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Abstract
Neurotoxicity is involved in various neurodegenerative diseases including Parkinson’s disease
(PD), which affects mesencephalic dopaminergic neurons of the substantia nigra (SN). Positive α-
Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor modulators (PARMs,
a.k.a. Ampakines, such as CX614) increase brain-derived neurotrophic factor (BDNF) protein
levels in vivo and in cultured hippocampal slices. BDNF is a survival factor for various neuronal
cell types including mesencephalic dopaminergic neurons. Using cultured mesencephalic and
hippocampal slices, we investigated whether preincubation with CX614 could provide
neuroprotection against MPP+ toxicity and whether such neuroprotection was mediated by BDNF.
Various treatment protocols were tested to demonstrate CX614-induced neuroprotection against
MPP+. Pretreatment with CX614 significantly reduced MPP+-induced toxicity and increased
BDNF levels in both hippocampal and mesencephalic cultured slices; CX614 pretreatment for 6 h
in hippocampal slices and 24 h in mesencephalic slices was sufficient to produce significant
neuroprotection as assessed with lactate dehydrogenase release in slice medium and propidium
iodide uptake in slices. Both a BDNF scavenger and an inhibitor of the BDNF receptor TrkB,
abrogated CX614-mediated reduction of MPP+-induced toxicity. Inhibition of Ca2+-activated
proteases, calpains, was also protective against MPP+-induced toxicity. However, co-application
of calpain inhibitor with CX614 abolished CX614-mediated protection, suggesting a dual action of
calpains in this model. We conclude that CX614 is neuroprotective against MPP+-induced
toxicity, an effect mediated by increased BDNF expression and activation of BDNF-dependent
signaling pathways. Our results provide support for using PARMs as a new therapy for
neurodegenerative disorders, including PD.
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1. Introduction
Parkinson’s disease (PD) and Alzheimer’s disease (AD) are progressive neurodegenerative
disorders that affect different neuronal populations; AD mainly targets cortical and
hippocampal neurons, and PD affects dopaminergic neurons of the substantia nigra leading
to loss of dopamine release in the striatum (Dluzen et al., 2001; Fumagalli et al., 2006). 1-
Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and its active metabolite 1-methyl-4-
phenylpyridinium (MPP+) cause PD-like symptoms in vivo and have been extensively used
in rodents and primates to generate animal models of this disease (Langston and Irwin,
1986). This neurotoxin has also been applied to cultured mesencephalic slices to generate an
in vitro model of PD (Madsen et al., 2003). At low concentrations, MPP+ has been shown to
be specific for dopaminergic neurons because of its uptake by the dopamine transporter, but
at higher concentrations it also causes neuronal death in other cell types, including
hippocampal neurons, due to inhibition of mitochondrial complex I (Langston and Irwin,
1986).

Deregulation of brain-derived neurotrophic factor (BDNF) production and/or release has
been implicated in many neurological and psychiatric disorders, including drug addiction,
schizophrenia, PD, and AD. Many of these diseases involve dopaminergic and glutamatergic
dysfunction (Harrison and Weinberger, 2005; Kelley, 2004; Toyooka et al., 2002). Although
the etiology of PD is not well understood, the disease is primarily characterized by motor
dysfunction as a result of decreased dopamine availability and reduced BDNF release in the
striatum, both of which contribute to the exacerbation of PD (Kuipers and Bramham, 2006).
BDNF has been suggested as possible therapy for PD because it exerts strong trophic effects
on dopaminergic neurons, triggers dopamine release, and regulates dopamine receptor
expression (for a review, see Fumagalli et al., 2006). Additionally, dopaminergic stimulation
increases in vivo BDNF expression (Okazawa et al., 1992). Unfortunately however,
systemic or direct in vivo application of BDNF does not provide neuroprotection for
dopaminergic neurons (Fumagalli et al., 2006; Spina et al., 1992).

Positive AMPA receptor modulators (PARMs, a.k.a. Ampakines), such as CX614 [2H,3H,
6aH-pyrrolidino[2″,1″-3′,2′]1,3-oxazino [6′,5′-5,4]-benzo[e]1,4-dioxan 10-one],
constitute a new category of drugs that allosterically modulate AMPA receptors and increase
BDNF mRNA and protein levels in vitro and in vivo (Arai and Kessler, 2007; Lauterborn et
al., 2003; Lynch, 2007).

Although it is not yet known whether glutamatergic neurotransmission in mesencephalon
could directly contribute to dopaminergic neuronal survival, it is plausible that BDNF could
indirectly mediate glutamatergic modulation of the dopaminergic system. Accordingly, in
the present study we investigated whether upregulation of BDNF levels with PARMs, such
as CX614, could protect mesencephalic neurons from MPP+-induced cell death. We also
examined whether CX614 was neuroprotective in hippocampal neurons against the same
toxin. Our results indicate that CX614 pretreatment is neuroprotective against MPP+-
induced toxicity in both cultured hippocampal and mesencephalic slices and that this effect
is linked to the ability of CX614 to increase BDNF levels.

