in
microorganisms and plants, e.g., Arabidopsis thaliana (Funakoshi et al. 2008).

The important role of p-AspO in the oxidative degradation of p-Asp as a
consequence of its potential involvement in signaling pathways has led to investi-
gations of the relationship between D-Asp levels and D-AspO activity in
nonmammalian species. For example, intraperitoneal injection of D-Asp into
green frog led to an increase of p-AspO activity in a variety of organs: brain,
kidney, liver, pancreas, Harderian gland, heart, spleen, and testes (Di Giovanni
et al. 2010; Burrone et al. 2010). In contrast, no increase in DAAO or L-amino acid
oxidase activities were observed following D-Asp administration (Di Giovanni
et al. 2010).

These data demonstrate that p-AspO may have multiple physiological purposes.
It is possible that D-AspO is responsible for the general metabolism of endogenous
and exogenous D-Asp to prevent the accumulation of high concentrations of b-Asp,
which may have a negative impact on normal functioning of biological systems.
Additionally, p-AspO may also be involved in the controlled degradation of p-Asp
for the purposes of chemical signaling modulation, including signal termination.

12.3.4 p-Asp Flux

Understanding the movement of p-Asp into and out of specific locations, its flux, is
important. Amino acid transporters such as solute carrier family 1 members 1-5
(also reported as excitatory amino acid transporters 1-5 (EAATs 1-5)) likely are
involved in its import, mediated by the Na+/K+ electrochemical gradient (for
reviews, see EMBL-EBI 2014; Boudko 2010; Stevens 2010; Krehbiel and Mat-
thews 2003). For example, dEAAT1 and dEAAT?2 are present in the nervous system
of D. melanogaster (Umesh et al. 2003; Besson et al. 2000) (see Fig. 12.4).
Drosophila sodium-dependent high-affinity aspartate transporter dEAAT?2 has a
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Fig. 12.4 Central nervous system expression patterns and transport properties of Drosophila
melanogaster excitatory amino acid transporters (EAATS). Left panels: ventral views of Drosoph-
ila embryos stained with in situ hybridization with antisense (a) dEAAT1 or (b) dEAAT2 RNA
probe. A differential expression pattern for dEAAT1 and dEAAT? is apparent, with substantially
higher expression levels for dEAAT1 in the embryonic nerve. Right panels: uptake of radiolabeled
L-Glu and p-Asp into Drosophila S2 cells transfected with (a) dEAAT]1 or (b) dEAAT2 cDNAs.
Cells were transfected with (white bars, control) mock plasmid or (gray bars) Drosophila EAAT
expression vectors. Selective transport of D-Asp relative to L-Glu is apparent for dEAAT2, whereas
dEAAT]1 shows comparable transport for the two excitatory amino acids (Reprinted with permis-
sion from Besson et al. 2000, copyright 2000, Elsevier)

much lower affinity to glutamate than p- or L-Asp. In another example, a single
EAAT was expressed in the neuropil regions of the thoracic ganglia of the mosquito
Aedes aegypti (Umesh et al. 2003). The transporter mediates high-affinity uptake of
D-Asp as well as L-Asp and L-Glu, where both of the L-amino acids compete with D-
Asp uptake. Therefore, the resulting excitatory amino acid import will depend on
the extent and profile of transporter expression as well as levels of these compounds
in the extracellular space, where D-Asp is typically present at lower concentrations.
Not surprisingly, a large body of information on p-Asp transmembrane transport is
available for mammalian models (for reviews, see Broer 2008; Saunders
et al. 2013). This knowledge can be used in genomic and transcriptomic searches
to aid the identification of molecular homologs in nonmammalian species.

D-Asp can be transported along nerves to release sites (Miao et al. 2006a;
D’Aniello et al. 2010; Scanlan et al. 2010) and subsequently released upon stimu-
lation. The vesicular nature of D-Asp release is also supported by the measurement
of the subcellular localization of p-Asp in synaptosomes and synaptic vesicles of
the nervous systems of A. limacina (Spinelli et al. 2006) and L. vulgaris (D’ Aniello
et al. 2010). Along with p-Asp, these synaptic vesicles possess relatively high levels
of L-Asp and L-Glu, creating competitive conditions for neurotransmitter import by
EAATS.
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12.4 Physiological Functions of Free p-Asp

A number of roles for free D-Asp in central physiological processes on the cellular,
tissue, organ, and organismal level have been suggested and in some cases exper-
imentally confirmed. A large number of reports point to D-Asp operating as an
environmental signal, neuromodulator, hormone, and neurotransmitter and being
involved in mechanisms of the biosynthesis of hormones, endocrine and exocrine
secretion (Monteforte et al. 2009), neurogenesis, memory (Topo et al. 2010), repro-
duction, vision, individual development, and stress (Erwan et al. 2012).

12.4.1 Neuronal Function

In neurons, p-Asp may generate an immediate cellular electrophysiological
response through activation of the N-methyl-p-aspartate receptor (NMDAR), a
type of ionotropic glutamate receptor (Foster and Fagg 1987), NMDAR-like recep-
tors (Carlson and Fieber 2011), or sodium-dependent EAATSs. The presence of
other or unknown receptors and/or transporters that are specific to p-Asp is indi-
cated by results of experiments where 25% of studied A. californica neurons
exhibited Dp-Asp-induced currents but were not sensitive to L-Glu application
(Carlson and Fieber 2011). Similarly, noticeable specificity to p-Asp is character-
istic of Drosophila sodium-dependent dEAAT2 (Besson et al. 2000) (Fig. 12.4).
Indeed, partial involvement of EAATS in the formation of p-Asp-induced L-Glu-
independent cation currents in cultured A. californica neurons was demonstrated
using a transporter blocker (Carlson et al. 2012).

The involvement of NMDA receptors in D-Asp-induced physiological and
behavioral effects is supported by the results of experiments involving systemic
in vivo intracerebroventricular administration of p-Asp to neonatal chicks. Specif-
ically, when subjected to stressful conditions, b-Asp dose-dependent calming of the
animals was observed, including a decrease in vocalization and an increase in the
duration of time spent in resting positions with eyes open (Erwan et al. 2012).
NMDA injection was also found to yield sedative effects (Yamane et al. 2009). The
effects of L-Asp mimicked those of p-Asp; however, the periods of sleeplike state
were observed to be longer, indicating possible mechanistic differences for the two
enantiomers.

12.4.2 Environmental Signals

Decapod crustaceans such as the red rock crab (Cancer productus) and the Pacific
rock crab (Romaleon antennarium) possess chemoreceptors located at their claw’s
moveable fingers, or dactyls. Application of p-Asp induced an almost five times
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higher electrophysiological response in the corresponding nerve than application of
L-Asp (Case 1964). Importantly, the response to p-Asp is pH dependent and not
visibly modulated by the presence of L-Asp. It is plausible that p-Asp is present in
seawater at nM concentrations; for example, the top layer of the ocean near Hawaii
has been found to contain 8 nM of total dissolved p-Asp (Benner and Herndl 2011).
This makes it apparent that b-Asp, along with other amino acids, may work as an
environmental signal for marine animals. In the ocean environment,
bacterioplankton are considered the main biotic source of p-Asp, and some other
DAAs, and are found in the cell walls of these microorganisms (Perez et al. 2003;
Azua et al. 2014).

12.4.3 Organism Development

D-Asp has been shown to play a role in development. In an early study, a transient
increase in D-Asp levels during the embryonic stage in chicken was detected, with
maximal concentration in the retina and brain between the 10th and 15th day of
incubation (Neidle and Dunlop 1990). p-Asp in the chicken retina was observed to
reach 20% of the total Asp levels at day 13. No similar changes in D-Asp content
were found to occur in the heart, muscle, and liver during this stage of organism
development. Additionally, C. elegans demonstrate a transient increase in pD-Asp
content, with a maximum level at the L3 larva stage (Saitoh et al. 2012). Interest-
ingly, there is strong evidence to suggest that expression of the excitatory amino
acid transporters dEAAT1 and dEAAT? leads to formation of glia in the embryonic
Drosophila central nervous system and may be involved in the generation of the
functional diversity of these glial cells (Soustelle et al. 2002). The temporal
alignment of such events may be significant for proper development of nervous
system cellular circuitry.

12.4.4 Reproduction

The high concentration of p-Asp observed in the testes and ovaries of various
nonmammalian animals suggests an involvement in reproduction (Di Fiore
et al. 1998; Raucci et al. 2004; Raucci and Di Fiore 2011). Quantitative measure-
ments of free D-Asp in the seasonal breeding green frog and Italian wall lizard
uncovered a correlation between D-Asp levels and the phases of the reproductive
cycle (Raucci and Di Fiore 2011) (Fig. 12.5). Moreover, D-Asp levels were found to
correlate with androgen production in a sex- and species-dependent manner. bD-Asp
application in vivo enhanced expression of P450 aromatase mRNA and protein
levels in male frog brain, which led to an increase in 17p-estradiol synthesis as well
as a corresponding increase in expression of its receptor (Burrone et al. 2012). The
modulatory effects of P450 aromatase expression were found to be a result of b-Asp
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participation in the CREB pathway. In a separate experiment, a D-Asp intraperito-
neal injection was observed to modulate the levels of testosterone and 17f-estradiol
in Italian wall lizard (Raucci 2005; Schell et al. 1997). The data made evident that
D-Asp regulates steroidogenesis and spermatogenesis. The observed involvement of
D-Asp in reproduction in a number of different species suggests that this particular
functional role of p-Asp is likely evolutionarily conserved. For example, C. elegans
has three functional D-AspOs: D-AspO-1, p-AspO-2, and p-AspO-3 (Katane
et al. 2010). Modulation of p-AspO-1 expression alters D-Asp levels in animals,
which correlates with changes in egg-laying capacity as well as hatching rate
(Saitoh et al. 2012).

12.4.5 Vision

As mentioned earlier, another physiological function in which p-Asp may play a
role relates to vision. This potential role for p-Asp is supported by its abundance in
the retina of multiple animals, including the chicken (Neidle and Dunlop 1990) and
common cuttlefish (D’Aniello et al. 2005). p-Asp was also found to be present in
the optic lobe of S. officinalis (D’ Aniello et al. 2005). There are several origins of D-
Asp in the retina of this animal, including transport from the optical lobe as well as
endogenous synthesis by the action of p-Asp racemase. The levels of b-Asp, L-Asp,
L-Glu, and p-Asp racemase all decrease in both the retina and optic lobe after
sustained light deprivation. However, other amino acids exhibit no change with
regard to concentration. These observations strongly point toward an important role
for p-Asp in vision.

