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Abstract Dp-Aspartate (D-Asp) is an endogenous amino
acid in the central nervous and reproductive systems of
vertebrates and invertebrates. High concentrations of b-Asp
are found in distinct anatomical locations, suggesting that it
has specific physiological roles in animals. Many of the
characteristics of D-Asp have been documented, including
its tissue and cellular distribution, formation and degrada-
tion, as well as the responses elicited by p-Asp application.
D-Asp performs important roles related to nervous system
development and hormone regulation; in addition, it
appears to act as a cell-to-cell signaling molecule. Recent
studies have shown that p-Asp fulfills many, if not all, of
the definitions of a classical neurotransmitter—that the
molecule’s biosynthesis, degradation, uptake, and release
take place within the presynaptic neuron, and that it trig-
gers a response in the postsynaptic neuron after its release.
Accumulating evidence suggests that these criteria are
met by a heterogeneous distribution of enzymes for
D-Asp’s biosynthesis and degradation, an appropriate
uptake mechanism, localization within synaptic vesicles,
and a postsynaptic response via an ionotropic receptor.
Although p-Asp receptors remain to be characterized, the
postsynaptic response of D-Asp has been studied and sev-
eral L-glutamate receptors are known to respond to D-Asp.
In this review, we discuss the current status of research
on D-Asp in neuronal and neuroendocrine systems, and
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Introduction

In animals, L-amino acids are ubiquitous and used exclu-
sively for ribosomal protein synthesis. Although less
abundant, free p-amino acids have been reported in a
diverse range of invertebrate and vertebrate species
(Hamase et al. 2002; Fuchs et al. 2005). p-Aspartic acid
(p-Asp) is a p-amino acid that has received significant
attention because of its presence in animal nervous and
reproductive systems (D’ Aniello and Giuditta 1977; Dunlop
et al. 1986; Fisher et al. 1991; Hashimoto et al. 1993;
D’ Aniello et al. 1996; Schell et al. 1997; D’ Aniello 2007;
Homma 2007); however, questions about its metabolism,
cellular function, biological and physiological roles, and
pathological significance remain. Investigations of D-Asp
in living organisms have involved various animals,
including cephalopods (D’Aniello and Giuditta 1977,
D’ Aniello et al. 1995b, 2011), gastropods (D’ Aniello et al.
1993b; Shibata et al. 2003; Miao et al. 2006a; Spinelli et al.
2006), amphibians (Di Fiore et al. 1998; Raucci and Di
Fiore 2011), reptiles (Assisi et al. 2001; Raucci and Di
Fiore 2010), and mammals, including humans (Fisher et al.
1991; Hamase et al. 1999; Morikawa et al. 2007). These
studies document its widespread occurrence and suggest
that p-Asp plays important roles throughout the Metazoan.

In this review, we focus on the more recent reports on
D-Asp in animal nervous and neuroendocrine systems, from
the molecular to physiological levels, emphasizing studies
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that provide insight into its functions. To be considered as
neurotransmitter, D-Asp needs to demonstrate the following
criteria (Kandel et al. 2000): be present in the presynaptic
neuron, be released into the synaptic cleft upon stimulation,
induce depolarization of the postsynaptic membrane
through a receptor or an ion channel, and be removed from
the synaptic cleft by uptake or degradation. Hence, we
highlight studies that describe its localization, transport,
release and electrophysiological responses, as these suggest
that p-Asp can act as a hormone, transmitter, and/or trophic
factor, and accordingly, has a significant role in cell-to-cell
signaling within the nervous system. Where appropriate,
we also describe the analytical approaches used in these
studies because chiral measurement methods are not as
common as those used for other neurochemical measure-
ments. For an increasing range of cell types, single cell
assays (Page et al. 2002; Rubakhin et al. 2011; Lapainis
et al. 2009) now allow a selected cell’s small molecule
contents to be measured, thus enabling a new range of
studies on unusual neurochemical pathways, with several
of these approaches well suited to examining chiral amino
acids.

