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Abstract. Background/Aim: The 5-year survival rate of
glioblastoma (GBM) is ~10%, demonstrating that a new
therapeutic modality for this cancer is desperately needed.
Complicating the search for such a modality is that most large
molecules cannot pass through the blood brain barrier, so
molecules demonstrating efficacy in vitro may not be useful in
vivo because they never reach the brain. Recently, the selective
serotonin reuptake inhibitor (SSRI) fluoxetine (FLX) was
identified as an effective agent in targeting GBM in vitro and
in vivo by agonizing AMPA-glutamate receptors (AMPARs),
eliciting massive calcium influx and mitochondrial calcium
overload and apoptosis. Materials and Methods: In the current
work, we used a colorimetric cell viability assay to determine
if we could enhance the oncolytic effect of FLX in vitro by pre-
treating cells with an AMPAR positive allosteric modulator
(Ampakine). Results: Our results demonstrate for the first time
that concentrations of the Class I ampakine CX614, which
increase AMPAR agonist binding affinity, possess oncolytic
activity as a sole agent and synergistically reduce GBM
viability when paired with FLX. FLX also demonstrates a dose-
dependent induction of apoptosis in cancer cells originating
outside the CNS that overexpress calcium-permeable AMPARs.
Likewise, CX614 inhibits cancer cell viability in a dose-
dependent fashion and its combination with FLX synergistically
reduces cell viability. These effects of CX614 were not seen
with the Class Il ampakines, CX717 and CX1739. Conclusion:
The above data demonstrate for the first time that CX614
inhibits the growth of multiple cancers in vitro and bolsters the
oncolytic activity of FLX in several cancers.

The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors (AMPAR) are one of three ionotropic
glutamate receptors in the central nervous system (CNS) (in
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addition to NMDA and kainate receptors) that mediate fast,
excitatory neurosynaptic transmission and govern the
induction of long-term potentiation, a process thought to be
crucial for the consolidation of learning and memory (1, 2).
Over the past two decades, considerable strides have been
made in understanding AMPAR pharmacology, kinetics and
physiology by employing positive allosteric modulators
(PAMs) to delineate their function (3). For convenience, the
term ampakines has been used to describe various classes of
drugs that act as PAM.

Ampakines are further categorized as Class I ampakines,
also known as high-impact ampakines, and Class II
ampakines, also known as low-impact ampakines (3). Class
I or high-impact ampakines increase AMPAR agonist
binding affinity by stabilizing the channel open confirmation
of the AMPAR, thereby offsetting desensitization, and
enhancing AMPAergic steady-state currents up to 100-fold
(4). Class II ampakines are believed to increase the
probability of channel opening and thereby increase current
peak amplitude, but do little to desensitization kinetics and
agonist binding affinity (4).

Recently, it was shown that the selective serotonin reuptake
inhibitor (SSRI) fluoxetine (FLX) increases intracellular
calcium levels of hippocampal neurons and astrocytes by
binding to the agonist binding site of the AMPAR and inducing
rapid transmembrane calcium influx (5). Furthermore, Liu et
al. showed that calcium-permeable AMPAR subunits are
overexpressed in several Glioblastoma cell lines and FLX
induced apoptosis in these cell types at micromolar
concentrations by overloading the mitochondria with calcium,
inducing the release of caspase cofactor cytochrome ¢ and
setting off the canonical apoptotic program (5).

In the current work, we set out to determine any potential
oncolytic effects of members of both classes of ampakines
and whether the anti-tumor activity of FLX could be
augmented by pre-treatment with ampakines.

Materials and Methods

Cell culture. U87 (Glioblastoma), Panc-1 (pancreatic adeno-
carcinoma) and HT29 (colorectal adenocarcinoma) were kind gifts
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from Mrs. Donna Leonardi (Bergen County Technical Schools,
Hackensack, NJ, USA). They were chosen for this study because
they express functional AMPAR receptor subunits (5-8). They were
maintained in DMEM media (ATCC) and supplemented with 10%
FBS (ATCC) and 1% Penicillin/Streptomycin and maintained in an
incubator at 37°C with 95% air and 5% CO,.

Reagents. Fluoxetine was purchased from TCI chemicals (Portland,
Oregon, USA) and dissolved in complete DMEM media. CX614
was purchased from Tocris (Bristol, UK) and dissolved in DMSO
(ATCC) as a concentrated stock solution before being added to cells.
CX717 (1-(Benzofurazan-5-ylcarbonyl)morpholine) and CX1739
(N-Methyl-N-(tetrahydro-2H-pyran-4-yl)-2,1,3-benzoxadiazole-5-
carboxamide) were synthesized by RespireRx Pharmaceuticals
(Glen Rock, NJ, USA) and dissolved in complete DMEM media.

