
Abstract. Background/Aim: Mounting evidence suggests that
trophic cell signaling can be mediated by alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) activation. It has been demonstrated that exogenous
application of brain-derived neurotrophic factor (BDNF) is
highly neuroprotective in vitro against neurotoxic insults such
as standard chemotherapies. Materials and Methods: Because
positive allosteric modulation of AMPARs with ampakines can
increase both BDNF mRNA and protein in vitro and in vivo,
we examined whether application of the ampakines CX614
and CX729 promoted neuroprotection against staurosporine-
induced cell death in rat primary cortical neurons using
propidium iodide to stain for dead cells. Results: A transient
2-h pretreatment with CX614 or CX729 performed 24 h prior
to staurosporine produced significant, time-dependent
neuroprotection that was resistant to the AMPAR antagonists
NBQX or GYKI 52466, suggesting that this effect may be
independent of ion flow. Furthermore, the pretreatment time
requirements of CX729 matched the time course for increased
BDNF expression previously reported to occur in hippocampal
slices, suggesting that increased neurotrophin expression
might be associated with the neuroprotective effects conferred
by ampakines. Conclusion: Our data demonstrate that
ampakines may be able to perturb neuronal toxicity and
peripheral neuropathy of front-line chemotherapies.

It is now becoming more widely accepted that ionotropic
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

receptor receptors (AMPARs) act as more than ligand-gated
sodium channels. AMPARs are also ligand-gated calcium
channels with Gi-protein coupling (1). This discovery was
followed by the determination that AMPAR signaled to the
mitogen-activated protein kinase (MAPK) in a pertussis
toxin-sensitive manner and that the downstream signaling
cascade resulted in increased brain-derived neurotrophic
factor (BDNF) expression (2). BDNF is a neurotrophin that
exerts its effects through the tropomyosin-related kinase B
(TrKB) receptor activation, and is highly neuroprotective
against excitotoxicity when exogenously applied in vivo and
in vitro (3-5).

Ampakines act as positive allosteric modulators of AMPARs
and have been reported to increase both mRNA and protein
levels of BDNF in hippocampal neurons in vitro (6) and
mRNA levels in vivo (7, unpublished data), demonstrating that
these drugs are also capable of modulating this neurotrophic
signaling pathway, presumably by potentiating the actions of
endogenous glutamate. While excessive glutamate release has
been proposed to underlie neuronal excitotoxicity (8), the
trophic signaling pathways associated with AMPAR activity
may explain how, in other circumstances, the activation of
glutamate receptors can act as a survival signal. Bambrick et
al. showed that glutamate induced neuronal survival in cultured
murine hippocampal cells, and blockade of AMPAR/kainate
receptors increased neuronal death (9). Similarly, McKinney et
al. demonstrated that AMPAR activation spared dendritic
spines from degeneration induced by deafferentation or
botulinum toxin (10). 

A significant subset of patients with cancer experience
either cognitive impairments (11), peripheral neuropathy (12)
with/without changes in white matter volume in the brain
(11) as they progress through chemotherapy treatments
collectively termed ‘chemo-brain’. Currently, no treatment
exists to prevent these varying degrees of neurological
complications and sometimes chemotherapy needs to be
stopped due to neurological side-effects. 

For these reasons, the present study examined whether
positive AMPAR modulation by the ampakines CX614 and
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CX729 promoted survival in primary cortical neurons
induced to undergo cell death by exposure to staurosporine
and whether such actions of the ampakines required the
activation of cation channels. 

Materials and Methods
All animal procedures were conducted in accordance with the
federal register’s guides on acceptable principles of use of vertebrate
animals in research testing (13) with protocols approved
1R4NS38404] by the Institutional Animal Care and Use Committee
of the University of California at Irvine (Irvine, CA, USA). Efforts
were made to minimize animal suffering and the numbers of rats
used in the work described. 