p-Asp distribution

D-Asp has been found in the nervous and endocrine tissues
of various vertebrate animals including the frog (Di Fiore
et al. 1998), lizard (Assisi et al. 2001), and chicken (Neidle
and Dunlop 1990). It has also been described in mammals
such as mouse (Morikawa et al. 2007), rat (Imai et al. 1995;
D’ Aniello et al. 1996; Hamase et al. 1999; Lee et al. 1999;
Masuda et al. 2003; Han et al. 2011), and human (D’ Ani-
ello et al. 2005a, 2007a; Fisher et al. 1991). In the nervous
system, a transient increase of D-Asp occurs during
development but its concentration drops to trace levels in
adults, at least in the chicken (Neidle and Dunlop 1990), rat
(Dunlop et al. 1986; Hashimoto et al. 1993) and human
(Hashimoto et al. 1993). Dunlop may be the first to dem-
onstrate this trend of decreasing levels of p-Asp during
development by measuring higher levels of p-Asp in the
cerebral hemispheres of newborn rats as compared to the
levels of older animals (Dunlop et al. 1986). The devel-
opment-related changes in D-Asp levels showed marked
regional differences within the rat central nervous system.
These regional changes were further characterized using
immunohistochemistry with an anti-p-Asp antibody (Sakai
et al. 1998), demonstrating that in the rat embryonic brain,
D-Asp appears to emerge near the hindbrain, and then
spreads into the forebrain. In terms of its intracellular
localization, D-Asp was first observed in the cell body of
neurons in the outer layer of the neural epithelium, and
then appeared in the axons once a distinct axonal layer had
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been established. These data support the notion that p-Asp
is involved in neuronal differentiation. In an another study,
D-Asp was suggested to have an important role in devel-
opment because intense immunoreactivity was observed
within the cortical plate and subventricular zone of the
early postnatal rat brain, while the immunoreactivity
dropped to almost undetectable levels in adults (Wolosker
et al. 2000). Moreover, the same study also reported that in
all examined brain regions at all ages, p-Asp immunore-
activity was restricted to neurons but not to glia, with
D-Asp staining observed in both neuronal cell bodies and
neuronal fiber tracks.

Concurrently with many of the vertebrate studies, D-Asp
was characterized in a number of invertebrates, often with
similar results. It was reported first in the brain and optic
lobes of Octopus vulgaris, with D-Asp measurements
performed using liquid chromatography and the clever
approach of selective degradation via the enzyme D-Asp
oxidase (DAspO) (D’Aniello and Giuditta 1977). Since
then, p-Asp has been reported in the nervous system of other
invertebrate animals spanning a number of phyla: mollusks
such as the cephalopods Sepia officinalis and Loligo vul-
garis (D’Aniello and Giuditta 1978; D’Aniello et al.
1995b); opisthobranchs such as Aplysia fasciata (D’ Aniello
et al. 1993b), Aplysia californica (Liu et al. 1998), and
Aplysia limacina (Spinelli et al. 2006); arthropods such as
the crustacean Jasus lalandii (Okuma and Abe 1994); and
protochordates, including the tunicate Ciona intestinalis
(D’ Aniello et al. 2003) and amphioxus Branchiostoma
lanceolatum (D’Aniello and Garcia-Fernandez 2007).
D-Asp has also been found in reproductive tissues such as
the glands of O. vulgaris (D’ Aniello et al. 1995a).

For endogenous D-Asp characterization, a range of
analytical measurement approaches have been used,
including chromatographic methods combined with enzy-
matic D-Asp digestion (Fig. 1). p-Asp localization can be
examined by immunostaining with a Dp-Asp antibody
(Fig. 1a). p-Asp quantitation has employed separations
such as high performance liquid chromatography (HPLC)
and capillary electrophoresis (CE) as these can provide
chiral amino acid separations that enable measurements of
each enantiomer (Katane and Homma 2011; Lapainis and
Sweedler 2008). For enhanced confirmation of p-Asp peak
identity, sample treatment by DAspO digestion (Spinelli
et al. 2006) (Fig. 1b) or via immunoprecipitation (Miao
et al. 2006b) can be employed.

The accumulating evidence on D-Asp distribution in
invertebrate animals suggests that p-Asp is involved in
both neuronal and neuroendocrine systems. In neuronal
cells of invertebrates, p-Asp has been found throughout the
cell soma and neuronal processes (Fig. 1c). Within indi-
vidually assayed sensory neurons of A. californica, p-Asp
ratios (D-Asp vs. total Asp amount) in the cell soma and in
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Fig. 1 Dp-Asp has been characterized via multiple measurement

approaches. a Immunoreactivity measurement via a p-Asp antibody
provides cellular localization, with the immunoreactivity against
D-Asp observed in the anterior lobe (AL) and posterior lobe (PL), but
not in the intermediate lobe (IL) in 6-week-old rat brain. Scale bar
140 pm. b Chiral HPLC has been used for p-Asp characterization,
with the D-Asp identified via its removal via D-aspartate oxidase
(DAspO) digestion from Aplysia limacina cerebral ganglia neurons.
Separation condition; C-18 column (45 x 25 cm), 1.2 mL/min flow
rate with a programmed gradient consisting of solution A (5 %
acetonitrile in 30 mM citrate/phosphate buffer, pH 5.6) and solution
B (90 % acetonitrile in water). ¢ Chiral capillary electrophoresis with

morphologically different parts of neuronal processes were
similar (Miao et al. 2005), although different neurons in
the same ganglia contained distinct p-Asp levels (Miao
et al. 2006a). Spinelli and co-workers (Spinelli et al.
2006) studied populations of cerebral ganglia neurons of
A. limacina and their experiments support that D-Asp is
found in both the cell soma and synaptosomes. Furthermore,
they also found higher concentrations of p-Asp in the syn-
aptic vesicles from synaptosomes than in the synaptosome
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nanoliter volume assays enables subcellular analysis, in this case from
an individual Aplysia sensory neuron. Asterisk unidentified peaks.
Separation condition: 21 kV normal polarity was applied to an
uncoated fused-silica capillary (65-75 cm, 50 pm i.d./360 pm o.d.)
filled with separation solution consisting of 20 mM f-cyclodextrin,
50 mM sodium dodecyl sulfate in 50 mM borate buffer (pH 9.4) and
15 % methanol (V/V). Panel a from (Lee et al. 1999), used with
permission from Elsevier; panel b from (Spinelli et al. 2006) is
adapted with permission, copyright © 2006 from John Wiley and
Sons; and panel ¢ from (Miao et al. 2005) is used with permission of
the American Chemical Society, copyright 2005

