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Abstract

Ž .The present study examined the neuroprotective actions of the N-acetylated-a-linked-acidic dipeptidase NAALADase inhibitor
Ž . Ž .2- phosphonomethyl pentanedioic acid 2-PMPA in four in vitro models of neurotoxicity. Using neuron-enriched primary cultures

Ž . Ž .derived from rat embryo E15 cerebellum, 2-PMPA afforded 100% neuroprotection from injuries induced by hypoxia EC s8.4 mM .50
Ž .In contrast, against glutamate or N-methyl-D-aspartate NMDA injury, 2-PMPA was less potent and its efficacy limited to a maximum of

46% and 16%, respectively. 2-PMPA was not effective against veratridine-induced injury. Also, the less potent analog of 2-PMPA,
w x Ž .2- phosphonomethyl succinic acid 2-PMSA , was ineffective. Unlike 2-PMPA, the endogenous NAALADase substrate and mGlu3

Ž .receptor agonist N-acetyl-aspartyl-glutamate NAAG was neuroprotective against all four injury mechanisms and compared to 2-PMPA,
exhibited a different Aphosphate effectB on neuroprotection. These results confirm the superior efficacy of 2-PMPA to protect against
injury caused by cellular anoxia, and are discussed relative to upstream modulation of hyperglutamatergic activity vs. downstream
modulation of metabotropic receptors as possible targets for ischemiarstroke therapy. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Glutamate is the major excitatory neurotransmitter in
mammalian brain. Excessive activation of cellular gluta-

Žmatergic processes i.e. receptors, ion channels, transcrip-
.tion proteins, etc. is believed to represent the seminal

cellular mechanism promoting neurodegeneration leading
to neuron dysfunction and cell death. Regardless of etiol-

Žogy, or subsequent clinical event i.e. stroke, brain trauma,
progressive neurodegenerative diseases, chemicalrbiologi-

.cal terrorism, etc. , the arrest of hyperglutamatergic activ-
ity and subsequent attenuation of the excitotoxic cascade
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remains a dynamic challenge to drug development and
experimental therapeutics, and one of significant clinical
potential.

Much research has focused on the two primary classes
Ž .of glutamate receptors ionotropic and metabotropic and

the role of intracellular calcium and other downstream
mechanisms representing the excitotoxic Asecondary sig-
naling cascadeB. Alternatively, upstream modulation of
glutamate by interfering with its neuropeptide precursor

Ž . Ž .N-acetyl-aspartyl-glutamate NAAG Coyle, 1997 , via
inhibition of the hydrolyzing enzyme N-acetylated-a-lin-

Ž .ked-acidic dipeptidase NAALADase , has recently re-
ceived attention as a novel strategy to suppress excitotoxic
glutamate neurotransmission pathogenic to several brain

Ž .disorders Slusher et al., 1999 .
The purpose of this study was to examine the neuropro-

Žtective properties of an inhibitor of NAALADase, 2- phos-
. Ž . Žphonomethyl pentanedioic acid 2-PMPA Jackson et al.,

.1996 , in different in vitro neuronal culture models of cell
death. Using cerebellar neurons, neuroprotection was stud-
ied following hypoxiarhypoglycemia, N-methyl-D-aspar-
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Ž .tate NMDA , glutamate, or veratridine-induced neuronal
injury.

2. Materials and methods

2.1. Cerebellum cultures

Neuronal cultures were prepared from prenatal day 15
ŽSprague–Dawley rat embryo cerebellum whole cerebel-

.lum . The harvested neurons were plated in 48-well culture
Ž 5 .plates 5=10 cellsrwell pre-coated with poly-L-lysine.

The cultures were maintained in a medium containing
Ž .equal parts of Eagle’s basal media without glutamine and

Ham’s F12K media supplemented with 10% heat-in-
activated horse serum, 10% fetal bovine serum, glucose
Ž . Ž . Ž600 mgrml , glutamine 100 mgrml , penicillin 50

. Ž .unitsrml , and streptomycin 50 mgrml . After 48 h in
Ž y5 .culture, cytosine arabinoside 5=10 M was added to

inhibit non-neuronal cell division. Cells prepared by this
method were used in experiments after 7–10 days in
culture and consisted of approximately 80% neurons and

Ž .10% glia Dave et al., 1997 . Additional characterization
of the 80% neuronal population in these cultures has
determined that while greater than 50% are glutamatergicr
cholinergic, approximately 35% are GABAergic or
dopaminergic with the remaining 10–15% representing

Ž .mixed populations of neurons unpublished observation .
Furthermore, the specific activity for NAALADase in our
cerebellar cultures is 0.019"0.002 pmolrminrmg protein
Ž .unpublished observations .