2. Methods
2.1. Animals

Neonatal Sprague-Dawley rat pups (Harlan, Indianapolis, IN) were anesthetized with 2-
bromo 2-chloro-1,1,1-trifluorethane in a ventilated chamber according to the guidelines of
the National Institutes of Health. All efforts were made to minimize animal distress and to
reduce the numbers of animals used in this study.
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2.2. Preparation of cultured hippocampal slices
Cultured hippocampal slices from 9 to 11 day postnatal rat pups were prepared as previously
described (Jourdi et al., 2005a,b). Briefly, animals were decapitated and tissue containing
hippocampus as well as parts of the entorhinal cortex and subiculum were bilaterally
dissected and cut into 400 μm-thick slices using a McIllwain tissue slicer (Mickle
Laboratory Co. Ltd., Guildford, UK). Slices from 4 to 6 pups were mixed and randomly
explanted onto Millicel-CM membrane inserts (Millipore, Bedford, MA) at a density of 5
slices per insert. Inserts were placed in Falcon six-well culture plates (BD Biosciences, San
Jose, CA) containing sterile medium (1 ml/well) VEM consisting of 50% basal Eagle’s
medium, 25% Earl’s balanced salt solution, 136 mM NaCl, 2 mM CaCl2, 2.5 mM MgSO4, 5
mM NaHCO3, 3 mM glutamine, 40 mM glucose, 0.5 mM ascorbic acid, 20 mM acid-free
HEPES buffer, 1 mg/l insulin, 10 U/ml penicillin, and 10 mg/l streptomycin (pH 7.3) and
supplemented with 20% horse serum (all reagents from Sigma, St. Louis, MO). Cultures
were maintained in a humidified incubator at 35 °C and with 5% CO2 for a minimum of 10
days and a maximum of 14 days before initiation of experimental procedures. Fresh medium
changes were made thrice weekly.

2.3. Preparation of cultured mesencephalic slices
Slices containing the substantia nigra from the ventral mesencephalon were prepared with
modifications to a previously described method (Madsen et al., 2003). Briefly, postnatal day
3 rat pups were decapitated and the brains removed and sagitally cut into two hemispheres.
The cerebral cortex was dissected away and meninges were cleared from the midbrain and
brainstem. Coronal slices (350 μm) were prepared with a McIllwain tissue slicer. Five slices
per hemisphere centered around the substantia nigra were explanted on Millicel-CM
biomembrane inserts (Millipore), maintained in six-well culture plates (BD Biosciences)
containing the same medium (20% HS/VEM) used for hippocampal slices, and kept at 35 °C
in a 5% CO2 humidified incubator for 5–7 days with three medium changes per week. Slices
were then switched to serum-free Neurobasal Medium supplemented with B-27 (B27-NBM)
and 0.5 μM glutamate (all reagents from Invitrogen) and kept in the same incubation
conditions for an additional 5–7 day period prior to initiation of treatments.

2.4. Drugs and treatments
The positive AMPA receptor modulator CX614 (a generous gift from Cortex
Pharmaceuticals, Irvine, CA) was used in this study because it is one of the best
characterized PARMs in terms of its ability to upregulate BDNF in vivo and in vitro
(Lauterborn et al., 2003). CX614 is highly selective for AMPA receptors and its effects on
BDNF are not prevented by blockers of other types of glutamate receptors (Arai and
Kessler, 2007; Hennegriff et al., 1997; Jourdi et al., 2005a,b; Lynch, 2007; Xia et al., 2005).
CX614 was diluted 1:1000 from a 50 mM stock solution prepared in DMSO into 20% HS/
VEM medium for cultured hippocampal slices and into B27-NBM for cultured
mesencephalic slices. The former were treated for 6 h (unless otherwise noted). At the end
of incubation, hippocampal slices were transferred to fresh medium (20% HS/VEM).
Cultured mesencephalic slices were incubated with CX614 for 24 h after which the medium
was replaced with fresh B27-NBM. Toxicity was induced with the addition of MPP+

(Sigma, St. Louis, MO). Fresh MPP+ was prepared in purified water as a 1000 × stock
solution (250 mM) and filter-purified before use in tissue cultures. Preliminary experiments
were conducted to determine optimal treatment protocols (time and concentrations of MPP+

and CX614) in OMSC and OHSC. The criteria used to select concentration and duration of
treatments consisted of: 1) Incubation time with CX614 that produced significant BDNF
upregulation; 2) MPP+ concentration and duration of treatment that caused toxicity by itself
but did not induce irreversible damage to cultured slices; and 3) Time between CX614 and
MPP+ treatments to prevent possible direct interactions between CX614 and MPP+. This
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third criterion was important to satisfy in light of our recent findings that acute application
of CX614 increases BDNF release without increasing total BDNF expression (H. Jourdi and
M. Baudry, unpublished results).

For hippocampal slices, MPP+ was diluted in serum-free VEM and the treatment was carried
over 24 h in a humidified incubator (35 °C; 5% CO2) (final concentration 250 μM). For
mesencephalic slices, MPP+ was dissolved in B27-NBM and treatment (20 μM, final
concentration) was carried over 48 h in a humidified incubator (35 °C; 5% CO2). Samples
were collected at the end of each experiment as indicated in Section 3. In experiments that
used the tyrosine kinase inhibitor K252a {(9S,10R,12R)-2,3,9,10,11,12-Hexahydro-10-
hydroxy-9-methyl-1-oxo-9,12-epoxy-1H-diindolo[1,2,3-fg:3′,2′,1′-kl]pyrrolo[3,4-i]
[1,6]benzodiazocine-10-carboxylic acid methyl ester} (0.5 μM; Biosource, Camarillo, CA)
or the BDNF scavenger TrkB-Fc (extracellular domain of human TrkB fused to the C-
terminal histidine-tagged Fc region of human IgG1) (0.3 μg/ml; Sigma, St. Louis, MO), the
medium containing these drugs was added 30–60 min before CX614 pretreatment and these
compounds were maintained through every medium change until samples were collected.

2.5. Lactate dehydrogenase assay
Measurements of lactate dehydrogenase (LDH) released into the culture medium after MPP+

treatment were used as a measure of cellular damage as previously described (Jourdi et al.,
2005a,b; Zhou and Baudry, 2006). Briefly, rate of nicotinamide adenine dinucleotide
(NADH) depletion was measured using a SpectraMax Plus with data collected and analyzed
by SOFTmax Pro software (Molecular Devices, Sunnyvale, CA). Each reaction consisted of
0.6 ml 0.1 M potassium phosphate buffer (10% KH2PO4 mixed with 10% K2HPO4; pH 7.5)
and 0.4 ml sample medium. After 20 min, 0.5 ml of freshly made solution of sodium
pyruvate and NADH solutions (20% NADH in 10% sodium pyruvate) was added to this
solution and immediately followed by measuring absorbance at 340 nm (all reagents from
Sigma). LDH activity was measured as units/ml, with one unit of activity representing the
amount of LDH that causes a decrease of 0.001 absorbance unit of NADH per minute in the
presence of sodium pyruvate. LDH release was then normalized to cultured tissue protein
concentration and results were expressed as percent of controls.