preparations as a whole, and higher levels in the synapto-
somes than in the cell soma, suggesting that b-Asp is indeed
concentrated in synaptic vesicles. Similarly, in L. vulgaris
brain neurons, D-Asp was mostly found in synaptic vesicles;
D-Asp concentrations were higher in synaptic vesicles than in
synaptosomes whereas D-Asp concentrations in whole brain
homogenates were lower (D’Aniello et al. 2011). These
studies certainly support the localization of p-Asp to both
synaptic terminals and synaptic vesicles.
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Biosynthesis of p-Asp

How is p-Asp formed? Even though dietary uptake of
D-Asp produced by microorganisms is known to occur, the
direct synthesis of pD-Asp in animal cells has also been
confirmed. After more than a decade of reports describing
D-Asp synthesis by racemase enzymes in bacteria (Lamont
et al. 1972), and p-amino acid transaminases in bacteria
(Gosling and Fottrell 1978) and plants (Ogawa et al. 1973),
the biosynthesis of pD-Asp in higher animals was demon-
strated in mammalian pheochromocytoma cells (PC12
cells), which do not spontaneously uptake extracellular
D-Asp (Long et al. 1998). The study used HPLC, DAspO
digestion, and immunohistochemical staining methods to
show that PC12 cells contain p-Asp converted from L-Asp;
D-Asp levels in these cells and the culture media increased
during culturing. Since this early study, p-Asp biosynthesis
has been studied in other animals and cell types: C. intes-
tinalis (D’ Aniello et al. 2003), A. limacina (Spinelli et al.
2006), A. californica (Miao et al. 2006a), S. officinalis
(D’Aniello et al. 2005b), Rana esculenta (Raucci et al.
2005), and several types of mammalian cultured cells
(Long et al. 2000, 2002). Furthermore, colorimetric anal-
yses with DAspO for Rattus norvegicus and L. vulgaris
have shown that pb-Asp synthesis may occur in the soma of
neurons because synaptosomes and synaptic vesicles had
considerably lower p-Asp production compared to that of
whole brain (D’ Aniello et al. 2011).

Because D-Asp appears in a D-Asp-free environment in
cultured PC12 cells (Long et al. 1998), its biosynthesis has
been hypothesized to occur intracellularly via an Asp rac-
emase, transaminase, and/or the racemization of an aspartyl
residue of peptides (Homma 2007; Katane and Homma
2011). Putative Asp racemases catalyze p-Asp formation
using L-Asp as a substrate. Several studies using radiola-
beled L-Asp support the idea that an Asp racemase is
involved in p-Asp production. As examples, ['*CJ-L-Asp
was incubated in rat embryonic neurons and ['*C]-p-Asp
was detected and accumulated throughout the incubation
(Wolosker et al. 2000). [14C]-D-Asp synthesis from [14C]-L-
Asp was also observed in cerebral ganglia neurons of
A. californica (Miao et al. 2006a; Scanlan et al. 2010), and
it was demonstrated that the Aplysia ganglia, which contain
more neuronal cell soma, produced more ['*C]-p-Asp than
the sheath tissues, which predominately contain processes
and terminals (Scanlan et al. 2010). The Asp racemase is
expected to be pyridoxal-5'-phosphate (PLP)-dependent
because aminooxyacetic acid, an inhibitor of PLP-depen-
dent enzymes, clearly inhibited ['*C]-p-Asp production in
rat embryonic neurons (Wolosker et al. 2000).

Indeed, an Asp-specific, PLP-dependent racemase has
been purified from the foot muscle of the bivalve, Scaph-
arca broughtonii (Shibata et al. 2003) and has since been

@ Springer

cloned (Abe et al. 2006), although the presence of this
racemase in the Scapharca nervous system has not been
determined. Two recent studies have further clarified the
enzymes present. Kim and colleagues (Kim et al. 2010)
characterized an Asp racemase found in mouse brain; this
was the first Asp racemase identified in an animal nervous
system. This specific racemase is PLP-dependent and is
expressed in brain, heart, and testes, as well as moderately
expressed in the adrenal glands. This same study also
demonstrated that this racemase is correlated to neuro-
genesis, indicating that b-Asp may work as a trophic factor
(Fig. 2a, b). We recently reported a PLP-dependent race-
mase from the A. californica central nervous system (Wang
et al. 2011); interestingly, this racemase is unique as it
catalyzes both Asp and serine (Ser) racemization. The
localization of this racemase corresponds to cells that we
had previously shown contain both p-Asp and p-Ser, sug-
gesting that both activities are functional within these
neurons (Fig. 2c, d).