12.5 Summary

D-Asp is an enigmatic molecule that has been observed throughout the metazoan,
with a number of studies helping to define its formation, localization, and degra-
dation. Uncovering the different roles of p-Asp has been made possible by the
development and application of a number of measurement approaches that provide
information on the specific chiral form of Asp in an animal tissue. The measurement
approaches have included immunohistochemical staining, LC-LIF, and CE-LIF.
Now that such approaches exist, studies have turned to more functional ques-
tions. The use of nonmammalian animal models has enabled the characterization of
D-Asp in organisms with well-understood nervous systems, such as A. californica,
and in organisms with short life spans and well-characterized genomes, such as
C. elegans. The result of the p-Asp research has been the thorough investigation of
the biosynthesis, localization, metabolism, controlled degradation, and concentra-
tion fluxes of this DAA. Together, these findings provide a more complete under-
standing of free p-Asp and its involvement in important physiological processes,
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from the cellular to the organismal level. For example, the cell-to-cell signaling
roles of free D-Asp have been demonstrated in a number of nonmammalian animals.
In addition, several physiological and behavioral effects have been linked to p-Asp.
Specifically, relationships to cell-to-cell and environment-to-organism signaling, as
well as neurogenesis, reproduction, and vision, have been revealed.
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Chapter 13
Homeostasis of Free p-Aspartate
in Mammalian Cells

Hiroshi Homma and Masumi Katane

Abstract Among the free p-amino acids found in mammals, p-aspartate (D-Asp)
has been shown to play crucial roles in the central nervous, neuroendocrine, and
endocrine systems. Here, we present an overview of recent studies on free p-Asp,
focusing on homeostasis in mammalian cells, especially the molecular mechanisms
necessary to synthesize, degrade, and release p-Asp.

Keywords p-Aspartate « Homeostasis * Biosynthesis « Degradation * Efflux

Although biosynthesis of p-Asp has been demonstrated in several cultured mam-
malian cells, the complete biosynthetic pathway of p-Asp in mammals remains to
be elucidated. In contrast to the enigma of biosynthesis of p-Asp, however, D-Asp
oxidase (DDO) has long been known as a degradative enzyme that stereospecifi-
cally acts on acidic p-amino acids and is the sole catabolic enzyme to act on D-Asp
in mammals. Because recent studies have implicated p-Asp in the pathophysiology
of N-methyl-D-Asp receptor-related diseases, such as depression and schizophrenia,
DDO is considered an attractive therapeutic target, and DDO inhibitors that aug-
ment brain p-Asp levels are now considered as potential antipsychotic drugs for
treatment of these diseases.

There appear to be distinct release pathways of b-Asp in mammalian cells. Two
pathways for the efflux of p-Asp of cytoplasmic origin have been identified; one is a
spontaneous and continuous release pathway, and the other is through volume-
sensitive organic anion channels. An alternative pathway for the release of D-Asp
via exocytotic discharge of vesicular b-Asp has also been identified. In mammalian
tissues, D-Asp is present in specific cells, and the aforementioned mechanisms may
be selectively employed in distinct cell types to regulate D-Asp homeostasis.
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13.1 Introduction

In 1986, Dunlop et al. first reported the existence of free p-aspartate (D-Asp) in
mammals, including humans (Dunlop et al. 1986). Since then, substantial amounts
of D-Asp have been found in a wide variety of mammalian tissues, particularly the
central nervous, neuroendocrine, and endocrine systems. Using several different
methods, including high-performance liquid chromatography (HPLC) analysis and
immunohistochemical staining with anti-p-Asp antibody, the expression levels and
localization of D-Asp in mammalian tissues and cells have been studied, and
ontogenetic changes in its contents and localization have been determined in
various tissues. The biological and physiological activities of pD-Asp also have
been examined in detail in selected neuroendocrine and endocrine tissues, such as
the pineal gland, pituitary gland, hypothalamus, and testis. A variety of review
articles on p-Asp have been recently published, including publications describing
D-Asp quantification and localization in various tissues (D’Aniello 2007; Furuchi
and Homma 2005; Homma 2002, 2007) and biological activities in endocrine
tissues (D’Aniello 2007; Di Fiore et al. 2014; Furuchi and Homma 2005; Homma
2002; Katane and Homma 2011) and the nervous system (Errico et al. 2009, 2012;
Ota et al. 2012). In this review, we focus on the homeostasis of D-Asp in mamma-
lian cells, especially its biosynthesis and degradation in the cells and its efflux from
and reuptake into the cells. In this chapter, the methodology used to analyze pD-Asp
(Chap. 12) and the biological activities of D-Asp in both nonmammalian (Chaps. 11
and 12) and mammalian cells (Chap. 13) are reviewed.

13.2 Biosynthesis of p-Asp

Since the discovery of free b-Asp in mammals (Dunlop et al. 1986), much attention
has been paid to the origins and synthetic pathways of this p-amino acid. Substantial
amounts of D-Asp have been detected in various lower organisms, and in mammals
ingested D-Asp can be absorbed in the intestine and transported to several tissues
(D’Aniello et al. 1993a). Therefore, mammalian p-Asp can be partially derived
from enterobacterium and/or diet. On the other hand, Neidle and Dunlop observed
that p-Asp levels were remarkably increased in fertilized chicken eggs during
incubation (Neidle and Dunlop 1990). Since the egg is a closed system without
dietary supplementation, this observation strongly suggested that the biosynthesis
of D-Asp occurs in chicken embryos and therefore perhaps also in the mammalian
body. Subsequent studies utilizing several different methods, including HPLC
analysis, immunocytochemical staining, and enzymatic assays based on D-Asp-
specific oxidase reactivity, showed that rat pheochromocytoma PC12 cells contain
D-Asp and that p-Asp levels, both intracellular and in the cell culture medium,
increase over time (Fig. 13.1A; Long et al. 1998). Since extracellular p-Asp is not
taken up by cells, and the cells do not express the L-Glu transporter, this suggests
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Fig. 13.1 Biosynthesis of b-Asp in cultured mammalian cells. (A) PC12 cells were cultured in
DMEM or TIP/DF medium. The level of p-Asp in cells cultured in DMEM (light gray bars),
DMEM culture media (striped bars), cells cultured in TIP/DF (dark gray bars), and TIP/DF
culture media (open bars) were determined at the indicated culture times. Data are presented as the
means from one triplicate assay + standard deviation. For details, see text and Long et al. (1998).
(B) Purified rat embryonic neurons were cultured with [14C]-L-Asp in the absence (open circles) or
presence (gray circles) of AOAA. The [14C]—D—Asp contents in the cells were determined at the
indicated culture times. Data are presented as the mean + standard error of the mean (n =4). For
details, see text and Wolosker et al. (2000) (Reproduced with permission from Elsevier (Long
et al. 1998; Wolosker et al. 2000))

that intracellular biosynthesis of p-Asp occurs in these cells. D-Asp synthesis has
also been observed in a subclone of PC12 cells (Long et al. 2002), rat pituitary
tumor GHj cells (Long et al. 2000), and recently in human cervical adenocarcinoma
HeLa cells (Matsuda et al. 2015). In PC12 cells, the highest proportion of p-Asp (D-
Asp/[D-Asp +L-Asp] x 100 %) was approximately 14 %, whereas biosynthesis of D-
Asp was not observed in mouse fibroblast Swiss 3T3 cells or human neuroblastoma
NB-1 cells (Long et al. 1998). Furthermore, in primary cultures of rat embryonic
neurons, high levels of endogenous p-Asp were detected, and ['*C]-p-Asp biosyn-
thesis was demonstrated using ['*C]-L-Asp as the precursor molecule (Fig. 13.1B;
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Wolosker et al. 2000). Treatment of these neuronal cultures with amino-oxyacetic
acid (AOAA) markedly inhibited the accumulation of [14C]—D—Asp (Wolosker
et al. 2000). Since AOAA is a potent inhibitor of pyridoxal phosphate (PLP)-
dependent enzymes, this result suggests that a PLP-dependent enzyme is involved
in the conversion of L-Asp to p-Asp. A likely candidate for this enzyme is a
racemase, and in fact, an Asp-specific, PLP-dependent racemase (EC 5.1.1.13)
from the bivalve Scapharca broughtonii has been cloned and characterized (Abe
et al. 2006; Shibata et al. 2003a, b; Watanabe et al. 1998). A second Asp racemase
has also been cloned from the sea slug Aplysia californica (Wang et al. 2011), and
Asp-specific racemase-like activity (conversion of L-Asp to D-Asp) has also been
reported in other animals, including the cephalopod (D’Aniello et al. 2005), frog
(Raucci et al. 2005), lizard (Assisi et al. 2001), and mollusk (Spinelli et al. 2006).
Recently, the gene that encodes Asp racemase (Got I-like 1, Gotll1) was identified
in mouse (Kim et al. 2010), and the recombinant form of this enzyme has been
shown to exhibit PLP-dependent Asp racemase activity. Notably, the deduced
amino acid sequence of the mouse Asp racemase is more homologous to that of
mammalian Asp aminotransferase than to mammalian Ser racemases and the
S. broughtonii or A. californica Asp racemases, whereas the S. broughtonii and
A. californica Asp racemases show relatively high amino acid sequence identity
with the mammalian Ser racemases. Therefore, it appears that the Asp racemases of
mouse, S. broughtonii, and A. californica have evolved convergently from different
ancestral proteins to acquire a similar catalytic mechanism.

In mice, Asp racemase is abundant in the brain, heart, and testis, followed by the
adrenal gland, and is expressed at negligible levels in the liver, lung, kidney, and
spleen (Kim et al. 2010). Immunohistochemical analysis revealed coincident local-
ization of Asp racemase and D-Asp in the mouse brain, pituitary gland, hippocam-
pus, pineal gland, adrenal medulla, and testis. Interestingly, depletion of Asp
racemase in the adult mouse hippocampus by retrovirus-mediated expression of
Asp racemase-targeting short-hairpin RNA elicited profound defects in dendritic
development and neuron survival (Kim et al. 2010). Thus, the current data suggest
that Asp racemase plays an essential role in neuronal development, consistent with
the previously proposed role for p-Asp in neurogenesis and development of the
brain (Sakai et al. 1998; Wolosker et al. 2000).

In the rat and human genomes, the genes annotated as homologous to the mouse
Asp racemase are designated Gotlll and GOTILI, respectively, and the proteins
encoded by these genes are presumed to be responsible for the biosynthesis of p-
Asp. However, the lengths of the predicted amino acid sequences of mouse, rat, and
human GOT1L1s (404, 315, and 421 amino acids, respectively) are not conserved.
In our recent study, we investigated whether Got/1l and/or GOTILI are involved in
Asp synthesis. First, the correlation between cellular b-Asp content and the expres-
sion level of GOT1L1 mRNA was examined in several rat and human cell lines.
The expression levels of mRNA encoding p-Asp oxidase (DDO, also known as
DASPO; EC 1.4.3.1), the sole catabolic enzyme that acts on free p-Asp in mammals
(Katane and Homma 2010; Ohide et al. 2011), were also measured in these cell
lines. Second, the effect of knockdown of the Gotl/l gene on p-Asp biosynthesis
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Table 13.1 Tissue levels of b- and L-Asp in mouse brain

H. Homma and M. Katane

Brain region Genotype D-Asp (pmol/mg tissue) L-Asp (nmol/mg tissue)
Frontal cortex Wild type 8.15+£1.64 0.59+0.13

Ser racemase KO 2.82£0.27 ** 0.44 £0.02
Hippocampus Wild type 9.00 £ 0.55 0.66 £ 0.04

Ser racemase KO 4.27+£0.41 *** 0.66 £0.04
Striatum Wild type 7.77 +£0.69 0.39£0.02

Ser racemase KO 2.8510.69 *** 0.39+0.02
Cerebellum Wild type 1.89 +0.05 0.54 £0.04

Ser racemase KO 1.86 £0.08 0.55+0.02

Data are from Horio et al. (2013). For details, see text and Horio et al. (2013). Reproduced with
permission from Elsevier (Horio et al. 2013)

Each value shown is the mean =+ standard error of the mean (n=10). ** P <0.01 and ***
P <0.001 (Student’s t-test) compared to wild type. Tissue levels of p- and L-Ala in the frontal
cortex, hippocampus, striatum, and cerebellum were comparable between wild-type and Ser
racemase KO mice (Horio et al. 2013)

was examined. The results failed to show any correlation between the expression
levels of Gotll1/GOTILI and p-Asp contents in either the rat or human cell lines
(Matsuda et al. 2015). Furthermore, during the culture of the cells that are known to
synthesize D-Asp (Long et al. 2000), knockdown of Got/!1 did not reduce the total
contents of D-Asp (D-Asp in the cells plus p-Asp in the media) (Fig. 13.2),
confirming that GOT1L1 contributes little, if at all, to the biosynthesis of pD-Asp
in rat and human cells (Matsuda et al. 2015).

