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Excessive glutamate neurotransmission has been implicated in neuronal
injury in many disorders of the central nervous system (CNS), including
human immunodeficiency virus (HIV)-associated dementia. Gp120IIIB is a
strain of a HIV glycoprotein with specificity for the CXCR4 receptor that
induces neuronal apoptosis in in vitro models of acquired immunodeficiency
syndrome (AIDS)-induced neurodegeneration. Since the catabolism of the
neuropeptide N-acetylaspartylglutamate (NAAG) by glutamate carboxypepti-
dase (GCP) II increases cellular glutamate, an event associated with excito-
toxicity, we hypothesized that inhibition of GCP II may prevent gp120IIIB-
induced cell death. Furthermore, through GCP II inhibition, increased NAAG
may be neuroprotective via its agonist effects at the mGlu; receptor. To
ascertain the therapeutic potential of GCP II inhibitors, embryonic day 17
hippocampal cultures were exposed to gp120IIIB in the presence of a potent
and highly selective GCP II inhibitor, 2-(phosphonomethyl)-pentanedioic acid
(2-PMPA). 2-PMPA was found to abrogate gp120IIIB-induced toxicity in a
dose-dependent manner. Additionally, 2-PMPA was neuroprotective when
applied up to 2 h after the application of gp120IIIB. The abrogation of
apoptosis by 2-PMPA was reversed with administration of mGlu; receptor
antagonists and with antibodies to transforming growth factor (TGF)-p. Fur-
ther, consistent with the localization of GCP II, 2-PMPA failed to provide
neuroprotection in the absence of glia. GCP II activity and its inhibition by
2-PMPA were confirmed in the hippocampal cultures using radiolabeled
NAAG and high-performance liquid chromatography (HPLC) analysis. Taken
together, these data suggest that GCP Il is involved in mediating gp120-induced
apoptosis in hippocampal neurons and GCP II inhibitors may have potential in
the treatment of neuronal injury related to AIDS. journal of NeuroVirology
(2010) 15, 449-457.
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Introduction

Acquired immunodeficiency syndrome (AIDS) is a
disease that affects both the immune and nervous
systems. Infection of the nervous system by the
human immunodeficiency virus (HIV)-1 leads to a
spectrum of cognitive and motor problems, including
dementia, myelopathy, and peripheral neuropathy
(Sacktor et al, 2001). Although HIV-1 is not thought
to replicate in neurons (Kaul et al, 2001), the over-
expression of the HIV-1 coat glycoprotein, gp120, has
been shown to produce apoptotic neuronal death
both in vitro and in vivo (Lipton, 1994; Meucci
et al, 1998). The release of neurotoxic agents from
brain macrophages and microglia has been suggested
as a possible mechanism in gp120-induced cell death
(Kaul et al, 2001). Additionally, gp120 was shown
to affect the astrocytic control of extracellular gluta-
mate by both inhibiting the uptake and stimulating
the release of glutamate (Vesce et al, 1997). That
excessive extracellular glutamate neurotransmission
is central to neuronal injury is well documented.
Extensive research has focused on postsynaptic gluta-
mate receptor antagonism as a strategy to attenuate the
pathological consequence of this excess (Lipton, 1998).
Here, we describe a novel strategy for therapeutic
intervention based on the inhibition of glutamate car-
boxypeptidase (GCP) II.

N-acetylaspartylglutamate (NAAG) has been
implicated as a potential storage form of synaptic
glutamate (Neale et al, 2005). The synaptically
localized neuropeptidase GCP II (also termed
N-acetylated-o-linked acidic dipeptidase, NAALA-
Dase; EC3.4.17.21), present on the external surface
of astrocytic cells (Berger et al, 1999; Cassidy and
Neale, 1993), hydrolyzes NAAG to free glutamate
and N-acetyl-aspartate (NAA) both in vitro (Robinson
et al, 1987) and in vivo (Stauch et al, 1989). Since the
catabolism of NAAG increases cellular glutamate, a
neurotransmitter associated with apoptosis, we
hypothesized that inhibition of GCP II could reduce
extracellular glutamate levels and provide a new
strategy targeting gp120-induced neuronal apoptosis
and perhaps consequently, AIDS-related neurotoxic-
ity. Additionally, we hypothesized that GCP II inhi-
bition could protect against gp120 toxicity via
resultant increases in NAAG. NAAG is known to
act as an agonist at the group II metabotropic gluta-
mate receptors, specifically at the mGlu; receptor
(Wroblewska et al, 1997), the effects of which have
previously been shown to be neuroprotective (Bruno
et al, 1998b; Thomas et al, 2000). Several mechan-
isms are thought to underlie the neuroprotection
afforded by mGlu; receptor agonists, including
reduced glutamate release through presynaptic
receptor (Sanchez-Prieto et al, 1996), inhibition of
cyclic adenosine monophosphate (cAMP) formation
(Buisson and Choi, 1995), and the release of trans-
forming growth factor (TGF)-B (Bruno et al, 1998a,
1998b).

