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Introduction to Final Report (October 2012): 

Due to his illness and death, after this work was completed, Principal Investigator Dr. William 
Tatton was unable to assemble and submit a Final Report for the project entitled ‘Toxic 
Neuronal Death by Glyeraldehyde-3-Phosphate Dehydrogenase and Mitochondria.’ We were 
able to reconstruct a Final Report for this project by gathering a draft copy of the project’s three 
progress reports and referencing Dr. Tatton’s publications that cite additional progress.  

Dr. Tatton’s Introduction (2002): 

This proposal was designed to examine the role of glyceraldehyde-3-phosphate deydrogenase 
(GAPDH), mitochondrial permeability and mitochondrial membrane potential in some forms of 
toxic neuronal death.  Mitochondria have been shown to play a critical decisional role in some 
forms of cell death, namely apoptotic cell death. Determining the mechanism of the toxin 
induced apoptosis night reveal potential therapeutic targets which could slow or alleviate the 
apoptosis. To address these issues, we proposed a series of experiments which include and in 
vitro study of neurons and neuron-like cells in culture that would be immunostained to determine 
which toxic insults involved changes in GAPDH levels or distribution, changes mitochondrial 
membrane potential and permeability transition pore opening. We proposed to examine mutated 
cell lines of PC12 and 3T3 cells with inducible GAPDH expression. The direct actions of 
GAPDH and NAD+ will be examined using a cell free system of nuclear mitochondria; and 
cystolic subfractions. Finally, we proposed to examine whether GAPDH alters the transcription 
or translation of specific subsets of genes and/or their RNA targets using a lysate system. At 
this point, we addressed many of the objectives and are on schedule for the completion of the 
study by the end of the funding period.  
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Key Research Accomplishments: 

1.  The role of diverse signal mediators, including p53, GAPDH, BAX and NFKB in mediating 
apoptosis in PD brain were characterized. 

2.  The temporal stages of apoptosis in dopamine neurons determined by YOYO-1 and 
BODIPY-labeled TUNEL staining were refined. 

3.  The mechanism of propargylamines such as deprenyl in opposing apoptosis in dopamine 
neurons and in improving the course of Parkinsons was found to be suppression of the 
synthesis of pro-apoptotic proteins. 

Reportable Outcomes: 

Five peer reviewed publications that resulted from this research program: 

1. Carlile, G., Chalmers-Redman, R., Tatton n., Pong, A., Borden, K., Tatton, W. Reduced 
 Apoptosis after nerve growth factor and serum withdrawal: Conversion of tetrameric 
 Glyceraldehyde-3-Phosphate Dehydrogenase to a dimer. Molecular Pharmacology 2000, 
 57:2-12. 
 
2. Tatton, W. G., Chalmers-Redman, R. M., Elstner, M., Leesch, W., Jagodzinski, F. B., Stupak, 

D. P., et al. (2000). Glyceraldehyde-3-phosphate dehydrogenase in neurodegeneration 
and apoptosis signaling. J Neural Transm Suppl(60), 77-100. 

 
3. Tatton WG, Chalmers-Redman RM, Ju WJ, Mammen M, Carlile GW, Pong AW, Tatton NA. 
 Propargylamines induce antiapoptotic new protein synthesis in serum- and nerve growth 
 factor (NGF)-withdrawn, NGF-differentiated PC-12 cells. J Pharmacol Exp Ther. 2002; 
 301 (2): 753-64. 
 
4. Tatton WG, Chalmers-Redman R, Brown D, Tatton N. Apoptosis in Parkinson’s disease: 
 signals for neuronal degradation.  Ann Neurol. 2003; 53 Suppl 3: S61-70; discussion 
 S70-2. 

5. Tatton, W., Chalmers-Redman, R., & Tatton, N. (2003). Neuroprotection by deprenyl and 
other propargylamines: glyceraldehyde-3-phosphate dehydrogenase rather than 
monoamine oxidase B. J Neural Transm, 110(5), 509-515. 

 

Conclusions: 

This research program refined the understanding of the timing of apoptosis and the stages 
involved and provided insight into the mechanisms of propargylamines in preventing apoptosis.  
This work advanced insight into the mechanisms of neuronal loss in PD and into new 
pharmacological approaches that could be used to delay the progression of this 
neurodegenerative disease.  
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Apoptosis in Parkinson’s Disease: Signals for
Neuronal Degradation

William G. Tatton, MD, PhD,1,2 Ruth Chalmers-Redman, PhD,1 David Brown, MD,1

and Nadine Tatton, PhD1

Controversy has surrounded a role for apoptosis in the loss of neurons in Parkinson’s disease (PD). Although a variety
of evidence has supported an apoptotic contribution to PD neuronal loss particularly in the nigra, two factors have
weighed against general acceptance: (1) limitations in the use of in situ 3�end labeling techniques to demonstrate nuclear
DNA cleavage; and (2) the insistence that a specific set of nuclear morphological features be present before apoptotic
death could be declared. We first review the molecular events that underlie apoptotic nuclear degradation and the
literature regarding the unreliability of 3� DNA end labeling as a marker of apoptotic nuclear degradation. Recent
findings regarding the multiple caspase-dependent or caspase-independent signaling pathways that mediate apoptotic
nuclear degradation and determine the morphological features of apoptotic nuclear degradation are presented. The ev-
idence shows that a single nuclear morphology is not sufficient to identify apoptosis and that a cytochrome c, pro–
caspase 9, and caspase 3 pathways is operative in PD nigral apoptosis. BAX-dependent increases in mitochondrial mem-
brane permeability are responsible for the release of mitochondrial factors that signal for apoptotic degradation, and
increased BAX levels have been found in a subset of PD nigral neurons. Studies using immunocytochemistry in PD
postmortem nigra have begun to define the premitochondrial apoptosis signaling pathways in the disease. Two, possibly
interdependent, pathways have been uncovered: (1) a p53–glyceraldehyde-3-phosphate dehydrogenase (GAPDH)–BAX
pathway; and (2) FAS receptor–FADD–caspase 8 –BAX pathway. Based on the above, it seems unlikely that apoptosis
does not contribute to PD neuronal loss, and the definition of the premitochondrial signaling pathways may allow for
the development and testing of an apoptosis-based PD therapy.

Ann Neurol 2003;53 (suppl 3):S61–S72

Several different insults that can induce necrosis may
be responsible for neuronal loss in Parkinson’s disease
(PD)1 and PD models.2 The classic features of necrosis
can be induced by the exposure of cells to high con-
centrations of glutamate or other glutamate receptor
agonists. This necrosis results from massive transmem-
brane ion fluxes that rapidly cause swelling of or-
ganelles (including the nucleus) and cellular disruption
with rupture of the outer membrane.3 Membrane rup-
ture allows extrusion of cytoplasmic contents into the
extracellular space, which can cause local inflammation
and subsequent necrosis of nearby cells in a wave-like
fashion. ATP depletion or lipid and protein peroxida-
tion induced by reactive oxygen species, often impli-
cated in PD,4 can kill neurons by similar necrotic pro-
cesses.5

A second death process called apoptosis can also me-
diate neuronal loss after exposure of cells to glutamate
receptor agonists6,7 or to increased reactive oxygen spe-
cies levels8 and has been proposed to contribute to PD
neuronal loss.9 Apoptosis is fundamental to the physi-
ology of living organisms because it normally serves to

balance cell replication, to optimize cellular organiza-
tion, or to shape organ development by degrading un-
suitable cells so that they can be selectively phagocy-
tosed without risk of damage to nearby cells. It has
been estimated that tens of billions of cells die by
apoptosis in the human body each day, largely the rep-
licating cells of the gastrointestinal, hematopoetic, cu-
taneous, immunological, and reproductive systems.

