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Abstract

Neuroprotective effects of N-acetylaspartylglutamate (NAAG), the precursor of glutamate and a selective agonist at the Group II
metabotropic glutamate (mGlu) receptor, against hypoxic-ischemic brain injury were examined in a neonatal rat model of cerebral hypoxia-
ischemia. The neonatal hypoxia-ischemia procedure (unilateral carotid artery ligation followed by exposure to an 8% oxygen hypoxic
condition for 1.5 h) was performed in 7-day-old rat pups. Following unilateral carotid artery ligation, NAAG (0.5 to 20 mg/kg, i.p.) was
administered before or after the hypoxic exposure. Brain injury was examined 1-week later by weight reduction in the ipsilateral brain and by
neuron density in the hippocampal CA1 area. In the saline-treated rat, neonatal hypoxia-ischemia resulted in severe brain injury as indicated
by a 24% reduction in the ipsilateral brain weight. Low doses of NAAG (2—-10 mg/kg, but not 0.5 mg/kg), administered before or even if 1 h
after the hypoxic exposure, greatly reduced hypoxia-ischemia-induced brain injury (3.8—14.2% reduction in the ipsilateral brain weight). A
high dose of NAAG (20 mg/kg) was ineffective. While L(+)-2-Amino-4-phosphonobutyric acid (L-AP4) and ftrans-[1S,3R]-1-Amino-
cyclopentane-1, 3-dicarboxylic acid (--ACPD) were unable to provide protection against hypoxic-ischemic brain injury, 2-
(phosphonomethyl) pentanedioic acid (2-PMPA), an inhibitor of N-acetylated alpha-linked acidic dipeptidase (NAALADase), which
hydrolyzes endogenous NAAG into N-acetyl-aspartate and glutamate, significantly reduced neonatal hypoxia-ischemia-induced brain injury.
(aS)-a-Amino-a-[(1S, 2S)-2-carboxycyclopropyl]-9H-xanthine-9-propanoic acid (LY341495), a selective antagonist at the mGlu,,; receptor,
prevented the neuroprotective effect of NAAG. Neuron density data measured in the hippocampal CA1 area confirmed that ipsilateral brain
weight reduction was a valid measure for hypoxic-ischemic brain injury. Neonatal hypoxia-ischemia stimulated an elevation of cyclic AMP
(cAMP) concentration in the saline-treated rat brain. NAAG, L-AP4 and #-ACPD all significantly decreased hypoxia-ischemia-induced
elevation of cAMP. LY341495 blocked the effect of NAAG, but not of L-AP4 or +~ACPD, on hypoxia-ischemia-stimulated cAMP elevation.
The overall results suggest that the neuroprotective effect of NAAG is largely associated with activation of mGlu,,; receptor. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Glutamate receptors can be classified into two categories:
ionotropic and metabotropic glutamate receptors (mGlu
receptors). Excessive activation of glutamate receptors,
especially the ionotropic N-methyl-p-aspartate (NMDA)
receptor and a-amino-3-hydroxy-5-methyl-isoxazole-4-pro-
pionic acid (AMPA) receptor, is one of the most important
factors involved in brain injury following cerebral hypoxia-
ischemia (Barks and Silverstein, 1992; Gill and Lodge,
1997). Therefore, most studies in seeking therapeutic treat-
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ment of hypoxic-ischemic brain injury have focused on
ionotropic glutamate receptors. Although antagonists of
ionotropic subtypes of glutamate receptors (NMDA and
AMPA receptors) have been shown to be highly neuro-
protective in animal models of cerebral hypoxia-ischemia
(Choi, 1992), side effects of these compounds hinder their
clinical use (Hagberg et al., 1994). Recently, the role of mGlu
receptors in the hypoxic-ischemic brain injury has received
increasing attention (Schoepp and Conn, 1993; Nicoletti etal.,
1996; Maiese, 1998). The eight mGlu receptor subtypes are
divided into three groups, based on their pharmacological
characteristics, amino acid sequences and second messenger
coupling. Group I mGlu receptors (mGlu; and mGlus recep-
tors) are associated with stimulation of phosphoinositide
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hydrolysis, Group II (mGlu, and mGlus receptors) and Group
IIT mGlu receptors (mGluy, mGlus, mGlu,, and mGlug
receptors) are negatively coupled to cyclic AMP (cAMP)
formation and are thought to act as presynaptic autorecep-
tors, regulating glutamate transmission. As shown in a num-
ber of animal studies (Bond et al., 1998, 1999, 2000; Cai et
al., 1999), the neuroprotection against ischemic brain injury
afforded by selective Group II mGlu receptors agonists, such
as (+)-2-aminobicyclo[3.1.0]-hexane-2,6-dicarboxylic acid
(LY345740) and 1R, 4R, 5S, 6R-2-oxa-4-aminobicy-
clo[3.1.0] hexane-4,6-dicarboxylate (LY379268), indicates
that selective activation of Group II mGlu receptors may be
a possible target for ischemia/stroke therapy.

