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Chapter 9
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Kyushu University, Fukuoka, Japan
*Laboratory of Regulation in Metabolism and Behavior, F aculty of Agriculture, Kyushu
University, Fukuoka, Japan
3Depanment of Animal and Poultry Sciences, Virginia Tech, Blacksburg, VA, US

ABSTRACT

L-Aspartate (L-Asp) functions as a neurotransmitter to stimulate the N-methyl-D-
aspartate (NMDA) receptor (NMDA-R), one of the ionotropic L-glutamate receptors,
even though its binding capacity for NMDA-R is weaker than L-glutamate. The amino
acid L-Asp, as well as its enantiomer D-aspartate (D-Asp), occurs in the central nervous
system of various species including chickens, pigeons, rats, mice and humans. D-Asp,
synthesized from L-Asp by aspartate racemase, can also directly stimulate the NMDA-R.
Furthermore, D-Asp may indirectly stimulate NMDA-R because it is a substrate for
endogenous NMDA. Central injection of L-Asp and L-asparagine derived from L-Asp
via transamidation decreased social separation-induced stress responses. In addition,
central injection of NMDA can attenuate the stress responses while some reports indicate
that stimulation of the NMDA-R has negative impacts on stress responses. Central L-
Asp may act on stress responses not only directly but also via its metabolites, and the
effects may depend on the type of stressors and/or brain regions.

" Correspondence to: Mitsuhiro Furuse, Laboratory of Regulation in Metabolism and Behavior, Faculty of
Agriculture Kyushu University, Fukuoka 812-8511, Japan, Tel/Fax: (81) (92) 642-2953, E-mail:
furuse@brs.kyushu-u.ac.jp.
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1. INTRODUCTION

L-Aspartate (L-Asp) is one of the non-essential amino acids, and it plays various roles
not only as a constituent of protein but also as part of bioactive substances. The metabolic
pathway linked to L-Asp in animal tissues is shown in Figure 1. L-Asp can be metabolized to
oxaloacetate or adenylosuccinate, which can enter the TCA cycle. L-Asp also can be
metabolized to L-argininosuccinate and thus contribute to activation of the urea cycle. On the
other hand, L-aspagine (L-Asn) is synthesized from L-Asp by asparagine synthetase. In this
chapter, we mainly focused on the other pathway, starting from the synthesis of D-aspartate
(D-Asp) by aspartate racemase. D-Asp occurs in the central nervous system of various species
including chickens, pigeons, rats, mice and humans (Hashimoto et al., 1993, 1995; Kera et al.,
1996; Morikawa et al., 2001; Neidle & Dunlop, 1990).
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Figure 1. Metabolic pathways linked to L-aspartate.

Furthermore, D-Asp can be metabolized to N-methyl-D-aspartate (NMDA) (D'Aniello et
al., 2000). L-Asp, D-Asp and NMDA can activate the NMDA-R in the brain (Kiskin et al.,
1990). According to Hamasu et al. (2009), several amino acids including L-Asp and L-Asn
were decreased in the diencephalon of neonatal chicks exposed to both restraint with isolation
and fasting stress. This fact suggests that central free amino acids have an important role on
the stress response. Furthermore, during stress the endocrine stress pathway involving the
hypothalamic-pituitary-adrenal (HPA) axis is activated, and this activation is linked to
excitatory neurotransmission involving the NMDA receptor (NMDA-R) (Zelena et al., 2005).
However, the functions and mechanisms of this pathway have not been fully clarified.

Firstly, we discuss our study showing that L-Asp and L-Asn in the brain can attenuate
acute stress responses in neonatal chicks (Yamane et al., 2009b). Then, we discuss the
function of NMDA which had similar effects as observed with L-Asp (Yamane et al., 2009a)
during the stress response. In these studies, the social separation stress model was used. This
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stress model is frequently used for the study of anxiety. Chicks are comfortable when living
in a group, but exhibit anxiety when isolated. Social separation stress increases spontaneous
activity and vocalization of chicks. This social separation stress paradigm has been used for
developing anti-anxiety agents using vocalization and spontaneous activity as parameters
(Feltenstein et al., 2003). Thirdly, we introduce the relationships between endocrine stress
responses and the NMDA-R in the brain. Finally, possible roles of D-Asp for stress responses
are discussed. The overall perspective of L-Asp and its metabolites for stress responses in the
brain will be discussed.