When comparing the known Asp racemase sequences,
those belonging to S. broughtonii and A. californica share
more than a 50 % sequence identity, whereas the mouse
Asp racemase sequence appears distinct from the mollus-
can Asp racemases (Wang et al. 2011). The mouse Asp
racemase sequence homology suggests it is related to
glutamate—oxalacetate transaminases (Kim et al. 2010).
These sequence differences may indicate that multiple Asp
racemase families exist in the central nervous system of
different animals.

Other possible biosynthesis pathways have been sug-
gested for p-Asp, either via a PLP-dependent transaminase
or degradation of pD-Asp-containing peptides (Katane and
Homma 2011); however, these may not be major p-Asp
biosynthesis pathways in animals. For example, pD-Asp can
be produced by what is normally considered a side reaction
of amino acid transaminases. Although mitochondrial
transaminases from chicken and Escherichia coli convert
small amounts of L-Asp into p-Asp, most of the L-Asp is
converted to oxalacetate (Kochhar and Christen 1992;
Vacca et al. 1995, 1997). Perhaps some pD-Asp may be
produced in animals by a p-amino acid transaminase that
accepts other p-amino acids as an amino group donor in
order to convert oxaloacetic acid into D-Asp; this type of
enzymatic reaction has been reported in plants (Funakoshi
et al. 2008). p-Aspartyl residues form due to spontaneous
isomerization of vL-aspartyl residues in proteins (Fujii
2002), which would result in free p-Asp release via protein
degradation. It is not obvious how such a formation path-
way would be cell specific and thus account for the
observed cellular distributions of p-Asp. Regardless, the
existence and enzymatic characterization of two distinct
neuronal Asp racemases documents the ability of p-Asp to
be formed under enzymatic control.
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Fig. 2 Asp racemase distribution and its trophic effect. Mouse Asp
racemase was expressed in adult hippocampus and a the racemase
expression was locally suppressed by short-hairpin RNA (shRNA)
against the racemase (shRNA-DR) in newborn neurons (green
fluorescence) while control shRNA did not suppress the racemase
expression in newborn neurons (red fluorescence); hippocampus cells
(blue) were stained with 4’,6-diamidino-2-phenylindole. Scale bar
50 pm. b Survival rate of newborn neurons is compared with shRNA-
DR treatment vs. shRNA-control treatment. Neurons contain both
shRNA-DR and control shRNA expressed yellow fluorescence.
Asterisk P < 0.05; n =4 mice for each time point, ANOVA.
¢ Immunohistochemical measurement of an Asp racemase in the
cerebral ganglion from Aplysia capable of racemizing both p-Asp and
p-Ser. The C- and F-cluster neurons are indicated by the area enclosed
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in the dotted line. d CE analysis on C- and F-cluster neurons showed
high amounts of p-Asp and p-Ser. Separation condition: 27 kV
normal polarity was applied to an uncoated fused-silica capillary
(80 cm total length, 70 cm effective length, 75 pm i.d./360 um o.d.)
filled with separation buffer. The separation buffer for Asp enanti-
omers consisted of 40 mM f-cyclodextrin and 60 mM sodium
deoxycholate in 200 mM borate buffer, pH 9.5. The Ser enantiomer
separation buffer consisted of 10 mM y-cyclodextrin and 50 mM
sodium dodecyl sulfate in 75 mM borate buffer, pH 10.5. Panels a
and b from (Kim et al. 2010) are used with permission, copyright
2010 National Academy of Sciences, USA; panels ¢ and d from
(Wang et al. 2011) are used with permission ©, the American Society
for Biochemistry and Molecular Biology
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Uptake and transport of p-Asp

D-Asp uptake has been found to occur in the nervous systems
of vertebrates and invertebrates, with the uptake and accu-
mulation from the extracellular environment demonstrated
in experiments using radiolabeled p-Asp. As one example, a
rat hippocampal slice incubated in media containing [*H]-p-
Asp showed an increase of cellular [3H]-D-ASp in a dose-
dependent manner (Kuwahara et al. 1992). Similarly, the
uptake of D-Asp in rat neuroendocrine tissues was shown by
the accumulation of ['*C]-p-Asp in pineal and pituitary
glands after intravenous administration of ['*C]-p-Asp (Imai
et al. 1997). In A. californica, uptake and accumulation of
[*C]-p-Asp was observed in both the central nervous system
and in individual isolated and characterized neurons (Scanlan
et al. 2010). Although its distribution was reported to be
neuronal, several studies of astrocytes indicate that p-Asp
occurs in glia also (Kimmich et al. 2001; Gadea et al. 2004;
Lau et al. 2010). Takigawa and co-workers (Takigawa
et al. 1998) showed that exogenous D-Asp taken up by rat
pinealocytes dispersed into their cytoplasm but not into their
nuclei; the exogenous and endogenous distribution patterns
were measured and found to be the same.