In 1996, the first potent and selective GCP II
inhibitor, termed 2-(phosphonomethyl)-pentane-
dioic acid (2-PMPA), was described (Jackson et al,
1996). In this report, we examined the therapeutic
potential of 2-PMPA in hippocampal cultures
exposed to gp120IIIB, a model of AIDS-related neu-
ronal injury.

Results and discussion

2-PMPA rescues hippocampal neurons from
gp120IIIB neurotoxicity in a dose- and
time-dependent manner

Significant apoptosis occurred in hippocampal neu-
rons exposed to gp120IIB, at 200 pM (Figure 1A;
data normalized to percent apoptosis in control
and gp120IlIB-treated cells. Percentage of apoptotic
cells in control and gp120Ill-treated were 22.3 + 1.9
and 42.9 + 2.1, respectively; P <.001). When 2-PMPA
was applied coincident with the administration
of the glycoprotein, 2-PMPA protected hippocam-
pal neurons from gp120IlIB-induced apoptosis in
a concentration-dependent manner (Figure 1A),
with maximal effects between 1 and 10 uM. Time-
dependence of neuroprotection was measured by
applying 2-PMPA 10 uM at varying times after the
initial application of gp120IIIB. The efficacy of
2-PMPA in preventing gp120IIIB-induced apoptosis
was lost if delayed for greater than 2 h after insult
(Figure 1B). Although the efficacious concentration
of 2-PMPA is higher than its in vitro inhibitory
constant with the purified enzyme (Jackson et al,
1996), these data are consistent with other reports,
wherein 2-PMPA was shown to be neuroprotec-
tive in in vitro models of hypoxia (Tortella et al,
2000; Slusher et al, 1999; Thomas et al, 2001). Fur-
thermore, this concentration of 2-PMPA was previ-
ously reported to be inactive in more than 100
different receptor, transporter, ion channel, and
enzyme assays, including several glutamatergic
assays involving N-methyl-D-aspartate (NMDA) and
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors and glutamate transporters
(Slusher et al, 1999).

2-PMPA-mediated neuroprotection is abrogated by

mGluy receptor antagonists

Previous reports have shown that inhibition of GCP II
is neuroprotective through a dual mechanism of
action: via the reduction of extracellular glutamate
and via the elevation of NAAG (Slusher et al, 1999;
Thomas et al, 2000). NAAG functions as an agonist
at the mGlu; receptors (Wroblewska et al, 1997).
To examine whether the neuroprotection afforded
by GCP II inhibition against gp120IIIB-induced apo-
ptosis was mediated by mGlu; receptors, cultures
were cotreated with 2-PMPA, gp120IlIB, and either
LY341495 or (2S)-o-ethylglutamic acid (EGLU),
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Figure 1 Concentration- and time-dependent neuroprotective effects of 2-PMPA. (A) Hippocampal neurons were coexposed to gp120IIIB
(200 pM) and different concentrations of 2-PMPA and assessed for apoptosis after 4 days. 2-PMPA dramatically protected against
gp120IlIB-induced apoptosis, with significant effects at the 1 to 10 pM dose. Data were normalized to control and gp120IIIB treatments;
percentage of apoptotic neurons in control and gp120IIIB-treated dishes were 22.3 + 1.9 and 42.9 + 2.1, respectively. Data are the average of
six independent experiments and asterisks indicate statistically significant differences from the gp120IlIB-treated group; ***P <.001. (B)
2-PMPA (10 uM) was applied to hippocampal neurons at various time points relative to the application of gp120IIIB, as indicated. 2-PMPA
was neuroprotective when applied up to 2 h after the application of gp120IIIB. The efficacy was lost if the application of 2-PMPA was
delayed for 3 h from the time of insult. Data are the average of four to six independent experiments and asterisks indicate statistically

significant differences from the gp120IlIB-treated group; ***P <.001.