2. CENTRAL FUNCTIONS OF L-ASP AND L-ASN
FOR STRESS BEHAVIOR IN CHICKS

Glutamate and L-Asp function as neurotransmitters and are the most likely candidates
for neurotransmitter action at excitatory amino acid receptors. There are two types of
glutamate receptors, i.e., ionotropic and metabotropic. Agonists acting at ionotropic glutamate
receptors increase the probability that the channel will open. There are three classes of
glutamate ionotropic receptors (iGluRs), which are named afier their selective agonists:
NMDA, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and kainate (KA).

Of these receptors, L-Asp appears to recognize only the NMDA-R, being inactive at
the AMPA, and probably the KA receptor (Dingledine & McBain 1999). The action of L-Asp
on the NMDA-R was weaker than that of glutamate (Chen et al., 2005). We investigated the
central effect of L-Asp, as well as L-Asn derived from L-Asp via transamidation, on the stress
response.

Under acute social separation stress, the intracerebroventricular (i.c.v.) injection of L-
Asp and L-Asn caused a sedative effect in neonatal chicks (Yamane et al., 2009b; Figure 2,
Table 1). As described in the next section, i.c.v. injection of NMDA can also induce sedative
effects. L-Asp acts at the NMDA-R (Dingledine & McBain 1999) and it acts as a selective
NMDA-R agonist in avians (Kubrusly et al., 1998). Therefore, the effects of L-Asp may be
mediated by the NMDA-R. Since L-Asn can be hydrolyzed by asparaginase to NH;" and L-
Asp, it is possible that L-Asn may have induced this effect either following chemical
modification or by directly binding to the NMDA-R. This remains to be investigated.

L-Asp attenuated social-separation stress-induced behaviors during the 10 min post
injection period, but enhanced plasma corticosterone concentration (Figure 3). Therefore, L-
Asp might have little or no ability to suppress the secretion of corticosterone from the adrenal
glands through the HPA axis in response to stress. According to Zhang et al. (2004), i.c.v.
injection of serotonin increased plasma corticosterone. Their report suggested that serotonin
stimulates the HPA axis. Furthermore, Zhang et al. (2004) reported that serotonin dose-
dependently decreased locomotor activities of chicks following the central administration of
0.1 pg of corticotrophin-releasing factor (CRF). Kim et al. (1998) suggested that
glutamatergic neurotransmission may modulate serotonergic function suggesting that the
response to L-Asp may be mediated via a serotonergic pathway.
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Figure 2. Effect of i.c.v. injection of saline, Asp and Asn on total spontaneous activity (upper panel)
and distress vocalizations (lower panel) during a 10 min social-isolation period in 6-day-old layer
chicks. Results are expressed as means + SEM. The number of chicks used in each group was 9 in
control, 7 in Asp and 8 in Asn groups. Groups with different letters are significantly different (P<0.05)
Reproduced from Yamane, H., Asechi, M., Tsuneyoshi, Y., Kurauchi, I., Denbow, D.M., Furuse, M.
(2009b) Intracerebroventricular injection of L-aspartic acid and L-asparagine induces sedative effects
under an acute stressful condition in neonatal chicks. Animal Science Journal, 80:286-290, with
permission from John Wiley & Sons.

