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Introduction
Although N-Acetylaspartylglutamate (NAAG) was first reported in the mid 1960s to be
present in the mammalian brain and spinal cord at mM concentrations, the critical
experiments that established this peptide as a neurotransmitter emerged several decades later
(reviewed in Neale et al., 2000). Since NAAG is by far the most prevalent and widely
distributed peptide transmitter in the mammalian brain, it could be predicted to have roles in
a broad spectrum of neuronal circuits and nervous system functions. A series of studies in
animal models of clinical disorders have shown this to be the case (reviewed in Neale et al.,
2005; 2011; Tsukamoto et al. 2007). A central element in defining the function of this
peptide relates to its selective activation of the type 3 metabotropic “glutamate” receptor
(mGluR3), a group II mGluR. This receptor has been localized to presynaptic terminals
where it inhibits transmitter release via its negative coupling to cyclic nucleotides (reviewed
in Niswender and Conn, 2010). As an endogenous mGluR3 agonist, NAAG has been shown
to reduce cAMP and cGMP levels and to inhibit transmitter release (Adedoyin et al., 2010;
Wroblewska et al., 1993; 1997; 1998, 2006; Zhao et al., 2001; Zhong et al., 2006). A model
of the synaptic function of NAAG has emerged from a substantial literature on this peptide
over the past 20 years and from data on other peptide cotransmitter actions in the
perisynaptic space (Figure 1).

The significance of NAAG in nervous system function has been most effectively studied
through the development of inhibitors of the extracellular enzymes that inactivate it
(Tsukamoto et al. 2007; Zhou et al., 2005). These inhibitors elevate extracellular levels of
NAAG and consistent with NAAG activation of mGluR3, they reduce the release of other
transmitters (Slusher et al., 1999; Zhong et al., 2006; Adedoyin 2010). The application of
these inhibitors in vivo revealed that elevating the synaptic level of this peptide has
considerable therapeutic potential in clinical conditions ranging from stroke and traumatic
brain injury to inflammatory pain and schizophrenia (reviewed in Neale et al., 2005; 2011).
NAAG peptidase inhibitors also may inhibit the extracellular hydrolysis of NAAG’s newly
discovered sister peptide N-acetylaspartylglutamylglutamate (NAAG2) if it is synaptically
released (Lodder-Gadaczek et al., 2011). Importantly, in these preclinical studies, the
heterotropic mGluR2/3 antagonist LY341495 blocks the efficacy of NAAG peptidase
inhibition (Neale et al., 2005; 2011).
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NAAG as an mGluR3 agonist
Central to this model of the physiology of NAAG are reports that it activates mGluR3, in
neurons in culture and brain slices and in transfected cells (Adedoyin et al., 2010;
Bischofberger and Schild, 1996; Ghose et al., 1997; Lea et al., 2001; Wroblewska et al.,
1993; 1997; 1998; 2006). However, two recent papers reported that under some conditions
NAAG does not activate mGluR3 and these data have been interpreted to suggest that
NAAG is not an mGluR3 agonist. A full review of the relevant data directly refutes this
suggestion.

In a well designed and executed set of experiments, commercial NAAG containing 0.3–
0.5% glutamate, but not NAAG that was repurified to remove glutamate, activated G-
protein-coupled K+ channels in HEK-293 cells that had been transiently cotransfected with
the ion channel and mGluR3 (Fricker et al., 2009). While leaving open other possibilities,
this paper suggested that glutamate contamination of commercial NAAG might have been
responsible for the activation of mGluR3 by NAAG that was reported in some earlier papers
in which high concentrations of NAAG were used.

A second paper titled, “The Neuroactive Peptide N-Acetylaspartylglutamate is Not an
Agonist at the Metabotropic Glutamate Receptor Subtype 3 of Metabotropic Glutamate
Receptor” (sic), was less circumspect. This paper reported that purified NAAG also failed to
activate this same potassium channel in Xenopus oocytes that had been cotransfected with
mGluR3 and the channel, in contrast to glutamate and the unpurified peptide (Chopra et al.,
2009). The ill-chosen title of this paper reflects an inadequately vetted review of the relevant
literature and has the potential to set back this field for years to come despite the very
substantial evidence, discussed below, that clearly refutes it.