In the other report (Tanaka-Hayashi et al. 2015), a Got1!1 knockout (KO) mouse
was generated, and the amino acid contents in the wild-type and KO mice were
compared. No significant differences were observed in the amino acid contents in
the hippocampus or testis. In the report, the recombinant protein encoded by mouse
Gotlll was also produced, although it was reported to be difficult to obtain large
amounts of soluble form of the protein. However, the recombinant protein failed to
produce p-Asp from L-Asp. Instead, the protein exhibited L-Asp aminotransferase
activity. Thus, the whole picture of the biosynthetic pathway of D-Asp in mammals
remains to be elucidated.

It is noteworthy that A. californica Asp racemase shows racemase activity
toward Asp as well as Ser (Wang et al. 2011), while S. broughtonii Asp racemase
was reported to exhibit no racemase activity toward Ser (Abe et al. 2006; Shibata
et al. 2003b). Ser racemase in mammals might have some activity toward Asp to
produce p-Asp, and a Ser racemase KO mouse exhibited reduced levels of b-Asp in
some regions of the brain (Table 13.1; Horio et al. 2013). Thus, p-Asp synthesis
may be closely related to p-Ser metabolism.

An alternative pathway for p-Asp synthesis in mammals involving p-amino acid
aminotransferase (EC 2.6.1.21) may be possible. This enzyme transfers an amino
group from a p-amino acid to an oxaloacetic acid, resulting in the production of p-
Asp. In fact, the cDNA of p-amino acid aminotransferase has been cloned from
Arabidopsis thaliana, and the recombinant form of this enzyme has been shown to
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catalyze transamination from bD-Glu to oxaloacetic acid to produce D-Asp
(Funakoshi et al. 2008). However, no p-amino acid aminotransferase has been
identified in mammals. On the other hand, free p-Asp can be derived from p-
aspartyl residue-containing proteins. It is known that L-asparaginyl and L-aspartyl
residues in proteins undergo spontaneous isomerization under physiological condi-
tions to generate D-aspartyl and/or isoaspartyl residues (Fujii 2005; Fujii
et al. 2010). In addition, p-aspartyl endopeptidase, a protease that can generate
free p-Asp through the degradation of p-aspartyl residue-containing proteins, has
been identified in rabbit and mouse (Kinouchi et al. 2004).

13.3 Degradation of p-Asp

DDO has long been known as a degradative enzyme that stereospecifically acts on
D-Asp. In 1949, Still et al. first reported the enzymatic activity of DDO in rabbit
kidney extracts (Still et al. 1949). This enzyme is stereospecific for acidic b-amino
acids and degrades not only D-Asp but also b-Glu and N-methyl-p-Asp (NMDA)
(D’Aniello et al. 1993b; Katane et al. 2011, 2015). DDO has been identified in a
wide variety of eukaryotes, including humans, but not in bacteria or plants. p-
Amino acid oxidase (DAO, also abbreviated DAAO, EC 1.4.3.3), the other degra-
dative enzyme stereospecific for p-amino acids, acts on several neutral and basic p-
amino acids, but not on acidic b-amino acids (Krebs 1935). DDO is a flavin adenine
dinucleotide (FAD)-containing flavoprotein in which one molecule of FAD is
bound noncovalently to one molecule of DDO. DDO catalyzes the oxidative
deamination of p-amino acids with oxygen to generate the corresponding 2-oxo
acids, along with hydrogen peroxide and ammonia (in the case of NMDA, methyl-
amine is produced instead of ammonia) (Katane and Homma 2010; Ohide
et al. 2011).

In mammals, DDO activity is highest in the kidney, followed by the liver and
brain, and is low in other peripheral tissues (Van Veldhoven et al. 1991; Yamada
et al. 1988). Immunohistochemical analysis revealed that DDO is localized to the
epithelial cells of proximal renal tubules in the kidney and hepatocytes in the liver
(Zaar 1996). The intracellular localization of DDO to the peroxisome has been
demonstrated (Beard 1990; Van Veldhoven et al. 1991; Zaar 1996; Zaar
et al. 1989), where catalase degrades toxic hydrogen peroxide, one of the enzymatic
reaction products. The DDO contents of the kidney and liver are relatively low at
birth and rapidly increase thereafter (D’ Aniello et al. 1993a; Kera et al. 1993; Van
Veldhoven et al. 1991). This is in contrast to the p-Asp contents in these tissues,
which decrease as development proceeds (Dunlop et al. 1986; D’Aniello
et al. 1993a). This is also true in the brain, in which the p-Asp contents in the
cerebrum rapidly decrease as development proceeds (Hashimoto et al. 1995), while
the DDO contents rapidly increase (Van Veldhoven et al. 1991). Enzyme histo-
chemical analysis of rat brain tissues revealed that DDO is present in several
regions, including the choroid plexus, ependyma, hippocampus, dentate gyrus,
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olfactory bulb, pituitary gland, granule cell layer, and white matter of the cerebel-
lum (Schell et al. 1997). Notably, DDO is concentrated in nerve cells, such as the
hippocampal pyramidal neurons and olfactory epithelial neurons, tissues in which
D-Asp immunoreactivity is not observed. Thus, the location and activity levels of
DDO correlate inversely with the presence of D-Asp, suggesting that, in mammals,
DDO degrades endogenous D-Asp as a physiological substrate, thereby regulating
the cellular levels of this p-amino acid.

Recent findings obtained from studies using DDO-deficient mice collectively
suggest that D-Asp acts as a signaling molecule in the nervous system by binding to
the NMDA receptor and plays an important role in the regulation of brain functions
(Errico et al. 2008a, b, 2011a, b, 2014; Weil et al. 2006). In neurological assess-
ments such as the Morris water maze and contextual fear conditioning, altered
behaviors are observed in DDO-deficient mice (Errico et al. 2008b). p-Asp contents
in the hippocampus of DDO-deficient mice are approximately 13-fold higher than
in wild-type mice (Errico et al. 2008a). Furthermore, in DDO-deficient mice,
significant suppression is observed in the synaptic depotentiation following long-
term potentiation (LTP) induction of the hippocampus (Fig. 13.3A), a process in
which the NMDA receptor is believed to play a pivotal role. Similarly, high-
frequency stimulation of corticostriatal fibers induces long-term depression
(LTD) in corticostriatal slices of wild-type mice but not of DDO-deficient mice
(Fig. 13.3b; Errico et al. 2008b). In the corticostriatal system, it is believed that
enhanced NMDA receptor signaling blocks the induction of LTD, and p-Asp is
known to stimulate NMDA receptor activity by binding to the L-Glu-binding site
(Fagg and Matus 1984; Olverman et al. 1988). Thus, it is likely that NMDA
receptor-mediated neurotransmission is enhanced by elevated concentrations of
D-Asp in DDO-deficient mice.

DDO-deficient mice exhibit a reduced immobility time in the Porsolt forced-
swim test, a model of depression, suggesting that the genetic ablation of DDO has a
specific antidepressant effect (Weil et al. 2006). In addition, deficits in prepulse
inhibition induced by amphetamine, a potent dopamine releaser, or by MK-801, a
noncompetitive antagonist of the NMDA receptor, are attenuated in DDO-deficient
mice (Errico et al. 2008b). These results suggest that increased levels of p-Asp in
the brain protect against sensorimotor gating deficits, a defect that is observed in
schizophrenic patients. Schizophrenia is a chronic, severe, and disabling mental
disorder in which excessive dopaminergic transmission is believed to be involved.
Although the mechanism of onset of this disease has yet to be fully clarified, it has
been recently accepted that reduced neurotransmission via the NMDA receptor may
be involved in the pathophysiology of schizophrenia. Therefore, increased attention
has been focused on DDO as a therapeutic target, and DDO inhibitors able to
augment D-Asp levels in the brain are being investigated as antipsychotic drugs for
the treatment of schizophrenia.

We screened 257 different compounds, including biologically active compounds
of microbial origin and pre-existing drugs, for their ability to inhibit the enzymatic
activity of mouse DDO on p-Asp. This screening identified thiolactomycin (TLM)
as a candidate DDO inhibitor (Katane et al. 2010). TLM, an antibiotic isolated
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Fig. 13.3 Alterations in long-term synaptic plasticity in DDO-deficient mice. (A) The vertical
axis represents the percentage of the field excitatory postsynaptic potential (fEPSP) slopes relative
to the baselines. fEPSP slopes were measured 1 h after a theta burst stimulation (/ef). Potentiation
recovers almost to baseline in hippocampal slices from wild-type mice (open bar), whereas the
induced LTP is maintained in slices from DDO-deficient mice (gray bar). fEPSP slopes were
measured 1 h after low-frequency stimulation following the induction of LTP (right). Synaptic
depotentiation is observed in slices from wild-type mice (open bar) but not in slices from
DDO-deficient mice (gray bar). Data are presented as the mean =+ standard error of the mean
(n=4-6). The figure was drawn based on data from Errico et al. (2008a). For details, see text and
Errico et al. (2008a). (B) The vertical axis represents the percentage of the EPSP amplitudes
relative to the amplitude recorded before high-frequency stimulation. High-frequency stimulation
of corticostriatal fibers induces LTD in corticostriatal slices from wild-type mice (open circles) but
not in slices from DDO-deficient mice (gray circles). Data are presented as the mean = standard
error of the mean (n=8-9). For details, see text and Errico et al. (2008b) (Reproduced with
permission from the Society of Neuroscience (Errico et al. 2008b))

initially from a species of Nocardia, is known to inhibit type II fatty acid synthases
in bacteria. The dose-dependent effect of TLM on the enzymatic activity of mouse
DDO was examined, and the 50 % inhibitory concentration (ICsy) was determined
and compared to that of malonate, a known classical competitive inhibitor of
mammalian DDO. Both malonate and TLM inhibited DDO activity in a dose-
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Table 13.2 Effect of FAD IC M
concentrations on the s0 (M)
i .
inhibitory activity of TLM FAD concentration (pM) Malonate TLM
against mouse DDO 60 5305 +409 1957+ 124
3 5418 + 134 510+ 61

Data are from Katane et al. (2010). For details, see text and
Katane et al. (2010). Reproduced with permission from Elsevier
(Katane et al. 2010).

1Cs( values were determined using 20 mM D-Asp as the substrate.
Each value shown is the mean = standard deviation (n=3).

dependent manner. Interestingly, decreasing the concentration of FAD added to the
reaction mixture markedly enhanced the inhibitory activity of TLM against DDO,
whereas the inhibitory activity of malonate against DDO remained constant regard-
less of FAD concentration (Table 13.2). These results suggest that TLM inhibits
both the binding of FAD to DDO and the binding of the substrate to the enzyme.
Indeed, additional experiments using the holo-form and apo-form of DDO revealed
that TLM inhibits the activity of DDO by competing with both the substrate and the
FAD cofactor (Katane et al. 2010).

