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Glutamate antagonists limit tumor growth
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Abstract

The management of malignancies in humans constitutes a major challenge for contemporary medicine. Despite progress in
chemotherapy, bone marrow transplantation, surgical measures, and radiation technologies, and in immunological and immunomodu-
latory approaches, humans continue to succumb to cancer due to tumor recurrence and metastatic disease. The excitatory neurotransmitter
glutamate, which regulates proliferation and migration of neuronal progenitors and immature neurons during the development of the
mammalian nervous system, is present in peripheral cancers. Since both neuronal progenitors and tumor cells possess propensity to
proliferate and to migrate, and since glutamate and glutamate receptors are known to modify these phenomena in the nervous system, we
proceeded to investigate the possible influence of glutamate antagonists on the proliferation and migration of tumor cells. We found and
recently reported that glutamate N-methyl-p-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazole-propionate (AMPA)
antagonists inhibit the proliferation of human colon adenocarcinoma, astrocytoma, breast and lung carcinoma, and neuroblastoma
cells in vitro. The antiproliferative effect of glutamate antagonists is Ca®"-dependent and results from decreased cell division and
increased cell death. Glutamate antagonists produce morphological alterations in tumor cells, which consist of reduced membrane ruffling
and pseudopodial protrusions, and decrease their motility and invasive growth. Furthermore, glutamate antagonists enhance in vitro
cytostatic and cytotoxic effects of common chemotherapeutic agents used in cancer therapy. These findings demonstrate the anticancer

potential of glutamate antagonists and suggest that they may be used as an adjunctive measure in the treatment of cancer.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Glutamate is an essential amino acid and a transmitter in
the mammalian nervous system [1,2]. NMDA, AMPA,
kainate, and metabotropic receptors are activated by gluta-
mate [1,2]. Its neurotransmitter role was discovered about 50
years ago, when Hayashi [3,4] administered glutamate into
the motor cortex of dogs and monkeys and triggered severe
convulsions. At the same time, Lucas and Newhouse [5]
made the observation that systemic administration of glu-
tamate causes retinal degeneration in mice [5]. Further work
linked activation of excitatory amino acid receptors to
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glutamate neurotoxicity and led to the concept of excito-
toxicity [6-8]. Excitotoxicity was shown to mediate neuro-
nal death in anoxic hippocampal cultures [9] and to be Ca®"-
dependent [10-12]. Glutamate receptor subtypes in mam-
malian brain sensitive to the agonists NMDA, AMPA, and
kainate, and the quisqualate sensitive metabotropic site were
identified, and antagonists that selectively block glutamate
receptors were developed [11].

A new field of research emerged from these discoveries,
attempting to explore the physiological functions of glu-
tamate [11]. At the same time, substantial evidence was
generated implicating abnormal glutamate signaling and
excitotoxicity in the pathogenesis of various CNS diseases
[11]. Now, a few decades after the discovery of the dual
role of glutamate in the CNS, there is hardly any neuro-
logical or psychiatric disease entity in the pathogenesis
of which glutamate has not been implicated. Glutamate
has been pathogenetically linked to human psychiatric
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disorders such as anxiety or depression and to neurological
disorders such as epilepsy, spasticity, stroke, or traumatic
brain injury [11-13]. Glutamate antagonists were demon-
strated to have anxiolytic, anticonvulsant, muscle relaxant,
sedative/anesthetic, and neuroprotective properties [11].

2. Glutamate in peripheral tissues

The landscape around glutamate research has changed
somewhat in recent years, in that an increasing number of
investigators have demonstrated the involvement of glu-
tamate and glutamate signaling in non-neuronal tissues.
Glutamate receptors have been identified in bone osteo-
blasts and osteoclasts, keratinocytes, megakaryocytes, pan-
creatic isle cells, the lung, the liver, the heart, kidney cells,
adrenal tissue, and taste buds [14—17]. What role glutamate
plays in peripheral tissues is unclear, and it remains a
mystery whether glutamate-mediated signaling outside the
CNS may ever become a valuable therapeutic target.

3. Establishing a link to cancer via the trophic
functions of glutamate

Glutamate has trophic functions in the developing mam-
malian CNS. Glutamate and glutamate receptors are impli-
cated in neuronal proliferation and migration during
development, and glutamate receptors have been shown
to critically regulate neuronal survival in the mammalian
forebrain during a period of rapid growth termed “‘the brain
growth spurt period” [18-20]. During that period, blockade
of NMDA receptors was shown to trigger massive apoptotic
neuronal death in the developing rodent brain [20,21]. This
discovery provided the first insights into mechanisms that
can damage the developing human brain in the fetal,
neonatal, and early childhood periods. The pathogenesis
of the fetal alcohol syndrome, a well-described neurode-
velopmental disorder in humans exposed to alcohol during
gestation, can be explained by this mechanism [21].