Reagents. Dulbecco’s phosphate-buffered saline, Eagle’s minimum
essential medium (MEM), 5-fluoro-’2-deoxyuridine, poly-L-lysine,
propidium iodide, trypan blue, uridine and KCl were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Heat-inactivated
fetal bovine serum (FBS) and heat-inactivated horse serum (HS)
were from Hyclone Laboratories (Logan, UT, USA). L-Glutamine
was purchased from GIBCO Laboratories (Grand Island, NY, USA).
Staurosporine was from Calbiochem (La Jolla, CA, USA). The
competitive AMPAR antagonist NBQX was obtained from Tocris
Cookson (Langford, Bristol, UK) and the non-competitive AMPAR
antagonist GYKI52466 were purchased from RBI (Natick, MA,
USA). CX614 (2H,3H,6aH-pyrrolidino[2’’,1’’-3’,2’]1,3-oxazino
[6’,5’-5,4]benzo[e]1,4-dioxan-10-one), CX729 (pyrrolo[2,1-
b]pyrrolo[2’,1’:2,3][1,3]oxazino[6,5-g][1,3]benzoxazine-6,13-dione,
1,2,3,3a,8,9,10,10a-octahydro-(3aR,10aR)) and CX743 (pyrrolo[2,1-
b]pyrrolo[2’,1’:2,3][1,3] oxazino[6,5-g][1,3]benzoxazine-6,13-
dione, 1,2,3,3a,8,9,10,10a-octahydro-(3aS,10aS) were synthesized
at RespireRx Pharmaceuticals (Glen Rock, NJ, USA).

Primary neuronal cultures. Cultures of E18 rat cortical neurons
were prepared as previously described (14). Briefly, timed-
pregnant Sprague-Dawley rats (Harlan-Sprague Dawley;San
Diego, CA, USA) were anesthetized using halothane anesthesia
and killed by cervical dislocation following 18 days of gestation.
Fetuses were removed and the cortical region of their brains
dissected. Dispersion of cortical neurons was accomplished using
a 10 ml pipette, and the cells centrifuged at 250 × g for 5 min at
4˚C. Cells were plated on poly-L-lysine coated, 35-mm-diameter
tissue culture dishes at 105 cells/cm2 in plating medium consisting
of 80% MEM, 10% FBS, 10% HS, and 2 mM L-glutamine, and
incubated at 37˚C in 5% CO2 and 95% air. Cultures were treated
with 15 μg/ml 5-fluoro-2’-deoxyuridine and 35 μg/ml uridine on
day 4 of culture to minimize glial cell growth. The cultures were
supplemented with growth medium consisting of 90% MEM and
10% HS 1 week after plating. Experiments were performed on
cells after 16-20 days in culture. Murine embryonic neurons were
previously shown to express predominantly flip variants of
AMPAR (15).

Culture treatments. One-half of the medium from cortical cultures
was removed and saved. Cells were pre-treated with 50 μM CX614
or 10-100 nM CX729 in a 1 ml volume of culture media for 2 h 2, 6,
or 24 h prior to, concomitantly with or 2 h after initiating
staurosporine treatment. Following ampakine exposure, the drug-
containing culture media were removed, the cells were washed with

a controlled salt solution, which consisted of 120 mM NaCl, 5.4 mM
KCl, 0.8 mM MgCl2, 1.8 mM CaCl2, and 15 mM glucose, buffered
with 25 mM Tris, pH 7.4, and the saved conditioned medium was
returned to the plates. Staurosporine (1 μM) was added to the
remaining culture media post-ampakine administration.

Twenty-four hours after the addition of staurosporine, cell
viability was assessed by propidium iodide (PI) exclusion. Live cells
were counted as phase-bright cells under phase-contrast microscopy,
and the number of PI-labeled nuclei (dead cells) under fluorescence
microscopy. Cell death was expressed as the percentage of PI-
labeled neurons [i.e. PI-labeled/(phase bright+PI-labeled neurons)].
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Figure 1. Ampakines CX614 and CX729 attenuate staurosporine-induced
cell death. Cells were transiently pre-treated with CX614 (50 μM) (A)
or CX729/CX743 (100 nM) (B) for 2 h, and subsequently exposed to
staurosporine (Stauro, 1 μM) 24 h later. Cell viability determinations
were made using propidium iodide (PI) exclusion 24 h after
staurosporine was introduced to the culture media. ANOVA gave p<0.01,
suggesting a significant dose-dependent response to CX729. Bars
represent the means±SEM from three to six experiments performed in
triplicate. Significantly different at ***p<0.001 compared to control;
#p<0.05 and ###p<0.001, compared to staurosporine-treated cells. 



Data analysis. Data were analyzed using Microsoft 2011 (Microsoft,
Redmond, WA, USA). One-way analysis of variance and t-tests
were used to analyze data. All assays were performed in triplicate
at least twice (n=2-6). 

Results
Incubation with 50 μM CX614 or 100 nM CX729 (Figure 1)
produced no significant (p>0.05, t-test) effects on cell
viability when administered alone. Protracted exposure of
primary cortical neurons to 1 μM staurosporine caused death
in approximately 50% of the cells when cell viability was
assessed 24 h after its addition (Figure 1). However, when
neurons were transiently pre-exposed to 50 μM CX614
(Figure 1a) or 100 nM CX729 (Figure 1b) for 2 h, 24 h prior
to the addition of staurosporine (1 μM), cell death was
significantly attenuated (p<0.001, t-test). CX743, the
physiologically inactive enantiomer of CX729, had no effect,
suggesting that positive allosteric modulation of AMPAR
was responsible for the observed neuroprotective effects. 