Pathological apoptosis contributes to a wide variety
of diseases including cardiomyopathy, inflammation,
osteoarthritis, diabetes, acquired immunodeficiency
syndrome, and graft rejection. Despite the well-
documented role of apoptosis in many diseases, debate
has raged as to whether apoptosis contributes to neu-
ronal loss in PD. In retrospect, the debate has been
fueled by two factors: methodological limitations and
the inappropriate imposition of narrow criteria for the
recognition of apoptosis. The methodological problems
relate to the use of terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) to detect cells with apoptotic nuclear DNA
fragmentation, whereas the problem with inclusion cri-
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teria results from the view that apoptotic nuclear deg-
radation must specifically conform to the morphologi-
cal features originally described by Kerr in his original
studies of liver cells.

Recognition of Apoptotic Nuclear Degradation
In contrast with the swelling and cellular disruption
found in necrosis, apoptosis involves marked nuclear
and cellular shrinkage combined with lytic degradation
of nucleic acids and cytoskeletal proteins, but mainte-
nance of membrane integrity. Apoptotic cellular
shrinkage and intranuclear or chromatin condensation
were first shown by Kerr in liver cells using electron
microscopy.10 Kerr’s original findings often have been
taken to provide a morphological stereotype for apo-
ptotic degradation.

Each chromosome consists of a long double strand
of DNA. DNA gel electrophoresis or pulse-field elec-
trophoresis can be used to demonstrate DNA cleavage
by nucleases activated in the final stages of apoptosis.
The utility of electrophoresis is limited to models in
which many cells undergo apoptotic degradation syn-
chronously. In neurodegenerative disorders such as PD,
only a few neurons would be expected to undergo nu-
clear degradation over the course of any day (see Ka-
nazawa11 for a recent consideration of the time course
of nigral dopaminergic neuronal loss in PD). Because
the use of DNA gel electrophoresis or pulse-field elec-
trophoresis requires that the DNA of 105 or more cells
be in the stage of apoptotic DNA degradation, electro-
phoresis cannot detect apoptotic nuclear DNA frag-
mentation in PD postmortem brain. The labeling of
cut 3�DNA ends with d-UTP attached to a fluoro-
chrome offers the opportunity to show nuclear DNA
cleavage in situ and has been widely used in both tissue
sections and cultured cells.

Apoptotic nuclear degradation can include several
different components including (1) the separation of
histones and lamins from nuclear DNA; (2) the cleav-
age of the DNA into shorter fragments by endonucle-
ases; (3) the condensation or compaction of the frag-
mented DNA; and (4) the formation of membrane
wrapped subnuclear bodies containing fragmented and
condensed DNA. The sequence, relative extent and
pattern of the different components have been shown
to differ for different cellular phenotypes and different
types of insults.12,13 Figure 1 illustrates one example of
the different components of apoptotic nuclear degrada-
tion and their relative subnuclear distributions. The
figure shows the pattern of nuclear degradation in cul-
tured cerebellar granule neurons (CGNs) at 9 hours
after exposure to 10�5 M glutamate (R. Chalmers-
Redman and W. Tatton, unpublished observations and
see Wadia and colleagues14 for details of the histolog-
ical and imaging techniques). CGNs have large nuclei
relative to their cell body diameters with little variation

in nuclear and cell body size among the different neu-
rons. This uniformity allows for easy examination of
apoptotic degradation in the neurons, especially with
high-resolution laser confocal scanning microscopy as
shown in Figure 1. In Figure 1, the leftmost three laser
confocal scanning microscopy images in each horizon-
tal row (see Fig 1A1–A3 and B1–B3) were taken for an
identical image field but with different fluorescence or
interference contrast detectors. Figures 1A1 to A4 illus-
trate the relationship between nuclear chromatin con-
densation shown by the fluorescent nucleic acid bind-
ing dye YOYO-1 (see Fig 1A2) and nuclear DNA
fragmentation shown by TUNEL using BODIPY flu-
orescence (see Fig 1A3). In the interference contrast
image of Figure 1A1, 4 of the 10 CGN nuclei have
shrunken, smooth-appearing nuclei that have lost the
granularity present in the other six nuclei. The four
shrunken nuclei have markedly intensified YOYO-1
fluorescence (each labeled 2 in Fig 1A2), which con-
trasts with the duller, reticulated fluorescent pattern of
YOYO-1 fluorescence seen in the larger nuclei.
TUNEL-BODIPY fluorescence (see Fig 1A3) shows
that each of the four nuclei has undergone DNA frag-
mentation, whereas the other six nuclei only fluoresce
at background levels. Figures 1A2 and 1A3 have been
recolored red and green, respectively, and then digitally
added to produce Figure 1A4. The four shrunken nu-
clei have a yellow-orange color, which indicates that
chromatin condensation and DNA fragmentation are
exactly coextensive in the nuclei. The nuclei without
yellow-orange coloration show a reticulated pattern of
red coloration resulting from YOYO-1 binding to
DNA that has not undergone fragmentation. All of the
10 cells show areas of bright green coloration in cyto-
plasm outside of the nuclei due to TUNEL labeling of
RNA. The four apoptotic nuclei are labeled 2 to indi-
cate that they have entered stage 2 of apoptotic degra-
dation. In stage 2, the DNA of the entire nucleus has
become both fragmented and condensed, whereas in
stage 1 only a portion of the nucleus is affected as
shown in Figures 1B1 to B4.

In stage 1, DNA around the outer margins of the
CGN nuclei is fragmented and then condensed (see
distribution of YOYO-1 fluorescence in CGNs labeled
1 in Fig 1B2). Histone immunofluorescence (Fig 1B3)
is distributed in a reticulated pattern that largely colo-
calizes with YOYO-1 DNA binding in normal nuclei
(see yellow-green coloration in the lower three nuclei
in Fig 1B4), but moves to the outside margin of areas
of DNA fragmentation or chromatin condensation (see
Fig 1B2 and B4) in stage 1 nuclei. In stage 2 nuclei,
only a small outer rim of histone immunofluorescence
surrounding the DNA fragmentation and chromatin
condensation is retained (illustrated by the stage 2 nu-
cleus in Fig 1B3 and orange coloration limited to the
outer portion of same nucleus in Fig 1B4). The
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marked shrinkage and condensation of stage 3 nuclei
(see Fig 1B1 and B2) is accompanied by the disappear-
ance of nuclear histone immunofluorescence (see Fig
1B3 and B4) in association with DNA fragmentation
and chromatin condensation as shown in Figures 1A1
to A4.

The component pattern of nuclear degradation in
Figure 1 is typical of CGNs exposed to excitotoxins
but differs from that found after exposure of the same
cultured neurons to low K� media, mitochondrial
complex inhibitors, cytosine arabinoside, or kinase in-
hibitors (data not shown, but also see Wadia and col-
leagues14 for our laser confocal scanning microscopy
examination of cultured neuron-like cells after trophic
withdrawal). Similarly, we have found marked varia-
tion in the patterns of nuclear degradation shown using
multiple markers for MPTP-exposed murine nigral
neurons,15 hypoxic neurons in the porcine hippocam-
pus,16 retinal ganglion cells in postmortem glaucoma-
tous eyes,17 and nigral neuromelanin-containing neu-
rons in PD postmortem brain.18–20 Apoptotic nuclear
degradation can be hard to detect on neuropathological
examination because of the rapid shrinkage, degrada-

tion, and phagocytosis of affected neurons. Apoptotic
nuclear degradation has an apparent life of less than 12
hours in culture14 and apparently less than several days
in intact neuropil.16 Accordingly, only a small percent-
age of neurons show evidence of apoptotic degradation
at any single time point, even when the cells are initi-
ated into apoptosis almost simultaneously.21

Variation in Patterns of Apoptotic Nuclear
Degradation Reflect Postmitochondrial Multiple
Signaling Pathways
Apoptotic cellular degradation depends on several in-
teracting signaling pathways as schematized in Figure
2. Different insults and/or cellular phenotypes activate
different signaling events, which can be reflected in dif-
ferences in the morphology of nuclear degradation,
particularly those for chromatin condensation and/or
DNA fragmentation. The caspase family of proteases
comprise fundamental components of many apoptotic
signaling pathways.22,23 To date, approximately 14
caspases have been characterized in mammals. They are
normally expressed as inactive proenzymes and are ac-
tivated by proteolysis and can act on cytoskeletal pro-