N-acetylaspartylglutamate (NAAGQG) is an abundant pep-
tide neurotransmitter found in millimolar concentrations in
the mammalian brain (Neale et al., 2000). NAAG is an
agonist at Group Il mGlu receptors (Wroblewska et al., 1997,
1998; Neale et al., 2000) and a mixed agonist/antagonist at
the NMDA receptor (Puttfarcken et al., 1993). NAAG has
been shown to protect against excitotoxic neuronal death in
vitro (Battaglia et al., 1998; Bruno et al., 1998b) and in vivo
(Orlando et al., 1997). NAAG also protects against hypoxic
neuronal injury in vitro (Tortella et al., 2000) and against
brain injury induced by transient focal cerebral ischemia in
vivo (Lu et al., 2000). The neuroprotective effect of NAAG
has been proposed to be attributed to its action as an agonist
at Group II mGlu receptors (Lu et al., 2000). However, this
hypothesis has not been extensively tested in in vivo animal
models.

Perinatal hypoxia-ischemia is a major contributor to new-
born infant death and long-term neurological abnormalities.
The Rice—Vannucci (Rice et al., 1981) rat model (unilateral
common carotid artery ligation in 7-day-old rat pups fol-
lowed by a period of hypoxia) is a well established and
characterized model for perinatal cerebral hypoxia-ischemia
studies. It is thought that the developing rat brain at this stage
is comparable to that of the full-term newborn human baby.
Therefore, investigation of the role of NAAG in the neonatal
hypoxic-ischemic rat model may provide important infor-
mation to the development of therapeutic treatment of
perinatal hypoxic-ischemic brain injury. Using the neonatal
rat model of hypoxia-ischemia, we have examined whether
NAAG offers neuroprotection against neonatal hypoxic-
ischemic brain injury and whether its effect is through
activation of Group II mGlu receptors.

2. Materials and methods
2.1. Chemicals

Unless otherwise stated, all chemicals used in this study
were purchased from Sigma (St. Louis, MO). NAAG was
obtained from Alexis (San Diego, CA) and (aS)-a-amino-o-
[(1S, 2S)-2-carboxycyclopropyl]-9H-xanthine-9-propanoic
acid (LY341495) was purchased from Tocris (Ballwin, MO).

2.2. Neonatal hypoxia-ischemia and animal treatment

The neonatal hypoxia-ischemia procedure was performed
as described by Rice et al. (1981). On postnatal day 7, the
right common carotid artery of the individual Sprague—
Dawley rat pup was exposed, isolated from nerves and
veins, and permanently ligated with 4-0 surgical silk under
light anesthesia with isoflurane and the wound was sutured
with 6-0 surgical silk. After recovery from anesthesia, the
pups were returned to their dams for 1-1.5 h. Thereafter,
groups of six pups were placed in 1000-ml airtight jars and
exposed to a humidified oxygen—nitrogen mixture (8% O,
and 92% N,) delivered at 4 to 5 I/min for 1.5 h. The jars were
partially submerged in a 37 °C water bath to maintain a
constant thermal environment. After the hypoxic exposure,
the pups were returned to the dams. NAAG, L~(+)-2-amino-
4-phosphonobutyric acid (L-AP4) or trans-[1S,3R]-1-
Amino-cyclopentane-1,3-dicarboxylic acid (¢-ACPD) in N-
[2-hydroxyethyl]piperazine-N’ -[2-ethanesulfonic acid]
(HEPES) saline buffer (pH 7.2) was administrated intra-
peritoneally (i.p., 10 ml/kg) to the pups after the right
common carotid artery ligation surgery and 1 h before or
5, 30 and 60 min after the hypoxic exposure. NAAG was
administered at a dosage of 0.5, 2, 5, 10 or 20 mg/kg and the
control group received the same volume of HEPES saline
buffer. The NAAG dose range chosen here was based on
published data (Lu et al., 2000). NAAG protects against
focal ischemia brain injury in adult rats (260—-290 g), when it
is administered intracerebrally at a dose of 1—2 umol/rat (Lu
et al., 2000), which is equivalent to 1.1-2.3 mg/kg. Since
intraperitoneal injection is used in our study, a little higher
dose range was chosen. LY341495, a selective mGlu,; re-
ceptors antagonist (Kingston et al., 1998), was administered
(10 mg/kg, i.p.) 1 h before the hypoxic exposure. The
experimental procedure was approved by the Institutional
Animal Care and Use Committee at the University of Mis-
sissippi Medical Center and was in accordance with the
guide of National Institute of Health on the care and use of
animals.