Table 1. Effect of i.c.v. injection of saline, L-aspartic acid (Asp) and L-asparagine (Asn)
on various behavioral categories of 6-day-old chicks during the 10 min post injection

Control Asp Asn
Active wakefulness 298+96° 2+2° 95+57%
Standing/sitting motionless with eyes 67234 129435 145£50
opened
Standing motionless with eyes closed 1£] 0+0 1+1
Slnlng motionless with head drooped 234493 469+37 350472
(sleeping posture)
Total 600 600 600

Values are means + SEM in seconds. The number of chicks used in each group was 9 in control, 7 in
Asp and 8 in Asn groups. Groups with different letters are significantly different (P<0.05).
Reproduced from Yamane, H., Asechi, M., Tsuneyoshi, Y., Kurauchi, I., Denbow, D.M., Furuse,
M. (2009b) Intracerebroventricular injection of L-aspartic acid and L-asparagine induces sedative
effects under an acute stressful condition in neonatal chicks. Animal Science Journal, 80:286-290,
with permission from John Wiley & Sons.
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Figure 3. Effect of i.c.v. injection of saline, Asp and Asn on plasma corticosterone concentration
following a 10 min social-isolation in 6-day-old layer chicks. Results are expressed as means + SEM.
The number of chicks used in each group was 5 in intact, 9 in control, 7 in Asp and 8 in Asn groups.
Groups with different letters are significantly different (P<0.05). Reproduced from Yamane, H., Asechi,
M., Tsuneyoshi, Y., Kurauchi, I., Denbow, D.M., Furuse, M. (2009b) Intracerebroventricular injection
of L-aspartic acid and L-asparagine induces sedative effects under an acute stressful condition in
neonatal chicks. Animal Science Journal. 2009 80:286-290, with permission from John Wiley & Sons

In conclusion, central L-Asp, as well as L-Asn, has a sedative effect under an acute
stressful condition in neonatal chicks.

3. CENTRAL FUNCTIONS OF NMDA AND RELATED COMPOUNDS
FOR STRESS BEHAVIOR IN CHICKS

Excitatory amino acids, including glutamate and L-Asp, act as neurotransmitters in the
central nervous system. They can induce neuronal activity with powerful stimulatory effects
(Monaghan et al., 1989). As stated above, there are three classes of iGluRs. The NMDA-R is
usually blocked by Mg2+. When the synaptic membrane is slightly depolarized, e.g., by
previous activation of AMPA and KA receptors, the Mg®" block of the NMDA-R is removed.
The metabotropic glutamate receptors (mGluRs) are coupled to GTP-binding proteins, and
regulate the production of intracellular messengers. The mGluRs have eight members
(mGluR1-8), categorized into three groups based on sequence homology, second messenger
coupling and pharmacology. Group I includes mGluR1 and 3, group II is mGIuR2 and 3 and
group III is mGIuR4, 6, 7 and 8. Group I mGluRs are localized postsynaptically and
predominantly activate phospholipase C. Group II and IIl mGluRs are localized in
presynaptic densities and inhibit adenylyl cyclase activity. They contribute to the regulation
of synaptic plasticity and transmission (De Blasi et al., 2001; Kew & Kemp, 2005).

The i.c.v. injection of NMDA, glutamate and AMPA attenuated total distress
vocalizations and induced sedation in neonatal chicks (Yamane et al., 2009a: Figure 4, Table
2).
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Table 2. Effect of i.c.v. injection of several doses of glutamate, N-methyhl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), kainate and
S-dehydroxyphenylglycine (DHPG) on various behavioral categories of chicks during 10
min post-injection

Drugs Active Standing/sitting  Standing Sitting
wakefulnes motionless with  motionless with  motionless with
s eyes open eyes closed head drooped

(sleeping
posture)

