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ABSTRACT
We describe a new molecular mechanism of cell death by
excitotoxicity mediated through nuclear transcription factor �B
(NF�B) in rat embryonic cultures of dopaminergic neurons.
Treatment of mesencephalic cultures with �-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) resulted in a num-
ber of changes that occurred selectively in dopaminergic neu-
rons, including persistent elevation in intracellular Ca2�

monitored with Fura-2, and a significant increase in intramito-
chondrial oxidation of dihydrorhodamine 123, probably asso-

ciated with transient increase of mitochondrial permeability,
cytochrome c release, nuclear translocation of NF�B, and tran-
scriptional activation of the oncogene p53. Interruption of any
of these steps by specific antagonists prevented neurite prun-
ing and programmed cell death. In contrast, cell death was not
prevented by caspase antagonists and only partly prevented by
nitric-oxide synthase inhibitors. This signal transduction path-
way might be a contributing mechanism in ongoing neuronal
death in Parkinson disease.

Parkinson disease (PD) is among the most prevalent neu-
rological disorders in the elderly, and loss of mesencephalic
dopaminergic neurons (DNs) is considered the cause of the
motor symptoms of the illness. The reasons for the selective
susceptibility of DNs in PD are poorly understood. Experi-
mental and pathological data implicate a susceptibility of
DNs to oxidative stress triggered by endogenous or exoge-
nous toxins. Oxidative stress has been demonstrated in brain
and in cell models of PD (Cassarino et al., 2000). In late
stages of PD, the substantia nigra exhibits increased lipid
peroxidation, superoxide dismutase activity, and iron con-

tent, and glutathione levels are decreased, very likely favor-
ing oxidative stress (Hirsch et al., 1991; Jellinger et al.,
1993). DNs may display an increased susceptibility to pre-
mature death because of poor calcium (Ca2�) homeostasis (de
Erausquin et al., 1994), insufficient Ca2� buffering by Ca2�

binding proteins (German et al., 1992; Damier et al., 1999),
increased requirement for trophic factor support, and abnor-
mal proteosome degradation (McNaught and Jenner, 2001).
In late PD stages, there is evidence of apoptosis (Mochizuki
et al., 1996; Anglade et al., 1997), but other forms of cell
death may also play a role (Jellinger, 2001). Direct damage to
macromolecules by lipid peroxidation (Jenner, 1998) or re-
lease of tumor necrosis factor � (TNF�) by microglia (Hunot
et al., 1997; Hartmann et al., 2002) has been suggested.
Transcription factor NF�B nuclear translocation—which
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may be triggered by TNF�—is found during post-mortem
examination to be increased in brains of persons with PD
(Hunot et al., 1997). The relevance of this mechanism in PD
was questioned (Jellinger, 2001), in part because NF�B is
neuroprotective in other neuronal phenotypes (Mattson et
al., 2000).

To elucidate the mechanism of susceptibility of DNs, we
studied cultures of mesencephalon, which allow in vitro com-
parisons of individual DNs with neurons expressing other
phenotypes. In this system, DNs show unique physiologic
properties—compared with nondopaminergic neurons—and,
like DNs in vivo (Bywood and Johnson, 2000), are selectively
susceptible to GluRAMPA receptor agonists (de Erausquin et
al., 1994; Isaacs et al., 1996). DN susceptibility to GluRAMPA

agonist toxicity is phenotype-specific, because other neuronal
phenotypes in vitro display trophic responses or physiologic
effects, but not toxicity (de Erausquin et al., 1994; Isaacs et
al., 1996). After treatment with (S)-�-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA), DNs selectively
display [Ca2�]i accumulation, either because DNs lack ade-
quate [Ca2�]i buffering capacity (Isaacs et al., 1996), because
they have larger functionally available [Ca2�]i stores (de
Erausquin et al., 1994), or both. We tested the hypothesis
that AMPA-induced injury to DNs is mediated through acti-
vation of the reactive oxygen species (ROS)-sensitive tran-
scription factor NF�B and the oncogene p53; we postulate
that this signaling pathway could account for the increased
NF�B translocation observed post-mortem in PD.