2.3. Estimate of brain injury

Brain injury was estimated 7 days after the neonatal
hypoxia-ischemia procedure, using the method described
by Gidday et al. (1994). Rat pups were sacrificed by decapi-
tation. The right (ipsilateral to carotid artery ligation) and the
left (contralateral to carotid artery ligation) cerebral hemi-
spheres (without the cerebellum) were separated and weighed.
This hypoxia-ischemia model results in severe brain damage
only on the ipsilateral, but not the contralateral side of the brain
(Riceetal., 1981). Therefore, the percentage weight reduction
of the ipsilateral cerebral hemisphere as compared to the
contralateral hemisphere was calculated as a measure of
hypoxic-ischemic brain injury, i.e. % weight reduction = (left
hemisphere weight — right hemisphere weight)/left hemi-
sphere weight.



Z. Cai et al. / European Journal of Pharmacology 437 (2002) 139-145 141

To confirm percentage brain weight reduction as an
effective measure of brain injury, we fixed brain samples
with 4% paraformaldehyde after weighing them. Frozen
coronal brain sections (10 um) were prepared from these
samples and stained with hematoxylin and eosin. Under light
microscopy, viable neurons in the hippocampal CA1 region
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at the level of anterior thalamus were counted in a blinded
manner and expressed as number of cells/mm of CAl as
previously described (Cai et al., 1999).

2.4. cAMP measurement

Activation of Group II mGlu receptors is known to be
associated with inhibition of cAMP formation (Tanabe et al.,
1992). In the current study, cAMP concentration in the
neonatal rat brain following hypoxia-ischemia was deter-
mined as a measure of activation of Group Il mGlu receptors,
using a direct cAMP immunoassay kit (Assay Designs, MI).
One hour after hypoxia-ischemia exposure, rat pups were
sacrificed by decapitation. The brain was dissected on ice,
snap frozen in liquid nitrogen and stored at — 70 °C until
use. For assay sample preparation, the right rat brain (ipsi-
lateral to the ligation side) was homogenized in 10 volumes
(w/v) of 0.1 M HCI. The homogenates were centrifuged at
600 x g for 20 min at room temperature and the supernatants
were collected for assay. cAMP concentration in the ipsi-
lateral rat brain was determined colorimetrically at a wave-
length of 405 nm, following the manufacturer’s instructions
for a non-acetylated procedure. The results were expressed
as the increase in cAMP concentrations (pmol per mg of
protein) above the cAMP level measured from the naive
neonatal rat brain at the same age.

2.5. Statistics

The neuron density data, brain weight reduction data and
cAMP data were analyzed by one-way Analysis of Variation
(ANOVA) followed by Student—Newman—Keuls test. The
significance level was set at P<0.05.

3. Results
3.1. Neuroprotective effects of NAAG

The neonatal hypoxia-ischemia procedure resulted in
severe brain tissue damage in the ipsilateral hemisphere as

indicated by a 24% brain weight reduction in the saline-
treated group (Fig. 1A). NAAG (2 or 10 mg/kg, but not 0.5