2.6. Western blotting
Slices were collected into cold homogenizing buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5
mM EDTA, 1 mM EGTA, 1 mM PMSF, 10 mM NaF, and 1 mM Na3VO4; all from Sigma–
Aldrich, St. Louis, MO) supplemented with protease inhibitor cocktail [4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride, 2.08 μM; aprotinin, 1.6 μM; leupeptin,
40 μM; bestatin, 80 μM; pepstatin A, 30 μM; and trans-3-carboxyoxirane-2-carbonyl-L-
leucylagmatine, 28 μM] (Sigma–Aldrich), sonicated five times using a Sonic Dismembrator
(Fisher Scientific, Pittsburg, PA) set at 50% for 4- to 7-s intervals, and protein
concentrations were determined. Equal amounts (20–40 μg) of sample proteins were
separated according to their molecular weight on 8-10% SDS polyacrylamide gels and
transferred onto polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA). After
transfer, membranes were blocked with 5% milk in TBS-T (137 mM NaCl, 20 mM Tris
base, and 0.1% Tween 20; pH 7.4) for 1.5 h. Membranes were probed with the primary
antibody diluted with 5% milk (1:1000) and incubated overnight at 4 °C. Membranes were
then washed with TBS-T and incubated with horseradish peroxidase-conjugated secondary
antibodies (Amersham Biosciences Inc., Piscataway, NJ) diluted (1:10,000) with TBS-T for
1 h followed by washing in TBS-T. Membranes were exposed to enhanced
chemiluminescence western blotting detection reagent (Amersham Biosciences Inc.) for 2
min, placed in an autoradiography cassette, and exposed to Hyperfilm (Amersham
Biosciences Inc.) for different lengths of time. All membranes were stripped and reprobed
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with anti-actin antibodies (Sigma–Aldrich) for loading controls. Intensities of
immunoreactive bands were quantified by densitometry, normalized to actin content, and
data expressed as percent of controls.

2.7. Antibodies
The following primary antibodies were used at the indicated final concentrations:
monoclonal mouse anti-actin (0.1 μg/ml; Sigma, St. Louis, MO), monoclonal mouse anti-
spectrin (0.1 μg/ml; Millipore, Temecula, CA), polyclonal rabbit anti-BDNF (N-20
antibody) (0.5 μg/ml; Santa Cruz Biotech., Santa Cruz, CA), monoclonal mouse tyrosine
hydroxylase (Millipore, Temecula, CA). Horseradish peroxidase-conjugated secondary
antibodies were used at 1:10,000 dilution (Amersham Biosciences Inc).

2.8. Enzyme-linked immunosorbent assay
Hippocampal and mesencephalic slices were collected into cold homogenizing buffer (20
mM Tris pH 7.5; 137 mM NaCl,1% NP-40, 10% glycerol,1 mM PMSF, 0.5 mM Na3VO4;
all from Sigma, St. Louis, MO) supplemented with the same protease inhibitor cocktail
indicated earlier (Sigma–Aldrich), sonicated five times using a Sonic Dismembrator (Fischer
Scientific) for 3–5 s intervals on ice, and protein concentrations were determined. BDNF
levels were determined using BDNF EMAX ImmunoAssay System (Promega, Madison,
WI) following kit instructions.

2.9. Propidium iodide staining and fluorescence microscopy
Propidium iodide (PI; 3 μM) (Calbiochem, San Diego, CA) was added during the last 24 h
of treatment (i.e. preceding tissue collection). At the end of treatment, PI-stained cultured
mesencephalic slices were imaged using an inverted Leica DMIRB epifluorescence
microscope fitted with a 5 × phase contrast objective and a Spot RT slider color CCD
camera (Roper Scientific, Tucson, AZ) with a 550LP filter. At this magnification, one
picture included an entire mesencephalic slice. Viewed images were captured using
Photoshop CS (Adobe Systems, San Jose, CA). For best intensity of images and to avoid
saturation, all slices were exposed for 50 ms, and the camera gain was kept constant
throughout each experiment. A threshold was applied to eliminate background fluorescence
uniformly in all images. Fluorescence intensity was then estimated by the following method:
first, images were adjusted to gray levels using Adobe Photoshop with the background of
images in black and PI-stained structures in white; second, modified images were analyzed
quantitatively by densitometry with ImageJ software. Finally, PI staining data were averaged
for each condition and the means ± SEM values were expressed as percent of maximal PI
staining (found in MPP+-treated slices) from the indicated number of independent
experiments (Fig. 6B). Examples of raw PI imaging results were also shown (Fig. 6A).