Materials and Methods
Experimental Procedures and Immunohistochemistry

Cultures. Cultures were prepared as described previously (de
Erausquin et al., 1992). Briefly, ventral mesencephali from day 15
rat embryos (Sprague-Dawley timed mothers; Charles River Labo-
ratories, Wilmington, MA) were mechanically dissociated and plated
at a density of 30 to 50,000 cells/cm2 on dishes or multiwell plates
coated with 15 mg/ml poly(D-lysine) (Mr 53,000; Sigma, St. Louis,
MO) and 10 mg/ml laminin (Sigma). The culture medium contained
Dulbecco’s modified Eagle’s medium/Ham’s F12 medium (50%/50%)
(Invitrogen, Carlsbad CA), 25 mM glucose, 2 mM glutamine, 10%
horse serum (Hyclone, Logan, UT), bFGF (10 ng in 500 ml; Sigma),
and insulin-transferrin-sodium selenite media supplement (Sigma).
Cells were cultured 9 days at 37°C in an atmosphere of 95% air/5%
CO2 saturated with H2O.

AMPA Toxicity. Culture medium was exchanged with condi-
tioned medium containing 10, 30, or 100 �M AMPA alone or in
combination with drugs (Isaacs et al., 1996). Cells were then re-
turned to the incubator for the length of the experiment (24 h for
viability). Drugs were dissolved in HEPES-buffered saline solution
(116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 1.8 mM NaH2PO4, 12
mM HEPES, 25 mM NaHCO3, and 5.5 mM D-glucose, pH 7.4).

Immunohistochemistry. Cultures were fixed in phosphate-buff-
ered saline containing 4% paraformaldehyde and 0.5% glutaralde-
hyde for 30 min at room temperature; permeabilized in 0.25% Triton
X-100 for 10 min; blocked in 10% goat serum; and incubated in
primary antibody, followed by conjugated secondary antibody (Alexa-
488 or Alexa-568; Molecular Probes, Eugene, OR). Monoclonal or
polyclonal antibodies were from commercial sources: tyrosine hy-
droxylase (TH; Pelfreeze, Rogers, AK; or Chemicon, Temecula, CA),
MAP2 (Roche Molecular Biochemicals, Indianapolis IN), synapsin-1
(Chemicon), I�B� (Abcam, Cambridge, UK), NF�Bp65 (Santa Cruz
Biotechnologies, Santa Cruz, CA), cytochrome c (BD Biosciences
PharMingen, San Diego, CA), phosphoprotein p53 (phos-p53; Zymed,
South San Francisco, CA).

Neuronal Survival. Cultures immunostained with microtubule
associated protein 2 (MAP2) and TH were counted. The number of
fields required to count 1000 cells on control wells (typically 52 fields
at 200�) was matched in experimental wells. Values represent av-
erages of at least three experiments.

Neurite Morphology. Digital images of DNs were captured with
a cooled charge-coupled device camera (Nikon Diaphot, Nikon Apo
20� dry objective; Nikon, Tokyo, Japan), and analyzed (MetaMorph;
Universal Imaging, WestChester, PA). Cell process number, length,
and branch frequency were counted; lengths were measured in pix-
els, transformed to micrometers using standard rulers, and averaged
for each cell.

Electron Microscopy. Cultures were fixed, stained with immu-
noperoxidase-diaminobenzidine, dehydrated, embedded in an epon/
araldite mix, and cut for light (1.0 �m) or electron microscopy (EM)
(80 nm). For EM (Philips EM300 TEM), sections were mounted on
copper grids and stained with uranyl acetate and lead citrate. DNs
were identifiable by the presence of the chromogen.

Identification of DNs. DNs were distinguished by uptake of
5,7-dihydroxitryptamine (5,7-DHT) by briefly viewing cultures un-
der fluorescence (excitation, 360 nm; emission, 420 nm; Silva et al.,
1988; de Erausquin et al., 1992); phase contrast was used to allow
relocation. Rapid bleaching of 5,7-DHT prevented interference with
further imaging.

DHR123 Fluorescence. Cultures incubated with dihydrorho-
damine 123 (DHR123) were imaged using a laser scanning confocal
microscope (Noran Odyssey equiped with an argon-ion laser; excita-
tion, 488 nm; emission, 515 nm) coupled to an inverted microscope
(Nikon Diaphot; 60� oil immersion objective Nikon Plan Apo) (Du-
gan et al., 1995). Frame-averaged images were analyzed using re-
gions of interest (MetaMorph). All drugs were added in a small
aliquot of buffer (50 �l).

NF�B Activation

Nuclear Extracts.Experiments were terminated with iced lysis
buffer [10 mM KCl, 1.5 mM MgCl2, 0.5 mM dithiothreitol (DTT), 0.5
mM phenylmethylsulfonyl fluoride (PMSF), and 10 mM HEPES, pH
7.9, plus 2 mg/ml pepstatin A, 2 mg/ml leupeptin, and 2 mg/ml
L-leucinethiol]. Samples were homogenized, incubated on Nonidet
P-40, and centrifuged. Pellets were resuspended in extraction buffer
(420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM
PMSF, and 20 mM HEPES, pH 7.9, plus 2 mg/ml pepstatin A, 2
mg/ml leupeptin, and 2 mg/ml L-leucinethiol) and centrifuged for 15
min at 12,500 rpm (4°C). The supernatant containing the nuclear
extracts was saved, and protein concentration determined (Invitro-
gen).