The ability of CX729 to attenuate staurosporine-induced cell
death was also concentration dependent (p<0.01, ANOVA).
The minimal effective dose in these experiments was 30 nM,

a dose comparable to that required to enhance field excitatory
post-synaptic potentials recordings in hippocampal slices
(unpublished observations) with maximal protection of 80-95%
achieved with 100 nM (Figures 1B and 2).

The timing requirements for ampakine treatment were also
examined using CX729, by varying the amount of time
between the washout of the ampakine and the initiation of the
staurosporine application. CX729 was applied for 2 h at 2, 6
and 24 h prior to staurosporine application. In addition, the
compound was applied simultaneously with staurosporine
(time 0) or 2 h after the addition of staurosporine and
remained in the incubation medium without washout. Results
showed that neuroprotection was conferred across all time
intervals with significance (p<0.05, t-test; p<0.01, ANOVA)
as early as 6 h post-ampakine application, with maximal
effects occurring after a 24-h delay between ampakine pre-
treatment and staurosporine application (Figure 2). No
protection was seen when the compound was co-applied, or
applied after staurosporine introduction. 

Application of the competitive AMPAR antagonist NBQX
(10 μM) or the non-competitive AMPAR antagonist GYKI
52466 (30 μM) did not produce any cytotoxic effects when
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Figure 2. Pre-treatment with CX729 was necessary to invoke neuroprotection. Cells were treated with 100 nM CX729 for 2 h, with staurosporine
(Stauro, 1 μM) added at the indicated times. Cell viability determinations were made using propidium iodide (PI) exclusion. Neuroprotective efficacy
required a delay, since increasing the time between ampakine administration and staurosporine conferred greater neuroprotection. Concomitant or
subsequent application of the ampakine was ineffective. ANOVA gave p<0.01, suggesting a significant time-dependent response. Bars represent the
means±SEM from two independent experiments performed in triplicate. *Significantly different at p<0.05, compared to staurosporine-treated cells.



administered alone; nor did they alter the cytotoxic effects
of staurosporine or the neuroprotective effects produced by
CX729 (Figure 3). 

Discussion

The present results demonstrate the ability of ampakine
administration to produce a time- and dose-dependent increase
in the survival of primary cultures of rat cortical neurons when
these cells were treated with staurosporine. These ampakine

effects were enantiomer-specific and not affected by NBQX
or GKYI-52466, competitive and non-competitive antagonists
of AMPA receptor channel activity, respectively. These same
ampakines have been observed to produce a facilitation of
fEPSP in rat hippocampus, an effect antagonized by NBQX
(unpublished observations), suggesting that they do act on
AMPARs. The present results raise the possibility that these
protective properties of ampakine might act independently of
what is considered the classic ionotropic AMPAR. In this
regard, it is interesting to note that there has been a report of
increased BDNF expression via AMPAR signaling that was
independent of ion flow (2).

A minimal pretreatment time of at least 6 h proved
necessary for significant protective effects. This timing
requirement suggests the possibility that new protein
synthesis might be a necessary feature of ampakine-mediated
neuroprotection and that positive allosteric modulation of
AMPARs by ampakines might induce signaling cascades that
promote neuroprotection. Consistent with this idea, the
timing requirements matched those necessary for
neurotrophin induction in hippocampal slice (6).

Given that ampakines can cross the blood–brain barrier,
treating patients with a bolus of either CX614 or CX729 1 day
prior to chemotherapy rounds may spare them from certain
neurological side-effects associated with standard DNA-
damaging agents or other front-line chemotherapies. It is also
fortuitous that CX614 has been shown to elicit oncolytic effects
in multiple cancer types (16); an agent that can inhibit cancer
cell proliferation and protect non-transformed cells is sorely
needed in the clinic. Furthermore, there are accumulating data
to show that increased BDNF in the hypothalamus produces an
immune-stimulating and subsequent oncolytic effect in vivo (17,
18). Moreover, patients with higher serum BDNF levels
experience longer survival times (19), demonstrating that up-
regulation of BDNF in key brain regions may not only have
neuroprotective effects, but also key oncolytic effects (20). With
these ideas in mind, our work demonstrates that AMPAR
activation by ampakines may not only serve a multi-faceted role
in reducing neuronal toxicity and negating the ‘chemo-brain’
phenomenon associated with common chemotherapies, but may
also stimulate the patient’s immune system to attack tumors.
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