3. Results
3.1. Treatment of cultured hippocampal slices with CX614 protects against MPP+-induced
toxicity

Cultured hippocampal slices were initially simultaneously treated for 24 h with CX614 (50
μM) and MPP+ (250 μM). At the end of treatment, culture medium was analyzed for lactate
dehydrogenase (LDH) content as an indicator of cell membrane integrity following MPP+-
induced toxicity (see Section 2). Co-treatment for 24 h did not provide protection against
MPP+-induced toxicity (Fig. 1A). In fact, LDH release was not significantly different in
samples that received CX614 and MPP+ together compared to MPP+ alone. These results
indicated that CX614 could not provide protection from cell injury when applied
simultaneously with the neurotoxin. Similar to our previous findings, treatment of cultured
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hippocampal slices with CX614 alone did not increase LDH release, indicating that CX614
was not inherently toxic (Jourdi et al., 2005a,b). We then determined whether pretreatment
with CX614 could protect OHSC against MPP+-induced toxicity, and applied CX614 (50
μM) to cultured hippocampal slices for 6 h or for 24 h (Fig. 1B and C). At the end of CX614
treatment, slices were transferred to fresh medium and kept for 24–42 h. This was followed
by incubation with MPP+ for one day. At the end of MPP+ treatment, slices and media were
collected and analyzed for accumulation of spectrin breakdown products (SBDP; see below)
and LDH release, respectively. These pretreatment protocols with CX614 resulted in 77%
(Fig. 1C) and 50% (Fig. 1B) reduction in LDH release, respectively, when compared to
slices treated with MPP+ alone. As the 6 h abbreviated pretreatment yielded highly
significant decline in LDH release, this protocol was used in the remaining experiments for
cultured hippocampal slices.

Activation of calcium-dependent cysteine proteases, a.k.a. calpains, has previously been
implicated in MPP+-induced neuronal cell death. Spectrin is a cytoskeletal protein and one
of the best characterized calpain substrates. Accumulation of calpain-generated spectrin
breakdown products (SBDP; 145-150 kDa doublet bands) has been extensively used as a
marker of calpain activation (Jourdi et al., 2005a,b). Accordingly, protein samples obtained
from hippocampal slices treated as in Fig. 1C were analyzed by western blotting to
determine SBDP accumulation (Fig. 1D). MPP+ treatment of slices resulted in calpain
activation as evidenced by SBDP accumulation. However, calpain-mediated spectrin
degradation was not reduced by preincubation of slices with CX614, indicating that calpain
activation was independent from LDH release.

3.2. CX614-mediated neuroprotection against MPP+ in cultured hippocampal slices
depends on brain-derived neurotrophic factor (BDNF)

The previous results suggested that CX614-dependent reduced LDH release required a
mediator that was not available in the initial co-treatment protocol. As CX614 can increase
mRNA and protein levels of BDNF, a survival-promoting factor, we evaluated the
requirement of CX614-induced increase in BDNF for protection against MPP+-induced
toxicity. To test this idea, cultured hippocampal slices were treated with K252a, an inhibitor
of the BDNF receptor TrkB, or with TrkB-Fc, a scavenger of secreted BDNF. TrkB-Fc
binds free BDNF with high affinity and prohibits it from binding to endogenous TrkB
receptors expressed on neuronal cell surface.

Slices were treated with CX614 (50 μM; 6 h), transferred to fresh CX614-free medium for
42 h and this was followed by incubation with the neurotoxin for 1 more day (Fig. 2A).
K252a (0.3 μM) (Fig. 2B and C) or TrkB-Fc (0.5 μg/ml) (Fig. 2D) were applied throughout
the experiment (Fig. 2A) and spectrin degradation (Fig. 2B) and LDH release (Fig. 2C and
D) were measured. MPP+ was applied during the last day of culture and significantly
increased SBDP accumulation compared to control. Treatment with K252a alone did not
affect SBDP accumulation compared to control. In addition, pretreatment with CX614 or co-
application of CX614 together with K252a did not reduce MPP+-induced accumulation of
SBDP, again indicating that calpain activation was independent from LDH release (Fig. 2B).

Although continuous application of K252a alone did not affect LDH release, the protective
effects of CX614 pretreatment were abolished when K252a was applied together with
CX614 (Fig. 2C). Similarly, TrkB-Fc treatment did not affect LDH release compared to
control cultures. However, co-application of TrkB-Fc with CX614 completely blocked
CX614-mediated reduction of released LDH activity (Fig. 2D).
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3.3. Calpain inhibition prevents CX614-mediated neuroprotection against MPP+-induced
toxicity in cultured hippocampal slices

A previous report indicated that calpain inhibition was neuroprotective against MPP+-
induced toxicity (Choi et al., 2001). Although our results indicated that calpain was
activated following MPP+ treatment, they also indicated that pretreatment with CX614 did
not block calpain activation (Figs. 1 and 2). As such, calpain activity was not necessarily
linked with neurotoxicity.

To better understand the role of calpain in MPP+-induced toxicity and its interaction with
CX614 treatment, we compared LDH release (Fig. 3C) and SBDP accumulation (Fig. 3B) in
cultured slices treated with MPP+ alone, calpain inhibitor III alone, or with both; we treated
slices with calpain inhibitor III for 1 day before the addition of MPP+ and kept it throughout
the treatment (Fig. 3A). SBDP accumulation was only partially reduced in slices treated with
MPP+ in the presence of calpain inhibitor III (Fig. 3B). Similarly, LDH release results from
cultured hippocampal slices treated with calpain inhibitor III with MPP+ indicated
significant, but partial, reduction of LDH release compared to cultures treated with MPP+

alone (Fig. 3C).

In order to investigate whether calpain was involved in CX614-mediated neuroprotection
against MPP+-induced toxicity, slices were pretreated with CX614 together with calpain
inhibitor III 1 day before MPP+ application (Fig. 3D). Medium was collected and LDH
levels were assessed at the end of treatment. Surprisingly, co-application of calpain inhibitor
III with CX614 abolished the protective effects of CX614 against MPP+ toxicity.

3.4. CX614 treatment of cultured hippocampal and mesencephalic slices increases their
BDNF content

Since our current results indicated that the protective effects of CX614 were eliminated in
the presence of TrkB-Fc and K252a, we first verified that CX614 could increase BDNF
protein expression under our experimental conditions. When cultured hippocampal slices
were incubated with CX614 for 24 h, BDNF protein levels measured by ELISA were
increased 5 fold as compared to control (Fig. 4A).