Fig. 1. NAAG significantly reduces neonatal hypoxic—ischemic brain
injury. Neonatal hypoxia—ischemia procedure was performed as described
in the text. One week later, brain injury was estimated by % weight
reduction in the ipsilateral hemisphere as defined in the Materials and
methods. (A) Hypoxic—ischemic brain injury in rat pups treated with
various doses of NAAG before or after the hypoxic exposure as labeled in
the figure. Rats received HEPES saline was taken as the control. (B)
Hypoxic—ischemic brain injury in rat pups treated with 5 mg/kg NAAG at
various times after the hypoxic exposure. (C) Hypoxic—ischemic brain
injury in rat pups treated with NAAG (5 mg/kg), 2-PMPA (10 mg/kg), or
other mGlu receptor agonists (10 mg/kg) 5 min after the hypoxic exposure.
LY341495 (10 mg/kg, i.p.) was injected 1 h before the hypoxic exposure.
Each bar represents the mean + S.E.M. of the number of samples indicated
in the parenthesis. * P<0.05 from the value for the saline-treated group.



142 Z. Cai et al. / European Journal of Pharmacology 437 (2002) 139-145

600 -
vZZA Contralateral side

’E\ 00 [ Ipsilateral side

5 |
£ _
% (n=8)
T 400 (n=9) (n=9) (n=9)
>
2
‘o 300 A
% (n=8) (n=9)
e} * *
c 200 A
o
=]
[}
Z 100 A

0 |

Saline NAAG (5 mg/kg) NAAG (5 mg/kg)
(after hypoxia) +
LY341495 (10 mg/kg)

Fig. 2. Neuron density (cells/mm) in the hippocampal CAl area. The
neonatal hypoxia—ischemia procedure was performed on postnatal day 7
and brain sections were prepared as described in the text. NAAG or saline
was administered i.p. 5 min after the hypoxic exposure. LY341495 (10 mg/
kg, i.p.) was administered 1 h before the hypoxic exposure. Number of
viable neurons at the hippocampal CA1 region in both the contralateral and
the ipsilateral hemispheres was counted under a microscope by a person
blinded to the treatment with the Cell Analysis Systems (CAS) from Becton
Dickinson (Elmhurst, IL). Results are expressed as the mean + S.E.M. of the
number of samples indicated in the parenthesis. * P<0.05 from the neuron
density measured at the contralateral brain in the same treatment group.

mg/kg) administered 1 h prior to the hypoxic exposure
provided dose-dependent protection against hypoxic-ische-
mic brain injury as indicated by a decreased brain weight
reduction (9.6% and 7.5%, respectively, Fig. 1A). Significant
protective effects of NAAG were also prominent when
NAAG was administered at these two doses 5 min after
the hypoxic exposure. However, the protection of 10 mg/kg
NAAG was less effective than 2 mg/kg NAAG. When the
NAAG dose was further increased to 20 mg/kg, NAAG lost
its protection or even became toxic, as indicated by an
increased ipsilateral brain weight reduction (28.7%). We
tested the effect of NAAG (5 mg/kg) administered at various
times after the hypoxic exposure. Significant protection of
NAAG was observable even if it was administered 1 h after
the hypoxic exposure (Fig. 1B). The best protection of
NAAG (3.8% in ipsilateral brain weight reduction) was
observed when it was administered at this dose 30 min after
the hypoxic-ischemic insult. Although NAAG (5 mg/kg,
administered 5 min after the hypoxic exposure) decreased
ipsilateral brain weight reduction to 10%, pretreatment of
LY341495 (10 mg/kg), a selective antagonist at the mGlu, /3
receptors, blocked the neuroprotection of NAAG (Fig. 1C).
L-AP4 (10 mg/kg), a selective agonist of the Group Il mGlu
receptors, or +-ACPD (10 mg/kg), a non-selective agonist at
the Groups I and II mGlu receptors (Schoepp et al., 1999),
failed to provide protection against hypoxic-ischemic brain
injury (Fig. 1C). On the other hand, 2-(phosphonomethyl)
pentanedioic acid (2-PMPA, 10 mg/kg), a selective inhibitor
of N-acetylated-a-linked-acidic-dipeptidase (NAALADase),
which hydrolyses endogenous NAAG to N-acetylaspartate

and glutamate, was as effective as NAAG in protection of the
neonatal rat brain from hypoxic-ischemic injury (Fig. 1C).