Certain characteristics of neuronal embryonic cells,
including propensity to proliferate, migrate, and die, are
shared by tumor cells, as is the regulation of their invasive
behavior by trophic factors [16]. The above evidence,
along with the knowledge that glutamate is present in
non-neuronal tissues, including cancers, prompted us to
investigate whether glutamate and glutamate antagonists
may influence proliferation and migration of human cancer
cells.

4. Glutamate antagonists and tumor growth
In a series of recently conducted experiments [22], we

were able to demonstrate that glutamate antagonists inhibit
division and migration, enhance death, and alter the mor-

phology of tumor cells in vitro, resembling cytostatic drugs
used in the therapy of cancer.

Eight different tumor cell lines were exposed to different
concentrations of the NMDA antagonists (4)-dizocilpine
(MK&801), memantine, and ketamine or the AMPA antago-
nists 1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-
5H-2.3-benzodiazepine (GYKI52466), 2,3-dihydroxy-6-
nitro-7-sulfamoyl-benzo(F)quinoxaline (NBQX), and 1-
(4’-aminophenyl)-3,5-dihydro-7,8-dimethoxy-4H-2,3-ben-
zodiazepin-4-one (CFM-2). Proliferation of tumor cells
was decreased in cultures exposed to the antagonists in a
concentration-dependent manner, whereas proliferation of
human skin fibroblasts and bone marrow stromal cells was
unaffected by this exposure (Fig. 1). Time—course studies
revealed that the antiproliferative effect of glutamate antago-
nists was already established after 24 hr.

The effect of glutamate antagonists on tumor cell pro-
liferation was attributed to both decreased cell division and
increased cell death [22]. The threshold concentrations of
dizocilpine or GYKI52466 required to elicit antiprolifera-
tive effects ranged between 1 and 50 pM. A significant
antiproliferative effect of dizocilpine was detected at con-
centrations as low as 1 uM in colon adenocarcinoma cells
and as low as 10 pM in astrocytoma cells. Similarly,
GYKI52466 significantly inhibited the proliferation of
colon adenocarcinoma cells at concentrations as low as
1 uM and of breast carcinoma cells at concentrations as
low as 10 pM. Such concentrations of glutamate antago-
nists are required to modulate NMDA- or AMPA-mediated
currents in non-neuronal tissues such as osteoblasts and
osteoclasts [23,24] or to inhibit migration of embryonic
cortical neurons [25].

Similar antiproliferative effects could be elicited by the
NMDA antagonists ketamine and memantine and the
AMPA antagonists NBQX and CFM-2 in lung carcinoma
and rhabdomyosarcoma/medulloblastoma cells [22].

5. Glutamate antagonists and migration
of cancer cells

Even more interesting than their antiproliferative action
are the inhibition of migration and the morphological
changes that glutamate antagonists produce in tumor cells.
Inhibition of tumor cell migration, which is considered an
indicator of antimetastatic action, can be achieved at much
lower concentrations of glutamate antagonists than are
required to slow proliferation. Limiting tumor metastasis
is extremely important in cancer therapy, since metastatic
disease and not local tumor growth determines mortality in
most peripheral cancers. The opposite is the case in the
treatment of CNS tumors, where antiproliferative action is
of crucial importance in order to preserve neuronal tissue
and function.

To evaluate the effect of glutamate antagonists on
tumor cell morphology and migration, lung carcinoma,
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Fig. 1. Antiproliferative effects of glutamate antagonists in human cancer cells. The NMDA antagonist dizocilpine (A) and the AMPA antagonist
GYKI52466 (B) exert a concentration-dependent antiproliferative effect in human tumor cell lines but not in human bone marrow stromal cells. Cells were
exposed to either culture medium alone (control), dizocilpine (1-500 uM), or GYKI52466 (1-500 uM) over 96 hr, and viability was measured
photometrically by means of the MTT assay. Data represent mean normalized optical densities & SEM of 6-8 trials and were analyzed by means of linear
regression. Abbreviations: SKNAS: human neuroblastoma; TE671: human rhabdomyosarcoma/medulloblastoma; MOGGCCM: human brain astrocytoma;
FTC238: human thyroid carcinoma; A549: human Caucasian lung carcinoma; LS180: human Caucasian colon adenocarcinoma; T47D: human breast
carcinoma; HT29: human colon adenocarcinoma; and BMSC: human bone marrow stromal cells.

rhabdomyosarcoma/medulloblastoma, and thyroid carci-
noma cells were exposed to the NMDA antagonist dizo-
cilpine (100 and 250 uM) or the AMPA antagonist
GYKI52466 (100 and 250 uM) over 96 hr, and their
morphology was examined by light and scanning electron
microscopy. Light microscopy revealed that dizocilpine
induced rounded cell appearance with numerous vacuoles
in the cytoplasm, whereas exposure to GYKI52466 pro-
duced shrinkage of the cells and less prominent cytoplas-
mic vacuoles (Fig. 2). Electron microscopy revealed that

tumor cells displayed an invasive phenotype with marked
membrane ruffling and numerous pseudopodia, whereas
tumor cells exposed to glutamate antagonists displayed a
non-invasive phenotype with fewer pseudopodial protru-
sions [22].