2.2. Neurotoxicity models and assessment

Neurotoxicity was produced by 2 h of hypoxiarhypo-
glycemia, or a 45-min exposure to 80 mM glutamate, or
100 mM NMDA, or 20 mM veratridine. Hypoxiarhypo-
glycemia was induced by incubating the cells in a humidi-
fied air-tight chamber saturated with 95% nitrogen:5%
CO gas for 2 h in Locke’s solution without added2

glucose. In the first series of experiments, cells were
pretreated with either vehicle or 2-PMPA 2 h prior to
hypoxiarhypoglycemia, or 45 min prior to neurotoxin
exposure. In addition, in separate hypoxiarhypoglycemia
experiments, treatment with 2-PMPA was delayed for 1, 2,
or 4 h after hypoxiarhypoglycemia. Critically, all of the

Ž w x Ž2-PMPA and 2- phosphonomethyl succinic acid 2-
..PMSA experiments were performed in a phosphate-free

media throughout the 24-h period since phosphate itself is
Ža potent inhibitor of NAALADase activity Slusher et al.,

.1990 . In a second series of experiments, the effects of
Ž .NAAG, b-NAAG the nonhydrolizable form of NAAG

and 2-PMSA, a less potent structural analog of 2-PMPA,
were examined in Aphosphate-freeB and Aphosphate-con-
tainingB media.

At 24 h post-injury, neuronal viability was qualitatively
assessed by morphological evaluations and quantified us-
ing colorimetric assay. For morphological evaluation, the
neuronal cultures were viewed under bright-field phase

Ž .contrast 80= light microscopy. Quantification of cell
w xviability was made using the 3- 4,5-dimethylthiazol-2-yl -
Ž .2,5-diphenyltetrazolium bromide MTT assay. Briefly, this

Ždye was added to each well final concentration of 1.5
.mgrml and cells were incubated with MTT for 1 h at

378C. When the assay was terminated, the dye was solubi-
Ž .lized by acidified isopropanol 0.1 N HCl in isopropanol
Ž .and the absorbance intensity 540 nm of each sample

measured in a 96-well plate reader. Values are expressed
relative to vehicle-treated control cells that were main-

Ž .tained on each plate normoxic conditions and the percent
change in cell viability is calculated. Using the following

Ž .equation Ved et al., 1997 , percent neuroprotection is
defined as:

%Neuroprotection

Survival ySurvivalŽ insultqPMPA . Ž insult.
s =100.

Survival ySurvivalŽVehicle. Ž insult.

Differences in the cell viability among treatment groups
were determined using one-way analysis of variance and
the Newman–Keuls test.

3. Results

3.1. Neurotoxicity

Ž .Exposure of normal cerebellar neurons Fig. 1A to
Ž . Ž .hypoxiarhypoglycemia Fig. 1B , glutamate Fig. 1C ,

Ž . Ž .NMDA Fig. 1D , or veratridine Fig. 1E , was highly
neurotoxic. Following hypoxiarhypoglycemia, neuronal

Ž .cell death in untreated neurons approached 70% 65"4% .
Neuronal cell death following glutamate, NMDA or vera-
tridine exposures were 75"5%, 70"5% and 60"4%,
respectively.