Cell viability assay. U87, Panc-1 or HT29 cells were seeded in
quadruplicate at a density of 6,000 cells/well in complete DMEM
and incubated overnight. Cells were then treated with increasing
concentrations of fluoxetine, CX717, CX1739 or CX614. For
interaction studies, cells were pre-treated with indicated
concentrations of CX1739 or CX614 for 5 min before fluoxetine
administration. Cells were then incubated for a following 24 h.
Following this incubation, 20 pul MTS solution (Promega, Madison,
Wisconsin, USA) was added to each well and incubated for a further
2 h. Plates were read at 490nM using the iMARK ELISA plate
reader (Bio-Rad, Portland, Maine, USA). Data are normalized to
vehicle-treated cells. Protocol was adapted from Radin et al. (9).

Yo-pro-1 apoptotic stain. After U87, Panc-1 or HT29 cells were
treated with fluoxetine or CX614 for 24 h, cells were stained with
5uM yo-pro-1 for 20 min and then visualized with the Xcite
fluorescent microscope.

Data analysis. Data were analyzed using a one-way ANOVA
(Statplus) and a student’s #-test. King’s Synergy (KS) formula was
used to determine synergistic interactions between CX614 and
fluoxetine (10). Alpha value was set at p<0.05.

Results

Our initial studies investigated the oncolytic effects of FLX in
U87 glioblastoma cells in addition to Pancl pancreatic cancer
cells and HT29 colorectal adenocarcinoma cells. For all cell
types, FLX produced a dose-dependent decline in cell viability
with significant reductions at 40 and 80 uM (Figure 1, p<0.01,
t-test). FLX also induced apoptosis in U87 and Pancl cells at
40 uM (data not shown) and in all three cancer cell types at
80 uM (data not shown). Our data are consistent with previous
findings (5). Panc1’s sensitivity to FLX was encouraging due
to the consistently poor prognoses associated with pancreatic
neoplasias underpinned with limited pharmacological and
surgical interventions.

CX614, a class 1 AMPAR PAM, also produced a dose
dependent decline in cell viability of all 3 cancer types tested
(Figure 2, ANOVA, p<0.001) and induced a small amount
of apoptosis at 1200 and 1600 pM doses (data not shown).
CX717 and CX1739 are two Class II ampakines that do not

significantly increase agonist binding affinity and do not
significantly augment the steady-state current elicited by
AMPAR agonists. Instead, they are believed to increase the
likelihood of channel opening and only increase the peak
amplitude of the AMPAergic current (4). Concentrations as
high as 2500 pM CX717 and 800 uM CX1739 (limit of
solubility) did not significantly alter cell viability of U87
cells (data not shown). Although this class of AMPAR PAM
failed to significantly alter U87 cell viability, this finding
demonstrates that novel AMPAR PAMs can be differentiated
using the cell viability assay.

Finally, we examined the extent to which ampakines could
augment the oncolytic effects of FLX administration. results
demonstrate that in U87 cells, several combinations of
CX614 and FLX synergistically reduced cell viability
(Figure 3a, KS p<0.05). In Pancl cells, 400 uM CX614
significantly bolstered the oncolytic effects of FLX (Figure
3b, KS p<0.05). In HT29 cells, pre-treatment with 100 pM
or 400 pM CX614 significantly bolstered FLX’s oncolytic
actions (Figure 3c, KS p<0.05). Also important is that
CX1739, a class II ampakine failed to enhance FLX’s
oncolytic effects in U87 cells (data not shown).

Discussion

In the current study, CX614, a typical Class I ampakine, but
not the Class II ampakines, CX717 and CX1739, was
observed to possess intrinsic oncolytic activity and to
enhance the oncolytic activity of FLX in U87 glioblastoma
cells using concentrations that have been reported to
enhance AMPAR agonist binding (11). In addition, FLX
was shown to possess oncolytic activity against pancreatic
and colon cancer cell lines at similar micromolar
concentrations. The results with Panc-1, a commonly used
pancreatic cancer cell line, were particularly encouraging
because of the dismal prognoses associated with most
pancreatic cancers. Novel treatments are needed to treat
this type of cancer, and repurposing an FDA-approved drug
such as FLX would greatly reduce the time and cost for
clinical development.