To test whether glutamate antagonists may decrease
tumor cell locomotion and invasiveness, lung carcinoma,
rhabdomyosarcoma/medulloblastoma, and thyroid carci-
noma cells were plated on polycarbonate membrane filters
with a 3-um pore size in the presence and absence of
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Fig. 2. Glutamate antagonists and tumor cell morphology. Light micrographs of lung carcinoma cells (A549) under control conditions and following
exposure to dizocilpine (MK801; 250 pM) or GYKI52466 (250 uM). Tumor cells exposed to dizocilpine display multiple cytoplasmic vacuoles. GYKI-
treated cells have an elongated appearance and less prominent cytoplasmic vacuolization.

dizocilpine or GYKI52466. In cultures exposed to glutamate
antagonists, fewer cells migrated through the filters than
occurred in the control cultures [22].

6. Synergistic effects of glutamate antagonists and
cytostatic drugs

One important and clinically relevant finding of our
studies is the synergistic effect of glutamate antagonists
and common cytostatic agents used in cancer therapy. This
finding implies that by combining glutamate antagonists
with an existing chemotherapeutic regimen one might
achieve superior cytostatic effects compared to either ther-
apy alone [22].

We subjected lung carcinoma, astrocytoma, neuroblas-
toma, and rhabdomyosarcoma/medulloblastoma cells to
treatment with the anticancer drugs cyclophosphamide,
cisplatin, thiotepa, or vinblastine and either dizocilpine or
GYKI52466. As expected, the cytostatic drugs decreased
tumor cell viability in a concentration-dependent manner.
This effect was enhanced in all of the cell lines tested by both
(+)-dizocilpine and GYKI52466. The enhancement of the
antiproliferative effects of cytostatic agents by glutamate
antagonists was due to enhanced tumor cell death and to
decreased cell division. Both (4)-dizocilpine and
GYKI52466 were found to enhance the toxicity of cytostatic
drugs at concentrations as low as 10 pM.

7. Mechanisms of the cytostatic effect of glutamate
antagonists

The mechanisms involved in the cytostatic effects of
glutamate antagonists will need to be worked out. Calcium
appears to play a crucial role, since in the absence of
calcium in the extracellular medium the antiproliferative
effect of glutamate antagonists was markedly weakened. It
is known that calcium can stimulate tumor growth [26,27],
that calcium is necessary for cell division and survival
[28-30], and that it regulates protein trafficking through
the nuclear membrane [31]. Calcium also controls axon
extension and pathfinding and influences cell migration
[32-35]. It is known from developmental work that glu-
tamate receptor/ion channels on embryonic neurons are
permeable to calcium [36-38]. Thus, the interesting
hypothesis arises whether calcium trafficking through
the cytoplasmic membrane of tumor cells via glutamate
receptor/ion channel complexes may be occurring to a
much higher extent than it does in neurons, since the
resting membrane potential in tumor cells is in the range
of —30to —50 mV [39,40]. In neurons, at such depolarized
membrane potentials, the Mg®" block of the NMDA
receptor ion channel is relieved, and ion-permeability
of both NMDA and AMPA glutamate receptor/ion chan-
nels increases compared to resting membrane potentials
[41,42]. Blockade by glutamate antagonists of such an
active ion-trafficking across the cytoplasmic membrane
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may indeed be one mechanism to explain their antiproli-
ferative action.

8. Future perspectives

Some new and major challenges are posed to researchers
and the pharmaceutical industry by our studies. Determin-
ing whether glutamate antagonists exert similar cytostatic
effects in vivo is one crucial issue to resolve. The molecular
pathways that glutamate antagonists utilize to stop tumor
cells from dividing and migrating will need to be identified.
The electrophysiological and binding properties of gluta-
mate receptor/ion channels on tumor cells will need to be
investigated, and the glutamate receptor subunits expressed
on tumor cells must be better characterized and sequenced.
Based on these data, glutamate antagonists with the ability
to block glutamate receptors/ion channels expressed on
tumor cells will need to be developed or selected from the
already existing drug libraries on the shelves of pharma-
ceutical companies, to allow for proof of concept trials in
humans.

NMDA and AMPA antagonists enhanced tumoricidal
effects of cytostatic drugs in vitro by inhibiting tumor cell
proliferation and enhancing tumor cell death. These obser-
vations suggest that glutamate antagonists could add to the
existing therapies of cancer.

Given the fact that relatively high concentrations of
glutamate antagonists are necessary to block tumor cell
proliferation, those compounds that do not penetrate the
blood-brain barrier and cause no or little neurological side-
effects appear to be the most favorable ones to be used in
initial trials first.
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