Fig 1. Stages and components of apoptotic nuclear degradation in cerebellar granule neurons exposed to low glutamate concentra-
tions. Each horizontal row of laser confocal scanning microscope images are for identical image fields. (A1, B1) Interference contrast
images showing typical cellular and nuclear shrinkage of a subset of neurons undergoing apoptotic degradation. (A2, B2) YOYO-1
nucleic acid staining used to demonstrate chromatin condensation in the numbered nuclei. The numbers indicate the stage of degra-
dation for each nucleus. (A3) DNA cleavage using BODIPY-labeled TUNEL. (B3) Typical reorganization of histone immunoreac-
tion as a component of apoptotic degradation. (A4, B4) Red-green recolored and digitally added images show the colocalization of
DNA fragmentation and chromatin condensation and the margination of histone immunoreaction to the outer portions of nuclear
subregions undergoing chromatin condensation. Stage 2 nuclei show distributions of DNA fragmentation and chromatin condensa-
tion typical of those induced by AIF signaling, whereas the distributions in stage 2 nuclei would require cytochrome c signaling.
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teins, nuclear proteins, or antiapoptotic signaling pro-
teins. At least four different signaling systems can
contribute to nuclear chromatin condensation and
DNA fragmentation as shown in Figure 2 by the boxes
with hatched borders. Two of the signaling systems de-
pend on caspases: (1) the cytochrome c, apoptotic
protease-activating factor 1 (Apaf-1), and pro–caspase
9 system; and (2) the second mitochondrial derived ac-
tivator of caspases (SMAC)/direct IAP binding protein
(Diablo) system. The caspase-dependent pathways are
shown in Figure 2 by the black connectors. The other
two systems are caspase independent: (1) the apoptosis
initiation factor (AIF) system and (2) the endonuclease
G system (both shown in Fig 2 by the gray connec-
tors).

Initially, it was found that cytochrome c released
from mitochondria interacts with Apaf-1 and dATP to
provide a platform that provides for the conversion of
pro–caspase 9 (also released from mitochondria) to ac-
tivated caspase 9. Activated caspase 9 then converts
pro–caspase 3 to activated caspase 3. Activated caspase
3 cleaves the inhibitor of caspase-activated DNase
(ICAD) to generate caspase-activated DNase (CAD),

which fragments nuclear DNA.24 Activated caspase 3
also can signal for other aspects of apoptotic cellular
degradation including nuclear chromatin condensation
through protease-activated acinus, actin cytoskeletal di-
gestion by the protease gelosin, and nuclear lamin
cleavage through caspase 6.

Caspases, like caspase 3, can be inhibited by one or
more members of a family of constitutively active pro-
teins, the inhibitors of apoptosis (IAPs). IAPs bind to
and inactivate the caspases and thereby can prevent or
reduce nuclear degradation by the cytochrome c/Apaf-1
system. In turn, SMAC/Diablo, released from mito-
chondria, can bind and inactivate the IAPs, thereby al-
lowing caspases 9, 3, and 6 to signal for apoptotic deg-
radation as illustrated in Figure 2. One might expect
that the joint release of cytochrome c, pro–caspase 9,
and SMAC/Diablo from mitochondria would be par-
ticularly effective in mediating apoptotic degradation.

As shown in Figure 2, activated caspase 3 can play a
pivotal role in the signaling for apoptotic degradation.
It now appears that activated caspase 3 contributes to
neuronal apoptosis in the PD nigra. Our group19 and
others25 have independently shown immunoreaction

Fig 2. Schematic for postmitochondrial signaling for apoptotic degradation. The boxes with hatched borders enclose the four different
signaling systems for apoptotic degradation. The arrows and T-bars linking the different signaling elements are black for caspase-
dependent signaling and gray for caspase-independent signaling. Cytochrome c, SMAC/Diablo, AIF, and endonuclease G all are
released from mitochondria because of increased mitochondrial membrane permeability. All of the abbreviations are defined in the
text.
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for activated caspase 3 in a small proportion (�2%) of
neuromelanin-containing neurons in the nigra of PD
postmortem brains. The activated caspase 3 immuno-
reaction was not present in nigral neuromelanin-
containing cell bodies in postmortem brain tissue from
age-matched controls. Accordingly, caspase 3 activation
may be responsible for the joint presence of chromatin
condensation and DNA fragmentation (similar to Fig
1A1–A4 above) in the nuclei of some nigral
neuromelanin-containing neurons in PD postmortem
brain.18–20 The relative roles played by the cytochrome
c/Apaf-1 and the SMAC/Diablo systems in the caspase
3 activation found in the PD nigra are not known. In
normal cells, both cytochrome c and SMAC/Diablo are
strictly localized to mitochondria, but in apoptosis they
are concentrated in the cytosol. It remains to be deter-
mined whether one or both of the signaling proteins is
present in the cytosol of PD neuromelanin-containing
nigral neurons.

Examination of degradation signaling in several
apoptosis models has established that a soluble fla-
voprotein, AIF,26 can be released from the intermem-
brane space of mitochondria and then translocates to
nuclei where it induces large-scale DNA fragmentation
and also contributes to chromatin condensation (see
Cande and colleagues27 for a review). AIF has NADH
oxidase activity and can be released from mitochondria
independently of cytochrome c and pro–caspase 9.28

The basis for selective AIF release is not known. Mi-
croinjection of cells with recombinant AIF causes only
peripheral chromatin condensation (stage 1, see exam-
ples in Fig 1), whereas microinjection with activated
caspase 3 or its downstream target CAD causes more
pronounced, whole nuclear chromatin condensation
(stage 2 as above in Fig 1).29 In some forms of apo-
ptosis, AIF induces cytochrome c release from mito-
chondria.30 Accordingly, the stage 1 followed by stage
2 nuclear degradation shown in Figure 1 for glutamate-
exposed CGNs may result from initial AIF release fol-
lowed by subsequent cytochrome c/pro–caspase 9 re-
lease. AIF has been shown to induce nuclear
degradation in approximately 50 different apoptosis
models,27 but, to date, we have not observed a stage 1
pattern of nuclear degradation in neuromelanin-
containing neurons of the PD nigra (W. Tatton and
N. Tatton, unpublished observations). Hence, AIF
may not contribute to apoptotic nuclear degradation in
the PD nigra.

Finally, a mitochondrial DNase, endonuclease G
that normally acts on mitochondrial DNA can be re-
leased from mitochondria.31,32 Nuclear DNA fragmen-
tation caused by endonuclease G is independent of ei-
ther caspase or CAD activity as shown in Figure 2.
Endonuclease G can be released from mitochondria by
BID (BCL-2 interacting domain) and is a feature of
apoptosis induced by FAS ligand (see below). Although

FAS ligand has been implicated in nigral apoptosis in
PD,33,34 it is not known whether endonuclease G con-
tributes to apoptotic nuclear degradation in this disease.

The Confusion Regarding Parkinson’s Disease
Apoptosis Caused by TUNEL
There are several practical problems with the use of
TUNEL to detect apoptosis in postmortem brain tissue
(see Tatton and Rideout18 Tatton and colleagues20 for
details): (1) direct damage to DNA by reactive oxygen
species can be detected by TUNEL causing necrosis to
be mistaken for apoptosis35; (2) prolonged postmortem
delays before fixation, or prolonged fixation, increase
nonspecific 3�DNA end labeling resulting in false-
positive evidence for apoptosis36,37; (3) dividing cells,
for example, glia, can be labeled with d-UTP during
mitosis and wrongly identified as apoptotic cells38,39;
(4) protein cross-linking by overfixation can impede
d-UTP access to cut 3� DNA ends causing false-
negatives40; (5) different endonucleases can cut DNA
bluntly so that both strands are cut at the same level,
or in an overhanging or in an underhanging manner,
each of which differentially affects the affinity of TdT
for d-UTP DNA end labeling41 and can either pro-
mote false-positives or false-negatives; and (6) divalent
cations, particularly Mg2� or Ca2�, increase d-UTP
affinity for DNA 3�ends42 so that small concentration
changes can produce false results.