First, it should be noted that glutamate contamination of commercial NAAG is not new to
the literature but was reported in 2004 (Losi et al.). The author’s research group detected this
contamination in 1996 and routinely repurified NAAG after that time using ion exchange
chromatography. Glutamate levels in the repurified NAAG used in studies since that time
have been ≤ 0.1% as verified in precolumn derivitized, HPLC resolved samples.

While the Chopra and Fricker papers demonstrate that glutamate contamination of
commercial NAAG has the potential to activate glutamate receptors, the data fail to
demonstrate that NAAG does not activate mGluR3 as asserted by the title of the Chopra
paper. At best, this conclusion could only be applied to data in an early report in which high
levels of NAAG were used to activate mGluR3 in cerebellar granule cells in culture
(Wroblewska et al., 1993) only if it is assumed that the peptide used at that time did, in fact,
contain sufficiently high levels of glutamate to activate mGluR3 in this specific assay
system. In support of their conclusion, Chopra and colleagues cite estimates of the affinity
of NAAG and glutamate for mGluR3 that are obtained from in vitro competitive radioligand
binding studies to membranes prepared from transfected cells (Schweitzer et al., 2000), data
that bare little resemblance to results from physiological studies of the relative efficacy of
these two transmitters for mGluR3 (see below). More critically, these papers on mGluR3/K-
channel cotransfected cells fail to account for the considerable published data that directly
contradict the conclusion that 0.3–0.5% glutamate in NAAG, rather than the peptide itself, is
responsible for reports of the peptide’s activation of mGluR3. These contrary data include:
1) Bischofberger and Schild (1996) reported that NAAG and glutamate exhibited very
similar dose responses for inhibition of voltage-dependent calcium currents in olfactory
mitral cells via a group II mGluR; 2) Wroblewska et al. (1997) demonstrated that 100 uM
NAAG was 75% as effective as 30 uM glutamate in elevation of intracellular calcium
concentrations in HEK cells transfected with an mGluR3/mGluR1 chimeric receptor, while
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being inactive at an mGluR2/mGluR1 chimeric receptor. In this same study, 1 mM NAAG
elicited a calcium response that was substantially larger than that produced by100 uM
glutamate in the same cell, results inconsistent with the contamination theory. Confirming
the lack of significant glutamate contamination of the NAAG used in this study, 100 uM
NAAG failed to activate mGluR4 expressed in stably transfected CHO cells while as little as
100 nM glutamate maximally activated this receptor; 3) Wroblewska et al. (1998), reported
similar dose response curves for NAAG and glutamate with respect to negative coupling to
cAMP levels in astrocytes, cells that expressed high levels of mGluR3 message and no
detectable levels of mGluR2. It is notable that these cultured astrocytes efficiently remove
glutamate from their medium (Silva et al., 1999) and thus required high levels of bath
applied glutamate to activate their mGluRs; 4) Acting via a group II mGluR, NAAG,
glutamate and the group II agonist ACPD had very similar dose response profiles in
inducing expression of the alpha 6 subunit of the GABA-A receptor in cerebellar granule
cells (Ghose et al., 1997); 5) Less than 10 uM NAAG (<50 nM glutamate if NAAG had
been contaminated at 0.5% level) significantly reduced cAMP levels in cerebellar granule
cells and mGluR3 transfected BHK cells with both effects being blocked by an mGluR3
antagonist (Lea et al., 2001). In this same study, 200 uM NAAG failed to induce currents via
NMDA receptors in hippocampal granule cells demonstrating the absence of significant
glutamate in the peptide used in this study, while 200 uM NAAG blocked LTP in an
mGluR3-dependent manner; 6) FN6, a rigid analogue of NAAG that was synthesized
without glutamate and highly purified via HPLC, selectively activated mGluR3 but not
mGluR2 (Nan et al., 2000); 7) 1 uM re-purified NAAG, as well as the NAAG peptidase
inhibitor ZJ43, reduced excitatory postsynaptic currents in amygdaloid neurons via
presynaptic inhibition of glutamate release, an effect that was blocked by a group II mGluR
antagonist (Adedoyin et al., 2010). These data clearly and unequivocally demonstrate that
NAAG directly activates mGluR3.