In order to investigate whether CX614 could also be protective in an in vitro model of
Parkinson’s disease, we confirmed that BDNF levels could also be increased by CX614 in
cultured mesencephalic slices. Preliminary experiments were conducted to determine the
treatment protocol for maximal increase in BDNF levels following CX614 treatment.
CX614 treatment was carried over various periods of time (1, 3, 6, 12, and 24 h) and the
data indicated that 24 h incubation with CX614 (50 μM) resulted in maximal BDNF
expression (data not shown). Slices were then incubated in CX614-free medium for 1 or 2
additional days, collected, and analyzed for BDNF content using western blotting (Fig. 4B).
Western blotting was used for determination of BDNF contents in cultured mesencephalic
slices because it requires less total protein amount per sample than ELISA. BDNF levels
were the highest (300% of control) 1 day following the end of treatment of slices with
CX614 for 24 h. In addition, 2 days after the end of CX614 treatment, BDNF levels were
still significantly increased compared to control, suggesting that CX614 treatment results in
a sustained increase of BDNF levels in cultured mesencephalic slices, similar to what has
been reported for cultured hippocampal slices (Lauterborn et al., 2003).

3.5. CX614 pretreatment of cultured mesencephalic slices protects against MPP+ toxicity
Cultured mesencephalic slices were treated with CX614 for 1 day, transferred to fresh
medium for 1 day, and then incubated with MPP+ (20 μM) for 2 more days (Fig. 5A). At the
end of treatment, slices were collected and analyzed for BDNF, tyrosine hydroxylase (TH),
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and SBDP contents (Fig. 5B–D) using western blotting. BDNF levels were decreased in
cultured mesencephalic slices following MPP+ treatment in the absence of CX614 treatment
(Fig. 5B). BDNF levels in cultures that were pretreated with CX614 and then treated with
MPP+ were lower than in slices treated with CX614 (alone) and similar to those treated with
the vehicle control. Tyrosine hydroxylase (TH) is a specific marker of dopaminergic neurons
and its level of expression has been repeatedly used as an index of survival of dopaminergic
cells. Accordingly, we estimated TH levels in the same samples and the results indicated
significantly reduced TH levels following MPP+ (alone) treatment (Fig. 5C); TH levels were
however significantly increased with CX614 treatment compared to vehicle-treated controls.
Slices that received CX614 and then MPP+ had significantly higher TH levels, which were
not statistically different from those found in CX614-treated slices. In addition, MPP+

treatment significantly increased SBDP levels while pretreatment with CX614 resulted in a
slight but insignificant reduction of MPP+-induced calpain-mediated spectrin degradation
(Fig. 5D). Slice media collected at the end of these experiments were analyzed for LDH
activity (Fig. 5E). As was found in cultured hippocampal slices (Fig. 2), treatment of
cultured mesencephalic slices with CX614 significantly (45%) reduced MPP+-induced LDH
release, indicating that CX614 pretreatment was also protective against MPP+-induced
toxicity.

3.6. Blockade of CX614-mediated protection against MPP+-induced toxicity in cultured
mesencephalic slices by a tyrosine kinase inhibitor and a BDNF scavenger

Cultured mesencephalic slices were treated with CX614 (50 μM) for 1 day, transferred to
CX614-free medium for 1 day and then incubated with MPP+ for 2 days. As for cultured
hippocampal slices, K252a (0.5 μM) and TrkB-Fc (0.3 μg/ml) were included in the culture
medium throughout the experiment. During the last day in culture, propidium iodide was
added to the culture medium to allow fluorescent microscopic visualization of dead cells. At
the end of treatment, slices were photographed and data analyzed as indicated in Section 2.
Incubation of cultured mesencephalic slices with MPP+ significantly increased PI staining
while CX614 pretreatment reduced MPP+-induced PI increase (Fig. 6). In addition,
untreated control slices and slices treated with CX614 alone, CX614 + K252a, or CX614 +
TrkB-Fc had very little or no propidium iodide staining (Fig. 6A). Treatment with K252a or
TrkB-Fc eliminated CX614-mediated reduction of MPP+-induced PI staining. Because PI
staining was very low or undetectable in control, CX614 alone, CX614 + K252a, and in
CX614 + TrkB-Fc conditions, the results from the remaining conditions were quantified and
calculated (see Section 2) as percent of maximum PI staining observed in the MPP+ alone
condition (Fig. 6B). PI staining in CX614, CX614 + K252a, or CX614 + TrkB-Fc conditions
was not significantly different from values found in the vehicle control (unpaired Student’s
t-test, p > 0.1 for all 3 conditions as compared to control). Quantification of the data
confirmed the visual examination and indicated that both K252a and TrkB-Fc significantly
reduced CX614-mediated protection against MPP+ toxicity (Fig. 6B).

4. Discussion
Our results indicate that ampakine pretreatment, but not co-treatment, significantly reduces
MPP+-induced neurotoxicity in both cultured hippocampal and mesencephalic slices. The
results also indicated that timing of treatment was critical for protection by CX614: co-
incubation of CX614 with MPP+ failed to induce neuroprotection as assessed with LDH
levels. While CX614 pretreatment resulted in neuroprotection in both types of slices, the
length of CX614 pretreatment varied for slices from both regions. The requirement for
CX614 pretreatment in both types of cultured slices suggests that protection was mediated
by modulating the expression of some intermediate molecule(s). In agreement with previous
studies, we found that CX614 increases BDNF levels in cultured hippocampal slices
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(Lauterborn et al., 2003). In addition, we observed that CX614 had similar effects in
cultured mesencephalic slices, maintaining significantly elevated BDNF levels for 48 h.
Moreover, TrkB-Fc and K252a, two compounds that alter BDNF availability and action
respectively, eliminated CX614-induced protection in both types of cultures. These results
indicate that CX614 treatment leads to upregulation of BDNF levels followed by its release
and the subsequent activation of TrkB receptors. It is possible that AMPA receptors could
signal through the tyrosine kinase Lyn and the mitogen-activated protein kinase (MAPK)
pathway to increase BDNF expression (Hayashi et al., 1999). Alternatively, transactivation
of TrkB following PARM treatment could mediate CX614-induced neuroprotection through
the Fyn tyrosine kinase pathway (Rajagopal and Chao, 2006). Although our data with the
TrkB-Fc reagent argue against this possibility, a partial contribution of TrkB transactivation
to neuroprotective signaling cannot be completely ruled out. Future studies addressing TrkB
transactivation and kinase signaling downstream of AMPA receptors should consolidate the
role played by BDNF and other molecules, such as estrogen, in preventing dopaminergic
and glutamatergic neuronal death in PD and in AD, respectively (Lee and Chao, 2001;
Scharfman and MacLusky, 2006).