As might be expected based on the multiple defi-
ciencies of TUNEL, different studies have reported
markedly varying results for detecting apoptotic nuclei
in the postmortem PD nigra. Some studies have re-
ported that less than 1% of nigral neuromelanin-
containing cells are TUNEL-positive in PD, which ap-
pears consistent with known rates of the loss of those
cells in PD.20,43–45 Yet, other studies failed to detect
nigral cell TUNEL,46 found high percentages of
TUNEL in control nigra,47 or reported that TUNEL
was limited to glial cell nuclei.48 Accordingly, the use
of TUNEL fostered a confused picture, which has
caused some to doubt a contribution of apoptosis to
PD neuronal loss. Rather than decide for or against
neuronal apoptosis in PD, the findings confirmed the
view that TUNEL, used by itself, cannot reliably detect
apoptosis in postmortem brain tissue.

The demonstration of nuclear DNA cleavage using
TUNEL in PD nigra has been made reliable by the
simultaneous application of fluorescent DNA binding
dyes to jointly detect chromatin condensation and
DNA cleavage in the same nuclei.19,20,49 As shown in
Figure 2, nuclear DNA cleavage and chromatin con-
densation are mediated by signaling steps that can be
independent of each other, so that their joint demon-
stration in a single nucleus makes apoptotic nuclear
degradation virtually certain. The conjugation of
BODIPY to d-UTP for detecting DNA cuts coupled
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with the use of fluorescent dyes such as YOYO-1 that
detect chromatin condensation allows the two apopto-
sis markers to be fluorescently detected at different
wavelengths in the same nucleus. The detection of
apoptosis can be further enhanced by the use of a third
fluorochrome that demonstrates a subnuclear distribu-
tion for lamin or histone immunofluorescence as illus-
trated in Figure 1.

Apoptosis Signaling Pathways in Parkinson’s
Disease Nigral Neurons
Increased levels of proteins that signal for apoptosis
have been demonstrated in neurons in the PD post-
mortem nigra and provide a picture of the pathway(s)
responsible for apoptotic degradation in the disease.
Two groups have reported increases in BAX19,50 in ni-
gral neurons in PD. Changes in mitochondrial mem-
brane permeability with the release of factors that sig-
nal for apoptotic degradation are now known to
constitute the major decisional step in many apoptosis
signaling pathways (schematized in Fig 3 and recently
reviewed in Parone and colleagues51). Signaling factors
for apoptotic degradation such as cytochrome c, pro–
caspase 9, AIF, SMAC/Diablo, and endonuclease G are

released from the intermembranous space that separates
the inner and outer mitochondrial membranes. As
shown in Figure 3, two mechanisms are thought to in-
crease outer membrane permeability: (1) the formation
of pores or the opening of existing pores in the outer
mitochondrial membrane52; and (2) opening of a mul-
tiprotein megapore, the permeability transition pore
complex (PTPC), which spans the inner and outer mi-
tochondrial membranes.53

BAX, in association with its cousin BAK,54 may play
a role in either of those mechanisms, although the basis
for the BAX-induced changes in outer mitochondrial
membrane permeability are controversial.55 BAX oli-
gomers can insert into planar phospholipid bilayer
membranes and promote dissolution of the mem-
branes.56 In some apoptosis models, BID can induce
BAX oligomerization and the release of cytochrome c
or SMAC/Diablo from liposomes57 or mitochon-
dria.58,59 BID also can induce BAX insertion into the
outer membrane60 or cause BAX to bind to the
PTPC.61 In other forms of apoptosis, BID may not be
required for BAX accumulation in mitochondria62 (see
Tatton and colleagues21 for an example of BAX mito-
chondrial concentration in apoptosis).

Fig 3. Schematic for premitochondrial signaling for apoptosis in the PD nigra. The schematic illustrates the key role of the proapop-
totic protein BAX in the induction of increased mitochondrial membrane permeability that allows the release of the different factors
that signal for apoptotic degradation. Two possibly interdependent signaling pathways have been shown to activate BAX and/or its
antagonists, BCL-2, and BCL-XL. The signaling elements that have been shown by immunocytochemistry of PD postmortem nigra
are enclosed in boxes: (1) the p53–GAPDH–BAX pathway; and 2) the FAS receptor–FADD–caspase 8–BAX pathway. UPS �
ubiquitin-proteasomal system; SMase � sphingomyelinase. The remaining abbreviations are defined in the text.
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It has alternatively been proposed that opening of
the PTPC causes osmotic shifts across the inner mito-
chondrial membrane with consequent mitochondrial
swelling and rupture of the outer mitochondrial mem-
brane, which may be responsible for the release of the
apoptotic degradation factors from mitochondria (see
Halestrap and colleagues63 for a review of factors that
influence the PTPC). That view is supported by stud-
ies showing that agents like cyclosporin A, which pro-
mote PTPC closure reduce cytochrome c release and
apoptosis in some models.64 Furthermore, BAX has
been shown to bind to either the adenine nucleotide
translocator (ANT) or the voltage dependent anion
channel (VDAC) of the PTPC. BAX binding to
ANT65 or VDAC66 markedly increases the conduc-
tance of isolated membranes. Accumulating data sug-
gest that either ANT or VDAC67 may increase inner
mitochondrial permeability in different forms of apo-
ptosis. A recent study suggests that two separate mech-
anisms are responsible for cytochrome c release from
mitochondria in apoptosis.68 First, it may be released
via the formation of outer mitochondrial membrane
pores; second, cytochrome c may be stored in mito-
chondrial cristae formed from the inner membrane that
fuse with the outer membrane and allow the release
cytochrome c through the PTPC. If confirmed, those
findings may serve to defuse the controversy concern-
ing the release of apoptotic degradation factors from
mitochondria.

Although increased BAX levels have been shown in
nigral neurons in PD postmortem brain,19,50 it is not
known whether BAX is concentrated in mitochondria
or whether any such concentration involves the outer
or inner mitochondrial membrane and/or the ANT or
VDAC. EM immunocytochemistry will be required to
determine the role of BAX relative to mitochondria in
the postmortem nigra.

Two premitochondrial apoptosis signaling pathways
have been implicated in nigral neuronal apoptosis by
immunocytochemistry of PD postmortem brain: (1) a
p53–GAPDH–BAX pathway; and (2) a FAS or tumor
necrosis factor (TNF)–� receptor–FADD–caspase
8–BAX pathway. The tumor suppressor protein, p53,
has been implicated in numerous forms of apoptosis
and can induce signaling for apoptosis by either tran-
scriptional or posttranslational mechanisms.69 In some
forms of apoptosis, p53 induces transcriptionally medi-
ated increases in GAPDH and BAX.70,71 As shown in
Figure 3, p53 also might contribute to apoptosis in-
duced by decreased mitochondrial complex I activity,72

dysfunction of the ubiquitin-proteasome system
(UPS),73–75 or trophic insufficiency,76 all of which
have been suggested to play a role in PD pathogene-
sis.77–79

GAPDH is a multifunction protein80 that is best
known as a glycolytic enzyme, but also functions as an

apoptosis signaling protein.81,82 Studies with antisense
oligonucleotides show that GAPDH can be essential to
the progression of apoptosis initiated by a variety of
different insults to neuronal cells.70,83–87 GAPDH
mRNA and protein levels increase early in neuronal
apoptosis caused by insults such as excitotoxins, reduc-
tion of media K�, cytosine arabinoside exposure, and
aging (see Tatton and colleagues88 for detailed refer-
ences). Like others, we found that GAPDH levels be-
gin to increase at least 4 hours before the appearance of
nuclear DNA cleavage and chromatin condensation.89

In apoptosis in model systems involving GAPDH
upregulation, GAPDH accumulates densely in the
nucleus.85,87,89,90 For example, our studies with a
GAPDH–green fluorescent protein (GFP) construct91

show that the GAPDH–GFP fusion protein progres-
sively accumulates in the nucleus of a proportion of the
cells in the first 2 hours after exposure to apoptosis-
initiating agents. GAPDH movement from the cytosol
to the nucleus occurs progressively during the first 2 to
6 hours in some forms of apoptosis.89 As shown in
Figure 3, nuclear GAPDH appears to decrease the
transcription of BCL-2 and BCL-XL,21 which oppose
the increased mitochondrial membrane permeability
and apoptotic degradation factor release induced by
BAX92 and thereby protect against the development of
apoptosis. The dense nuclear accumulation of GAPDH
immunoreaction is a marker of p53-GAPDH–depen-
dent apoptosis signaling (see Tatton and colleagues88

for references). GAPDH dense nuclear accumulation
has been demonstrated in a small proportion of nigral
neuromelanin-containing neurons in PD postmortem
brain,19 supporting the possibility that the p53–
GAPDH–BAX signaling pathway is involved in apo-
ptosis of PD nigral neurons.