A series of studies on the efficacy of NAAG peptidase inhibitors in animal models of stroke,
peripheral nerve injury, inflammatory and neuropathic pain, traumatic brain injury, cocaine
abuse and schizophrenia further substantiate the conclusion that NAAG selectively activates
a group II mGluR in vivo while the peptide has repeatedly been shown to be inactive at
mGluR2 (reviewed in Neale et al., 2005; 2011). Importantly, group II mGluR antagonists
block the in vivo effects of peptidase inhibitors ZJ43 and 2-PMPA and these inhibitors fail
to interact directly with mGluRs (Yamamoto et al, 2004; 2007; 2008). Fricker et al. (2009)
suggested that, “Further investigation is required to elucidate the involvement of
NAALADase (original term for NAAG peptidase activity) and NAAG in the
pathophysiology of schizophrenia.” Consistent with this suggestion and additionally
documenting the conclusion that the effects of NAAG peptidase inhibition is mediated
specifically by mGluR3 in the animal models of schizophrenia, the NAAG peptidase
inhibitor 2-PMPA reduced the motor activation effects of PCP, a model of schizophrenia, in
mGluR2 but not in mGluR3 knockout mice (submitted, Olszewski et al., 2011).

The recent discovery that NAAG is synthesized in neurons by NAAG synthetase I (NAAGS
I) while a sister peptide N-acetylaspartylglutamylglutamate (NAAG2) is synthesized from
NAAG and glutamate at much lower levels in other neurons by a second enzyme, (NAAGS
II), suggests that this sister peptide also is neuroactive (Lodder-Gadaczek et al., 2011).
While not discounting the role of NAAG that is synthesized and released from a separate set
of neurons, the expression of this second member of the NAAG peptide family opens new
possibilities. Since both NAAG and NAAG2 are hydrolyzed by GCPII (Lodder-Gadaczek et
al., 2011), some of the effects of NAAG peptidase inhibitors also could result from
increasing extracellular levels of NAAG2 if it is synaptically released and activates a
receptor (Figure 1B).
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While the paper by Chopra et al. (2009) dismissed the data on the efficacy of NAAG
peptidase inhibitors as well as other data that were contrary to this paper’s title, the report by
Fricker et al. (2009) suggested that the efficacy of the inhibitors was mediated “through
modification of NAAG catabolism, consequently modulating baseline glutamate levels and
group II mGluR activation.” However, the consequences of NAAG peptidase inhibitors on
NAAG metabolism have been demonstrated in vivo. They inhibit NAAG hydrolysis with a
consequent elevation of extracellular levels of NAAG and a reduction in extracellular
glutamate levels via activation of a presynaptic group II mGluR (Adedoyin et al., 2010;
Slusher et al., 1999; Zhong et al., 2006; Diaying Zuo et al., manuscript in preparation 2011).
Clearly, this reduced glutamate release would not result in an increase in group II mGluR
activation.