D-Asp uptake may depend on a high-affinity L-glutamate
(L-Glu) transporter that can take up extracellular p-Asp into
cells efficiently while the transporters also uptake L-Glu
and L-Asp, which compete with p-Asp. The L-Glu trans-
porter is Nat-dependent, has a similar affinity to p-Asp,
L-Asp and L-Glu, and is known to be blocked by DL-threo-
beta-hydroxyaspartic acid (Kanai and Hediger 1992). The
sodium- and temperature-dependent preferential uptake of
D-Asp over L-Asp has been reported in Aplysia also
(Scanlan et al. 2010). Experiments with cultured cells
indicate that the L-Glu transporter is responsible for p-Asp
uptake; PC12 cells that do not express L-Glu transporters
showed no clear change in cellular p-Asp levels regardless
of the extracellular p-Asp concentrations (Ramachandran
et al. 1993; Long et al. 1998). On the other hand, MPT1
cells, which are PC12 variants that express L-Glu trans-
porters, uptake D-Asp actively, whereas transporter inhib-
itors significantly decrease p-Asp uptake (Ramachandran
et al. 1993; Adachi et al. 2004; Koyama et al. 2005). It may
be that different levels of p-Asp are taken up into different
tissues because of distinct populations of L-Glu transporter-
expressing cells. We expect that issues concerning D-Asp
uptake will be clarified by additional studies using cells
with a well-defined transporter expression.

Degradation of p-Asp

Besides its synthesis, the removal and degradation of a
molecule is also important when determining if it is a
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transmitter. D-Asp degradation is likely to occur by the
well-known enzyme, DAspO, found throughout the Meta-
zoan. DAspO oxidatively degrades dicarboxylic p-amino
acids (p-Asp and p-Glu, and N-methyl-pD-Asp (NMDA)),
while most other p-isomers of neutral and basic amino
acids are degraded by the enzyme p-amino acid oxidase
(DAAO) (D’Aniello et al. 1993a, ¢). The amino acid
sequence of DAspO from beef kidney showed more than a
40 % homology with that of pig kidney DAAO (Negri
et al. 1992), thus it is not surprising that both enzymes
require flavin adenine dinucleotide as a cofactor (Fuchs
et al. 2005). The gene sequence of DAspO has been
reported for bovine and mouse kidney, and human brain,
with cDNA clones expressed (Setoyama and Miura 1997,
Katane et al. 2007a; Simonic et al. 1997). In addition,
DAspO genes have been identified in C. elegans and cDNA
clones were characterized recently (Katane et al. 2007b,
2010). Interestingly, there are three DAspO genes in
C. elegans, and each showed different levels of oxidation
activity. The authors hypothesized that the C. elegans
DAspOs are localized in different subcellular locations
because each of these genes have different signal peptide
sequences (Katane et al. 2010). One C. elegans DAspO is
expected to locate in the peroxisome, which is the same
cellular organelle as the DAspO localization for human and
rat liver (Vanveldhoven et al. 1991; Katane et al. 2010).
Perhaps this has been conserved as DAspO (as a product of
its enzymatic oxidation) because it generates hydrogen
peroxide, a toxic molecule that is utilized in peroxisome.

The DAspO activity correlates to the presence of D-Asp.
Mouse liver DAspO has shown increased activity after the
administration of p-Asp (Yamada et al. 1989; Nagasaki
1994). Similarly, yeast DAspO activity was increased, and
DAspO expression induced, by increasing transcription
when D-Asp was used as the sole nitrogen source in culture
media (Yamada et al. 1996; Takahashi et al. 2004).
Meanwhile, p-Asp and DAspO distributions in the brain
and neuroendocrine system of rat appear complementarys;
high p-Asp levels have been found where DAspO levels
were low and vice versa (Schell et al. 1997). Additionally,
a magnitude higher activity of DAspO has been reported in
postsynaptic membranes of R. norvegicus and L. vulgaris
when compared with DAspO activity in the brain cytosol
(D’Aniello et al. 2011). Thus, p-Asp appears to have a
function in locations where DAspO levels are low enough
that p-Asp is not immediately eliminated.