Several studies have reported the oncolytic activity of FLX
in several cancers, due to increased intracellular calcium levels
and augmented ROS production and release by mitochondria
into the cytoplasm (12). However, it was only recently that
FLX was identified as an AMPAR agonist and that pre-
treatment of glioma cells with an AMPAR antagonist reduced
the oncolytic effects of FLX (5). FLX also was shown to
selectively execute glioma cells and spare healthy neurons and
astrocytes because glioma cells massively over-express
calcium-permeable subunits of the AMPAR. In vivo, FLX
demonstrated efficacy similar to temozolomide, a standard of
care for managing patients with glioblastoma (5). In addition,
the present results demonstrate that FLX might possess utility
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Figure 1. FLX is oncolytic in multiple cancers. Dose response curve of
FLX in U87, Pancl and HT29 cells. Data are presented as mean+SEM
of 3-5 independent experiments performed in quadruplicate. ANOVA,
p<0.001, followed by t-test where **p<0.01, ***p<0.001, compared to
vehicle-treated control.
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Figure 2. CX614 is oncolytic in multiple cancers. Dose response curve
of CX614 in U87, Pancl and HT29 cells. Data are presented as
mean+SEM of 3-4 independent experiments performed in quadruplicate.
ANOVA, p<0.01, followed by t-test where *p<0.05, **p<0.01,
compared to vehicle-treated control.
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Figure 3. CX614 enhances FLX’s oncolytic effects. FLX and CX614 synergistically reduce A) U87, B) Pancl and C) HT29 cell viability. Data are
presented as mean+SEM of 3-4 independent experiments performed in quadruplicate. T-test where *p<0.05, **p<0.01, compared to vehicle-treated

control . #

as an oncolytic agent for cancers expressing CP-AMPARs
regardless of tissue of origin.

On a separate note, it has been shown that acute
administration of Class I ampakines increases neuronal

p<0.05, king’s synergy test, demonstrating significant synergistic interaction.

proliferation (13) and BDNF production in organotypic
cultures (14). In addition to being implicated in neuronal
maturation, differentiation and proliferation, BDNF also
exerts similar effects in cancer cells (15, 16). Thus, it was
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somewhat perplexing to observe that class I ampakines
inhibit growth of several cancer cell lines in vitro.
Furthermore, up regulation of BDNF in the hypothalamus
has also been implicated in producing an immune-
augmenting anti-tumor response against several cancers (17-
19). Since the hypothalamus expresses functional AMPARs
(20), it is possible that ampakines may be able to produce an
anti-tumor response in vivo as well as exert a small, direct
oncolytic effect at clinically relevant concentrations.

While a considerable number of studies have suggested
that the antidepressant property of FLX was due to its
inhibition of serotonin reuptake (21), more recent data
suggest that FLX may elicit its anti-depressant effects by
activating AMPA receptors. Though its activity as an AMPA
receptor agonist was only vigorously demonstrated recently
(5), its pre-clinical interactions with AMPAR PAMs were
demonstrated over a decade ago (21). The elegant studies
performed by Li er al. (21) demonstrate synergistic
antidepressant interactions between ampakines and several
SSRIs, including FLX. They also show that tricyclic
antidepressants (TCA) and ampakines synergistically reduce
depressive behavior in vivo. TCA also have been shown to
act as AMPAR agonists at moderate micromolar
concentrations (22) lending more credit to the possibility that
a broad range of drugs, used until now as antidepressants,
might also have clinical utility as oncolytics by augmenting
AMPAergic currents and downstream signaling pathways.

It is becoming more widely accepted that tumors are
heterogenous in nature and that cells within a tumor exhibit
canonical characteristics associated with cancer (increased
proliferation, migration and invasion), while a small portion of
the tumor cells divide infrequently and are much more resistant
to DNA damaging agents frequently used to target the tumor
(23). This subpopulation is referred to as cancer stem cells and
are believed to be the reason many cancers rebound after what
is considered successful treatment. Since the first identification
of cancer cells positive for certain stem cell markers,
considerable efforts have been made to isolate and characterize
these cells in order to determine their vulnerabilities. Though
progress has been slow, one recent report suggested that cancer
stem cells originating from the brain over-express CP-
AMPARs, compared to cancer cells that already overexpress
CP-AMPARSs (23). If this preliminary result proves to be true,
it raises the possibility of using drugs that increase AMPAergic
activity, both direct agonists as well as ampakines, to target
both rapidly dividing cancer cells and quiescent cancer stem
cells. With particular respect to FLX, synergistic interactions
have already been demonstrated with common chemotherapies
(reviewed by (24)).

Taken together, the present data demonstrate that CX614, a
Class I ampakine, and FLX individually inhibit cancer cell
growth. Effects that are synergistically enhanced when the two
drugs are combined. We believe this is accomplished by

CX614 increasing FLX affinity for the AMPA receptor
resulting in greatly enhanced calcium influx and subsequent
signaling pathways. Class II ampakines, which do not increase
AMPAR agonist binding affinity, did not inhibit U87 cell
viability or synergistically inhibit U87 cell viability when
paired with FLX, suggesting that the oncolytic effects of FLX
observed in the current work are probably AMPAR-dependent.
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