Electrophoretic Mobility Shift Assay. EMSAs were performed
using a commercially available kit (Boehringer Ingelheim, Peters-
burg, VA). Aliquots incubated 15 min with 1 � 105 cpm of 32P–end-
labeled, double-stranded oligonucleotide (5�-TCAGAGGGGACTTTC-
CGAGAGG-3�) were run on 6% polyacrylamide gels for 105 min with
150 V (reaction buffer, 500 mM NaCl, 5 mM EDTA, 5 mM DTT, 50
mM Tris, pH 7.5, 20% glycerol, 0.4 mg/ml salmon sperm DNA).
Specificity was determined by adding a 100-fold excess of unlabeled
competitor DNA to the reaction. For gel supershift analysis, nuclear
proteins were incubated with antibodies against p65 protein, and
gel-shift analysis was performed after adding labeled oligonucleo-
tide.

ELISA. Aliquots were transferred to 96-well plates containing
high-density immobilized oligonucleotide (5�-GGGACTTTCC-3�)
(Trans-AM’s ELISA; Active Motif, Carlsbad, CA). Anti-IgG HRP-
conjugate and developing solution were added and read by spectro-
photometry.

Western Blot. Cultures were lysed, and run on standard poly-
acrylamide gels, transferred to a nitrocellulose membrane, incubated
in primary IgG antibody (1:1000), washed, incubated in alkaline
phosphatase-linked secondary IgG antibody (1:2000), and imaged by
chemiluminescence.
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Reverse Transcriptase-PCR. Total RNA was prepared using
TRIzol reagent (Invitrogen) and enriched for mRNA by an oligo(dT)
spin-column kit (Oligotex; QIAGEN, Valencia, CA). mRNA was spec-
trophotometrically quantified and 40 ng of mRNA per reaction was used
to synthesize first-strand cDNA (SuperScript RT-PCR System; Invitro-
gen). Semiquantitative PCR reaction aliquots were run on agarose and
stained with ethidium bromide. PCR was performed for 28 and 30
cycles (1 min at 94°C, 1 min at 55°C, and 1 min at 72°C). Thirty cycles
saturated the reaction. Duplicates of 28 cycle reactions were consistent
with each other and were used for the results shown here. Primer
sequences were: cyclophilin 5�-ATGGTCAACCCCACCGTGTT, cyclo-
philin 3�-CGTGTGAAGTCACCACCCT, p53left-TGAGCATCGAGCTC-
CCTCTG, and p53right- CACAGGCCTCAGCTGGGATAGCACCTC.

Drugs. AMPA and N-methyl-D-aspartic acid were from Tocris Cook-
son Inc. (Ballwin, MO). Dizocilpine maleate, 1,2,3,4-tetrahydro-6-nitro-
2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX), 1-napthyl-acetyl
spermine trihydrochloride (NAS), N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethyl ketone, cyclosporin A (CSA), 1-[bis(p-chlorophenyl)m-
ethyl]-3[2,4-dichloro-�-(2,4-dichlorobenzyloxy) phenethyl]-imidazolium
chloride, 2,6-dimethyl-4-(2�-nitrophenyl)-3,5-pyridinecarboxylic acid di-
methyl ester, and sodium 1-(N,N-diethylamino)diazen-1-ium-1,2-dio-
late (DEA/NO) were from Sigma-RBI (Natick, MA). 5,7-DHT, DTT,
PMSF, and pyrrolidine dithiocarbamate (PDTC) were from Sigma-Al-
drich (St. Louis, MO). DHR123 was from Molecular Probes (Eugene,
OR). Boc-aspartyl-(OMe)-fluoromethyl ketone was from Enzyme Sys-
tems Products (Livermore, CA). Tacrolimus was from Fujisawa USA
(Deerfield, IL). The HPNF�B oligonucleotide sequence (5�-AGTT-
GAGGGGACTTTCCCAGGC-3�) and C-NF�B oligonucleotide sequence
(5�-CTAATCTCCTCTAATCTCCCT-3�) were from the Nucleic Acid
Chemistry Laboratory, Biotechnology Center, Washington University,
(Saint Louis, MO).