L-Glutamate

0 pmol 575+15 25+15 0+0 0+0

0.2 pmol 382+85* 120+39 11+11 87453

0.4 umol 159+46* 205+44* 29+29 207+69*

0.8 umol 19+15* 134423 10+10 437+26*

NMDA

0 nmol 560+13 40+13 0+0 0+0

0.5 nmol 490+54 110+£54 0+0 0+0

1 nmol 238+57* 262+41* 0+0 100+52

2 nmol 134+46* 314+53* 0+0 152+71

AMPA

0 pmol 551x16 49+16 0+0 0+0

50 pmol 568+23 32+23 0+0 00

100 pmol 471+49 129+49 0+0 0+0

150 pmol 281+101* 102+34 10+7 207+79*

Kainate

0 nmol 468+54 75422 21+21 43143

0.25 nmol 404461 86+32 19+12 91+43

0.5 nmol 454162 68+24 19+19 60+40

1 nmol 558+20 31£13 00 1111

DHPG

0 nmol 591+4 9+4 00 0+0

0.01 nmol 585+4 15+4 0+0 00

0.1 nmol 589+9 1119 0+0 00

1 nmol 59314 7+4 0+0 0+0

Values are means + SEM in seconds. *Significantly different when compared with control at P < 0.05.
L-Glutamate; Active wakefulness (second/10min) = 526 (SE= 41) — 692 (SE= 89) X (R*= 0.701, P
< 0.0001) and sleeping posture (second/10 min) = -11 (SE= 34) + 553 (SE= 74) X (R>= 0.684, P <

0.0001).

NMDA; Active wakefulness (second/10 min) = 552 (SE= 38) - 223 (SE= 32) X (R*= 0.640, P <
0.0001) and standing/sitting motionless with eyes open (second/10min) = 58 (SE = 35) + 140 (SE

=30) X (R* = 0.450, P < 0.0001).

AMPA; Active wakefulness (second/10min) = 600 (SE= 51) - 2 (SE= 1) X (R*=0.309, P < 0.01) and
sleeping posture (second/10 min) = -40 (SE= 38) + | (SE= 0.4) X (R>= 0.274, P < 0.01).
Reproduced from Yamane, H., Tsuneyoshi, Y., Denbow, D.M., Furuse, M. (2009a) N-Methyl-D-
aspartate and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors involved in the
induction of sedative effects under an acute stress in neonatal chicks. Amino Acids, 37:733-
739.Erratum, 37:767, with permission from Springer-Verlag.
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Figure 4. Effect of i.c.v. injection of iGluR agonists on total distress vocalizations during a 10 min
isolation period in chicks. Results are expressed as means with S.E.M. Glutamate (count/10 min) = 621
(SE=62)- 868 (SE=135) X (R2=0.613, P <0.0001). NMDA (count/10 min) = 708 (SE = 64) — 342
(SE=54) X (R2=0.596, P < 0.0001). AMPA (count/10 min) = 691 (SE=83)-2(SE=1) X (R2=
0.158, P < 0.05). *Significant difference when compared with the control at P < 0.05. Reproduced from
Yamane, H., Tsuneyoshi, Y., Denbow, D.M., Furuse, M. (2009a) N-Methyl-D-aspartate and a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionate receptors involved in the induction of sedative effects under
an acute stress in neonatal chicks. Amino Acids, 37:733-739. Erratum, 37:767, with permission from
Springer-Verlag.

In contrast, previous studies showed that localized infusion of glutamate induced
vocalizations in cats (Bandler, 1982) and squirrel monkeys (Jiirgens & Richter, 1986).
Additionally, the injection of NMDA, AMPA and KA into the substantia innominata/lateral
preoptic area of rats dose-dependently stimulated locomotion (Shreve & Uretsky, 1988).
Lateral hypothalamic injection of KA also increased locomotor activity in rats (Stanley et al.,
1993; Hettes et al.,, 2007). Further, when injected intracranially to restricted brainstem
regions, NMDA elicited locomotion in decerebrate geese and ducks (Sholomenko et al.,
1991). On the other hand, injection of glutamate into the lateral hypothalamus increased
sleeping time (Stanley et al., 1993). The difference between these studies and Yamane et al.
(2009a) may be due to species differences or the site of injection. The i.c.v. injection of
glutamate dose-dependently decreased distress vocalizations in isolated chicks similarly to
that observed by Panksepp et al. (1988) who injected glutamate at doses from 25 to 500 pg. In
contrast, Panksepp et al. (1988) reported the administration of NMDA (0.1, 0.25, 0.5 and 1.0
pg) had no effect on the number of vocalizations, which is inconsistent with our results.
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Differences in the time for behavioral observation, experimental conditions, or genetic lines
of chicks may contribute to the contrasting results for vocalizations. For example, Saito et al.
(2005) found the stress response differs between meat- and layer-type neonatal chicks with
this response being relatively higher in the layer-type used by Yamane et al. (2009a).