Cultured mesencephalic slices have presumably a lower relative density of glutamatergic
neurons compared to cultured hippocampal slices. The CX614 pretreatment protocol we
used was selected because it induced a robust BDNF protein upregulation (2-3 fold) (Figs. 4
and 5). As AMPA receptors are present on dopaminergic neurons in the substantia nigra
(Blythe et al., 2007), it is possible that BDNF upregulation takes place in dopaminergic
neurons. Future studies should use double immunostaining techniques to address this issue.
Moreover, the relative lag time in BDNF protein expression observed in cultured
mesencephalic as compared to hippocampal slices may be due to the differential action of
CX614 on various subunits of AMPA receptors expressed in these two neuronal tissues
(Chatha et al., 2000; Chen et al., 2001; O’Neill et al., 2005; Xia et al., 2005). In any event,
our data validate the use of ampakines to upregulate BDNF and to provide neuroprotection
in two models of neurotoxicity, including an in vitro model for PD.

Previous studies have also demonstrated dopaminergic neuronal protection against 6-
hydroxy-dopamine and MPTP toxicity by BDNF and other modulators of AMPA receptors
(LY404187 and LY503430) (Spina et al., 1992; Murray et al., 2003; O’Neill et al., 2004) in
vitro as well as in vivo. Although O’Neill et al. (2004) postulated that in vivo LY404187-
mediated neuroprotection might be due to a trophic factor, their results did not provide direct
evidence to support that BDNF was involved in neuroprotection. In other reports, the same
group showed only a mild increase in BDNF levels with LY503430 treatment (Murray et al.,
2003; O’Neill et al., 2005). Our data clearly indicate notonly that CX614 pretreatment
robustly upregulates (2–3 fold) BDNF levels in cultured mesencephalic slices, and provide
conclusive evidence that CX614 neuroprotective properties are due to its ability to
upregulate BDNF expression.

Interestingly, 6 h pretreatment of cultured hippocampal slices with CX614 was more
protective than 24 h CX614 treatment (Fig. 1B and C). While this could suggest that
prolonged treatment with CX614 could be toxic, our current findings as well as previously
published results argue against this possibility. For example, LDH release in (CX614 +
MPP+) and (MPP+ alone) conditions was not statistically different from each others (Fig.
1A). This was also well indicated by the results shown in Fig. 1A and B, since incubation of
cultured slices with CX614 for 24 h did not alter LDH levels compared to the vehicle
control. Moreover, continuous incubation of cultured hippocampal slices with CX614 for 48
h did not alter LDH levels in the supernatant culture medium as compared to the vehicle
control (Jourdi et al., 2005a,b). The reduced neuroprotective efficacy of 24 h CX614
pretreatment could however be explained by our previously published results (Jourdi et al.,
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2005a,b); incubation of cultured slices with CX614 for 8 h or longer resulted in reduced
AMPA receptor levels. This loss of AMPA receptors was found to be reversible, further
indicating that slice condition was not compromised because of CX614 treatment.
Therefore, it is likely that down-regulation of AMPA receptor expression caused by
prolonged exposure of cultured slices to CX614 contributes to the lower efficacy of CX614
in inducing neuroprotection rather than to CX614 being inherently neurotoxic.

Furthermore, BDNF secretion was required to elicit protection in both types of cultured
slices since the cell membrane-impermeable BDNF scavenger TrkB-Fc counteracted
CX614-mediated protective effects. Whether this effect involves the regulated or
constitutive BDNF secretory pathway (del Toro et al., 2006) will be evaluated in future
studies.

In cultured mesencephalic slices, MPP+ was applied at a low concentration (20 μM) that
primarily affects dopaminergic neurons and CX614 pretreatment was terminated 1 day
before the start of prolonged (2 day) application of MPP+. This treatment protocol could still
elicit neuroprotection (Fig. 5E) and maintain high TH expression levels (Fig. 5C) despite a
relatively lower (close to vehicle-control) BDNF expression levels in CX614 + MPP+-
treated slices (Fig. 5B). This apparent discrepancy between TH and BDNF expression levels
could be due to a sustained increase in TH expression following the initial BDNF
upregulation (Fumagalli et al., 2006; Kuipers and Bramham, 2006). Alternatively, CX614-
dependent upregulation of BDNF (Lauterborn et al., 2003) could upregulate dopamine
levels, which might lead to TrkB receptor transactivation (Iwakura et al., 2008), thus
providing better neuroprotection from MPP+-induced toxicity and sustained upregulation of
TH expression. Future studies should determine whether CX614 pretreatment could elicit
BDNF-dependent dopamine upregulation and/or dopamine receptor-mediated
transactivation of TrkB in mesencephalic slices and whether these effects are involved in
protection of dopaminergic neurons from cell death.