Results
Morphological Characteristics of DNs Undergoing

AMPA Toxicity. Treatment with AMPA for 24 h caused
concentration-dependent death of DNs (EC50 � 30 �M), with-
out significant change in MAP2-stained/TH-negative neu-
rons (Fig. 1a). N-Methyl-D-aspartic acid (100–300 �M) failed
to affect survival, and 3 �M dizocilpine failed to protect
against AMPA toxicity (not shown). Surviving DNs showed
neurite pruning, even after 10 �M AMPA (control, 1265 �
109 �m; treated, 773 � 81 �m). This AMPA concentration
failed to elicit significant cell loss (Fig. 1, a and b). AMPA-
induced pruning (shortening of neurites with loss of dendritic
branching) (Fig. 1, c and d), was associated with loss of
characteristic punctate synapsin staining along the neurites
of DNs (Fig. 1, e and f). Ultrastructural analysis of DNs after
30 �M AMPA administration revealed nuclear invagination
and irregular aggregation of chromatin consistent with exci-
totoxicity (Fig. 1, g-h) (Ishimaru et al., 1999).

AMPA Toxicity Requires Ca2� Entry through Volt-
age-Dependent Channels. We reported previously that L-
type Ca2� channel (LTCC) blockers prevent AMPA-induced
[Ca2�]i elevations in the perikarya (but not dendrites) of DNs
(de Erausquin et al., 1992). The LTCC blocker nimodipine (10
�M) reduced DN death (Fig. 2f) but only partially prevented
pruning (in percentage of control length, nimodipine alone,
103.8 � 10.6; �10 �M AMPA, 58.9 � 9.0; �30 �M AMPA,
64.5 � 7.5; �100 �M AMPA, 50.4 � 6.2). Over 24 h, a small
level of activation of Ca2�-permeable GluRAMPA could lead to
DNs death. We compared the effects of two GluRAMPA antag-
onists, the nonselective NBQX (10 �M) and Joro spider toxin
analog NAS (30 �M), which selectively blocks Ca2�-perme-

able receptors. NBQX reduced AMPA toxicity against DNs,
whereas NAS was ineffective (Fig. 2a).

Time of Commitment to Die and Mitochodrial Per-
meability during AMPA Toxicity. Annexin V is a probe
for translocation of PS to the outer leaflet of the cell mem-
brane—an event that correlates with commitment to die
(Vermes et al., 1995). We assessed PS translocation in DNs
using Alexa 568-conjugated Annexin V (Fig. 2b) and TH
immunostaining (Fig. 2,c). AMPA (30–100 �M) progressively
increased annexin V binding in DNs between 3 and 16 h,
before cell death was detected by propidium iodide staining
(Fig. 2g). This staining was seldom observed in non-DNs
(data not shown).

Because oxidative stress commonly follows Ca2� overload
(Hirsch et al., 1997), we studied ROS production in DNs
using the fluorescent probe DHR123. Adding 100 �M AMPA
for 10 min increased fluorescence in DNs (Fig. 3a, top) but
not in nonDNs (Fig. 3b). Sham washes had no effect. Electron
micrographs of DNs after 30 �M AMPA treatment for 3 h
showed changes consistent with mitochondrial edema (Fig. 3,
d and e). Cytochrome c (Cyt-c) release in DNs was measured

Fig. 1. Selective susceptibility of DNs to AMPA toxicity. Cultures were
treated for 24 h with conditioned medium alone (control) or with 10, 30,
or 100 �M AMPA. AMPA caused a loss of TH-stained neurons without
significant change in MAP2-stained counts (a) (**, p � 0.01 compared
with control). In TH-stained neurons, a concentration-dependent pruning
is readily observed (b) (*, p � 0.05 compared with control). Examples of
control (c) and 30 �M AMPA (d) are shown. About 50% of surviving
treated DNs showed the changes demonstrated in d; the remainder
showed varying degrees of pruning. Double staining with TH (green) and
synapsin I (red) in control (e) and treated (f) cultures reveals loss of
characteristic puncta in DNs after 30 �M AMPA treatment for 24 h;
examples were chosen for their morphological integrity. Electron micro-
graphs of DNs stained with TH/diaminobenzidine after 30 �M AMPA
treatment for 3 h (h) or conditioned medium (g) taken at 3000� revealed
nuclear invagination (nuclear perimeter in controls, 35.2 � 1.2; AMPA,
41.8 � 1.4; p � 0.05) and irregular clumps of chromatin condensation.
Scale bars: c and d, 30 �m; e and f, 10 �m; g and h, 0.5 �m).
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by monitoring the redistribution of immunostaining from
punctated (mitochondrial) to diffuse (cytosolic). Treatment
with 30 �M AMPA for 1 h induced redistribution of Cyt-c
staining in TH stained neurons, consistent with release.
Pixel distribution was normal after 3-h treatment (Fig. 3f),
but at this time, total fluorescence was decreased, suggesting
Cyt-c degradation. If mPT opening is required for cell death,
preventing it should increase DNs survival. CSA (3 �M)
protected DNs against AMPA toxicity (Fig. 3), whereas ta-
crolimus and calmidazolium were ineffective (Table 1). The
inhibitor of the mitochondrial adenine nucleotide transloca-
tor, bongkrekic acid, also protected DNs (Fig. 3c). mPT open-
ing may correlate with commitment to die, because addition
of CSA 1 or 3 h after onset of 30 �M AMPA failed to provide
an equal protection (Fig. 3g).