Inflammation also has been proposed to contribute
to PD pathogenesis,93 in part through upregulation of
inflammatory cytokines such as TNF-�.79,94 The TNF
receptor super family, that includes TNF-�95 and FAS
receptor,96 causes apoptosis through caspase-dependent
pathways that do not involve changes in transcrip-
tion.97 The receptors are linked to adapter proteins
such as FADD that activate caspases, particularly
caspase 8, which, as illustrated in Figure 3, can activate
BAX-dependent increases in mitochondrial permeabil-
ity or can bypass mitochondria and directly activate
caspase 3. Studies of PD postmortem nigra have sug-
gested that FAS,33,34 FADD,98 and caspase 899 may
each contribute to PD neuronal loss. On the surface,
these findings may suggest that two separate signaling
pathways—a cytokine-activated pathway and a p53-
dependent pathway may contribute to neuronal apo-
ptosis in PD. Recent work in Down’s syndrome sug-
gests that FAS receptor and p53-GAPDH may
contribute to cortical neuronal apoptosis in Down’s
syndrome,100,101 whereas other studies suggest that
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FAS-induced apoptosis may be linked to p53-induced
apoptosis through jun N-terminal kinase (JNK) activa-
tion102 (see Fig 3). It also has been shown that the FAS
receptor can be upregulated by p53 after a lesion to the
cell, particularly that induced by DNA-damaging
agents.103 This p53-induced upregulation of FAS re-
ceptor can induce apoptosis through a FAS/FAS ligand–
dependent pathway. Accordingly, nigral apoptosis in
PD might involve interdependent signaling by the FAS
receptor and p53-dependent signaling pathways.

Does Apoptosis-Based Therapy Have a Place in
Parkinson’s Disease?
As described above, the presence of DNA fragmenta-
tion and chromatin clumping in the same nigral neu-
rons coupled with upregulation of signals associated
with apoptosis supports a role for apoptosis in PD neu-
ronal loss, and work has begun to unravel the specific
signaling pathways involved. As long as considerations
of apoptosis in disease focused on the final degradative
events and not on the upstream signaling pathways
that link the initiating insults to early signals leading to
apoptotic degradation, it appears unlikely that
antiapoptosis-based therapies will succeed. The explo-
sion in understanding of apoptosis-signaling networks
has fostered clinical trials for apoptosis-based therapy
in a variety of diseases, including PD (see Reed104 for
details). One of the apoptosis-based agents currently in
PD clinical trial is the deprenyl-related propargylamine
CGP3466 (TCH346), which does not inhibit mono-
amine oxidase B. CGP3466 binds to GAPDH105 and
alters its oligomeric form thereby reducing its capacity
to translocate to the nucleus.89 It has been shown to
reduce apoptosis in a variety of models,106,107 appar-
ently by altering the new synthesis and subcellular
movement of several apoptosis-related signaling pro-
teins, including BCL-2 and BAX.21 Further insights
into the specific pathways that contribute to cell death
in PD are likely to disclose further targets for putative
neuroprotective therapy.

The research was supported by grants from the US Army
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Discussion
Schapira: Bill, you present a convincing case for apo-
ptosis occurring in PD, but it is not clear what pro-
portion of cells die by way of apoptosis as opposed to

S70 Annals of Neurology Vol 53 (suppl 3) 2003



necrosis. What proportion of nigral neurons do you
believe die by apoptosis in PD.

Tatton: To my knowledge, no one has described ne-
crotic cells in the PD nigra. However, necrotic cells
may disappear very quickly and therefore they might
exist, but be undetected. We reported that at any one
time approximately 0.8 % of neuromelanin-containing
neurons in the PD nigra are undergoing apoptotic de-
generation based on both nuclear DNA fragmentation
and nuclear chromatin condensation. Based on tissue
culture studies, we had previously reported that the av-
erage life of a neuron in the stage of apoptotic degra-
dation was approximately 12 hours. However, our
more recent work in the intact hippocampus of pigs
exposed to hypoxia/ischemia suggests that neurons may
remain in the stage of apoptotic degradation for days
or even weeks. Postmortem cell counts and serial PET
studies in PD patients suggest that there is an annual
rate of loss of nigral neurons of approximately 3 to
7%. If all cells are dying by apoptosis, this suggests that
markers of apoptotic degradation can persist in the PD
nigra for 1 to 3 months.

Another important factor to consider is that studies
in tissue culture suggest that hypoxia can accelerate the
premitochondrial signaling in several forms of apopto-
sis, including those induced by mitochondrial complex
I or proteasome inhibition. Hence, hypoxia or other
insults suffered during the late stages of life may in-
crease the rates of nigral neurons entering apoptosis.
Furthermore, agonal events at the time of death may
cause vulnerable nerve cells to undergo apoptotic de-
generation when otherwise this event might not occur
for months or years. Thus, the number of neurons that
show apoptotic changes at postmortem may be exces-
sively represented.

In both the ischemic pig hippocampus and glauco-
matous human retina, we have seen hippocampal neu-
rons and retinal ganglion cells with swollen nuclei typ-
ical of necrosis similar to what has been shown by
others using high concentrations of glutamate. We
have not seen similar cells in the PD nigra, and, in
fact, there is no direct evidence for necrosis of nigra
neurons in PD. In both tissue culture and animal mod-
els, low-level chronic insults, like those proposed to un-
derlie PD neuronal death, cause apoptosis rather than
necrosis. Hence, viewed from the above perspectives,
until proved otherwise, the findings to date indicate
that most, if not all, of the loss of PD nigral neurons is
apoptotic.

Hunot: Are you proposing a new definition for apo-
ptosis? How do you define apoptosis?

Tatton: I think of apoptosis as a multistep, some-
times network-like, signaling process that connects an
insult or a stimulus to the degradation and phagocyto-
sis of cells. The signaling elements can vary for differ-
ent insults or stimuli and/or for different cellular phe-

notypes. At its heart, apoptosis is a pleomorphic
process that allows for the removal of cells without as-
sociated inflammation that might damage its neigh-
bors. This significance of this definition is that it per-
mits the introduction of agents that can interfere with
these signals or stimuli and prevent cell death.

Olanow: There are many different signaling path-
ways that can lead to apoptosis, some of which are mi-
tochondrially dependent and some of which are not. I
support your position that apoptosis is occurring in the
Parkinson’s disease brain, but I wonder if you have any
views as to which signaling pattern is the key one in
Parkinson’s disease. As different antiapoptotic agents
interfere with different signaling pathways, this might
be important for choosing which drugs to study in
clinical trial.

Tatton: There is evidence that several different sig-
nals associated with apoptosis are upregulated or trans-
located in PD suggesting that they are involved in the
neurodegenerative cascade. Upregulated expression of
c-Jun, P53, GAPDH, bax, and activated caspase 3 have
each been detected in neuromelanin-containing neu-
rons in the Parkinson’s disease nigra. Furthermore,
there is evidence of nuclear translocation of GAPDH
and NF�B in the nigra in PD. Another signal that may
be involved is TNF-� that can promote apoptosis ei-
ther through mitochondria or directly by activating
caspase 3 or caspase 1. There is also evidence indicating
that opening of the mitochondrial permeability pore
promotes a reduction in mitochondrial membrane po-
tential with release of apoptosis initiating factors and
cytochrome c. There is a question as to whether com-
plex I, which is reduced in the PD nigra, is involved in
the mitochondrial permeability pore and may be asso-
ciated with a low resting mitochondrial membrane po-
tential. Each of these provides an opportunity to use
antiapoptotic agents that either interfere with proapo-
ptotic signals or promote closure of the mitochondrial
permeability pore.