To gain insight into the mechanism of binding of TLM to DDO, structural
models of the apo-form of DDO complexed with TLM were constructed using
Glide software (Schrodinger Suite 2009; Friesner et al. 2004; Halgren et al. 2004).
Since the 3D structure of DDO has not been determined, a structural model of
mouse DDO was proposed using the 3D structure of human DAO, which was
solved by X-ray crystallographic analysis (PDB ID: 2DUS) (Kawazoe et al. 2006),
as the template structure. Since TLM can exist in two tautomeric forms in solution,
models of mouse DDO complexed with each of the TLM tautomers were
constructed. In one model, the keto and hydroxyl groups of TLM interact via
hydrogen bonds with the backbone amide of Ala-48 and the side-chain guanidino
group of Arg-237, respectively (Fig. 13.4A). In the other model, the keto group of
TLM interacts with the backbone amides of Gly-49 and Met-50, and the hydroxyl
group of TLM interacts with the side-chain guanidino groups of Arg-237 and
Arg-278 (Fig. 13.4B). The structurally equivalent residues of Ala-48, Gly-49, and
Met-50 in mouse DDO are Ala-49, Gly-50, and Leu-51, respectively, in human and
pig DAOs, and the backbone amides of these residues are presumed to interact with
the flavin ring of FAD (Kawazoe et al. 2006; Mattevi et al. 1996). In addition,
Arg-237 and Arg-278 are presumed to be important for substrate binding and
catalytic activity of DDO (Katane et al. 2007, 2011). Collectively, it appears that
TLM binds to the active site of DDO and interferes with the proper orientation of
both the substrate and FAD in the active site, resulting in the inhibition of enzy-
matic activity. Indeed, introduction of an Arg-237-to-Ala mutation in mouse DDO
reduces its sensitivity to TLM (Katane et al. 2010). Interestingly, TLM also inhibits
not only the activity of human DDO, which shares a high amino acid sequence
identity with mouse DDO (80 %), but also the activity of mammalian (human, pig,
and mouse) DAOs, which possess moderate sequence identity to mouse DDO
(41 %). Among the aforementioned amino acid residues, Ala-48, Gly-49, and
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Fig. 13.4 Structural models of mouse DDO complexed with TLM. Since TLM can exist in two
tautomeric forms in solution, two models of mouse DDO complexed with each of the TLM
tautomers were constructed and are shown in A and B. The chemical structures of the two
tautomers of TLM, which were used for the construction of the respective structural models, are
also shown in the lower left in each of the panels. The carbon atoms in TLM and the side chains of
amino acid residues are colored cyan and green, respectively. Other atoms are colored as follows:
nitrogen, blue; oxygen, red; and sulfur, khaki. Dotted lines denote possible hydrogen bonds. The
figure was modified from Katane et al. (2010). For details, see text and Katane et al. (2010)

Arg-278 of mouse DDO are conserved in these DAOs. However, the structurally
equivalent residues of Met-50 and Arg-237 in mouse DDO are Leu and Tyr
residues, respectively. Therefore, it is possible that the orientation of TLM bound
to the active sites of these DAOs differs from that in DDO. Additional studies are
required to clarify the mode of binding of TLM to DAO. Recently, we identified
several candidate inhibitors based on in silico screening of approximately 4 million
commercially available compounds for their capacity to bind the active site of
human DDO as well as DAO (Katane et al. 2013 and our unpublished observa-
tions). Characterization of these compounds and in vitro screening of their inhib-
itory activity are currently in progress.
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13.4 p-Asp Efflux

Although a number of studies have reported that intracellular p-Asp can be released
into the extracellular milieu by different mechanisms, the details of this process
remain to be elucidated. Therefore, we used pheochromocytoma PC12 cells to
investigate the pathways that mediate p-Asp efflux. As described above, these
cells are able to synthesize p-Asp intracellularly (Fig. 13.1A; Adachi et al. 2004;
Long et al. 1998), a portion of which is spontaneously and continuously released
into the medium without any specific stimulation. Since PC12 cells do not express
the L-Glu transporter, this release does not occur via L-Glu transporter-mediated
reverse transport. Subcellular fractionation assays revealed that endogenous p-Asp
is predominantly located in the cytoplasm (Koyama et al. 2006), and immunocy-
tochemical staining with anti-D-Asp antibody showed that p-Asp is distributed
homogeneously throughout the cytoplasm (Koyama et al. 2006). These findings
indicated that in PC12 cells, endogenous cytoplasmic D-Asp appears to be sponta-
neously and continuously released into the medium. In MPT1 cells, which are
derived from PC12 cells and express the L-Glu transporter in their plasma mem-
brane, p-Asp released into the medium is actively and continuously taken up into
the cells; thus there is a dynamic exchange of p-Asp between the intra- and
extracellular spaces during the culture of MPT1 cells. Following inhibition of the
L-Glu transporter, which suppresses b-Asp uptake, the spontaneous and continuous
efflux of p-Asp continues, resulting in the accumulation of p-Asp in the medium
(Koyama et al. 2005).

This spontaneous, continuous release pathway is different from the exocytotic
release of dopamine observed in PC12 cells, in which dopamine accumulates in
large dense-core vesicles (LDCVs). The kinetic profile of the exocytotic release of
dopamine is distinct from the spontaneous and continuous release of p-Asp. In
addition, dopamine release is significantly suppressed by a voltage-gated Ca>*
channel blocker, and by knockdown of the SNARE protein, SNAP-25, which is
an essential component of the exocytosis, whereas the release of pD-Asp is not
inhibited under these conditions (Fig. 13.5; Koyama et al. 2006). These results
indicate that the spontaneous, continuous release of endogenous D-Asp occurs
through efflux and that the vesicular exocytotic pathway is not substantially
involved. However, the molecular entity that mediates this spontaneous efflux
remains to be identified.

Another pathway for the transmembrane efflux of p-Asp in PC12 cells is via
volume-sensitive organic anion channels (VSOCs), which connect the cytoplasm
and extracellular space. When PCI12 cells are exposed to hypotonic medium,
significant amounts of endogenous D-Asp are released through VSOCs, which
open in response to hypotonic stimulation (Koyama et al. 2006). This p-Asp efflux
is substantially suppressed by treatment with putative VSOC blockers, such as
5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) and 1,9-dideoxyforskolin
(Fig. 13.6). However, these VSOC blockers do not inhibit the spontaneous release
of p-Asp from the cells, suggesting that this pathway is distinct from that of p-Asp
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Fig. 13.5 Spontaneous and continuous release of cytoplasmic p-Asp in PC12 cells. (A) PC12 cells
were cultured in the presence of the indicated concentrations of nifedipine, a voltage-gated Ca>*
channel blocker, and p-Asp (open bars) and dopamine (gray bars) efflux was determined after
20 min. Data are presented as the mean =+ standard deviation (n = 3). **P < 0.01 and ***P < 0.001
(Student’s t-test) compared to p-Asp or dopamine levels determined in the absence (0 nM) of
nifedipine. For details, see text and Koyama et al. (2006). (B) PC12 cells were transfected with the
SNAP-25-specific siRNA expression plasmid (SNAP-25 silencing) or the parental plasmid (con-
trol), and p-Asp (open bars) and dopamine (gray bars) efflux were then determined. Data are
presented as the mean = standard deviation (n=3). **P < 0.01 (Student’s #-test) compared to
D-Asp or dopamine levels determined in control cells. For details, see text and Koyama
et al. (2006) (Reproduced with permission from Elsevier (Koyama et al. 2006))

efflux through VSOCs. Interestingly, treatment of PC12 cells with apoptosis-
inducing agents, including staurosporine, tumor necrosis factor-o, hydrogen perox-
ide, and C2-ceramide, evokes the release of p-Asp (Furuchi et al. 2009). This
increase in D-Asp release is almost completely inhibited by the putative VSOC
blockers NPPB and 4,4’-diisothiocyanostilbene-2,2’-sulphonic acid, indicating that
this p-Asp efflux is conceivably mediated through the VSOC pathway (Furuchi
et al. 2009). An essential component of VSOC was identified recently, (Qiu
et al. 2014; Voss et al. 2014), which is expected to facilitate further progress in
the characterization of this efflux pathway.
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Fig. 13.6 Hypotonic stimulus-induced efflux of endogenous p-Asp in PC12 cells. PC12 cells were
incubated in isotonic (316 mOsM) or hypotonic (216 mOsM) solutions in the absence (light gray
bars) or presence of NPPB (open bars) or 1,9-dideoxyforskolin (dark gray bars), and p-Asp
efflux was determined after 20 min. For details, see text and Koyama et al. (2006) (Reproduced
with permission from Elsevier (Koyama et al. 2006))

The physiological significance of the enhanced efflux of p-Asp observed upon
the induction of apoptosis has been discussed in our previous publications (Furuchi
et al. 2009; Katane and Homma 2011): our studies revealed a feedback mechanism
in the testis involving D-Asp-mediated stimulation of testosterone production by
Leydig cells. In the testis, insufficient production of testosterone by the Leydig cells
results in the acceleration of germ cell apoptosis in the seminiferous tubules,
thereby enhancing p-Asp efflux from spermatogenic germ cells. In turn, this efflux
stimulates testosterone production in the interstitial Leydig cells to support the
normal manuration of the germ cells in the seminiferous tubules.

Another pathway for p-Asp efflux involves vesicular exocytosis (D’Aniello
et al. 2011). Depolarization induced by a high concentration of KCI or treatment
with acetylcholine results in the release of a significant amount of endogenous bp-
Asp from rat adrenal tissue slices (Fig. 13.7A; Wolosker et al. 2000). L-Asp is also
released under these conditions, but the magnitude of release is much smaller. In
these cells, p-Asp release is Ca®" dependent and is completely inhibited by the
addition of extracellular EGTA. It is of note that EGTA also significantly sup-
presses the basal release of D-Asp in the absence of stimulation (Wolosker
et al. 2000). In our previous report, we showed that D-Asp is associated with
granule-like structures around the nuclei in 2068 cells, a cell line derived from
PC12 cells. In cells preloaded with ['*C]-p-Asp, p-Asp efflux was Ca** dependent
and stimulated by depolarization with high concentrations of KCI or a Ca**
ionophore (Fig. 13.7B; Long et al. 2001). These results suggest that p-Asp is
released from 2068 cells via an exocytotic pathway, which is markedly different
than the results observed in PC12 cells. However, the exocytotic release of p-Asp
has been reported in PC12 cells (Nakatsuka et al. 2001). In this study, p-Asp
immunoreactivity was associated with particulate structures, and D-Asp was
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Fig. 13.7 Exocytotic discharge of vesicular p-Asp. (A) Rat adrenal slices were freshly prepared
and equilibrated with oxygenated Krebs—Henseleit buffer for 30 min at 37 °C. After equilibration,
release of p-Asp was elicited by treatment with 55 mM KCI (light gray bar), 55 mM KCI plus
0.2 mM EGTA (dark gray bar), or 100 pM acetylcholine (hatched bar), and p-Asp efflux was then
determined. Data are presented as the mean =+ standard error of the mean (n = 6-8). * P < 0.05 and
** P <0.01 compared to the p-Asp level determined in the absence of any treatment (open bar).
The figure was drawn based on data from Wolosker et al. (2000). For details, see text and
Wolosker et al. (2000). (B) 2068 cells were preloaded with [14C]—D—ASP. After contaminating
extracellular [14C]-D-Asp was washed out, the cells were incubated in the presence of 55 mM KCl
(light gray bar) or 5 pM of the Ca** ionophore A23187 (striped bar) for 30 min, and the
radioactivity released into the medium was then measured. Data are presented as the
mean =+ standard deviation (n=3). ** P <0.01 compared to the p-Asp level determined in the
absence of any treatment (open bar). For details, see text and Long et al. (2001) (Reproduced with
permission from Bioimaging Society (Long et al. 2001))
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shown to co-localize with dopamine in LDCVs. In addition, b-Asp was released in
response to high concentrations of KCI or exposure to neurotoxin in a manner
similar to dopamine. These studies contradict the results obtained with PC12 cells
in our studies. One possible explanation for these differences is that the PC12 cells
employed in these studies are a spontaneously occurring flat variant of PC12 cells
that express molecular component(s) (such as vesicular transporters) that concen-
trate D-Asp in the intracellular vesicles, allowing for exocytotic release.