AMPA Toxicity Is Mediated by Transcriptional Activa-
tion of NF�B. Caspases mediate many forms of Cyt-c triggered
cell death (Ravagnan et al., 2002). Two nonselective caspase
inhibitors, N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ke-
tone and Boc-aspartyl-(OMe)-fluoromethyl ketone, failed to pre-
vent AMPA toxicity to DNs (Table 1). Immunostaining against
activated caspase 3 was not detectable in DNs after AMPA
treatment (not shown). Cell death triggered by oxidative stress
in DNs is mediated by NF�B (Hunot et al., 1997). EMSA of
NF�B DNA-binding proteins in nuclear extracts from cells ex-
posed for 2 h to 30 �M AMPA revealed a band that shifted with
anti-NF�Bp65 antibody and was eliminated by excess unla-
beled oligonucleotide but not by a random sequence oligonucle-
otide, C-NF�B (Fig. 4a). This band was absent in control ex-
tracts. When NF�B nuclear translocation was assessed by
ELISA, 30 �M AMPA treatment for 2 h significantly increased

the specific signal; this increase was prevented by the decoy
oligonucleotide HPNF�B but not by C-NF�B (Fig. 4b). NF�B is
sequestered in the cytosol by the inhibitory protein, I�B; disso-
ciation of I�B from NF�B is followed by degradation of I�B and
nuclear translocation of NF�B (Thanos and Maniatis, 1995).
I�B was markedly decreased in cell extracts after 30 �M AMPA
for 1 h, with some recovery after 3 h (Fig. 4, c and d). Preventing
NF�B activation with PDTC (Chung et al., 2000), dexametha-
sone, or HPNF�B, blocked AMPA toxicity (Fig. 4,e-g). C-NF�B
had a marginally protective effect on cell survival, but did not
prevent NF�B translocation. Its protective effect may be caused
by mild nonspecific protein synthesis inhibition. We controlled
for the antioxidant effect of PDTC with the spin trap reagents
idebenone and PBN, as well as with the vitamin E analog
trolox, all of which failed to protect DNs (Table 1). PDTC may
protect neurons through inhibition of NO synthase (Hantraye
et al., 1996), but in vitro NO release by itself may increase DNs
viability (Mohanakumar et al., 1998). We tested the effect of the
NOS inhibitors N-nitro-arginine and N,N-dimethyl-arginine
and the NO donor DEA/NO on AMPA toxicity. NOS inhibitors
marginally increased DNs survival, and DEA/NO increased
AMPA toxicity (Table 1).

AMPA Toxicity Is Mediated by Activation of p53.
RT-PCR products for p53, assessed by a semiquantitative
assay normalized to the amount of cyclophilin, were elevated
in each of four experiments after 30 �M AMPA treatment for
3 h. HPNF�B decreased the amount of p53 mRNA in control
wells and prevented the increase induced by AMPA (Fig. 5, a
and b). Treatment with 30 �M AMPA for 1 to 3 h increased
phos-p53 protein in Western blots (Fig. 5, c and d), and
immunohistochemistry revealed that this increase was re-
stricted to DNs (Fig. 5, e and h); phos-p53 expression in DNs
trends down after 3 h (Fig. 5i). The p53 inhibitor pifithrin-�,
which reversibly blocks p53-dependent transcriptional acti-
vation and apoptosis (Komarov et al., 1999), protected DNs
after 30 �M AMPA treatment for 24 h (Fig. 5j).