Olanow: Let me ask you an extension of that ques-
tion. What does it mean to block an apoptotic signal
once the apoptotic sequence has begun? Is it too late at
that point? Will the cell be protected for a short while
only to die a little later perhaps by way of a different
signaling pathway? Indeed, will it go on to necrosis be-
cause you blocked the suicide and create even more
damage because this will be associated with an inflam-
matory response that might damage neighboring
healthy neurons?

Tatton: You raise very good points. Once you get
down into the cascade, for example, at the level where
there is activation of caspase 3 or caspase 9 you are
probably past the decisional point and there is nothing
to gain. The trick is to find an agent that works early
enough in the apoptotic signaling pathway such that
the cell is still able to recover, perhaps at the level of
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caspase 8. I particularly like the notion of using D2 or
adrenergic agonists that appear to be able to turn on an
intrinsic protective system. Alternatively, agents that
promote closure of the mitochondrial permeability
pore maintain the mitochondrial membrane potential
and may prevent the release of signals that initiate the
apoptotic process.

Isacson: What do you think is currently the best
marker of apoptosis?

Tatton: I think caspase 3 is probably the best marker
of apoptosis. When the antibody first came out it
wasn’t very good, but now it is excellent and a won-
derful screening marker for apoptosis. We don’t even
use the ISEL or YOYO-1 markers any more.

Schapira: Let me get back to the point that Warren
raised. How do we know that all you accomplish with
antiapoptotic drugs is helping sick neurons survive a
bit longer? What evidence is there that they function
normally?

Tatton: Again, I think the issue is where in the cycle
you are interfering with apoptosis. If you are early
enough, I think you can protect a cell against cell death
such that it retains its functional state. There are now
numerous studies showing that antiapoptotic agents
can protect dopamine neurons from a variety of toxins
in both in vitro and in vivo models. Specifically,
TCH346 has been shown to preserve functional effects
in monkeys treated with MPTP.

Schapira: But logically your antiapoptotic drugs
should not prevent or reverse those biochemical events
that have caused the neuron to be sick in the first
place.

Olanow: It is also possible that in PD, nigral neurons
are vulnerable and may not be able to tolerate what
would otherwise be normal stresses. For example, a de-
fect in complex I might be associated with a decrease
in resting mitochondrial membrane potential causing
the cell to be vulnerable to undergo apoptosis when
exposed to otherwise tolerable levels of oxidative stress.

An antiapoptotic agent that promoted closure of the
permeability transition pore and preserved the mito-
chondrial membrane potential thus might protect a cell
that is capable of functioning normally.

Tatton: I agree. It is important not to think of anti-
apoptotic agents in terms of degenerative events that
occur at the end of the cascade, but rather those that
act early enough in the process that they might protect
functionally normal cells. If you get far enough down
the cascade you are in trouble, but apoptosis should be
thought of as really just an extension of the pathogen-
esis of cell death.

Stocchi: You and others have suggested that agents
that interrupt premitochondrial apoptosis signaling
may slow the progression of PD. I am concerned that
a reduction in physiological apoptosis by those same
agents could induce uncontrolled proliferation and
cancer.

Tatton: As we and others have shown, apoptosis in
different diseases and in response to different toxins
may depend on different signaling pathways. Those
pathways may or may not intersect with those that in-
duce physiological apoptosis that occurs as a balance to
excess proliferation. Most neurons are postmitotic and
do not contain the signaling machinery necessary to
limit proliferation. Neurodegeneration-related alter-
ations in apoptosis signaling in neurons therefore do
not tend to involve proteins that can foster prolifera-
tion on their own. So, I think it is possible that we can
identify an agent that will be antiapoptotic in PD but
well tolerated with respect to cancer. Still, care must be
taken to utilize antiapoptotic agents that interrupt a
specific disease-related neuronal apoptosis signaling
pathway and that does not affect apoptosis pathways
that oppose proliferation. Of the several apoptosis-
based therapies currently in clinical trial for neurode-
generative diseases, none have so far been found to in-
crease the incidence of cancer to my knowledge.
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Summary. Deprenyl and other propargylamines are clinically beneficial in
Parkinson’s disease (PD). The benefits were thought to depend on mono-
amine oxidase B (MAO-B) inhibition. A  large body of research has now
shown that the propargylamines increase neuronal survival independently
of MAO-B inhibition by interfering with apoptosis signaling pathways.
The propargylamines bind to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The GAPDH binding is associated with decreased synthesis of
pro-apoptotic proteins like BAX, c-JUN and GAPDH but increased synthesis
of anti-apoptotic proteins like BCL-2, Cu-Zn superoxide dismutase and heat
shock protein 70. Anti-apoptotic propargylamines that do not inhibit MAO-
B are now in PD clinical trial.

Keywords: Deprenyl, Parkinson’s disease, GAPDH, anti-apoptosis.

Parkinson’s disease (PD) is characterized by catccholaminergic neuronal loss,
including the loss of melanin-containing, dopaminergic neurons in the sub-
stantia nigra compacta (SNc) and noradrenergic neurons in the locus coer-
uleus (LC). The pathobiology of the initiation and progression of PD remains
uncertain (see (Olanow et al. 1999) for a review). Stereological counting has
shown that SNc melanin-containing dopaminergic are decreased by 60%  or
more before PD becomes clinically evident (Ma et al., 1995). For more than a
decade, pharmacological agents have been sought with the capacity to prevent
or slow the loss of the 40%  of dopaminergic SNc neurons that remain at the
time of initial diagnosis of the disease.
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The pro-toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) kills
SNc dopaminergic neurons (Langston et al., 1983) as well as other catechola-
minergic neurons (Crossman et al., 1987) in non-human primates with a
similar, but not identical, regional distribution of neuronal loss to that found
in human PD (Pifl et al., 1988). MPTP is converted to the 1-methyl-4-
phenylpyridinium ion (MPP�) in astroglia by monoamine oxidase B (MAO-
B) (Chiba et al., 1984; Dimonte et al., 1992). MPP� is released from astroglia
and is selectively accumulated in catecholaminergic neurons by the plasma
membrane dopamine transporter (DAT) (Pifl et al., 1993). Inside catcchol-
aminergic neurons, MPP� undergoes high affinity uptake by the vesicular
monoamine transporter (VMAT2) (Del Zompo et al., 1992; Peter et al.,
1994). Imaging of cultured dopaminergic neurons have shown that MPP�

binding to VMT2 causes the vesicular release of dopamine (Lotharius et al.,
2000). Auto-oxidation of the released dopamine results in the production of
reactive oxygen species (ROS) with consequent peroxidation of macromol-
ecules leading to neuronal damage and death. MPP� also binds to mitochon-
drial respiratory complex I, where it inhibits NADH dehydrogenase (Nicklas
et al., 1987). Complex I inhibition by MPP� is not the primary cause of
neuronal death but likely augments the VMAT2 mediated cell damage caused
by the toxin (Nakamura et al., 2000).