3.2. Effect of 2-PMPA

ŽCo-treatment with 2-PMPA was neuroprotective Fig. 1,
.F–I , and the degree of neuroprotection dependent upon

the mechanism of cell death. Against hypoxiarhypo-
Ž .glycemia, the 2-PMPA neuroprotection Fig. 1F was con-

Ž .centration-dependent EC s8.4 mM and 100% effective50
Ž . Ž .Fig. 2 . In contrast, against glutamate Fig. 1G or NMDA
Ž .Fig. 1H neurotoxicity, the protective effects of 2-PMPA
were limited. Maximal neuroprotection obtained was only
46% and 16%, respectively, at doses of 2-PMPA as high

Ž .as 1000 mM Fig. 2 . Against veratridine-induced neuronal
injury, concentrations of 2-PMPA as high as 1000 mM
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Ž . Ž .Fig. 1. Representative bright-field micrographs 80= of cultured cerebellar neurons stained with MTT stain after either vehicle treatment panel A or
Ž . Ž . Ž . Ž .hypoxiarhypoglycemia, glutamate 80 mM , NMDA 100 mM or veratridine 20 mM treatment panels B, C, D and E, respectively . Panels F, G, H and

I: neurons treated with 500 mM 2-PMPA and subjected to hypoxiarhypoglycemia, glutamate, NMDA or veratridine treatments, respectively.
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Fig. 2. Neuroprotection dose–response effect of 2-PMPA against hy-
poxiarhypoglycemia, glutamate, NMDA or veratridine induced neurotox-
icity. Values are mean"S.E. of four independent determinations obtained

Ž .from two separate experiments ns8rdose .

Žfailed to protect against injury and cell death Figs. 1I and
.2 . Importantly, in the hypoxiarhypoglycemia injury

model, delaying 2-PMPA treatment for 1 or 2 h, but not 4
Ž .h, was also neuroprotective Fig. 3 .

3.3. Effect of 2-PMSA

In contrast to 2-PMPA, treatment of neurons with 2-
Ž .PMSA at concentrations up to 1000 mM had only a

Ž .marginal neuroprotective effect 18"6% against hy-
poxiarhypoglycemia-induced injury. Furthermore, no pro-
tection was measured against neurotoxic insults produced
by glutamate, NMDA, or veratridine.

wFig. 4. Neuroprotection dose–response effect of NAAG in the presence
Ž . Ž . xtop panel or absence bottom panel of phosphate against hypoxiarhy-
poglycemia, glutamate, NMDA or veratridine toxicity. Values are the
same as described for Fig. 2.

Fig. 3. Post-injury time- and dose-dependent neuroprotection effect of 2-PMPA against hypoxiarhypoglycemia induced injury. Different concentrations of
Ž . Ž . Ž2-PMPA were added at 1 h 1 h after 2 h of hypoxiarhypoglycemia treatment , 2 h at the end of hypoxiarhypoglycemia treatment , or 4 h 2 h after

.hypoxiarhypoglycemia treatment time intervals. Values are the same as described for Fig. 2.
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3.4. Effect of NAAG and b-NAAG

Co-treatment of cerebellar neurons with NAAG was
highly neuroprotective against all four injury models. Un-
like 2-PMPA, the optimal effects of NAAG were seen in

Ž .phosphate-containing media Fig. 4, top where it was
Ž .maximally 90–100% neuroprotective against glutamate

Žand veratridine injuries, with moderate efficacy approxi-
.mately 50% neuroprotection measured against hypoxiar

hypoglycemia and NMDA-induced injuries. Also, unlike
2-PMPA, in the absence of phosphate NAAG neuroprotec-
tion was markedly reduced. Only limited neuroprotection
was seen against glutamate and veratridine induced in-
juries, with no protective effect measured in neurons in-

Ž .jured by hypoxiarhypoglycemia Fig. 4, bottom .
A concentration dependent neuroprotection was also

demonstrated when injured neurons were treated with b-
ŽNAAG. Like NAAG, the potency and efficacy 100%

.neuroprotection of b-NAAG-induced protection was

wFig. 5. Neuroprotection dose–response effect of b-NAAG in the pres-
Ž . Ž . xence top panel or absence bottom panel of phosphate against hy-

poxiarhypoglycemia, glutamate, NMDA or veratridine toxicity. Values
are the same as described for Fig. 2.

Ž .greatest in the presence of phosphate Fig. 5, top and
Žreduced, by 40–50%, in the absence of phosphate Fig. 5,

.bottom . However, unlike 2-PMPA and NAAG, the neuro-
protective effects of b-NAAG occurred independent of the
type of injury.