Discussion
Excitotoxicity has long been implicated in the pathophys-

iology of PD (Dunnett and Bjorklund, 1999) but no direct
links between experimental and pathological data are avail-
able. For instance, hyperactivity of the glutamatergic sub-
thalamic nucleus has been implicated in the generation of
symptoms and in the progression of PD through excitotoxic-
ity (Rodrı́guez et al., 1998). The data presented here suggest
that the increase in NF�B nuclear translocation observed
post-mortem in brains of PD patients may be caused by
excitotoxicity.

AMPA toxicity to DNs caused cytosolic vacuolation, mito-
chondrial swelling, nuclear invagination, irregular chroma-
tin clumping, and a loss of synaptic contacts. These changes
are consistent with excitotoxicity but not with neuronal ap-
optosis (Ishimaru et al., 1999). Abnormal signaling seems
also restricted to DNs, but we cannot categorically exclude
indirect effects of the treatment on other neuronal pheno-
types in the cultures. GluRAMPA stimulation results in a
similar [Ca2�]i increase in all neuronal phenotypes in our
cultures, but only DNs fail to restore baseline [Ca2�]i after
AMPA removal (de Erausquin et al., 1994). LTCC antago-
nists prevent [Ca2�]i influx to DNs during GluRAMPA stimu-
lation, and blocking Ca2� release from intracellular stores

Fig. 2. AMPA toxicity to DNs requires opening of LTCC and is preceded
by PS translocation. Cotreatment with 10 �M NBQX, but not 30 �M
NAS, caused a left shift in the concentration-response curve of AMPA
toxicity to DNs (a). Cotreatment with nimodipine (10 �M) significantly
reduced the toxicity of 30 �M AMPA (f) (*, p � 0.01, mean � S.E.M.).
Double-staining of a DN after 100 �M AMPA treatment for 12 h with TH
antibodies (b) and Annexin V-Alexa 568 (c). g shows time course of PS
translocation as a percentage of the total count of DNs, and overlapping
time course of propidium iodide uptake to monitor cell death. PS trans-
location increased significantly by 6 h (p � 0.001), whereas no significant
changes in propidium iodide uptake were detected until 24 h. Spontane-
ous cell death in untreated cultures was less than 10% (mean � S.E.M.
Scale bar, 30 �m.
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allows the return of [Ca2�]i to baseline levels (de Erausquin
et al., 1994). Now we show that LTCC opening is necessary
for AMPA toxicity (Fig. 2f) However, LTCC antagonists had
little effect on neurite pruning (data not shown), as expected
because of the relative enrichment of N-type channels in
neurites of DNs (de Erausquin et al., 1992). Our results also
exclude the possibility that low levels of expression of Ca2�-
permeable GluRAMPA contribute significantly to toxicity, be-

cause the specific antagonist of Ca2�-permeant GluRAMPA,
NAS, lacked protective effect.

The selectivity of AMPA toxicity may be because of a greater
DNs susceptibility to oxidative stress. In fact, AMPA increased
ROS in DNs but not in other neuronal phenotypes (Fig. 3, a and
b). This increase in ROS was prevented by NBQX. Cell death
can be triggered by Ca2� overload leading to oxidative stress
and mitochondrial release of Cyt-c (Ravagnan et al., 2002). We

Fig. 3. AMPA toxicity requires opening of a mPT. a shows, from left to right, phase contrast, 5,7-DHT, and DHR123 fluorescence images before (3rd)
and after (4th) 20-min exposure to 100 �M AMPA alone (top row) or in combination with 10 �M NBQX (bottom row). An increase in DHR123
fluorescence was observed in DNs, which was not seen in other neurons (b) (mean � S.E.M.; *, p � 0.01 compared with nondopaminergic neurons, n �
20 neurons per group). NBQX prevented the change in fluorescence (a, bottom row, and b). d and e show electron micrographs of TH stained neurons
taken at 11,500� in control conditions (d) or after 30 �M AMPA treatment for 3 h. Treatment resulted in swelling of mitochondria and endoplasmic
reticulum (e). f shows a quantitative analysis of the distribution of Cyt-c immunostaining before or after 30 �M AMPA for 1 or 3 h. Culture dishes (n �
3/condition) were fixed at the specified times and immunostained for TH and Cyt-c. Pictures of TH-stained neurons were taken blindly with respect
to treatment, and the distribution of Cyt-c staining intensity in a region of interest excluding the nucleus was measured with an image analysis
system. Punctate staining around the nuclear cup correlated with a distribution of intensities with a mode toward the brightest values. Cyt-c diffusion
to the cytosol results in redistribution of pixel intensities along a normal distribution. The difference between these two distributions was statistically
significant (�2 � 1979, df � 20, p � 0.001). The mPT antagonists bongkrekic acid (10 �M, c; **, p � 0.001 compared with control) and CSA (3 �M, d)
resulted in significant protection of DNs after treatment with 30 �M AMPA for 24 h. Addition of 3 �M CSA 1 or 3 h after onset of AMPA treatment
resulted in reduced protection, with significant toxicity remaining (p � 0.05; *, p � 0.01 compared with control).