As shown in Fig. 2, neuron density in the ipsilateral
hippocampal CA1 region in the saline-treated group was
significantly reduced as compared to that in the contralateral
side (189 vs. 408 neurons/mm). In the NAAG-treated groups
(5 mg/kg, 5 min after hypoxic exposure), although neuron
density in the ipsilateral hippocampal CA1 region was lower
than that of the contralateral side (357 vs. 383 neurons/mm),
the difference was not statistically significant. Pretreatment
with LY341495 (10 mg/kg) blocked the neuroprotective
effect of NAAG and significantly reduced ipsilateral hippo-
campal CA1 neuron density as compared to the contralateral
hippocampus (204 vs. 374 neurons/mm).

3.2. Effect of NAAG on hypoxia-ischemia-induced elevation
of cAMP

cAMP concentration in the naive rat pup brain was
27.3 £ 0.7 pmol/mg protein. Neonatal hypoxia-ischemia ele-
vated cAMP concentration in the saline-treated rat brain by
6.5 pmol/mg protein (Fig. 3). Pretreatment with LY341495
(10 mg/kg) did not significantly affect hypoxia-ischemia-
induced elevation of cAMP concentration. Administration of
NAAG (2 or 5 mg/kg) 5 min after hypoxic exposure signifi-
cantly reduced hypoxia-ischemia-stimulated increase in
cAMP (1.1 and — 0.8 pmol/mg protein, respectively). Pre-
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Fig. 3. Neonatal hypoxia—ischemia-induced elevation of cAMP concen-
tration in the rat brain. One hour after the neonatal hypoxia—ischemia
procedure, brain samples were collected and cAMP concentrations were
determined as described in the text. NAAG or other mGlu receptor agonists
(10 mg/kg) was administered 5 min after the hypoxic exposure and
LY341495 was injected 1 h before the hypoxic exposure. cCAMP con-
centration in the naive rat pup brain was 27.3 £ 0.7 pmol/mg protein and the
results presented here are the increase in cAMP concentrations above this
level. Each bar is the mean + S.E.M. of four to six brain samples. * P<0.05
from the value for the saline-treated, without LY341495 group.
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treatment with LY341495 (10 mg/kg) completely blocked
the suppressive effects of NAAG on hypoxia-ischemia-
stimulated cAMP elevation. L-AP4 or ~ACPD (10 mg/kg,
respectively) was also capable of preventing the increase of
cAMP concentration stimulated by hypoxia-ischemia (Fig.
3). However, pretreatment with LY 341495 failed to block
the effects of L-AP4 or ~ACPD on suppression of hypoxia-
ischemia-stimulated cAMP elevation, suggesting that inhib-
ition of hypoxia-ischemia-stimulated elevation of cAMP
concentration by NAAG and by r-AP4 or ~-ACPD was
mediated through different subtypes of mGlu receptors.

4. Discussion

Intracerebral administration of NAAG before middle
cerebral artery occlusion or co-injection of NAAG with
quinolinic acid has been shown to protect the adult rat brain
from transient focal cerebral ischemic injury (Lu et al.,
2000) or quinolinic acid excitotoxicity (Orlando et al.,
1997). Consistent with results from these reports, we have
demonstrated in the current study that NAAG has also
neuroprotective effects in the neonatal rat model of hypo-
xia-ischemia. Furthermore, NAAG was administered syste-
mically in the present study and the significant neuro-
protective effect was observed when NAAG was even
injected 1 h after the hypoxia-ischemia event. Although
the protective dose range of NAAG (2—10 mg/kg) observed
in this study is a little higher than the effective dose range of
intracerebrally injected NAAG (1-2 pmol/rat, equivalent to
1.1-2.3 mg/kg) previously reported (Lu et al., 2000), no
toxic sign was observed following NAAG injection in this
study. Intraperitoneal administration is more applicable.
This may be of important significance for potential use of
NAAG as a therapeutic treatment for perinatal hypoxic-
ischemic brain injury.

2-PMPA, a potent inhibitor of NAALADase that hydro-
lyzes endogenous NAAG into N-acetylaspartate and gluta-
mate, has been shown to protect the rat brain or neurons from
hypoxic-ischemic or excitotoxic injury (Slusher et al., 1999;
Harada et al., 2000; Thomas et al., 2000; Tortella et al.,
2000). The neuroprotective effect of 2-PMPA has been
attributed to the reduction in glutamate production and the
increase in endogenous NAAG, which activates Group II
mGlu receptors (Slusher et al., 1999; Vornov et al., 1999).
The decreased extracellular glutamate concentration and the
increased extracellular NAAG upon application of 2-PMPA
have been demonstrated in a rat model of transient middle
cerebral artery occlusion (Vornov et al., 1999). While neuro-
protection of preventing excessive glutamate release is well
documented, the neuroprotective effects of NAAG as a result
of activation of Group II mGlu receptors has not been
confirmed by in vivo studies. Results from the present study
have provided evidence that the neuroprotective effects of
NAAG against hypoxic-ischemic brain injury is primarily
mediated by the activation of Group II mGlu receptors.