In 1984, Gerald Cohen and colleagues showed that selective inhibition of
MAO-B by (�)-deprenyl prevented the depletion of striatal dopamine by
MPTP in monkeys (Cohen et al., 1984). The finding was interpreted to show
that (�)-deprenyl protected the nigrostriatal neurons by blocking the conver-
sion of MPTP to MPP� by MAO-B in astroglia. Neurons in the SNc were
hypothesized to be highly vulnerable to oxidative stress because of their
dopamine metabolism and the presence of iron and neuromelanin in
their cytosol, which together might favor ROS formation (Cohen et al., 1989;
Olanow, 1993). Postmortem analysis had shown increased iron, decreased
glutathione, and increased lipid peroxidation in substantia nigra lysates from
patients with PD (Jenner et al., 1996). Selective inhibitors of MAO-B were
considered as possible neuronal protectants in PD because of their capacity to
interfere with the oxidative metabolism of dopamine resulting in a diminished
likelihood of ROS formation. Accordingly, Cohen et al’s finding provided a
major impetus for clinical trials to investigate the capacity of MAO-B inhibi-
tion to alter the clinical progression of PD [see Group (1993) for an ex-
ample]. Although the MAO-B inhibitors caused highly statistically significant
clinical slowing in PD, it was uncertain whether the slowing resulted from
reduced neuronal death or from a symptomatic action on dopaminergic
neurotransmission. Despite the uncertainty regarding the interpretation of
the clinical trials, it is certain that (�)-deprenyl and structurally related
propargylamines (DRPs) can reduce neuronal death induced in vivo and in
vitro by a wide variety of insults in a number of different neuronal models.
Those insults have included 6-hydroxydopamine, MPP�, MPTP, nitric oxide,
peroxynitrite, DSP-4, glutathione depletion, peripheral nerve crush or
axotomy, optic nerve crush, trophic insufficiency, hypoxia and/or ischemia,
cytosine arabinoside, excitotoxins, thiamine deficiency, okadaic acid and



Neuroprotection by deprenyl GAPDH binding 511

aging. Neurons or neuron-like cells whose survival has been increased by
DRPs have included mesencephalic or nigral dopaminergic neurons, hippoc-
ampal neurons, dentate neurons, cerebellar granule and Purkinje neurons,
cerebral cortical neurons, thalamic neurons, retinal ganglion neurons, spinal
and facial motoneurons, neuroblastoma cells, and NGF differentiated PC12
cells [reviewed in Tatton et al. (2000)].

Just one year after the initial report, Cohen and coworkers reported a
second MPTP-related finding (Mytilineou et al., 1985) that in retrospect led to
a new understanding as to how (�)-deprenyl can increase neuronal survival.
They showed that (�)-deprenyl could reduce the loss of cultured mesen-
cephalic dopaminergic neurons caused by the direct application of MPP�. The
finding was not easily accepted since it indicated that (�)-deprenyl reduced
neuronal death by a mechanism other than blocking the conversion of MPTP
to MPP�. The initial evidence for MAO-B independent neuroprotection by
(�)-deprenyl was subsequently supported by nine different studies employing
8 different insults in 4 different tissue culture and 4 different animal models
[reviewed in Tatton et al. (2000)]. Furthermore, DRPs that do not inhibit
MAO-B or MAO-A have increased neuronal survival in a number of models
(Waldmeier et al., 2000a,b; Z immerman et al., 1999), including SNc dopamin-
ergic neurons in monkeys receiving intra-carotid MPTP injections (Andringa
et al., 2000). Furthermore, neurons in MAO-B knockout mice are not pro-
tected from damage caused by hypoxia or MPP� (Holschneider et al., 2001).
In short, there is no evidence to indicate that MAO-B inhibition by (�)-
deprenyl or other DRPs can protect neurons from any insult other than MPTP
exposure.

How then, do (�)-deprenyl and DRPs reduce neuronal death? More than
20 studies in a range of cell types exposed to a number of treatments, toxins or
lesions have shown that (�)-deprenyl and DRPs can increase neuronal
survival by reducing apoptosis [see Tatton et al. (2000) for detailed refer-
ences]. In vitro, apoptosis has been reduced in NGF differentiated PC12
cells, neuroblastoma cells, human melanoma cells, rat cerebellar granule cells,
rat retinal neurons, rat and mouse mesencephalic dopaminergic neurons,
SHSY5 dopaminergic neurons, and hippocampal neurons while in vivo, it has
been reduced in rat cortical neurons, SNc dopaminergic neurons, spinal
neurons, motoneurons, hippocampal neurons and retinal ganglion cells.
Causes of the apoptosis have included hypoxia, arterial occlusion, axon
crush or division, dieldrin, MPTP, MPP� , peroxynitrite, kainic acid, 6-
hydroxydopamine, n-methyl-l-salsolinol, okadaic acid, cytosine arabinoside
and nitric oxide. The reduction in neuronal apoptosis depends on a capacity to
alter new protein synthesis, particularly the new synthesis of proteins in the
nuclear and mitochondrial fractions (Tatton et al., 2002, 1994). Importantly,
the propargylamines do not alter new protein synthesis in undamaged
nerve cells. Rather a period of one to two hours is required before damaged
cells are responsive to DRP anti-apoptosis and the responsiveness continues
to about 6 hours after cells are damaged. DRPs have been shown to prevent
the dissipation of mitochondrial membrane potential (DΨM) that accom-
panies some forms of apoptosis (Paterson et al., 1998; Wadia et al., 1998;
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Zhang et al., 1999). Prevention of apoptotic decreases in BCL-2 or BCL-XL

and the translocation of BAX to mitochondria appear to be responsible
for the capacity of DRPs to maintain DΨM (Tatton et al., 2002). DRPs
also increase the levels of ROS scavengers like Cu/Zn superoxide dismutase,
Mn superoxide dismutase and glutathione peroxide and thereby can pre-
vent ROS induced apoptosis. DRPs also alter the levels of other proteins
linked to apoptosis signaling like c-JUN, c-FOS, heat shock protein 70
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Tatton et al.,
2002).

GAPDH may mediate (�)-deprenyl and DRP neuroprotection. A
number of studies using antisense oligonucleotides showed that GAPDH
is essential to the progression of some forms of neuronal apoptosis [see
Tatton et al. (2000) for a review]. GAPDH mRNA and protein levels in-
crease in neurons early in those apoptosis signaling processes and are asso-
ciated with the dense nuclear accumulation of GAPDH, which can serve as a
marker of those forms of apoptosis involving GAPDH. Studies with green
fluorescent protein labelled GAPDH indicate the GAPDH translocates from
the cytosol to the nucleus in some forms of apoptosis (Shashidharan et al.,
1999).

Studies with photoaffinity labeled DRPs showed that DRPs bind to
GAPDH in rat hippocampus (Kragten et al., 1998) and cultured catechola-
minergic cells (Carlile et al., 2000). DRPs prevent the GAPDH upregu-
lation and the dense GAPDH nuclear accumulation typical of GAPDH-
associated apoptosis (Carlile et al., 2000). Size exclusion chromatography
has shown that DRPs convert GAPDH from a tetramer to a specific dimeric
form in solution (Carlile et al., 2000). DRP binding to GAPDH appears to
prevent apoptosis signaling by the protein, while allowing the enzyme to
retain glycolytic capacity. Recent studies in cultured dopaminergic mesen-
cephalic neurons have shown that micro-injection of antibodies specific
for GAPDH monomer or dimer can reduce MPP� toxicity (Fukuhara et al.,
2001).

Can the binding of DRPs to GAPDH alter the progression of PD? Is
apoptosis involved in the neuronal loss found in PD? The use of in situ end
labeling (ISEL, also termed as TdT dUTP nick end labeling or TUNEL) PD
postmortem brain initially suggested that apoptosis contributed to SNc
neuronal loss in PD but ISEL support for PD neuronal apoptosis has been
inconsistent. The inconsistency has been overcome by the use of dual labeling
for nuclear DNA cleavage and chromatin condensation (Tatton, 2000; Tatton
et al., 1998, 1999). Furthermore, immunocytochemistry has shown apoptosis
signaling proteins in neuromelanin containing neurons in the PD SNc. The
signaling proteins have included BAX and activated caspase 3 (Hartmann
et al., 2000, 2001; Tatton, 2000), which leaves little doubt that apoptosis
contibutes to neuronal loss in PD. Dense GAPDH nuclear accumulation has
also been found in neuromelanin containing neurons in the PD postmortem
nigra, which seems to implicate GAPDH in PD neuronal apoptosis (Tatton,
2000). Accordingly, part of the benefits of (�)-deprenyl in PD may reflect the
capacity of DRPs to reduce apoptosis. An anti-apoptotic DRP, which does
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not inhibit MAO-B but binds to GAPDH, is currently in clinical trial as a
neuroprotectant in PD (Reed, 2002).