TABLE 1
Effect of neuroprotectants on DN survival after AMPA
Values represent mean of three experiments � S.E.M. In each experiment, four to six wells per treatment were counted. MAP-2 counts did not vary significantly across
categories. Cell counts were normalized between experiments to number of MAP-2 cells per well.

Control 100 �M
AMPA

No drug 111.0 � 11.5 45.1 � 9.4
Calmidazolium (3 �M) 104.0 � 3.0 36.1 � 2.0
Tacrolimus (0.1 �M) 96.9 � 16.3 54.3 � 14.3
C-NF�B (3.1 pmol/ml) (1:10,000) 121.3 � 6.8 60.7 � 6.8*
Cycloheximide (3 �g/ml) 89.2 � 15.7 69.5 � 8.0*
N-Benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (100 �M) 88.8 � 13.6 51.8 � 13.6
Boc-aspartyl-(OMe)-fluoromethyl ketone (100 �M) 101.6 � 6.0 41.6 � 4.0
Idebenone (1 �M) 89.1 � 15.1 50.3 � 32.2
Trolox (3 �M) 159.9 � 21.2 57.3 � 33.2
Phenyl-t-butyl-nitrone (500 �M) 139 � 10.1 42.5 � 18.1
N,N-dimethyl-arginine (100 �M) 115 � 7.1 63.2 � 7.1
N,N-dimethyl-arginine (300 �M) 119 � 8.1 80 � 5.5*
DEA/NO (100 �M) 126.5 � 6.7 17.5 � 6.7#

* P � 0.05 compared with no drug.
** P � 0.01 compared with no drug.
# AMPA concentration was 30 �M in this experiments.
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found evidence of mitochondrial swelling and Cyt-c release soon
after exposure of DNs to toxic concentrations of AMPA. Consis-
tent with these findings, the mPT antagonists CSA and
bongkrekic acid blocked AMPA toxicity (Fig. 3c). The protective
effect of CSA was significantly reduced if treatment began 1 h
after onset of AMPA treatment, suggesting that mitochondrial
changes occur at the time of commitment to die. This is in
agreement with the time of commitment to die assessed by
translocation of PS (Fig. 2g). CSA may protect neurons by
preventing opening of mPT (Khaspekov et al., 1999; Matsumoto
et al., 1999), but also by inhibiting calcineurin (Ankarcrona et
al., 1996; Ruiz et al., 2000). Our results indicate that in DNs,
AMPA toxicity does not require calmodulin-calcineurin activa-
tion, because calmidazolium and tacrolimus failed to afford
protection (Table 1).

In DNs, Cyt-c release did not result in caspase 3 activation

(Table 1). This result prompts questions concerning the ef-
fector mechanism of cell death. Our data indicate that NF�B
signaling plays a central role in AMPA toxicity to DNs. Two
lines of evidence support this view. First, AMPA increases
NF�B translocation and decreases expression of I�B, both at
the time of commitment to die. Second, AMPA toxicity is
prevented by three NF�B antagonists with different molec-
ular mechanisms of action. PDTC has been shown to prevent
or potentiate apoptosis, depending on cell type and culture
conditions (Erl et al., 2000). We found that low concentra-
tions of PDTC prevent AMPA toxicity (Fig. 4e). PDTC also
has antioxidant properties, is a copper chelator, and inhibits
NOS (Chen et al., 2000; Chung et al., 2000), but other anti-
oxidants failed to protect DNs, and NOS inhibitors had lim-
ited effect, suggesting that PDTC protects DNs by NF�B
inhibition. Even though NO release did not affect DNs via-
bility by itself, it significantly potentiated the toxicity of
AMPA, suggesting that ADP ribosylation may increase the