Activation of calpains, a family of Ca2+-activated proteases, has been implicated in various
models of neuronal cell death including in vitro and in vivo models of PD (Choi et al., 2001;
Tsuji and Shimohama, 2002; Crocker et al., 2003; Higuchi et al., 2005). For instance, post-
mortem tissues from various brain areas of AD and PD patients exhibit increased
accumulation of calpain-truncated breakdown products of the cytoskeletal protein spectrin
(SBDP), one of the best characterized calpain substrates (Jourdi et al., 2005a,b, and
references therein). In agreement with previous reports, our results indicate that calpain is
activated in both types of cultured slices following MPP+ treatment (Figs. 3B and 5C) and
that calpain inhibition provides a small degree of protection against MPP+-induced toxicity,
at least in cultured hippocampal slices (Fig. 3C).

We hypothesized that co-application of calpain inhibitor III with CX614 might have
synergistic effects and lead to better protection against MPP+ toxicity. Surprisingly however,
our results indicated that rather than providing additional protection from MPP+-induced
toxicity, calpain inhibition eliminated CX614-mediated neuroprotection. Future studies
should therefore investigate potential mechanisms that could explain how calpain inhibition
abolishes CX614-mediated protection from MPP+ toxicity. Although these mechanisms are
currently not understood, it is possible that calpain is involved in pathways linking AMPA
receptors and BDNF expression, trafficking, and secretion (An et al., 2008; Bi et al., 1997;
del Toro et al., 2006; Goffredo et al., 2002; Jourdi et al., 2003, 2005a; Lynch et al., 2007;
Xiong et al., 2002). In this regard, it is noteworthy that huntingtin, a calpain substrate,
promotes intracellular trafficking of BDNF-containing vesicles (del Toro et al., 2006;
Gharami et al., 2008; Lynch et al., 2007). Mutant huntingtin has recently been shown to
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differentially affect the transport and release of two BDNF isoforms, implicating huntingtin
in the regulated BDNF secretory pathway (del Toro et al., 2006).

In vivo, BDNF is secreted in the striatum where it is taken up and retrogradely transported in
axons of nigrostriatal dopaminergic neurons. A previous study used adenovirus-mediated
over-expression of calpastatin, the only known endogenous calpain inhibitor, and reported
that its over-expression in mice protected dopaminergic neurons against MPTP
neurotoxicity (Crocker et al., 2003). In this in vivo PD model, protection was also obtained
by direct intraventricular administration of calpain inhibitor III for several days during and
after MPTP treatment, or by local virus-mediated over-expression of calpastatin a few days
before MPTP administration. According to these results, in vivo protection of mesencephalic
dopaminergic neurons by calpain inhibition was provided locally at the level of the
mesencephalon, but this protocol did not normalize striatal dopamine levels, and did not lead
to significant protection of the striatal innervation by mesencephalic dopaminergic neurons.
It is therefore tempting to speculate that lack of protection of striatal innervation by calpain
inhibition could be due to the effects of these compounds on the expression or transport of
survival-promoting factors such as BDNF. Importantly, our data demonstrated
mesencephalic BDNF upregulation by CX614 treatment since the cultured mesencephalic
slices were prepared without striatal connections.

Previous reports have shown dissociation between calpain activation and LDH release in
cultured and acute hippocampal neuronal tissues (Jourdi et al., 2005a,b; Zhou and Baudry,
2006); even prolonged and continuous calpain activation does not necessarily result in
increased LDH release or lead to neuronal death (Jourdi et al., 2005a,b). Our current results
agree with these previous findings, as CX614 pretreatment reduced MPP+-induced release
of LDH in both types of cultured slices without decreasing MPP+-induced calpain
activation. These findings further support the notion that calpain activation could take place
independently of MPP+-induced neuronal cell death.