There appear to be distinct release pathways for b-Asp in different cell lines. For
example, D-Asp of cytoplasmic origin can be released via either a spontaneous and
continuous release pathway or through VSOC channels. A third alternative pathway
for the efflux of p-Asp is via exocytotic discharge. It is conceivable that these
pathways are selectively utilized depending on the functional state of the cells
in vivo. There are several proposed efflux pathways for p-Ser, a signaling molecule
that gates the activity of synaptic NMDA receptor. Although p-Ser homeostasis in
the synapse of the brain is still not fully delineated, two pathways for its release
have been proposed: one through vesicular exocytosis from astrocytes, where p-Ser
is stored in synaptic-like vesicles (Kang et al. 2013; Henneberger et al. 2010), and
another pathway that mediates the release of cytoplasmic p-Ser through the Asc-1
transporter in the plasma membrane of neuronal cells (Maucler et al. 2013; Rosen-
berg et al. 2013). Further studies are necessary to fully elucidate the mechanisms of
D-Asp efflux and their physiological significance.
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Chapter 14
Neuromodulatory Activity of p-Aspartate
in Mammals

Francesco Errico and Alessandro Usiello

Abstract p-aspartate is transiently present in the mammalian brain since it sub-
stantially occurs in embryonic phases and strongly decreases after birth, due to the
postnatal activity of the catabolizing enzyme p-aspartate oxidase (DDO). Pharma-
cological evidence indicates that p-aspartate binds to and activates NMDA recep-
tors (NMDARS). To decipher the function of p-aspartate in mammals, genetic and
pharmacological mouse models with nonphysiological high levels of this b-amino
acid have been generated. Their characterization has evidenced that increased p-
aspartate enhances hippocampal NMDAR-dependent synaptic plasticity, dendritic
morphology, and spatial memory. In line with the hypothesis of a NMDAR
hypofunction in the pathogenesis of schizophrenia, it has been also shown that
increased D-aspartate produces corticostriatal adaptations resembling those
observed after chronic haloperidol treatment, and protects against prepulse inhibi-
tion deficits induced by psychotomimetic drugs. Moreover, a study in healthy
humans has demonstrated that genetic variation in DDO gene, predicting potential
increase in D-aspartate levels in postmortem prefrontal cortex, is associated with
greater prefrontal gray matter and activity during working memory. Interestingly, a
significant reduction of p-aspartate content has been detected in the postmortem
brain of patients with schizophrenia. In line with a dichotomous effect of NMDAR
stimulation on brain physiology, constitutive elevation of p-aspartate levels is also
associated with detrimental effects, including precocious hippocampal age-related
deterioration. Based on the agonistic role of p-aspartate on NMDARs and on its
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abundance during prenatal life, future studies will be crucial to address the effect of
this molecule on developmental processes controlled by NMDARs.

Keywords p-aspartate ¢ D-aspartate oxidase « NMDA receptor « Mouse models

14.1 Introduction

Until a few decades ago, the presence of b-amino acids was believed to be restricted
only to bacteria and low animal species (Corrigan 1969; D’Aniello and Giuditta
1977). Accumulating results in the years 80-90 have surprisingly shown that p-
forms of amino acids are evolutionary well conserved in mammals, including
humans, in which they are present in several tissue types. In particular, significant
amounts of free p-aspartate (D-Asp) and D-serine (D-Ser) were found in the brain
where they follow a peculiar regional and temporal pattern of emergence (Dunlop
et al. 1986; Hamase et al. 1997; Hashimoto et al. 1993; Neidle and Dunlop 1990;
Hashimoto et al. 1995). Such discovery, together with the long-established identi-
fication of flavoenzymes responsible for the oxidative deamination of dicarboxylic
and neutral p-amino acids (Krebs 1935; Still et al. 1949), greatly supported the
hypothesis that these atypical molecules might have a defined biological role in
mammals. Today, it is well established that p-Ser is a physiological endogenous
co-agonist of NMDA receptors (NMDARS) at central excitatory synapses of mam-
malian brain (Martineau et al. 2006; Wolosker and Radzishevsky 2013; Billard
2012; Van Horn et al. 2013) where it influences development (Kim et al. 2005),
synaptic transmission and plasticity (Mothet et al. 2000; Papouin et al. 2012;
Rosenberg et al. 2013; Li et al. 2013; Yang et al. 2003; Fossat et al. 2012), and
behaviors such as cognition and social interaction (Labrie et al. 2009; DeVito
et al. 2011; Basu et al. 2009). On the other side, altered levels of pD-Ser seem to
produce a disturbed NMDAR-dependent signaling and be causative for several
pathological states including a psychiatric disorder like schizophrenia (Javitt
et al. 2012; Labrie et al. 2012; Coyle and Tsai 2004b). Differently from p-Ser,
the neurobiological role of p-Asp is becoming clearer only in the last years. In this
chapter, we will overview the main advances on D-Asp, starting from the first
pharmacological and neurochemical findings that have paved the way to the most
recent knowledge based on mouse models with abnormal endogenous levels of this
D-amino acid.
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14.2 Occurrence of Free p-Aspartate in the Mammalian
Brain

Experimental methods of p-Asp detection in the mammalian brain have shown that
this p-amino acid transiently occurs in the rodents and humans since it is abundant
at developmental stages and drastically decreases after birth (Dunlop et al. 1986;
Hashimoto et al. 1993, 1995; Neidle and Dunlop 1990; Sakai et al. 1998; Wolosker
et al. 2000). Interestingly, HPLC analysis performed on human prefrontal cortex
(PFC) homogenates unveiled that D-Asp amount at gestational week 14 exceeds the
levels of the corresponding L-form (Hashimoto et al. 1993). In the rat brain, two
different immunohistochemical studies have investigated the presence of D-Asp in
the rat brain at embryonic (Sakai et al. 1998) and postnatal (Wolosker et al. 2000)
developmental phases. In the prenatal brain, p-Asp appears at embryonic day
12 (E12) in the ventrocaudal forebrain, midbrain, and hindbrain in the cytoplasm
of neuroblasts, which have already ceased proliferative activity, but not in mitotic
cells (Sakai et al. 1998). In the ventrocaudal forebrain, b-Asp appears in cell bodies
of neuroblasts that migrate toward the outer layer of neural epithelium. When the
migration process is completed and the layer has been established, p-Asp shifts to
axons. Between E14 and E20, p-Asp occurrence increases and extends to the whole
brain, including the cerebral cortex. In this area, p-Asp is observed in both cyto-
plasm and processes of neuroblasts of the intermediate zone and in the marginal
zone, which mainly consists of axons. At postnatal day O (PO), b-Asp immunore-
activity is reduced (Sakai et al. 1998). Differently from Sakai et al, in newborn rats
D-Asp is found in considerable amount by Wolosker et al. in forebrain regions
including the cerebral cortex, olfactory bulbs, thalamus, and hypothalamus and in
part of the midbrain. At P2, the staining also extends caudally to the hindbrain and
cerebellum. At this stage p-Asp is concentrated in zones actively involved in
developmental processes, such as the subventricular zone and the cortical plate of
the cerebral cortex, hippocampal pyramidal neurons of the CA1-CA3 subfield and
dentate gyrus, and the granule cells of the external granular layer of the cerebellum,
that have not yet reached their final localization. Starting from P7, p-Asp levels
substantially decrease. At P28, p-Asp is visible only in restricted areas of the brain
(external plexiform layer of the olfactory bulbs, supraoptic and paraventricular
nuclei of the hypothalamus and the medial habenula) (Schell et al. 1997). Besides
neuronal cells, no evidence for p-Asp staining in glia has been so far collected
(Schell et al. 1997; Wolosker et al. 2000).

14.3 The Metabolism of p-Aspartate

Early hypotheses to explain the endogenous occurrence of p-Asp in mammalian
tissues were based on the potential derivation of p-Asp from food, intestinal
bacterial flora, and degradation of metabolically stable proteins. However, transient
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occurrence of D-Asp and changes in its localization in the developing brain imply
that the endogenous levels of this D-amino acid must be regulated by a dedicated
biochemical mechanism controlling both biosynthesis and degradation of this p-
amino acid. In support of an endogenous biosynthesis of D-Asp, in the chicken
embryo brain, the levels of this p-amino acid increase with the incubation time of
the egg that is a closed system (Neidle and Dunlop 1990). However, for a long time
aspartate racemase activities, generating p-Asp, have been well documented only in
bacteria (Kochhar and Christen 1992; Long et al. 2001; Yamauchi et al. 1992).
Synthesis of D-Asp was first demonstrated in vitro by time-dependent accumulation
of this b-amino acid in cultured rat pheochromocytoma (PC12) cells in a b-Asp-free
environment (Long et al. 1998). A few years ago, a mouse pyridoxal 5'-phosphate
(PLP)-dependent glutamate-oxaloacetate transaminase 1-like 1 (Gotlll), which
substantially converts L-Asp to pD-Asp and colocalizes with p-Asp in the adult
brain, has been identified as the main source of endogenous D-Asp in this organ
(Kim et al. 2010). On the other side, a recent publication has demonstrated that
Gotlll mRNA is undetectable in the brain. Moreover, the recombinant enzyme
shows L-Asp aminotransferase activity but lacks Asp racemase activity. In agree-
ment with biochemical results, knockout mice for Gotlll display p-Asp levels
comparable to those of wild-type animals (Tanaka-Hayashi et al. 2015), suggesting
there might be an as yet unknown enzyme for p-Asp synthesis. Interestingly,
another study has evidenced that D-Asp levels are reduced in the forebrain of serine
racemase knockout mice (Sr7-KO) (Horio et al. 2013), thus suggesting a novel
potential pathway for the generation of b-Asp, which would interact with that of p-
Ser.