Fig. 4. NF�B nuclear translocation and transcriptional activity is re-
quired for AMPA toxicity. a shows an example of EMSA for NF�B p65 on
nuclear extracts of mesencephalic cultures after 3-h treatment with con-
ditioned medium alone (lanes 1–2) or with 30 �M AMPA (lanes 3–4).
There is a strong induction of bound p65 after treatment. Lanes 5–6 were
run in the presence of excess cold oligonucleotide containing the consen-
sus binding sequence and confirmed the binding specificity. Two other
experiments showed identical results. EMSA results were confirmed by a
quantitative ELISA-based assay, and the effects of the oligonucleotides
HPNF�B and C-NF�B were assessed (b). Absorbance data represent the
average of three separate experiments (*, P � 0.01 versus 100 �M AMPA
alone; #, P � 0.05 versus control). Expression of I�B� in cell extracts was
assessed by Western blot (c and d). A 36-kDa band consistent with IkB�
was detected in control lines (lanes 1 and 2) and was markedly decreased
after 30 �M AMPA for 1 h (lanes 3 and 4) or 3 h (lanes 5 and 6). d shows
average optical densities of three separate experiments (*, P � 0.01
versus 30 �M AMPA alone). e shows counts of DNs in cultures exposed to
conditioned medium alone, with 30 �M AMPA by itself, or combined with
HPNF�B (1:10,000 dilution of 3 pg/�l), 10 �M dexamethasone, or 300 �M
PDTC. Data represent the average of three experiments (**, P � 0.001
versus control). Examples of TH stained neurons in control conditions (f)
and after 30 �M AMPA � HPNF�B for 24 h (g) show protection of
neurites.

Fig. 5. Induction of p53 oncogene is required for AMPA toxicity. a,
Northern blot of mesencephalic cultures extracts after 3-h exposure to
conditioned medium (lane 1), 30 �M AMPA (lane 2), HPNF�B (1:10,000
dilution of 3 pg/�l, lane 3), and AMPA � HPNF�B (lane 4). Optical
density averages of four experiments are shown in b (*, p � 0.001 versus
control by analysis of variance on ranks). Western blots of phos-p53 are
shown in c and d. A 53-kDa band consistent with p53 was detected in
control lanes (1–2), which was increased after 30 �M AMPA for 1 h (lanes
3 and 4) or 3 h (lanes 5 and 6). d shows average optical densities of three
separate experiments (*, P � 0.01 versus 30 �M AMPA alone). Cellular
localization of phos-p53 was assessed by immonocytochemistry (e and h).
phos-p53 was not detected in nondopaminergic neurons. TH-stained neu-
rons exposed to conditioned medium (e) did not have detectable phos-p53
immunoreactivity (f) but were stained after 100 �M AMPA for 3 h (g and
h). Quantitative image analysis of TH positive neurons demonstrated no
change in TH expression but a transient increase in phos-p53 at 3 h (i). (*,
p � 0.01). DNs counts in cultures exposed to conditioned medium alone,
with 30 �M AMPA by itself, or combined with 10 �� pifithrin-�, showed
complete protection by the antagonist (j) (**, P � 0.001 versus control).
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susceptibility of DNs. Indeed, the ADP ribosylation antago-
nist benzamide resulted in a degree of protection similar to
that of NOS inhibitors (data not shown).

Increased NF�B nuclear translocation in PD brains post-
mortem has been interpreted as evidence of activation of the
TNF� pathway (Hunot et al., 1997). Our data suggest that
sustained GluRAMPA activation could induce the same result.
This finding is potentially very important, if confirmed in vivo,
because excitotoxicity may be sustained chronically in PD by
subthalamic nucleus hyperactivity. Neuronal NF�B is acti-
vated by GluRAMPA stimulation (Kaltschmidt et al., 1995),
causing cell death in some—including mesencephalic—neuro-
nal phenotypes (Hunot et al., 1997; Schneider et al., 1999;
Cassarino et al., 2000) but protecting others against apoptosis
(Mattson et al., 2000). In neurons, NF�B transcriptional acti-
vation causes cell death mediated through p53 (Ryan et al.,
2000). Our data suggest that in DNs, transcriptional activation
of NFkB causes transcription of p53 mRNA, because HPNF�B
prevented the increase in p53 mRNA induced by AMPA (Fig. 5).
Also, increased phos-p53 expression was restricted to DNs (Fig.
5, c, g, and h) and was necessary for toxicity, because the p53
inhibitor pifithrin-� completely prevented DN death. The mech-
anism of action of pifithrin-� has not been completely eluci-
dated, but it seems to act downstream of p53 and may modulate
nuclear import or export of p53 or decrease the stability of
nuclear p53 (Komarov et al., 1999).

In summary, we have shown that embryonic DNs are se-
lectively susceptible to overactivation of GluRAMPA, resulting
in neuronal death mediated through transcriptional activa-
tion of NF�B. AMPA toxicity, if our findings are confirmed in
vivo, may be a good candidate target for neuroprotection of
DNs in patients with PD.
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