The in vivo use of neurotrophic factors as therapy for PD has been highly controversial
because these large molecules do not cross the blood-brain barrier and, thus, are difficult to
administer (for a recent review see Dauer, 2007). Direct injection of BDNF in brain
parenchyma did not provide clear evidence of protection and the potent neurotrophic activity
of glial cell line-derived neurotrophic factor (GDNF) did not exclusively affect
dopaminergic neurons. Despite initial promising results, GDNF treatment suffered from
shortcomings caused by undesired side effects due to lack of specificity and by difficulties
related to its route of administration leading to termination of clinical trials. Ciliary
neurotrophic factor (CNTF) and mesencephalic astrocyte-derived neurotrophic factor
(MANF) also support dopaminergic neuronal survival but there has been no indication yet as
to whether they will constitute efficient treatments for PD (Dauer, 2007). In contrast, our
results demonstrate a very promising approach that could be used to pharmacologically treat
patients suffering from PD. In particular, our results demonstrate that CX614 is protective
against MPP+-induced neuronal damage in two different models of neurotoxicity.
Considering the magnitude of BDNF upregulation by CX614, it will be important to validate
our results in an in vivo model of PD. Preliminary trials have shown that PARMs can be
safely used in humans and that they enhance cognitive functions (Arai and Kessler, 2007;
Lynch, 2007; Ingvar et al., 1997). Accordingly, our current results have direct implications
for treatment of neurodegenerative diseases, including PD, as PARM treatment of patients
may serve multiple roles to mitigate neuronal cell death and improve behavioral outcome
and neuronal survival in various areas of the brain.
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Fig. 1.
Effects of co-treatment or pre-treatment with CX614 on MPP+-induced LDH release and
calpain activation in cultured hippocampal slices. A. Cultured hippocampal slices were
treated simultaneously for 24 h with CX614 (50 μM) and MPP+ (250 μM). At the end of
treatment, LDH release in the medium was assessed as described in Section2. B. Cultured
hippocampal slices were pretreated with CX614 (50 μM) for 24 h (d1), transferred to
CX614-free fresh medium for 1 day (d2) before being treated with MPP+ (250 μM) for 1
day (d3). Medium was collected at the end of treatment (d3) and LDH release in the medium
was assessed. C. Treatment of cultured hippocampal slices was similar to (B) except that
slices were pretreated with CX614 (50 μM) for 6 h only and incubated in CX614-free
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medium for 42 h before treatment with MPP+. D. Total protein samples from slices treated
as in “C” were analyzed by western blotting for accumulation of spectrin breakdown
products (SBDP) as a marker of calpain activation. Results are expressed as percent of
control and are means ± SEM of 5 experiments with 3–6 samples per condition. Statistical
significance was calculated with ANOVA followed by Tukey’s test; *, p < 0.05; **, p <
0.01; ns: not significant.
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Fig. 2.
Effects of K252a or TrkB-Fc and CX614 on MPP+-induced calpain activation and LDH
release in cultured hippocampal slices. A. All slices were treated according to the protocol
shown in the diagram; K252a (0.5 μM) or TrkB-Fc (0.3 μg/ml) treatment was initiated 30
min and 1 h, respectively, before CX614 addition (50 μM; 6 h). Slices were then transferred
to CX614-free medium containing K252a or TrkB-Fc. MPP+ (250 μM) was added 42 h later
and kept for 1 day (d3). SBDP accumulation was examined by western blotting as an
indicator of calpain activation (B). LDH release into the medium (C,D), collected at the end
of all treatments, was measured as described in Section2. B. MPP+-induced SBDP
accumulation was not reduced by pretreatment with CX614 alone or CX614 + K252a.
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K252a and CX614 alone did not increase SBDP accumulation. C. K252a treatment
eliminated CX614-mediated reduction of MPP+-induced increase in LDH release. D. TrkB-
Fc treatment eliminated CX614-mediated reduction of MPP+-induced increase in LDH
release. Results are expressed as percent of control and are means ± SEM of 3 experiments
with 3–4 samples per condition. Statistical significance was calculated with ANOVA
followed by Tukey’s test; *, p < 0.05; **, p < 0.01; ns, not significant.
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Fig. 3.
Effects of calpain inhibition and CX614 on MPP+ toxicity in cultured hippocampal slices. A.
Schematic representation of the protocol used in this experiment; Calpain Inhibitor III (CI3;
10 μM) was added in the culture medium 1 day (d1) before addition of MPP+ (250 μM),
which was kept for 2 days (d3). At the end of treatment (d3), medium was collected for
LDH analysis (C) and slices were collected for SBDP analysis (B). B. Western blot showing
SBDP accumulation from three independent samples from each experimental condition. C.
LDH activity in medium collected at the end of treatment (d3). D. CX614 (50 μM) was
added at the same time as CI3 and hippocampal slices were treated as in (A) up to day 3 and
medium was collected at the end of treatment for LDH analysis as indicated in Section2.
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Results are expressed as percent of control and are means ± SEM of 4 experiments with 3–6
samples per condition. Statistical significance was calculated with ANOVA followed by
Tukey’s test; *, p < 0.05; **, p < 0.01; ns, not significant.
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Fig. 4.
Effects of CX614 treatment on BDNF levels in cultured hippocampal and mesencephalic
slices. CX614 (50 μM) treatment of cultured hippocampal (A) and mesencephalic (B) slices
was carried out for 6 h and 1 day, respectively. Slices were then transferred to and
maintained in fresh medium for 1 day for hippocampal cultures and for 1 and 2 day(s) for
mesencephalic cultures. BDNF tissue content was analyzed as indicated in Section 2.
Results are expressed as percent of control and are means ± SEM of 6–8 experiments.
Statistics calculated by unpaired Student’s t-test; *, p < 0.05; **, p < 0.01.

Jourdi et al. Page 21

Neuropharmacology. Author manuscript; available in PMC 2013 May 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Effects of CX614 on BDNF, TH and SBDP levels and LDH release following MPP+

treatment of cultured mesencephalic slices. A. All cultures were treated as in the displayed
diagram; slices were pretreated with CX614 (50 μM, 1 day), transferred to fresh medium for
1 day, and then treated with MPP+ (20 μM) for 2 days. Tissues and media were collected for
western blot analysis of BDNF (B), TH (C), and SBDP (D) contents and for LDH activity
(E), respectively. B. BDNF western blot (upper panel) and quantification (lower panel) of
total BDNF levels. C. Tyrosine hydroxylase (TH) western blot (upper panel) and
quantification (lower panel) of total TH levels. D. Quantification of SBDP accumulation. E.
LDH activity in media collected at the end of treatment (d4). Results are expressed as
percent of control and are means ± SEM of 4 (B–D) and 6 (E) independent experiments.
Statistics calculated with unpaired Student’s t-test (B–D) and with ANOVA followed by
Tukey’s test (E); *, p < 0.05; **, p < 0.01; ns, not significant.
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Fig. 6.
Effects of TrkB-Fc and K252a on CX614-mediated protection against MPP+-induced
toxicity in cultured mesencephalic slices. Slices were treated as in Fig. 5A, except that
K252a (0.5 μM) of TrkB-Fc (0.3 μg/ml) treatments were initiated 30 min and 1 h,
respectively, before CX614 (50 μM). Propidium iodide was added during the last day of the
experiment. A. Fluorescent photomicrographs of representative fields of the substantia nigra
from mesencephalic slices treated as indicated. Images were taken within 30 min of each
other at the termination of all treatments. B. Quantification of data from the indicated
experimental conditions (see Section2). Results are expressed as percent of maximum from
2 independent experiments with 8–12 mesencephalic slices in each group, and are means ±
SEM. The results indicate significant differences between MPP+- and CX614 + MPP+-
treated slices (**, p < 0.01; unpaired Student’s t-test) and between MPP+-, and CX614 +
K252a + MPP+- or CX614 + TrkB-Fc + MPP+-treated cultures (*, p < 0.05; unpaired
Student’s t-test). Results from CX614 + MPP+-treated cultures are also significantly
different from CX614 + K252a + MPP+- and CX614 + TrkB-Fc + MPP+-treated cultures (†,
p < 0.05; unpaired Student’s t-test).
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