If the mechanism of p-Asp biosynthesis is still controversial in mammals, the
existence of an enzyme catabolizing free p-Asp, D-aspartate oxidase (DDO, EC
1.4.3.1), has long been established (Still et al. 1949). DDO is a flavin adenine
dinucleotide (FAD)-containing enzyme (Van Veldhoven et al. 1991) which oxi-
dizes p-Asp in presence of H,O and O,, producing a-oxaloacetate, H,O,, and NH,+
ions (D’Aniello et al. 1993). DDO also oxidizes other dicarboxylic p-amino acids
in vitro, such as p-glutamate and N-methyl p-aspartate (NMDA), while it is inactive
toward basic and neutral p-amino acids, including p-Ser (Setoyama and Miura
1997), that are degraded by the p-amino acid oxidase (DAAO, EC 1.4.3.3), a
flavoenzyme homologous to DDO (Pollegioni et al. 2007; Sacchi et al. 2012;
Negri et al. 1992). The DDO sequence possesses a functional C-terminal tripeptide
for the targeting to peroxisomes (Amery et al. 1998; Setoyama and Miura 1997),
where this enzyme is supposed to oxidize D-Asp and safely release its toxic
catabolite, H,O, (Katane and Homma 2010; Beard 1990). In the brain, DDO
activity strongly increases from birth until 6 weeks of life (Van Veldhoven
et al. 1991) and is predominantly localized in neuronal population (Zaar
et al. 2002) with an expression pattern reciprocal to the localization of its physio-
logical substrate, D-Asp (Schell et al. 1997). The substantial increase of D-Asp
levels in knockout mice for Ddo gene (Ddo~"") can be considered as the definitive
proof that DDO is the enzyme responsible for physiological degradation of p-Asp
(Errico et al. 2006; Huang et al. 2006).
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14.4 Pharmacological Influence of p-Aspartate
on NMDAR-Dependent Transmission

In the 1980s, neuropharmacological studies aimed at finding novel agonists or
antagonists for ionotropic glutamate receptors revealed that p-Asp binds to the
glutamate site of NMDA receptors (NMDARSs) (Fagg and Matus 1984; Monahan
and Michel 1987; Ogita and Yoneda 1988; Olverman et al. 1988; Ransom and Stec
1988). In line with this observation, recent evidence revealed that local applications
of p-Asp on adult mouse brain slices trigger inward currents both in CA1 pyramidal
neurons of the hippocampus (Fig. 14.1a) and in the GABAergic striatal medium
spiny neurons (Fig. 14.1b, c), antagonized by competitive and noncompetitive
NMDAR blockers, like p-AP5 and MK801, respectively (Errico et al. 2008a, b).
Inward currents triggered by p-Asp are associated with a transient increase of
intracellular Ca®" in hippocampal pyramidal neurons (Errico et al. 2011c), an
event expected in case of NMDAR activation. Unlike other neurotransmitter
receptors, stimulation of NMDARSs requires co-activation by two ligands: gluta-
mate on agonist site of GluN2 and either D-serine or glycine as co-agonist
(Li et al. 2013; Mothet et al. 2000; Rosenberg et al. 2013). Neuropharmacological
evidence has shown that the p-Asp-mediated activation of NMDARs occurs via
interaction with the glutamate site on each of the GIluN2 subunits (Errico
et al. 2011b). Interestingly, residual p-Asp-dependent currents still persist after
the simultaneous perfusion of selective antagonists of GluN2A, 2B, and 2C-D
subunits or after the application of high concentrations of b-AP5 or MK-801 (Errico
etal. 2008a, b, 2011b, c). This effect suggests that b-Asp may also trigger NMDAR-
independent currents. In this respect, it has been previously shown that p-Asp can
inhibit kainate-induced AMPAR currents in acutely isolated rat hippocampal
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Fig. 14.1 p-aspartate stimulates NMDARSs. (a) Inward currents recorded from mouse hippocam-
pal CA1 pyramidal neurons following local application of D-Asp (arrows) are reduced by p-APS5 in
a concentration-dependent and reversible manner and persistently diminished by MK801. Cali-
bration bars: 100 pA mV, 30 s. (b) Bath application of p-Asp induce dose-dependent inward
currents in mouse striatal neurons. (¢) Preincubation of striatal slices with b-AP5 or MK801 causes
a marked inhibition of p-Asp-induced currents ((a) Modified from Errico et al. 2008a. (b, ¢)
Modified from Errico et al 2008b)
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neurons (Gong et al. 2005) or activate mGlu5 receptors, coupled to
polyphosphoinositide hydrolysis, in neonate rat hippocampal and cortical slices
(Molinaro et al. 2010).

In the light of the above evidence, it could be hypothesized that endogenous p-
Asp may have an effect on NMDAR-dependent transmission influencing synaptic
communication within neuronal networks. If this is the case, dedicated mechanisms
should allow the hypothetical release and subsequent removal of this p-amino acid
from synapses. Different works using mammalian tissue slices and cells or synap-
tosomal preparations have suggested that p-Asp can be released through vesicular
Ca”"-mediated exocytotic processes (Davies and Johnston 1976; Malthe-Sorenssen
et al. 1979; Nakatsuka et al. 2001; Wolosker et al. 2000; D’Aniello et al. 2010)
which would presume that secretory organelles in subset of cells are able to actively
store D-Asp (Nakatsuka et al. 2001). In adrenal slices, for example, p-Asp release
evoked by K" depolarization is completely suppressed by the Ca’"-selective
chelating agent EGTA (Wolosker et al. 2000). Ca®"-dependent mechanisms of
release have been observed also in vivo. Indeed, K+ injection into the mouse
cerebral cortex elicits pronounced D-Asp staining in the choroid plexus (Schell
et al. 1997). In addition to Ca®>"-dependent process, other studies showed that
intracellular p-Asp may also be spontaneously released (Adachi et al. 2004;
Koyama et al. 2006; Wolosker et al. 2000) or exchanged through a mechanism
involving L-Glu transporters (Anderson et al. 2001; Bak et al. 2003).

Intracellular uptake of neuronal p-Asp may occur through L-Glu/L-Asp trans-
porter, a carrier system that utilizes the Na™/K* electrochemical gradient to move
excitatory amino acids against their concentration gradient. Indeed, this carrier
system 1is stereoselective for L-enantiomer of Glu but recognizes and transports
both L- and p- Asp with the same efficiency (Palacin et al. 1998). Experimental
approaches using [*H]p-Asp autoradiography (Taxt and Storm-Mathisen 1984) or
immunostaining with p-Asp antibody (Gundersen et al. 1993) have demonstrated
that p-Asp, preloaded on rat hippocampal slices, shows a laminar distribution
identical to L-Glu, corresponding to the terminal areas of the main excitatory fiber
pathways of the hippocampus (Gundersen et al. 1993; Taxt and Storm-Mathisen
1984). Reuptake of p-Asp seems to involve both nerve terminals of asymmetrical
synapses and glia, likely due to regional and subtype heterogeneity of the trans-
porter system (Gundersen et al. 1993; Garthwaite and Garthwaite 1985).

14.5 Mouse Models with Increased Levels of p-Aspartate

In the attempt to clarify the neurobiological in vivo role of p-Asp, in the last years
two knockout mice for Ddo gene have been independently generated (Ddo ')
(Errico et al. 2006; Huang et al. 2006). HPLC analysis revealed a strong increase of
D-Asp amount in the brain and in peripheral organs of both Ddo ™'~ mouse lines,
compared to their respective wild-type littermates, while no difference between
genotypes was found in the content of dicarboxylic L-amino acids, L-Asp (Errico
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Table 14.1 Free p-aspartate levels and fold increase in the brain of Ddo™ and p-aspartate-treated
mice

D-Asp content (nmol/g
tissue)
Age Ddo™'* Ddo™° Fold
Brain Area (month) mice mice increase References
Hippocampus | 4-5 119+ 12 1847 £180 | 15.5 Errico et al., (2011a)
9-10 15+7 1810+ 129 | 15.7
13-14 140+ 13 2048 £276 | 14.6
Striatum 4 31+6 325+23 10.5 Errico et al., (2008b,
Cortex 4346 817440 | 19.0 2011a)
Cerebellum 3448 447 +22 13.1
Olfactory 33+4 319434 9.6
bulbs
D-Asp content
20 mM p-Asp oral (nmol/g tissue)
administration. H,0O- D-Asp-
Delivery time Age treated | treated Fold
Brain area (month) (month) | mice mice increase | References
Hippocampus | 1 2 22+3 |[102+11 |4.6 Errico
et al. (2008a)
3 4.5 41+£2 9+5 |24 Errico
12 13.5 71+£11 | 158+£29 |2.2 etal. (2011b)
Striatum 2 3.5 17+4 91+14 |53 Errico
Cortex 58+4 [153+11 [2.6 et al. (2008b)
Cerebellum 1841 81+12 |45

et al. 2006; Huang et al. 2006), and L-Glu (Huang et al. 2006). Neurochemical
evaluation in specific brain regions like the hippocampus, striatum, cortex, cere-
bellum, and olfactory bulbs show an approximately 10-20-fold increase of p-Asp
levels in Ddo™'~ animals, compared to wild-type controls (Errico et al. 2008a, b,
2011a, c) (Table 14.1). As a likely consequence of yet unknown methylation events,
a significant augmentation of NMDA levels was also found in Ddo /" brains
(Errico et al. 2006, 2011c). In order to increase the endogenous levels of pD-Asp
without gene targeting approach, chronic oral administration of p-Asp (20 mM) to
C57BL/6 J mice in tap water has also been pursued. p-Asp administration produces
an approximately two to fivefold increase in the hippocampus, cortex, striatum, and
cerebellum, compared to the same brain areas of untreated mice (Errico
et al. 2008a, b, 2011b) (Table 14.1).
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14.6 Elevated Levels of p-Aspartate in the Mouse Brain
Affect NMDA Receptor-Dependent Synaptic
Plasticity, Dendritic Morphology, and Cognition

In agreement with the ability of D-Asp to stimulate glutamatergic transmission,
increased levels of p-Asp in both adult Ddo ™'~ and p-Asp-treated mice are associ-
ated with enhanced NMDAR-dependent early-phase long-term potentiation
(E-LTP) in the hippocampal CA1 area of mice (Errico et al. 2008a, 2011b, c).
Experiments of intermittent oral administration of p-Asp to C57BL/6 J animals
indicate that the magnitude of NMDAR-dependent E-LTP in the hippocampus is
regulated by changes in the brain levels of this b-amino acid. Indeed, 3 weeks of
interruption after chronic D-Asp administration are able to wash out the excess of b-
Asp and, in turn, to normalize E-LTP amplitude at physiological levels. Finally,
further one-month treatment with D-Asp, after three-week withdrawal,
re-establishes synaptic plasticity at previously potentiated levels (Errico
et al. 2011b). Elevated p-Asp levels can influence also long-lasting forms of
hippocampal synaptic plasticity. Indeed, the execution of a paradigm for E-LTP
induction, that causes a decaying LTP in wild-type slices, is sufficient to induce
stable late-phase LTP (L-LTP) in slices from Ddo '~ and p-Asp-treated animals
(Errico et al. 2014) (Fig. 14.2a, b). In both animal models, p-Asp-dependent L-LTP
is insensible to rapamycin but is fully prevented by cytochalasin D administration
(Errico et al. 2014). The p-Asp-dependent enhancement in LTP may occur through
direct activation of NMDARs by p-Asp and/or by indirect influence of b-Asp on the
release of endogenous L-Glu following tetanic stimulation. In line with a role for p-
Asp on NMDAR-dependent transmission, mice chronically treated with p-Asp also
reveal increased frequency of NMDAR-mediated miniature excitatory postsynaptic
currents (mEPSCs) in pyramidal neurons of the medial PFC layer II/III (Errico
et al. 2014). The enhancement of NMDAR-dependent transmission in D-Asp-
treated mice is mirrored by greater basal metabolic activity in fronto-hippocampal
areas, as assessed with basal cerebral blood volume (bCBV)-weighted functional
magnetic resonance imaging (fMRI) (Errico et al. 2014).