3.5. High dose neurotoxicity

All the compounds were examined for possible high-
dose neurotoxicity in normal cultured neurons. At concen-
trations as high as 2 mM, 2-PMPA or 2-PMSA failed to
produce evidence of neurotoxicity. In contrast, 1 mM of
NAAG or b-NAAG was cytotoxic, and at 2 mM concen-
trations neuronal cell death approached 80%.

4. Discussion

Consistent with our recent report describing neuropro-
tective effects of 2-PMPA in experimental models of

Žanoxiarischemia mediated neuronal death Slusher et al.,
.1999 , the results of the present study confirmed that

2-PMPA protects neurons from injury induced by cellular
Ž .anoxia i.e. hypoxiarhypoglycemia deprivation and that

delayed treatment with 2-PMPA is also neuroprotective, at
Žleast when the injury is caused by anoxia i.e. hypoxiarhy-

.poglycemia model . Also, it has been demonstrated here
that 2-PMPA is much less effective against neuronal in-
juries induced by downstream activation of specific gluta-
mate receptors andror voltage-gated ion channels. Further-
more, while the neuroprotection mechanism of action of
2-PMPA may, in part, involve actions consistent with a
metabotropic receptor activation, the differences seen be-
tween NAAG, b-NAAG and 2-PMPA in identical injury
models suggest other possibilities.

In experimental conditions modeling pathologic anoxiar
ischemia, such as the hypoxiarhypoglycemia injury used
in the present study or brain ischemia, one possible effect
of NAALADase inhibition would be a reduction in the
hydrolysis of NAAG, the neuropeptide precursor and en-

Ždogenous source for cellular glutamate Blakely and Coyle,
.1988 , to glutamate. This would be expected to lead to a

decrease in the ischemia-induced glutamate release with
consequential increases in extracellular NAAG. Consistent
with this, it has been shown in experimental stroke in rats
that 2-PMPA increases NAAG and decreases the rise in
extracellular glutamate at neuroprotective doses signifi-

Ž .cantly reducing cerebral infarction Slusher et al., 1999 .
By increasing NAAG, a second possible effect of

NAALADase inhibition synergistic to the decrease in glu-
tamate would be neuroprotection possibly via stimulation
of mGlu receptors since NAAG has been described as a3

Žselective agonist for the mGlu site Orlando et al., 1997;3
.Wroblewska et al., 1998 . In contrast to 2-PMPA, where at

concentrations as high as 10 mM it fails to bind to
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Žnumerous neuronal receptor targets including various glu-
.tamatergic, ion channel, enzyme and transporter sites

Ž .Slusher et al., 1999 , NAAG has been reported to display
Žfull agonist properties at mGlu receptor sites EC s263 50

. Ž .mM Hess et al., 1999 . However, the relative importance
of the role of mGlu receptors to the neuroprotection3

Ž .pharmacology of NAAG and indirectly 2-PMPA is un-
clear since it has been recently reported that NAAG-in-
duced neuroprotection at least in spinal neurons is not

Žblocked by mGlu receptor antagonists Yourick et al.,3
.1999 . In addition, since glutamate stimulates both

Žionotropic and metabotropic receptors, and NMDA which
.was relatively unresponsive to 2-PMPA is coupled pri-

marily to ionotropic ligand-gated channels and has no
Žeffect on cloned metabotropic glutamate receptors Pin and

.Duvoisin, 1995 , it is unlikely that the neuroprotection
elicited by 2-PMPA in our studies can be attributable to
ionotropic mechanisms. Additional experiments are under-
way to resolve this issue, including determining whether
2-PMPA neuroprotection can be modulated by mGlu3

receptor ligands, or modulators of ionotropic receptor ac-
tivity. Finally, an important role for voltage-gated, pre-syn-
aptic or post-synaptic glutamate release mechanisms, or
voltage-gated mechanisms triggering abnormal depolariza-
tion-induced excitotoxicity, also seems unlikely since 2-
PMPA failed to attenuate neurotoxicity caused by the
voltage-gated, sodium channel activator veratridine.