Although i.c.v. injection of glutamate, and the glutamate analogue NMDA, induced
sedation in chicks, the behavioral results for the two compounds were somewhat different.
NMDA induced an increase in the time spent standing/sitting motionless with eyes open
while glutamate increased the time of sleeping posture. AMPA had a tendency to decrease
wakefulness activity and increase sleep-like behavior. The central administration of KA (0.05,
0.1, 0.25 and 0.5 pg) had no effect under stressful condition in chicks (Panksepp et al., 1988).
No significant effect of KA was also observed in our laboratory (Yamane et al., 2009a).

Henley et al. (1989) demonstrated the distribution of iGluRs ligand binding sites in the
chick brain using autoradiography. The binding sites of NMDA and AMPA are related to the
brain regions of stress response. However, KA binding sites are mainly the molecular layer of
the cerebellum which is not the stress related region in the brain. In general, the NMDA-R
usually coexists with the AMPA receptor in the postsynaptic membrane (Nadler, 2007).
Therefore, KA may not be involved in the stress response. In any case, KA, in the doses used
here, appeared to have no sedative effect against isolation stress in chicks.

It is suggested that the hypnotic effects of glutamate involved not only the NMDA-R, but
also the AMPA receptor. Yamane et al. (2009a) applied the group I selective mGluRs agonist
5-dehydroxyphenylglycine (DHPG), but no effect on sleeping posture was detected. Although
we did not investigate the effect of group II and III mGluRs, the data supports the theory that
the iGluRs NMDA and AMPA, but not KA, are related to sleep-induction in neonatal chicks.
Glutamate can bind to both AMPA and KA receptors; its action is probably mediated via
NMDA, AMPA and KA receptors. On the other hand, the group I selective mGluRs agonist
DHPG had no effect. Thus, it appears likely that the hypnotic and sedative effects of
glutamate are induced by interaction with NMDA and AMPA receptors. However, the
activity of group Il mGluRs regulates the HPA axis (Scaccianoce et al., 2003), and group II1
mGluRs agonists have anxiolytic- and antidepressant-like effects in rats (Patucha et al.,
2004). Therefore, it is necessary to further investigate the interaction between mGluRs and
stress behavior.

In conclusion, the central administration of glutamate attenuates stress-induced behaviors
and triggers sleep-like behavior in neonatal chicks. Furthermore, it was demonstrated that
NMDA and AMPA, but not KA and DHPG, also have a sedative effect. It is suggested that
glutamate induced hypnosis and sedation may be necessary for the interaction between
NMDA and AMPA receptors. Therefore, studies involving the co-administration with
NMDA or AMPA antagonists are needed to better understand the mechanism of glutamate.

4. FUNCTIONS OF BRAIN NMDA RECEPTOR
ON ENDOCRINE STRESS AXIS

In this section, we briefly reviewed the functions of the NMDA-R on the endocrine stress
axis because L-Asp, D-Asp and NMDA can all stimulate the NMDA-R (Kiskin et al., 1990).
The HPA axis is a main endocrine stress axis responding to a diverse set of stressful stimuli.
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CRF from the paraventricular nucleus (PVN) of the hypothalamus stimulates
adrenocorticotropic hormone (ACTH) release from the anterior pituitary into the blood. Then,
ACTH goes to the adrenal cortex and stimulates release of glucocorticoids. Anatomical,
pharmacological, and electrophysiological studies indicate that glutamate is a major
excitatory signal to the HPA axis (Herman et al., 2601). Focusing on the NMDA-R, acute
immobilization stress increases NMDA-R1, one of the NMDA-R subunits, mRNA in the
hypothalamic PVN (Bartanusz et al., 1995). In contrast, osmotic stress induced by water
deprivation does not increase NMDA-R expression in the PVN (Meeker et al., 1994),
suggesting that acute psychological stress may have a more profound affect on activating
glutamatergic input to the PVN. On the other hand, chronic intermittent stress induces a
significant decrease in the NR2B subunit of NMDA-R mRNA expression in the CRF-
containing region of the PVN in rats (Ziegler et al., 2005). Zelena et al. (2005) suggested that
intravenously administered NMDA (5 mg/kg) elevated ACTH and glucocorticoid levels while
PVN lesions had no influence on their basal secretion but blocked NMDA-induced
elevations. Therefore, NMDA may activate the HPA axis at a central (PVN) level and not at
the level of pituitary or adrenal gland in rats.