NAAG is a selective agonist at Group II mGlu receptors,
especially at mGlu; receptor (Wroblewska et al., 1997; Neale
et al., 2000). In the present study, the significant neuro-
protection against neonatal hypoxic-ischemic brain injury
was only observed following the administration of NAAG,
but not following the injection of L-AP4, a selective agonist
of the Group III mGlu receptors or --ACPD, a non-selective
agonist at the Groups I and II mGlu receptors (Schoepp et al.,
1999). LY341495, a highly potent and selective antagonist at
Group II mGlu receptors (Kingston et al., 1998), attenuates
the neuroprotective effects of NAAG (Fig. 1C). Our cAMP
data provide further evidence for the action of NAAG as a
result of selective activation of Group II mGlu receptors.
Hypoxia-ischemia-induced elevation of cAMP concentra-
tion, which may be associated with dopamine release or
protein kinase C activation following hypoxia-ischemia
(Prado et al., 1992; Domanska-Janik and Pylova, 1992),
was observed in the current study. Since both Groups II and
IIT mGlu receptors are negatively coupled with cAMP
formation, NAAG, 1-AP4 and ACPD all reduced hypo-
xia-ischemia-induced elevation of cAMP (Fig. 3). While
effects of NAAG on hypoxia-ischemia-induced elevation
of cAMP were completely prevented by LY341495, effects
of L-AP4 or +~ACPD on hypoxia-ischemia-induced cAMP
elevation were not affected by LY341495, which has also
weak antagonist activity on mGlu; and mGlus receptors
(Schoepp et al., 1999). These results consistently indicate
that the neuroprotective effect of NAAG on neonatal hypo-
xia-ischemia-induced brain injury is largely associated with
activation of Group II mGlu receptors, although the possi-
bility of NAAG acting as a mixed agonist/antagonist at
specific NMDA receptor subtypes cannot be completely
excluded (Puttfarcken et al., 1993; Neale et al., 2000).

It has been found that the neuroprotective effect of NAAG
in the subcortical region is more prominent than in the
cortical region in an adult rat model of focal ischemia (Lu
et al., 2000). Hence, the authors found that a Group II mGlu
receptors antagonist, (S)-a-methyl-4-carboxyphenylglycine
((S)-MCPQ), is more effective in blocking the protective
effect of NAAG in the subcortical area than in the cortical
area (Lu et al., 2000). In the present study, the protective
effect of NAAG (5 mg/kg) was completely reversed by
LY341495 compared to the saline-treated group, when brain
injury was estimated by neuron density in the hippocampal
CALl region (Fig. 2). When brain injury was estimated by
percentage weight reduction in the ipsilateral hemisphere
(Fig. 1C), however, blockade of the protective effect of
NAAG by LY341495 appeared not complete. The exact
reason for this discrepancy is unclear at this time. Since
the neuron density data in the current study specifically
reflect the hypoxic-ischemic injury in the hippocampal
region while brain weight reduction may represent brain
injuries in many brain regions, the above-mentioned discrep-
ancy may be an indication that there might be regional
differences in neuroprotective effect of NAAG. It is worthy
of further investigation.
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NAAG can be hydrolyzed by NAALADase into N-
acetylaspartate and glutamate, of which an excessive amount
is neurotoxic. A recent study has demonstrated that when
NAALADase is active in cortical cell cultures, the added
NAAG has toxic effects and when NAALADase is inhibited,
the added NAAG is neuroprotective (Thomas et al., 2000).
Therefore, use of phosphate buffer, which inhibits NAALA-
Dase, for NAAG administration has been recommended (Lu
et al., 2000). We used a HEPES buffer as the vehicle for
NAAG administration in our study and the neuroprotective
effect of NAAG was still observable when it is used at low
doses. However, data from the current study have shown that
NAAG used at high doses was no longer protective and even
became toxic. When NAAG was used at 10 mg/kg, its
protective effect was less than when used at 2 or 5 mg/kg
and when NAAG was used at 20 mg/kg, ipsilateral brain
injury was increased rather than decreased (Fig. 1A). The
loss of neuroprotective effects of NAAG at higher doses has
been reported in other in vitro (Bruno et al., 1998b; Thomas
et al., 2000) and in vivo studies (Orlando et al., 1997; Lu et
al., 2000). This observation is possibly associated with the
dual effects of NAAG: the activator of Group II mGlu
receptors and the precursor of glutamate. In the presence
of endogenous NAALADase, it appears there is a balance
between the dual effects. When exogenous NAAG is admin-
istered at low or moderate doses, the effect of NAAG as an
activator of Group II mGlu receptors is prevalent and it is
neuroprotective. When NAAG is used at high doses, how-
ever, its effect as the precursor of glutamate becomes pre-
dominant. Excessive exogenous NAAG may lead to more
glutamate production, which may offset the effect of NAAG
acting on mGlu receptors and result in toxicity. Therefore,
results from the present study support the idea that inhibition
of endogenous NAALADase should be taken into consid-
eration when exogenous NAAG is going to be used as a
therapeutic treatment for hypoxic-ischemic brain injury (Lu
et al., 2000).