specific antagonists at the mGlu; receptor. While
2-PMPA 10 uM protected hippocampal neurons
from gp120IIIB toxicity, cultures cotreated with
either LY341495 or EGLU could not be rescued
with 2-PMPA. The specificity of the mGlu;
receptor in the mechanism of action of 2-PMPA
was further shown by parallel cultures in which
(R,S)-1-aminoindan-1,5-dicarboxylic acid (AIDA),
(R,S)-o-methylserine-O-phosphate  (MSOP), and
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), inhi-
bitors of group I and group II mGlu receptors and
AMPA receptors, respectively, did not alter the neu-
roprotection afforded by 2-PMPA (Figure 2). These
data suggest that at least part of the neuroprotection

is due to increased NAAG and mGlu,; receptor
activity.

2-PMPA-mediated neuroprotection requires TGF-f3
Several mechanisms are thought to underlie the
neuroprotection provided by mGluz receptor ago-
nists, including reduced glutamate release via
presynaptic receptor activation and increased neu-
roprotective growth factor release via glial receptor
activation (Neale et al, 2005). NAAG is an mGlus
receptor selective agonist with an ECsy of 65 uM
(Wroblewska et al, 1997). Activation of glial mGlus
receptors inhibits the formation of cAMP and
causes the activation of mitogen-activated protein
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Figure 2 2-PMPA rescue of hippocampal neurons from gp120IIB-induced apoptosis is mediated by group II mGluRs. 2-PMPA (10 uM)
completely abrogated the neurotoxicity of gp120IIIB (200 pM). Rescue by 2-PMPA was significantly reduced by the application of group II
metabotropic glutamate receptor antagonists, LY341495 and EGLU. AIDA, MSOP, and CNQX, antagonists at the group I, group III
metabotropic glutamate receptors and AMPA receptors, respectively, did not alter the neuroprotection afforded by 2-PMPA. Concentration
of antagonists in these experiments was 100 uM. Data are the average of four to six independent experiments. Asterisks and circumflex
accents indicate statistical significance against gp120IIIB and gp120IIIB/2-PMPA, respectively; ***P <.001, AMAP <.001.

kinase (MAPK) and phosphatidylinositol 3-kinase
(PI3K) pathways (Ferraguti et al, 1999; Genazzani
et al, 1994; Pin and Duvoisin, 1995; Winder
and Conn, 1993); the latter effects induce the de
novo synthesis and release of TGF-B (Bruno et al,
1997, 1998a).

To examine the role of TGF-B in the neuroprotec-
tion mediated by 2-PMPA, two different approaches
were used: (i) a direct method, wherein TGF-B
(5 ng/ml) was exogenously applied to hippocampal
neurons treated with gp120IIIB; and (ii) an indirect
method, wherein a nonselective neutralizing
antibody to TGF-B (10 pg/ml) was exogenously
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applied to hippocampal neurons cotreated with
2-PMPA (10 uM) and gp120IIIB.

That anti-TGF-f antibodies reversed the neuro-
protection provided by 2-PMPA (Figure 3) suggests
a neuroprotective role for TGF-f in GCP-II-mediated
neuroprotective mechanisms in our paradigm of
HIV-associated neuronal injury. In fact, selective
activation of glial mGlu; receptors by NAAG has
been shown to be neuroprotective via the release
of TGF-B (Bruno et al, 1998a, 1998b). These
results are consonant with our own previous reports
demonstrating the neuroprotective effects of GCP II
inhibition via the elaboration of TGF-$ (Thomas et al,
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Figure 3 2-PMPA mediates the rescue of hippocampal neurons exposed to gp120IlIB by TGF-B. TGF-f (5 ng/ml) protected against
gp120IIIB (200 pM) toxicity. Additionally, the neuroprotection afforded by 2-PMPA (10 uM) against gp120IlIB-induced apoptosis was
reversed by the addition of a nonselective neutralizing antibody to TGF-B at 10 pug/ml. Data are an average of two to four independent
experiments. Asterisks and circumflex accents indicate statistical significance against gp120IIIB and gp120IIIB/2-PMPA, respectively;

*¥**P <.001, MAP <.001.
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Figure 4 Efficacy of GCP II inhibition requires glia. Hippocampal neurons were treated with gp120IIIB (200 pM) and 2-PMPA (10 uM) in
the presence and absence of glia. 2-PMPA failed to rescue hippocampal neurons from gp120IIB-induced apoptosis in the absence of glia.
Data are an average of two to four independent experiments and asterisks indicate statistical significance against the gp120IlIB-treated

group in the presence of glia; ***p <.001.