While the cumulative data provide direct evidence that NAAG is an endogenous agonist at
mGluR3 receptors, they do not explain the reported failure of NAAG to activate the G-
protein coupled potassium channel via transiently cotransfected mGluR3. A more
parsimonious interpretation of these data is that glutamate and NAAG allosterically regulate
the receptor in different ways consistent with the substantial differences that their structures
likely induce when interacting with the active site. It is noteworthy that both papers defined
mGluR3 activation via conductance through this transfected G-protein-dependent potassium
channel while the other NAAG literature assessed the relationship between the receptor and
cyclic nucleotide second messenger cascades. Such differential agonist-specific activation
mechanisms for G-protein coupled receptors are well documented (reviewed in Ambrosio et
al., 2011). Indeed, Fricker et al., (2009) pointed out this alternative interpretation of their
data by concluding, “the differential activity of NAAG in the two assays systems could
reflect agonist dependent stimulus trafficking such that NAAG, unlike glutamate, couples to
group II mGluR intracellular signaling pathways including modulation of cAMP/cGMP but
not to GIRK.” Whether this is a physiologically relevant effect with respect to mGluR3
receptors or simply the artificial consequence of cotransfecting cells with this combination
of cDNAs remains to be determined. As a first step to testing this hypothesis, Fricker et al.
(2009) reported that high concentrations of purified NAAG decrease mGluR3 but not
mGluR2 activation by 100 uM glutamate, a result that supports the interaction of NAAG
with the mGluR3 but not mGluR2 ligand binding site in these cells. This concept warrants
further analysis as it may reveal a new, physiologically relevant distinction between NAAG
and glutamate at mGluR3. While Group II antagonists have been shown to block activation
of this potassium channel postsynaptically (Lee and Sherman, 2009), mGluR3 specific
coupling to the channel in neurons has yet to be described.

NAAG and mGluR3 are a widely expressed in the mammalian nervous system where they
have been associated via NAAG peptidase inhibitors with novel therapeutic approaches to a
series of clinical conditions. These confirmations of the role of NAAG as an mGluR3
agonist are central to providing a foundation for understanding the mechanism of action of
this new class of drugs.

Conclusion
NAAG (and likely its sister peptide NAAG2) is by far the most prevalent peptide transmitter
in the mammalian nervous system. Data from a series of studies demonstrate that the levels
of glutamate in NAAG were clearly insufficient to have been responsible for the NAAG-
mediated mGluR3 activation that was reported. Several other studies found the levels of
glutamate and NAAG that activated mGluR3 were very similar, a fact inconsistent with the
assertion that low levels of glutamate in NAAG was responsible for its activity.
Additionally, drugs that inhibit the inactivation of NAAG following its synaptic release
elevate the peptide level and inhibit the subsequent release of other transmitters, including
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glutamate, via a process that is blocked by a group II mGluR antagonist. Thus, a substantial
body of data, in vitro and in vivo, supports the conclusion that a major role of NAAG is
activation of presynaptic mGluR3 receptors and unequivocally contradicts the suggestion
that glutamate contamination of NAAG was responsible for these results. In the face of these
data, the two reports demonstrating that glutamate but not NAAG activates mGluR3
coupling to a cotransfected potassium channel cannot be explained by the conclusion that
NAAG is not an agonist at mGluR3. Rather, these data are consistent with the suggestion of
Fricker et al., (2009) that “agonist dependent stimulus trafficking” is responsible for this
differential activity in cells that were cotransfected with mGluR3 and the potassium channel.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A model of the role of NAAG peptidase inhibition and its influence on NAAG and
NAAG2 in the nervous system (From Neale et al., 2011)
A. Neurons expressing NAAG synthetase I (NAAGS I) mediate the synthesis of NAAG but
not NAAG2. In this cell, NAAG is co-released with a primary amine transmitter, such as
glutamate, under conditions of elevated neuronal activity. NAAG is released into the
perisynaptic space where it activates presynaptic and glial type 3 metabotropic glutamate
receptors (mGluR3). NAAG is inactivated by glutamate carboxypeptidases II (GCPII) and
III (GCPIII), forming N-acetylaspartate (NAA) and glutamate (Glu), which are transported
into glial cells. Inhibition of the peptidases GCPII and GCPIII by a NAAG peptidase
inhibitor, such as ZJ43, reduces inactivation of NAAG and raises perisynaptic NAAG level.
In animal models, the NAAG peptidase inhibitor-mediated elevation of peptide levels
increases the activation of mGluR3 receptors on axon endings, inhibiting transmitter release
and reducing pathology. In a second neuroprotective pathway, NAAG activation of mGlu3
receptors on glial cells stimulates the release of a trophic factor, transforming growth factor
β (TGF-β). B. Neuron synthesizing NAAG2 via NAAG synthetase II (NAAGS II) may
release both NAAG and NAAG2.
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