The involvement of Group II mGlu receptors in neuro-
protection has been demonstrated in a number of in vivo and
in vitro studies. Recent studies have shown that (S)-4-
carboxy-3-hydroxyphenylglycine ((S)-4C3HPG), a compet-
itive antagonist at mGlu, receptor and an agonist at mGlu,/3
receptor, provides neuroprotection against transient global
ischemia in gerbils and focal cerebral ischemia in adult rats
(Henrich-Noack et al., 1998; Rauca et al., 1998). Selective
mGlu,,; receptor agonists, LY354740 and LY379268, have
been shown to attenuate brain injury in a gerbil model of
global ischemia (Bond et al., 1998, 1999, 2000) and in a
neonatal rat model of cerebral hypoxia-ischemia (Cai et al.,
1999). Group II mGlu receptors agonists have also been
shown to protect cultured neurons against NMDA- or
kainate-induced neuronal degeneration (Nicoletti et al.,
1996; Bruno et al., 1995; Battaglia et al., 1998). However,
the detailed mechanisms involved in the neuroprotection
mediated through activation of Group II mGlu receptors
remain unclear. In the present study, while L-AP4 and #-

ACPD reduced hypoxia-ischmia-induced elevation of cAMP
as did NAAG, L-AP4 and #~ACPD did not protect the
neonatal rat brain from hypoxic-ischemic injury. Therefore,
it is unlikely that reduced cAMP elevation is associated with
the neuroprotection mediated by activation of Group II mGlu
receptors. At the present time, two possible explanations
have been proposed. First, activation of Group II mGlu
receptors attenuates glutamate release (Bruno et al., 1995).
All three groups of mGlu receptors have been implicated in
the inhibition of glutamate transmission at specific synapses
(Cartmell and Schoepp, 2000). In the current study, the
neuroprotective effect was only observed following admin-
istration of NAAG, but not L-AP4 or --ACPD. This hypoth-
esis appears difficult to explain the neuroprotection of
NAAG observed in this study. However, effects of NAAG
on glutamate release have not been directly examined in the
current study. Therefore, the possibility that NAAG inhibits
glutamate release should not be completely excluded. Sec-
ond, the activation of Group II mGlu receptors on glial cells
causes release of neurotrophic factors, such as transforming
growth factor (TGF-p), which protects surrounding neurons
from excitotoxicity (Bruno et al., 1998a). This hypothesis is
supported by the observation that NAAG treatment to
cortical neurons increases TGF-{ release in the cultural me-
dia and reduces neuronal death induced by cellular ischemia
(see Lu et al., 2000). We have not tested this possibility in
our present study. A recent study has shown that LY379268,
a selective mGlu,,;3 receptor agonist protects gerbil brains
from global ischemic injury induced by bilateral carotid
artery occlusion, but fails to alter the expression of TGF-,
brain-derived neurotrophic factor, nerve growth factor and
basic fibroblast growth factor (Bond et al., 2000). It appears
that the in vivo situation may be more complicated than the
in vitro situation. To elucidate mechanisms involved in the
neuroprotection mediated by activation of Group II mGlu
receptors, further investigations are needed.
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