In line with enhanced NMDAR-dependent transmission and facilitated induction
of the late phase of synaptic plasticity, elevation of p-Asp levels is also associated
with modifications in neuronal cytoarchitecture since both Ddo '~ and p-Asp-
treated mice display increased dendritic length and spine density (Fig. 14.2c, d),
and greater complexity of dendrites arborization in pyramidal neurons of the PFC
and hippocampus (Errico et al. 2014). Coherently with p-Asp-dependent potentia-
tion in structural and functional synaptic plasticity, increased levels of p-Asp at
adulthood improve spatial cognitive abilities of Ddo ™'~ mice, when tested in
NMDAR-dependent tasks involving hippocampal circuits, such as the hidden-
platform version of the Morris water maze and the contextual fear conditioning
(Errico et al. 2008b, 2011c).
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Fig. 14.2 Facilitatory role of increased p-aspartate on hippocampal NMDAR-dependent early-
and late-phase LTP. Time plot of hippocampal field excitatory postsynaptic potential (fEPSP)
responses showing that an early-phase LTP (E-LTP) stimulation paradigm (1 s, 100 Hz tetanus)
elicits increased E-LTP in (a) Ddo™'~ and (b) p-Asp-treated mice, compared to their relative
controls (Ddo™* and H,O-treated mice, respectively). Interestingly, the same protocol of E-LTP
stimulation, that causes a decaying LTP in control animals, is sufficient to induce stable late-
phase LTP (L-LTP) in (a) Ddo ™'~ and (b) D-Asp-treated mice. (a, b) Insets show fEPSPs from
representative experiments during a baseline interval and following LTP induction. Scale:
vertical bar, 0.5 mV; horizontal bar, 10 ms. (¢, d) Spine density (number of spines per
10 pm) is increased in the hippocampal CAl area of (¢) Ddo '~ and (d) p-Asp-treated mice,
compared to their relative controls (Ddo™* and H,O-treated mice, respectively). The right
panels show representative dendrite comparison between (c) genotypes or (d) treatments.
*P < 0.05, compared with (c) Ddo™* or (d) H,O-treated animals (Student’s t-test). Scale bar,
5 pm (Modified from Errico et al 2014)

14.7 Abnormal Levels of p-Aspartate Affect Mouse NMDA
Receptor-Dependent Processes and Human Prefrontal
Phenotypes Relevant to Schizophrenia

The hypothesis of a developmental hypofunction of NMDARs in the pathogenesis
of schizophrenia is today supported by a large body of evidence (Moghaddam and
Javitt 2012; Coyle 2012; Coyle and Tsai 2004a; Sawa and Snyder 2003). In this
regard, several studies suggest that reduced levels of the co-agonist p-Ser may
result in disturbed NMDAR neurotransmission and be thus involved in the patho-
physiology of this psychiatric disorder (Coyle and Tsai 2004b; Javitt et al. 2012;
Labrie et al. 2012). In the light of the influence played by p-Asp on NMDAR-
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dependent transmission and of its neurodevelopmental occurrence, it has been
recently hypothesized that this p-amino acid may act as a potential endogenous
mediator for NMDAR-related processes involved in schizophrenia. To evaluate
in vivo this hypothesis, mouse models with increased levels of pD-Asp have been
tested in the prepulse inhibition (PPI) paradigm, a cross species operational mea-
sure of sensorimotor gating regarded today as an endophenotypic trait of schizo-
phrenia (Gottesman and Gould 2003; Geyer 2006). Results showed that chronic
exposure to higher p-Asp levels does not affect the basal sensorimotor filtering of
adult Ddo™'~ and D-Asp-treated mice but substantially reduces the inhibitory
deficits induced in these mice by acute treatment with psychotomimetic drugs
like amphetamine and MK801 (Errico et al. 2008b) (Fig. 14.3a). Electrophysiolog-
ical experiments are in line with a potential influence of p-Asp in schizophrenia-
related processes dependent by NMDAR transmission. Indeed, increased levels of
D-Asp are able to inhibit the induction of long-term depression (LTD) at
corticostriatal synapses of both Ddo '~ and p-Asp-treated mice (Errico
et al. 2008b) (Fig. 14.3b), an effect that is similarly obtained in conditions of
enhanced NMDAR signaling and after chronic treatment with the typical antipsy-
chotic haloperidol (Centonze et al. 2004).

Results collected in preclinical animal models provide a promising background
to evaluate whether also in humans D-Asp may have an impact on phenotypes
relevant to schizophrenia. In this regard, the detection of the levels of endogenous
free D-Asp and NMDA in a small cohort of postmortem prefrontal cortex (PFC) and
striatum samples of schizophrenic patients revealed that the content of both p-
amino acids is consistently reduced when compared to that found in healthy sub-
jects (Errico et al. 2013). Interestingly, the decline of endogenous p-Asp and
NMDA correlates with a selective reduction in the levels of the NMDAR subunits
GluN1, GluN2A, and GIuN2B in the prefrontal cortex of patients with schizophre-
nia (Errico et al. 2013). Another work has examined the association of DDO gene
variants with a series of complex prefrontal phenotypes (Errico et al. 2014). Anal-
ysis of data from 268 brains of nonpsychiatric individuals obtained from the
postmortem collection bank BrainCloud (http://braincloud.jhmi.edu) (Colantuoni
et al. 2011) has evidenced that the C allele of rs3757351 is significantly associated
with reduced expression of DDO mRNA, when compared to the T allele. This result
predicts a potential increase of endogenous D-Asp levels in this brain region. Then,
to evaluate the functional effect of this single-nucleotide polymorphism (SNP),
healthy individuals were subjected to voxel-based morphometry (n=152) and to
BOLD fMRI prefrontal activity during performance of the 1- and 2-back working
memory task (n=143). Results evidenced that subjects with the C allele also
display augmented prefrontal gray matter volume and greater prefrontal activity,
when compared to individuals with the T allele.
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Fig. 14.3 Increased levels of p-aspartate attenuate schizophrenia-like symptoms induced by
psychotomimetic drugs. The dopamine releaser amphetamine (5 mg/kg) and the NMDAR antag-
onist MK801 (0.25 mg/kg) are both able to induce a significant decreased PPI in (a) Ddo™* and
(b) HyO-treated mice but do not affect the inhibitory responses of (a) Ddo™™ and (b) p-Asp-
treated mice. Percentage of PPI is tested using prepulse sounds of 70, 74, 78, and 82 dB, coupled to
pulse sounds of 120 dB on a background noise level of 65 dB (Errico et al. 2008a). (c)
Corticostriatal LTD is absent in slices from Ddo~'~ mice and from mice chronically exposed to
D-Asp. The physiological traces on the right are examples of EPSPs recorded before and after high-
frequency stimulation (HFS) of corticostriatal fibers in slices from Ddo™"*, Ddo™'~, and
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14.8 Elevated Levels of p-Aspartate Can Produce
Detrimental Effects in the Brain Through
an Excessive Stimulation of NMDA Receptors

As an endogenous agonist of NMDARS, p-Asp is potentially able to influence all
the functions regulated by this receptor subclass and to guide the direction of events
that depend on it. In the previous paragraphs, we have shown that higher levels of b-
Asp in mouse models are able to enhance functional and structural synaptic
plasticity, improve spatial memory, and protect against sensorimotor gating deficits
induced by psychotomimetic drugs, probably via activation of NMDARs. These
ameliorating effects are in line with the view that stimulation of NMDARSs, within a
certain limit, is crucial for promoting synaptic strength, connectivity, and the
formation of learning and memory. By contrast, it is well known that intense
and/or chronic activation of NMDARSs can lead to neuronal death and be, therefore,
harmful for brain functioning (Hardingham and Bading 2003; Lancelot and Beal
1998). In this regard, increased p-Asp levels in mice can prove detrimental during
aging due to continuous overstimulation of NMDARs. In fact, while increased
levels of endogenous D-Asp enhance the NMDAR-dependent E-LTP in 4-/5-
month-old Ddo '~ mice, the persistent upregulation of this p-amino acid acceler-
ates the age-related decay of synaptic plasticity in 9-/10- and, even more, in 13-/14-
month-old animals (Errico et al. 2011c¢) (Fig. 14.4). Consistently, the spatial mem-
ory improvement found in 4-/5-month-old Ddo '~ mice turns in a drastic worsen-
ing of learning and memory abilities at 13—14 months of age (Errico et al. 2011c)
(Fig. 14.4). In line with results obtained in knockout mice, long-term treatment with
D-Asp for 12 months to C57BL/6 J mice is able to significantly reduce E-LTP at
CAL synapses, compared to non-treated mice (Errico et al. 2011b). The direct and
reversible effect of D-Asp on hippocampus-dependent E-LTP is further highlighted
by the fact that interruption of its administration for 3 weeks, after 12-month
continuous treatment, can restore hippocampal synaptic plasticity at control levels
(Errico et al. 2011b). Changes in NMDAR-dependent LTP induced by p-Asp are
not associated with deregulated expression of NMDARs and AMPARs. In fact, in
hippocampal homogenates from both Ddo™’~ and p-Asp-treated mice, protein
levels of the NMDAR subunits, GluN1, GIuN2A, GluN2B, and of AMPAR sub-
units, GluR 1 and GIuR2/3, are comparable between genotypes or treatments (Errico
et al. 2011b, c). Moreover, in both knockout and p-Asp-treated animals, the
increase in D-Asp levels is constant over time since the amount of D-Asp is
comparable in Ddo ™'~ animals of 4-5, 9-10, and 13—14 months of age (Errico
et al. 2011c) as well as in mice treated with p-Asp for 3 or 12 months (Errico
et al. 2011b) (Table 14.1). These observations further highlight the hypothesis that

Fig. 14.3 (continued) d-Asp-treated animals. This effect resembles that produced in wild-type
mice by chronic treatment with the atypical antipsychotic haloperidol (see text) (Modified from
Errico et al 2008b)
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excessive activation of NMDARSs by increased p-Asp levels may produce beneficial
or detrimental effects on hippocampal age-dependent processes depending on the
time window and length of the stimulation. This is confirmed by experiments of
short-term D-Asp administration in elderly mice. Indeed, one-month treatment with
D-Asp to 12-month-old C57BL/6 J females is able to increase their E-LTP at levels
even higher than those measured in two-month-old untreated controls (Errico
et al. 2011b).

Detrimental effect of p-Asp has been described not only in aged animals
chronically exposed to increased levels of p-Asp but also in young-adult Ddo™’~
mice (approximately 4 months old) under particular experimental conditions mim-
icking pathological states. In this regard, exaggerated D-Asp levels induce a
hyperexcitability state of nociceptive specific neurons in the dorsal horn of the
spinal cord. This phenotype is associated with a reduced pain threshold in inflam-
matory and neuropathic pain condition (Boccella et al. 2015). Another work has
evidenced that the pre-existing striatal hyper-glutamatergic tone produced by
excessive D-Asp levels is able to trigger a precocious expression of levodopa-
induced dyskinesia in 6-hydroxydopamine-lesioned hemiparkinsonian Ddo ™/~
mice (Errico et al. 2011a). Finally, it has been hypothesized that genetically
enhanced NMDAR transmission can exacerbate synaptic transmission defects and
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accelerate the clinical manifestation of motor deficits scored in Ddo ™/~ mice under
an experimental autoimmune encephalomyelitis pathological state (Grasselli
et al. 2013).