What has been established is that 2-PMPA is a potent
and selective inhibitor of NAALADase with a K s280i

Ž .rM Slusher et al., 1999 , and rat brain binding studies
have described 2-site kinetics for 2-PMPA inhibition of

Žthis enzyme high affinity K s2.45 nM and low affinityd
. Ž .K s190 nM Cai et al., 1998 . If the mechanism ofd

action of 2-PMPA involves inhibition of NAALADase
then, given its rM affinity for the enzyme, a similar
potency might be predicted for its neuroprotection actions.
Although in the present study the neuroprotection potency

Ž .for 2-PMPA EC s8.4 mM was approximately 13 times50
Žlower than that reported in earlier studies i.e. EC s61750

.rM; Slusher et al., 1999 our data are consistent with those
described in a dissociated cortical cell anoxia injury model
where the EC for 2-PMPA was likewise shown to be50

Ž .;7 mM Olkowski et al., 1998 . We believe this apparent
discrepancy between enzyme affinity and neuroprotection
potency relates to the fact that in both studies, neuronal
culture models of injury were used where glial prolifera-
tion was highly suppressed. While NAALADase is present
in both neurons and glia, it has been demonstrated that at
least 90% of NAALADase-expressing cells are glia
Ž .Luthi-Carter et al., 1998 . Consistent with this, we have
examined our neuronal enriched cell cultures for NAAL-
ADase activity and determined it to be 0.019"0.002
rmolrminrmg protein. This is approximately 1r10 the

Žactivity reported for glia enriched cultures NAALADase
activitys0.2 pmolrminrmg; B. Slusher, personal com-

.munication and is consistent with the 10% glia concentra-

tion present in our cultures, and the 10–13-fold decrease in
2-PMPA potency described above in our injury model and

Ž .others Olkowski et al., 1998 as compared to its potency
Ž .reported in glia enriched cultures Slusher et.al, 1999 .

Collectively, these results confirm and underscore the im-
portance of glia, which are increased in central nervous

Ž . Ž .system CNS tissue following injury Norton et al., 1992 ,
in neuroprotection mechanisms possibly involving up-
stream modulation of NAALADase.

Although the precise neuroprotection mechanism of
action of 2-PMPA is uncertain and the importance of
NAALADase inhibition remains unresolved, there is con-
vincing evidence that its inhibitory effects on NAAL-
ADase and subsequent neuroprotection are highly selec-
tive. For example, we demonstrated here that 2-PMSA, the
relatively inactive analog of 2-PMPA possessing a K fori

NAALADase inhibition of 2.6 mM, at concentrations up to
Ž .1000 mM was ineffective or only weakly effective in all

four of the neuronal injury models studied. Similar results
have been reported for 2-PMSA and other structurally
related NAALADase inhibitors in a cyanider2-deoxyglu-

Ž .cose model of cellular anoxia Slusher et al., 1999 . The
results of the experiments carried out in the presence and
absence of phosphate are also relevant. Phosphate itself
has a potent inhibitory effect on cellular NAALADase
activity and experiments with 2-PMPA require a phos-

Žphate-free medium for maximal responsiveness Slusher et
.al., 1990 . However, unlike 2-PMPA the neuroprotective

effects of NAAG were not suppressed by phosphate, and
actually were greater when phosphate was present in the
culture media. As might be expected, compared to 2-PMPA
or NAAG the phosphate effect on the non-hydrolyzable
analog b-NAAG, where the role of NAALADase would
be expected to be less relevant, was even less pronounced.

Ž .Furthermore, unlike 2-PMPA or NAAG , b-NAAG in-
duced neuroprotection was shown to occur independent of
the injury mechanismrmodel tested.

Collectively, the various in vitro and in vivo studies
reported to date, including the results described here,
strongly support a mechanism of action for 2-PMPA linked
directly to an upstream modulation of glutamate hyper-ex-
citability, possibly via inhibition of the hydrolyzing en-
zyme NAALADase. Inhibition of NAALADase represents
a novel upstream mechanism aimed at modulating gluta-
mate neurotransmission with limited potential for causing

Ž .adverse effects Slusher et al., 1999; Tortella et al., 1999
and 2-PMPA and related compounds represent a new class
of therapeutic agents for advanced evaluation in neurode-
generative diseases of the CNS.
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