D-Asp release
The release of p-Asp to the extracellular environment has

been measured from D-Asp-containing tissues or cells of
the mammalian brain in a Ca*"-dependent manner upon
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chemical and electrical stimulation (Davies and Johnston
1976; Malthesorenssen et al. 1979); these stimulation
methods are still widely used, not only for mammalian
brain but also for neuronal cells of other species (Fig. 3a,
b) (Scanlan et al. 2010). The importance of Ca’* for trig-
gering D-Asp release was demonstrated by introduction of
ethylene glycol tetraacetic acid (EGTA), a chelating agent
for Ca?*; p-Asp release after exposure to both KCI and
EGTA resulted in a magnitude smaller p-Asp release than
that after KCl exposure only (Wolosker et al. 2000). Pre-
loading p-Asp with radioactive labels in the brain slice
clearly demonstrated that intracellular p-Asp was released
upon chemical and electrical stimulation (Palmer and
Reiter 1994; Muzzolini et al. 1997; Savage et al. 2001).
Besides depolarization having been induced by potassium
ions or acetylcholine (which triggered p-Asp release from
rat adrenal slices), nicotine application resulted in the
depletion of p-Asp in the adrenal slice while L-Glu and
L-Asp levels were not significantly changed (Wolosker
et al. 2000). Norepinephrine is another example of a
chemical stimulus for p-Asp release used in rat pinealo-
cytes (Takigawa et al. 1998), cells in the pineal gland that
contain a significant amount of p-Asp (Lee et al. 1997).
Savage and colleagues (Savage et al. 2001) showed
electrical-stimulation-evoked p-Asp and L-Glu release from
hippocampal slices. In their experiments, more than 90 %
of the p-Asp and L-Glu releasates were Ca>" dependent.
They also reported that p-Asp release was dramatically
decreased by treatment of the hippocampal slice with either
a synaptic vesicle toxin or magnesium, and moderately
decreased with voltage-sensitive Ca®" channel antagonists.
Significant decrease of D-Asp release with the application
of a synaptic vesicle toxin was also observed in rat cere-
bellar granule cells (Cousin et al. 1997) and in cultured
PC12 cells (Nakatsuka et al. 2001). Studies with A. lima-
cina and L. vulgaris also indicated that p-Asp accumulated
in synaptic vesicles and was released upon stimulation
(Spinelli et al. 2006; D’ Aniello et al. 2011), and that ves-
icles were involved in the transport of p-Asp from one
ganglion to another in A. californica (Miao et al. 2006a).
These studies support that p-Asp is stored in synaptic
vesicles and is released by exocytosis (Fig. 3c—g).
However, spontaneous and continuous D-Asp release
that is independent of exocytosis has also been proposed.
This hypothesis is supported by several studies on cultured
mammalian cells. PC12 cells, as discussed above in the
Biosynthesis of p-Asp section, produce p-Asp within the
cells but cannot uptake extracellular p-Asp. Through PC12
culturing, it was observed that intracellular and extracel-
lular p-Asp levels increased without any specific stimula-
tion to the cells (Long et al. 1998). Similar results were
observed in MPT1 cell cultures in which p-Asp levels
increased over the duration of the culturing period even

though initially, no p-Asp was in the media (Adachi et al.
2004). In another study from the same group (Koyama
et al. 2006), p-Asp and dopamine release was compared in
PC12 cells; upon KCI stimulation, the amount of released
dopamine rose after stimulation and stayed at a constant
level, while p-Asp levels gradually increased independent
of the extracellular KCI concentration. They also showed
that p-Asp release was not sensitive to silencing SNAP-25,
a protein essential for exocytosis. These results are distinct
from the observed reduction of p-Asp release in PC12 cells
after cleavage of SNAP-25 (Nakatsuka et al. 2001), as well
as those from a hippocampal study with Ca*" channel
antagonists (Savage et al. 2001).

Another pathway for p-Asp release has been proposed
via a volume-sensitive organic anion channel (VSOC);
this transmembrane protein channel opens upon hypotonic
stimulation. Putative VSOC inhibitors reduced bp-Asp
release from PC12 cells in hypotonic media (Koyama et al.
2006).

Overall, these release studies indicate that there may be
multiple release pathways: via exocytosis of D-Asp-con-
taining vesicles, spontaneous and continuous D-Asp release,
and VSOC-dependent release. Furthering our understanding
of these putative D-Asp release pathways obviously requires
additional investigation.

Molecular and cellular functions of p-Asp

What does p-Asp do in the brain and endocrine system?
We and others have hypothesized that p-Asp plays a role as
a neurotransmitter or neuromodulator (Spinelli et al. 2006;
Brown et al. 2007; D’Aniello 2007, 2011; Fieber et al.
2010; Scanlan et al. 2010). As discussed in previous sec-
tions, there are many studies supporting D-Asp as a trans-
mitter. Meanwhile, a neuromodulator is a molecule in the
nervous system that does not induce a nerve impulse but
may modify the depolarization profile of the postsynaptic
membrane in the presence of a neurotransmitter.

One important point to keep in mind is that a selective
receptor for p-Asp has yet to be identified. p-Asp is known
to activate NMDA-like receptors (Verdoorn and Dingledine
1988). In addition, pD-Asp may work as neuromodulator
for 2-amino-3-(5-methyl-3-oxo0-1,2-0xazol-4-yl)propanoic
acid-like receptors to slow receptor activation time. For
example, the activation time of the squid glutamate
receptor increased threefold with the presence of both
L-Glu and p-Asp compared with the activation time
induced by L-Glu alone (Brown et al. 2007). Conversely, in
electrophysiological experiments on pleural and buccal
ganglia cells of A. californica (Fieber et al. 2010; Carlson
and Fieber 2011), some cells only responded to p-Asp,
thereby suggesting that a D-Asp-specific receptor does
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Fig. 3 D-Asp release and
co-localization within synaptic
vesicles. Extracellular p-Asp
concentrations a before and