14.9 Conclusions

Prompted by the first pharmacological and localization studies, the results obtained
in the last years in animal models with increased levels of D-Asp have substantially
improved our understanding on the neurobiological role of this atypical amino acid.
A molecule thought to be a vestigial residue inherited from primordial organisms is
today believed to contribute to higher brain functions in mammals. Nevertheless, it
should be remarked that the results so far collected derive from a nonphysiological
condition in which the levels of p-Asp are maintained forcedly high at adulthood,
and, therefore, they cannot provide comprehensive information to understand the
physiological role of the p-Asp in the brain. Generation of novel animal models
with reduced levels of D-Asp since embryonic stage may help to answer this
question, thus providing an explanation for the massive presence of D-Asp in the
developing brain. Knowledge coming from new animal models could in turn clarify
the potential involvement of p-Asp in schizophrenia. Indeed, it is well known that
the etiology of this mental illness may involve pathological processes, caused by
both genetic and environmental factors, that begin in utero and develop until
adolescence or young adulthood when they lead to the emergence of positive
and/or negative symptoms (Fatemi and Folsom 2009; Owen et al. 2011; Lu
et al. 2011). One hypothesis could be that a putative reduction in bD-Asp content
may have substantial clinical relevance if it starts during embryonic phases, when
critical neurodevelopmental processes like neurogenesis, survival, migration, and
generation of neuronal circuitry are under the regulatory control of NMDARs
(Ikonomidou et al. 2001; Nacher and McEwen 2006; Ritter et al. 2002). Future
studies will help to clarify the still unclear role of this atypical amino acid in the
mammalian brain.
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Chapter 15

p-Amino Acid Residues in Proteins Related
to Aging and Age-Related Diseases and a New
Analysis of the Isomers in Proteins

Noriko Fujii, Takumi Takata, Norihiko Fujii, Kenzo Aki,
and Hiroaki Sakaue

Abstract Homochirality is essential for the development and maintenance of life.
Until relatively recently, the homochirality of amino acids in living systems was
believed to be maintained with the exception of the presence of b-amino acids in the
cell wall of microorganisms. However, p-amino acids were recently found in
various higher organisms in proteins and peptides and as free amino acids. In
proteins, p-aspartate (Asp) residues have been detected in various tissues such as
the eye lens, teeth, bone, aorta, ligament, brain, and skin of elderly individuals, and
thus p-amino acids can no longer be considered as uncommon in living organisms.
The presence of p-amino acids may change the higher-order structure of proteins,
and this may be the cause of age-related diseases including cataract and
Alzheimer’s disease. D-Asp in aged tissues of living organisms is thought to result
from the spontaneous racemization of the Asp residues. The racemization of Asp
residues in proteins does not occur uniformly but does so at specific residues on the
basis of the sequence context or structural considerations. Therefore, it is necessary
to determine the nature of Asp residues at specific sites within particular proteins.
However, the detection of p-amino acids in proteins to date has been complex and
difficult. This review deals with 1) the presence of p-aspartate (Asp) residues in
protein of living tissues, 2) the mechanism of p-Asp formation in protein under
physiological conditions, 3) the influence of p-Asp on protein structure and func-
tion, and 4) recent advances in p-amino acid analysis in protein.
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15.1 Introduction

Amino acids contain one (or more) asymmetric tetrahedral carbon atoms. There-
fore, the molecules can exist in two nonsuperimposable mirror image forms, that is,
they can be right-handed (p-enantiomer) and left-handed (L-enantiomer) structures.
It is thought that equal amounts of pD- and L-amino acids existed on primeval earth
before the emergence of life. However, during the stage of chemical evolution, only
L-amino acids were selected for polymerization and formation of peptides and
proteins after which life emerged. Although the chemical and physical properties
of L-amino acids and p-amino acids are very similar with the exception of their
optical character, the reasons for the elimination of p-amino acids and why all
living organisms are now composed predominantly of L-amino acids are not well
understood. However, it is clear that only one of the enantiomers could be selected
because proteins, which consist of many amino acid diastereoisomers, would not be
able to fold into proper structures in a manner similar to current proteins. Therefore,
homochirality is essential for the development and maintenance of life. Once the L-
amino acid world was established, p-amino acids were excluded from living
systems. Consequently, there has been little study of the presence and function of
D-amino acids in living organisms.

D-Amino acids, however, were recently found in various living higher organisms in
the form of free amino acids, peptides, and proteins. Free p-aspartate (Asp) and
D-serine (Ser) are present and may have important physiological function in mammals.
Free p-Asp may play a role as a novel messenger in the maturation and differentiation
of tissues (Katane and Homma* 2011), while free p-Ser is found in the brain
(Hashimoto et al. 1992, 1993) and functions as a co-agonist of N-methyl-p-aspartate
(NMDA) receptors (Hashimoto et al. 1993). Small peptides containing one b-amino
acid have been found in various vertebrates and invertebrates. Dermorphin is the first
D-amino acid-containing peptide found which was isolated from the skin of a frog
(Phyllomedusinae from South and Middle America) and is an opioid peptide with the
sequence Y [D-Ala]-FGYP (Montecucchi et al. 1981). The activity which is about
1000 times greater than that of morphine is lost by substituting L-Ala for p-Ala
(Broccardo et al. 1981). Many small peptides that contain b-amino acids are described
in another excellent review (Jolles 1998).

In proteins, D-Asp residues have been widely detected in various tissues such as
eye lens (Masters et al. 1977; Fujii et al. 1994a, b; Fujii et al. 2011), teeth (Helfman
and Bada 1976; Masuda et al. 2002), bone (Ritz et al. 1996; Cloos and Fledelius
2000), aorta (Powell et al. 1992), ligament (Ritz-Timme et al. 2003), brain (Roher
et al. 1993), and skin (Fujii et al. 2002; Ritz-Timme et al. 2003) of elderly
individuals. The presence of D-Asp in aged tissues of living organisms is a result
of spontaneous racemization of the Asp residues in these particular proteins. Most
researchers held the view that L-amino acids in proteins could never change to D-
isomers under the physical conditions of the living body because proteins were
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believed to be difficult to modify chemically, since selection during evolution
before the emergence of life worked to ensure such molecules had very stable
properties. This general idea had no real basis in scientific fact but became
established because p-amino acids could not be found. The racemization of Asp
residues in proteins does not occur uniformly but does so at specific Asp residues on
the basis of the sequence context or structural considerations that make the specific
residues more susceptible to the reaction than others. It is therefore necessary to
determine the nature of the Asp residues at specific sites within particular proteins.
Conventional enantioseparation of free amino acids by gas chromatography
(GC) or reversed-phase high-performance liquid chromatography (RP-HPLC) is
easier than looking for p-amino acids in the context of an intact protein. Identifi-
cation of a very small quantity of p-amino acids at specific sites in proteins
comprised almost entirely of L-amino acids is similar to looking for a needle in a
haystack. In order to analyze the specific sites of protein-bound p-amino acids,
several complex steps such as (1) purification of the protein, (2) enzymatic diges-
tion of the protein, (3) separation and identification of the enzyme-digested pep-
tides, (4) hydrolysis of the enzyme-digested peptides, (4) derivatization of the
amino acids to diastereoisomers, (5) application of the diastereoisomers to
reversed-phase high-performance liquid chromatography (RP-HPLC), and deter-
mination of the D/L ratio of amino acids by analysis of the respective peak areas.
Recently, we proposed a new method of analysis for determining the Asp isomers at
individual sites in a protein with decreased complexity using LC-MS systems.
This review deals with (1) the presence of p-amino acid residues in proteins,
(2) the mechanism of how Dp-aspartate residues spontaneously occur in proteins
under physiological conditions, (3) the influence of D-Asp on protein structure and
function, and (4) the recent advances in b-amino acid analysis in proteins.

15.1.1 The Presence of p-Amino Acid Residues in Proteins

Although proteins consist exclusively of L-amino acids, b-amino acids have been
detected in various tissues as described in the Introduction. Table 15.1 shows that
D-amino acids have been found in many proteins from various tissues. It is therefore
no longer uncommon to find p-amino acids in living organisms. Almost all b-amino
acids found are D-Asp since Asp is the most easily racemizable amino acid. Earlier
studies only showed that D-Asp accumulated in proteins of tissues with age. Because
D-Asp was detected in homogenates of tissues, it could not be determined whether
all of the aspartic acid in the protein was racemized uniformly or whether particular
aspartic acid residues had a greater tendency to racemize in specific proteins.
Recent studies clearly indicate that Asp residues of proteins are not racemized
uniformly but that p-Asp residues may be present at some specific sites in some
particular proteins such as eye lens crystallins (Fujii et al. 1994a, b; Fujii et al. 2011,
2012), p-amyloid protein (Roher et al. 1993), histone H2B (Young et al. 2005), type
I collagen (Cloos and Fledelius 2000), etc. In addition to these proteins, recent
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Table 15.1 The presence of p-amino acids in proteins from various tissues

Amino
Tissue Protein acid Related disease Specific sites
Tooth Phosphophoryn D-Asp nd nd
Bone Osteocalcin D-Asp nd nd
Bone Type I collagen D-Asp Osteoporosis of Asp 1211
C-terminal telopeptide Paget’s disease
Brain Myelin D-Asp nd nd
Brain B-Amyloid D-Asp Alzheimer’s Asp 1,7, Asp 23
disease
Brain B-Amyloid Dp-Ser Alzheimer’s Ser 8, 26
disease
Brain Histone H2B D-Asp nd Asp 25
Erythrocyte D-Asp
Lens aA-crystallin D-Asp Cataract Asp-58, Asp-76,
Asp-84, Asp-151
Lens aB-crystallin D-Asp Cataract Asp-36, Asp-62,
Asp-96
Lens BB2-crystallin D-Asp Cataract Asp 4
Retina nd D-Asp AMD nd
Conjutiva nd D-Asp Pinguecula nd
Skin Elastin D-Asp Elastosis nd
Skin Collagen D-Asp nd
Skin Keratin D-Asp nd
Ligament Elastin D-Asp nd
Lung Elastin D-Asp nd
Aorta Elastin D-Asp Arteriosclerosis nd
y-Globulin D-Asp, Asp 24
p-Cys Cys 220
Lysozyme D-Asn Asn 127

nd not determined

studies reported that Asn-127 in mouse lysozyme quickly racemizes after incuba-
tion (pH 7 and 37 °C) for 8 weeks, Cys220 in the hinge sequence of immunoglob-
ulin gamma 1 (IgG1) quickly racemizes after storage for 6 months at 40 °C (Amano
etal. 2011), and Asp-24 in the heavy chain peptide HS is highly racemized (Zhang
et al. 2011) (Table 15.1). These studies clearly indicate that racemization to D-

amino acids occurs more easily than may have been expected.
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15.1.2 How Do p-Aspartate Residues Spontaneously Occur
at Specific Sites in Proteins Under Physiological
Conditions?

We found several specific b-Asp sites in aged human lens proteins and have studied
the mechanism of the spontaneous isomerization of proteins under physiological
conditions. Human lens proteins are composed of three major structural proteins,
namely, o-, -, and y-crystallins. a-Crystallin functions like a chaperone, binding to
nonnative or unfolded proteins and protecting them against aggregation induced by
heat, reduction, and chemical modification (Horwitz 1992). The chaperone-like
activity of a-crystallin might play an important role in preventing the aggregation
and insolubilization of other lenticular proteins, thereby m