2001). Furthermore, exogenous application of the
cytokine has also been shown to be neuroprotective in
several neuronal injury models, including gp120-in-
duced neurotoxocity (Flanders et al, 1998; Meucci
and Miller, 1996). Application of the cytokine by itself
abrogated gp120IlIB-induced apoptosis (Figure 3).

2-PMPA-mediated neuroprotection requires the
presence of glia

Hippocampal neurons were grown facing the glial
feeder layer for the first 6 days of culture and then
transferred to dishes without glia but containing the
conditioned media with gp120IIIB and 2-PMPA on
day in vitro 7 (DIV7). Cell survival was evaluated
~36 h after the addition of the glycoprotein.
Gp1201IIB caused apoptosis of hippocampal neurons
even in the absence of glia, providing evidence for
the direct neurotoxic effects of the glycoprotein
(Figure 4). Further, 2-PMPA provided no rescue
against the neurotoxicity of the glycoprotein, thereby
demonstrating the requirement for glia in the neuro-
protection afforded by 2-PMPA (Figure 4). This loss
of 2-PMPA-mediated neuroprotection in the absence
of glia is consistent with the expression of GCP II on
predominantly astrocytic cells (Berger et al, 1999;
Cassidy and Neale, 1993).

2-PMPA inhibits GCP II activity in hippocampal
cultures

Radiolabeled NAAG was used to examine the
activity of GCP II in our model of neurotoxicity.
High-performance liquid chromatography (HPLC)
analysis of radiolabeled NAAG demonstrated a
55% conversion of the [PH]-NAAG to [°H]-glutamate
(Table 1), confirming GCP II activity in our hippo-
campal neurons/astocytic coculture system. Addi-
tionally, as established previously (Slusher et al,
1999), treatment of the same cultures with 2-PMPA
(10 uM) decreased [SH]-glutamate levels and

Table1 Confirmation of GCP II activity and 2-PMPA inhibition in
the gp120IB-induced neurotoxicity model using [*H-NAAG

% (Glutamate and

%NAAG metabolites)
Control 45 + 13 55 + 13
2-PMPA 91 +£ 8 9+38
gp1201IIB 44 + 15 55 + 15
gp12011IB/2-PMPA 90 + 10 9+9

Note. Glutamate-labeled [*H]-NAAG (2 pCi/4 ml medium) was
added to hippocampal cultures grown in the presence of glia
under various experimental conditions. After 4 days of continuous
exposure, 1-ml aliquots of the culture medium were analyzed for
[*H]-NAAG and [3H]-glutamate on a radiomatic detector using a
strong anion-exchange column. Data are presented as a percent of
the radioactivity measured under control conditions. Table shows
the effect of 2-PMPA on the hydrolysis of [*H]-NAAG.

increased [*H]-NAAG levels (Table 1, Figure 5), con-
firming 2-PMPA’s mechanism of inhibition. That
[?’H]-glutamate levels in the control condition were
the same as that in the gp120IlIB-treated condition
(Table 1) suggests that gp120IIIB did not induce any
direct effects on GCP II activity.

In summary, we show 2-PMPA, a potent inhibitor
of the astrocytic membrane peptidase GCP II, to be
an effective inhibitor of neuronal apoptosis induced
by gp120IIIB. It is suggested that this neuroprotec-
tion is mediated by increased NAAG and its con-
sequent effects at mGlus receptors with the release
of TGF-B.

In conclusion, we demonstrate for the first time
that GCP II inhibition abrogates neuronal apoptosis
due to gp120IIIB, suggesting the potential clinical
utility of this approach for inhibiting the progres-
sion of AIDS dementia. GCP II inhibition is an effec-
tive neuroprotective strategy given that HIV-1
neurotoxicity involves glutamate excitotoxicity
(Meucci et al, 1998). In fact, N-methyl-D-aspartate
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(NMDA) inhibition has been shown to rescue
neurons from gp120 neurotoxicity (Lipton et al,
1991; Sindou et al, 1994). Additionally, GCP I
inhibition is an effective approach given that
TGF-B abrogates the neuronal death associated
with the glycoprotein (Meucci and Miller, 1996).
Animal studies aimed at further elucidating the
potential role of GCP II inhibitors in the treatment
of HIV-associated dementia are being planned.