b after potassium ion {
stimulation that induced p-Asp
release from cerebral ganglia of
Aplysia californica. In a and b,
the black trace (original) is the
electropherogram of the original
sample and the red trace
(spiked) is the electropherogram
of the sample spiked with 1 M
D-Asp, arrows indicate the
increase in D-Asp signal due to
the addition of 1 pM of standard
D-Asp and the change due to
potassium ion stimulation
(labeled standard and
stimulation, respectively).
Co-localization of p-Asp and
secretory granules in PC12 cells
under immunofluorescent
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synaptic vesicles than in other
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norvegicus and g squid Loligo
vulgaris. Panels a and b from
(Scanlan et al. 2010) are used
with permission, © 2010 by
John Wiley and Sons Inc.;
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exist. These experiments showed about half of the cells
responded to both p-Asp and L-Glu to evoke an action
potential, whereas the rest of the cells responded to either
D-Asp or L-Glu alone. D’Aniello and co-workers (2011)
have also performed an interesting experiment with
L. vulgaris to determine whether p-Asp and L-Glu bind to
the same receptor. Independent stimulations of p-Asp and
L-Glu on L. vulgaris skin chromatophores indicated that the
D-Asp receptor was different from the L-Glu receptor
because each type of amino acid stimulated a specific color
of skin chromatophore. The same study also showed an
elevated level of cAMP, a putative second messenger, in
rat and L. vulgaris synaptosomes induced by bD-Asp

@ Springer

(D’Aniello et al. 2011). A similar trend was found in the
cerebral ganglia of A. limacina, although L-Asp did not
induce increased cAMP levels (Spinelli et al. 2006). These
results support the idea that p-Asp can act as an intercel-
lular signaling molecule.

Besides acting as neurotransmitters for short-range
intercellular signaling, at times cell-to-cell signaling mol-
ecules function at longer distances. Is the same functional
duality true of p-Asp? For example, in the neuroendocrine
system, D-Asp behaves like a hormone to regulate the
reproductive system; specifically, it has been reported to
be involved in steroid hormone synthesis in the rat pitui-
tary gland, Leydig cells, and testis (D’ Aniello et al. 1996,
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2000a; Nagata et al. 1999a, b) to increase luteinizing and
growth hormone release (D’Aniello et al. 2000a) and
prolactin release (D’Aniello et al. 2000b) in rat pituitary;
to decrease proopiomelanocortin and a-melanocyte-stim-
ulating hormone in mouse pituitary (Huang et al. 2006); to
inhibit melatonin release (Takigawa et al. 1998); and to
regulate luteinizing hormone-releasing hormone, a-mela-
nocyte-stimulating hormone, GABA, dopamine and oxy-
tocin in the rat hypothalamus (Pampillo et al. 2002; Wang
et al. 2000). In non-mammalian tissues, D-Asp has been
found to regulate hormones in the reproductive organs of
the frog, lizard, and ascidian (Di Fiore et al. 1998; Assisi
et al. 2001; D’ Aniello et al. 2003). However, many details
of the p-Asp signaling pathways remain to be elucidated.
For example, pD-Asp may use cAMP and ¢cGMP as sec-
ondary messengers to regulate testosterone level in testis
Leydig cells and luteinizing hormone level in pituitary of
rats, respectively (Topo et al. 2009), while other studies
report that p-Asp regulates mRNA transcription of hor-
mones without affecting cAMP levels to increase testos-
terone in rat Leydig cells (Nagata et al. 1999a, b).

Another interesting possibility is that b-Asp serves as a
precursor of endogenous NMDA, which may be involved
in intercellular signaling (D’ Aniello et al. 2000a, b, 2003).
NMDA has been detected in rat brain and neuroendocrine
tissues (D’Aniello et al. 2000a, b) and in invertebrates
(Sato et al. 1987; Todoroki et al. 1999; D’Aniello et al.
2003, 2007b; Shibata et al. 2011), although many locations
with substantial p-Asp have little or no detectable levels of
NMDA. There are cases where NMDA is formed from
D-Asp via the enzymatic activity of p-Asp methyltransfer-
ase (or the so called NMDA synthetase), which transfers
the methyl group of S-adenosyl-L-methionine to p-Asp for
NMDA formation (D’ Aniello et al. 2000a, b; Shibata et al.
2011). Considering that DAspO also digests NMDA
(D’Aniello et al. 1993a, c¢), and that NMDA is a well-
documented agonist for NMDA receptors (Watkins and
Jane 2006), perhaps NMDA is a key player in multiple
signaling pathways.

While a number of the studies described above support
an intercellular signaling role for p-Asp, other studies
suggest non-related roles. These include the demonstration
that p-Asp is localized in the nucleoli (but not in neural
processes) (Wang et al. 2002), and the report that alumi-
num D-Asp complexes induce topological changes in
supercoiled DNA (Bharathi and Stein 2003). Perhaps more
likely is that p-Asp, as many other small molecules, has
multiple distinct roles. After all, just because a specific role
for p-Asp is documented, does not preclude nor invalidate
the possibility that it has a function in other systems as
well.