5. POSSIBLE FUNCTIONS OF CENTRAL D-ASP FOR STRESS RESPONSES

D-Amino acids, the enantiomers of L-amino acids, are candidates to be novel
physiologically active substances and biomarkers in animals, but D-amino acids demonstrate
different actions and mechanisms in the central nervous system. For instance, L-serine might
be converted to the enantiomer D-serine by serine racemase, which has been purified from the
mammalian brain (Wolosker et al., 1999). D-Serine is present in the brain of several
vertebrate species including carp, frog, mice, rat and chick (Nagata et al., 1994), and is in
particularly high concentration in the mammalian brain where it acts as an endogenous ligand
for the NMDA-R-related glycine site. According to Asechi et al. (2006), L-serine induced
sedative and hypnotic effects in chicks under acute stress, but D-serine did not. The ligand for
the NMDA-R, glycine, had similar sedative and hypnotic effects under acute stress. Why D-
serine did not show sedative and hypnotic effects was unclear, but glycine can act at the
glycine receptor. L-Serine is a precursor for the synthesis of other amino acids including
glycine and L-cysteine. Asechi et al. (2006) confirmed that L-cysteine, as well as L-serine
and glycine, had sedative and hypnotic effects in chicks under acute stress. However, L- and
D-cysteine had a different mechanism under acute stress since L-cysteine increased sleep-like
behavior while D-cysteine caused abnormal behavior including syncope as well as sleep-like
behavior (Yamane et al., 2009c). On the other hand, it was an interesting observation that L-
and D-proline functioned through different receptors. L-Proline and D-proline differentially
induce sedative and hypnotic effects through NMDA and glycine receptors, respectively
(Hamasu et al., 2010).

D-Asp has been detected in various proteins from human tissue samples such as eye lens,
brain, skin, bone, teeth and aorta from elderly individuals (Fujii, 2005). The presence of D-
Asp is believed to be the result of racemization of L-Asp. However, a chiral reaction field
exists in the native higher order structure of protein which induces the inversion of L-Asp to
D-Asp residue (Fujii, 2005). Free D-Asp occurs in the central nervous system of various
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species including chickens, pigeons, rats, mice and humans (Hashimoto et al., 1993, 1995;
Kera et al., 1996; Morikawa et al., 2001; Neidle & Dunlop, 1990). To our knowledge, there
are few reports investigating the effects of D-Asp on stress responses. From discussions in the
previous sections, it can be easily hypothesized that brain D-Asp has sedative effects under
social isolation stress in chicks and it can stimulate the HPA-axis by acting on the NMDA-R
not only by itself but also by its metabolite NMDA. On the other hand, recently Molinaro et
al. (2010) suggests that D-Asp, but not NMDA, activates mGIluR5 receptors coupled to
polyphosphoinositide hydrolysis in early postnatal rat brain slices. mGIuRS5 is highly
expressed during the early postnatal brain and is also found in the embryonic brain (Di Giorgi
Gerevini et al., 2004). mGluRS could play some role in the stress response because stress-
induced hyperthermia was reduced in mGluRS knockout mice (Brodkin et al., 2002).
Therefore, behavioral and/or endocrine stress responses may be regulated by brain D-Asp to
stimulate both NMDA-R and mGluRS5 especially in the developmental period. Stress in this
period could induce a big impact (both negatively and positively) on brain maturation and/or
function such as stress sensitivity in adulthood (Parker et al., 2006; Kikusui & Mori, 2009).
Therefore, clarification of the relationship between central D-Asp and stress response in this
period may be important to understand the physiological mechanisms of stress response in the
brain. This should be investigated in the future.
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