Materials and methods

Materials

2-PMPA was synthesized by SRI International
(Menlo Park, CA). EGLU and LY341495 (group I
mGlu; receptor antagonists, AIDA; a group I mGlu
receptor antagonist, MSOP; a group III mGlu receptor
antagonist and CNQX; a competitive non-NMDA
receptor antagonist) were obtained from Tocris-
Cookson Inc. (Ellisville, MO). TGF-B and antibody
to TGF-B (anti-TGF-B) were purchased from
Sigma (St. Louis, MO). Radiolabeled NAAG was
obtained from Perkin Elmer Life Science (Boston,
MA). Hoechst 33342 was obtained from Molecular
Probes/Invitrogen (Eugene, OR). Gp120IIB was
kindly supplied by the National Institute of Allergy
and Infectious Diseases (NIAID) AIDS Reagent
Program (National Institutes of Health, Bethesda, MD).

Neuronal cultures and assessment of
gp1201lIB-induced neuronal death

Primary hippocampal neurons were obtained from
the hippocampi of rat embryos at days 17 to 18 of
gestation, as previously described (Abele et al, 1990;
Meucci and Miller, 1996). The neurons were plated
onto 15-mm glass coverslips (1-2 x 10* cells/cm?)
and cultured in defined Dulbecco’s modified Eagle’s
medium (DMEM) containing N-2 supplement and
1 mg/ml ovalbumin. A feeder layer of astrocytes
facing the neurons was used to support their growth
and differentiation. Astroglia contamination of
neuronal cultures was lower than 5%, as assessed
by glial fibrillary acidic protein immunostaining.
Microglial contamination of neuronal cultures, as
assessed by ionized calcium-binding adaptor mole-
cule 1 (Iab1) immunostaining, was negligible (1%),
whereas microglia were <3% in the glial feeder
layer. Virtually pure neuronal cultures were
obtained when cells were plated at very low den-
sity. Cytosine arabinofuranoside (5 uM) was added
to the cultures 24 h after plating to halt nonneuronal
cell proliferation.

Neurons were treated with gp120IlIB (200 pM),
the strain of the glycoprotein with specificity for the
CXCR4 receptor, in the presence of glia. Treatment
was started on the seventh day of culture, with or
without 2-PMPA, and carried on for 4 days (Meucci
and Miller, 1996). For experiments in the absence
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of glia, neurons were grown facing the glial feeder
layer for the first 6 days of culture and then moved
to dishes containing their conditioned medium when
experimental treatments were started on DIV7; cell
survival was evaluated ~36 h after the addition of
gp120IIB 200 pM. Although there was a higher
background of cell death under these conditions
because of glial deprivation, gp120IIIB neurotoxicity
was still evident.

At the end of the experiment, cells were fixed
and assessed for apoptosis. Hoechst 33342 (5 ug/ml)
was used to evaluate differences between normal
and apoptotic neurons (Meucci and Miller, 1996).
Alive and apoptotic neurons in each microscopic
field were counted and the percentage of apop-
totic neurons was calculated; cells possessing
condensed nuclei or fragmented chromatin were
scored as apoptotic. As described previously
(Bodner et al, 2002), for each condition, data
were obtained from five coverslips of neurons
grown in the same culture dish and exposed to
the same conditions. Four random fields were
assessed on each coverslip for counts of apoptotic
neurons. A total of 70 to 500 neurons were counted
and the final data are an average of two to six
experiments. Data were then normalized within
each experiment as a percent of gp120IIB and
control: ((condition — control) x 100). Student’s
two-population t-test was used for statistical analysis.

HPLC analysis of [PH]-NAAG and [3H]—glutamate
Following the addition of reagents as indicated
above, radiolabeled NAAG (2 pCi/4 ml medium)
was added to hippocampal cultures grown in the
presence of glia on DIV7. After 4 days of continuous
exposure, 1-ml aliquots of the culture medium were
lyophilized at room temperature for 18 h and then
reconstituted in 250 ul methanol:water (80:20).
Undissolved particles were removed upon ultracen-
trifugation at 500,000 x g for 30 min at 4°C. Fifty
microliter of each of the samples was analyzed for
[PHI-NAAG and [°H]-glutamate on a Packard's
Radiomatic detector using a strong anion-exchange
column (ES industries) with a 0.1 M KH,P0,/0.1 M
KCI (pH 4.5) mobile phase at 1.5 ml/min flow rate.
[*H]-NAAG and [SH]-glutamate standards were
injected (20 pl) at the beginning and at the end of
the runs to insure the reliability/reproducibility of
the column.
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