Physiological roles of p-Asp

Until now, the discussion has focused on the cellular
functions of p-Asp. What do these functions imply about
an overall physiological function? Several lines of evi-
dence support its role in cognitive processes. Acting as an
endogenous agonist for the NMDA receptor, D-Asp
stimulates the NMDA receptor by binding to its L-Glu-
binding site (Fagg and Matus 1984). As a result, D-Asp,
like p-Ser (Junjaud et al. 2006; Fossat et al. 2012), may
be involved in learning and memory processes as well as
NMDA receptor-related diseases (Katane and Homma
2011). Using both genetic and pharmacological animal
models, increasing the levels of p-Asp enhanced long-
term potentiation in mice hippocampal slices (Errico et al.
2008a). Chronic p-Asp elevation also reduced cortical-
striatal long-term depression and attenuated pharmaco-
logically induced schizophrenia-like symptoms (Errico
et al. 2008b). In addition, oral administration of D-Asp
improved the spatial learning and memory ability of
treated rats when compared with control rats. Moreover,
randomized rats possessing higher endogenous D-Asp
levels in the hippocampus take less time to complete tasks
(Fig. 4) (Topo et al. 2010). In a recent study, p-Asp was
shown to rescue the hippocampal age-related synaptic
plasticity deterioration in mice, implying an intriguing
possibility that it can counteract the age-related reduction
of NMDA receptor signaling (Errico et al. 2011b).
Reduced p-Asp levels were found in human brain samples
from patients with Alzheimer’s disease compared to
normal brains (D’Aniello et al. 1998). Although the
mechanism of how D-Asp exerts its activity at the neu-
ronal level is still poorly understood, this set of research
certainly supports the possibility that p-Asp plays a major
role in the neuronal mechanisms underlying learning and
memory.

Because abnormal functioning of the NMDA receptor
has been implicated in various neuronal diseases, studies
have been carried out to elucidate the relationship between
endogenous D-Asp levels and the pathophysiological pro-
cesses of NMDA-related diseases, such as Alzheimer’s.
The differences in D-Asp concentration between normal
and Alzheimer human brains were first described in 1991,
where D-Asp occurred at less than half the concentration of
normal levels in the white matter of Alzheimer brains
(Fisher et al. 1991). In another study of Alzheimer’s dis-
ease in the human brain, p-Asp decreased in three neo-
cortical regions, as well as the subcortical hippocampus
and amygdala, but not in the cerebellum, an area, which
lacks the neuropathological changes of Alzheimer’s
(D’ Aniello et al. 1998).
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Fig. 4 Improved spatial learning and memory in rats treated with
D-Asp. a 12 rats treated with 40 mM sodium p-Asp and 12 rats treated
with 40 mM NaCl (control) were trained in the Morris water maze to
measure latency in reaching the platform hidden in the maze. After
the acquisition phase, the platform position was changed before
starting the reversal phase, while the other settings were the same.
b Relationship between the endogenous p-Asp in 120-day old rat
hippocampus and the time to reach the platform in the Morris water
maze system of the corresponding rats that were trained in the Morris
water maze system. Figure is adapted from (Topo et al. 2010) and
used with permission, Springer science + business media

Conclusions

The last decade has been an exciting time for D-Asp
research. While much has been learned about its formation
and degradation, additional biochemical and cellular data is
certainly needed. Many of the cited studies highlight the
existence, localization, formation, and release of D-Asp in
neurons in a surprisingly wide range of animals. Recent
results include data demonstrating that p-Asp fulfills many
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requirements for it to be considered as a neurotransmitter,
a hypothesis that has been proposed by several (Spinelli
et al. 2006; D’Aniello 2007; Fieber et al. 2010; Scanlan
et al. 2010; D’Aniello et al. 2011). Of course, while the
studies involving mammalian tissues are exceedingly
relevant and well performed, they have not completely
addressed one required facet for a molecule to be con-
sidered a transmitter. The formation and/or uptake,
transport to terminals, and activity-dependent release must
all occur in the exact same neuron, something only
demonstrated for the larger and more accessible inverte-
brate neurons to date. Exciting work by the Snyder group
(Kim et al. 2010) has shown that p-Asp also has a trophic
role (Fig. 2a, b), which is perhaps not surprising given its
presence during embryogenesis. Data on how p-Asp per-
forms one or both roles are still needed. In fact, another
well-known transmitter, serotonin, is known to have both
transmitter and trophic roles (Hodges and Richerson
2008). Therefore, we will not be surprised if pb-Asp is also
found to have multiple distinct functions within the brain.
Perhaps more intriguing is the recent speculation of a
correlation between D-Asp and several mental disorders
such as Alzheimer’s disease and schizophrenia (D’ Aniello
2007; Katane and Homma 2011). Although preliminary
work has been done (D’Aniello et al. 1998; Errico et al.
2008b, 2011a; Weil et al. 2006), further investigations are
required to confirm these reports and demonstrate whether
modifying p-Asp formation, release, or degradation can
affect the progression of such diseases.
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