References

Andringa G, Cools AR (2000) The neuroprotective effects of CGP 3466B in the best
in vivo model of Parkinson’s disease, the bilaterally MPTP-treated rhesus monkey.
J Neural Transm [Suppl] 60: 215–225

Carlile GW, Chalmers-Redman RM, Tatton NA, Pong A, Borden KE, Tatton WG (2000)
Reduced apoptosis after nerve growth factor and serum withdrawal: conversion of
tetrameric glyceraldchyde-3-phosphate dehydrogenase to a dimer [in process cita-
tion]. Mol Pharmacol 57: 2–12

Chiba K, Trevor A, Castagnoli N Jr (1984) Metabolism of the neurotoxic tertiary amine,
MPTP, by brain monoamine oxidase. Biochem Biophys Res Commun 120: 574–
578

Cohen G, Spina MB (1989) Deprenyl suppresses the oxidant stress associated with
increased dopamine turnover. Ann Neurol 26: 689–690

Cohen G, Pasik P, Cohen B, Leist A , Mytilineau C, Yahr MD (1984) Pargyline and
deprenyl prevent the neurotoxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) in monkeys. Eur J Pharmacol 106: 209–210

Crossman AR, Clarke CE, Boyce S, Robertson RG, Sambrok MA (1987) MPTP-induced
parkinsonism in the monkey: neurochemical pathology, complications of treatment
and pathophysiological mechanisms. Can J Neurol Sci 14: 428–435

Del Zompo M, Piccardi MP, Ruiu S, Corsini GU, Vaccari A  (1992) Characterization of a
putatively vesicular binding site for [3H]MPP�  in mouse striatal membranes. Brain
Res 571: 354–357

Dimonte DA, Wu EY, Delanney LE, Irwin I, Langston JW (1992) Toxicity of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine in primary cultures of mouse astrocytes. J
Pharmacol Exp Ther 261: 44-49

Fukuhara Y, Takeshima T, Kashiwaya Y, Shimoda K, Ishitani R , Nakashima K (2001)
GAPDH knockdown rescues mesencephalic dopaminergic neurons from MPP�  –
induced apoptosis. Neuroreport 12: 2049–2052

Hartmann A, Hunot S, Michel PP, Muriel MP, Vyas S, Faucheux BA, Mouatt-Prigent A,
Turmel H, Srinivasan A, Ruberg M, Evan GI, Agid Y, Hirsch EC (2000) Caspase-3:
a vulnerability factor and final effector in apoptotic death of dopaminergic neurons in
Parkinson’s disease. Proc Natl Acad Sci USA 97: 2875–2880

Hartmann A, Michel PP, Troadec JD, Mouatt-Prigent A , Faucheux BA, Ruberg M, Agid
Y, Hirsch EC (2001) Is Bax a mitochondrial mediator in apoptotic death of dopam-
inergic neurons in Parkinson’s disease? J Neurochem 76: 1785–1793

Holschneider DP, Chen K, Scif I, Shih JC (2001) Biochemical, behavioral, physiologic,
and neurodevelopmental changes in mice deficient in monoamine oxidase A or B.
Brain Res Bull 56: 453–462

Jenner P, Olanow CW (1996) Oxidative stress and the pathogenesis of Parkinson’s
disease. Neurology 47: S161–170

Kragten E , Lalande I, Z immermann K, Roggo S, Schindler P, Muller D, van Oostrum J,
Waldmeier P, Furst P (1998) Glyceraldehyde-3-phosphate dehydrogenase, the puta-
tive target of the antiapoptotic compounds CGP 3466 and R-(�)-deprenyl. J Biol
Chem 273: 5821–5828

Langston JW, Ballard P, Tetrud JW, Irwin I (1983) Chronic Parkinsonism in humans due
to a product of meperidine-analog synthesis. Science 219: 979–980

Lotharius J, O’Malley KL (2000) The parkinsonism-inducing drug 1-methyl-4-
phenylpyridinium triggers intracellular dopamine oxidation. A novel mechanism of
toxicity. J Biol Chem 275: 38581–38588



514 W. Tatton et al.

Ma SY, Collan Y, Roytta M, Rinne JO, Rinne UK (1995) Cell counts in the substantia
nigra: a comparison of single section counts and disector counts in patients with
Parkinson’s disease and in controls. Neuropathol Appl Neurobiol 21: 10–17

Mytilineou C, Cohen G (1985) Deprenyl protects dopamine neurons from neurotoxic
effect of 1-methyl-4-phenylpyridinium ion. J Neurochem 45: 1951–1953

Nakamura K, Bindokas VP, Marks JD, Wright DA, Frim DM, Miller RJ, Kang UJ (2000)
The selective toxicity of 1-methyl-4-phenylpyridinium to dopaminergic neurons:
the role of mitochondrial complex I and reactive oxygen species revisited. Mol
Pharmacol 58: 271–278

Nicklas WJ, Yougster SK, Kindt MV, Heikkila RE (1987) MPTP, MPP�  and mitochon-
drial function. Life Sci 40: 721–729

Olanow CW (1993) A rationale for monoamine oxidase inhibition as neuroprotective
therapy for Parkinson’s disease. Mov Disord 8: S1–7

Olanow CW, Tatton WG (1999) Etiology and pathogenesis of Parkinson’s disease. Annu
Rev Neurosci 22: 123–144

The Parkinson Study Group (1993) Effects of tocopherol and deprenyl on the progression
of disability in early Parkinson’s disease. N Engl J Med 328: 176–183

Paterson IA, Zhang D, Warrington RC, Boulton AA (1998) R-Deprenyl and R-2-Heptyl-
N-methylpropargylamine prevent apoptosis in cerebellar granule neurons induced by
cytosine arabinoside but not low extracellular potassium. Neurochem 70: 515–523

Peter D, Jimenez J, Liu Y, Kim J, Edwards RH (1994) The chromaffin granule and
synaptic vesicle amine transporters differ in substrate recognition and sensitivity to
inhibitors. J Biol Chem 269: 7231–7237

Pifl C, Schingnitz G, Hornykicwicz O (1988) The neurotoxin MPTP does not reproduce
in the rhesus monkey the interregional pattern of striatal dopamine loss typical of
human idiopathic Parkinson’s disease. Neurosci Lett 92: 228–233

Pifl C, Giros B, Caron MG (1993) Dopamine transporter expression confers cytotoxicity
to low doses of the parkinsonism-inducing neurotoxin 1-methyl-4-phenylpyridinium.
J Neurosci 13: 4246-4253

Reed JC (2002) Apoptosis-based therapies. Nature Rev – Drug Discovery 1: 111–121
Shashidharan P, Chalmers-Redman RM, Carlile GW, Rodic V, Gurvich N, Yuen T,

Tatton WG, Sealfon SC (1999) Nuclear translocation of GAPDH-GFP fusion protein
during apoptosis. Neuroreport 10: 1149–53

Tatton NA (2000) Increased caspase 3 and Bax immunoreactivity accompany nuclear
GAPDH translocation and neuronal apoptosis in Parkinson’s disease. Exp Neurol
166: 29–43

Tatton NA, Rideout HJ (1999) Confocal microscopy as a tool to examine DNA fragmen-
tation, Chromatin condensation and other apoptotic changes in Parkinson’s disease.
Parkinsonism Rel Disord 5: 179–186

Tatton NA, Maclean-Fraser A , Tatton WG, Perl DP, Olanow CW (1998) A fluorescent
double-labeling method to detect and confirm apoptotic nuclei in Parkinson’s disease.
Ann Neurol 44: S142–148

Tatton WG, Ju WY, Holland DP, Tai C, Kwan M (1994) (�)-Deprenyl reduces PC12 cell
apoptosis by inducing new protein synthesis, J Neurochem 63: 1572–1575

Tatton WG, Chalmers-Redman RM, Elstner M, Leesch W, Jagodzinski FB, Stupak DP,
Sugrue MM, Tatton NA (2000) Glyceraldehyde-3-phosphate dehydrogenase in
neurodegeneration and apoptosis signaling. J Neural Transm [Suppl] 60: 77–100

Tatton WG, Chalmers-Redman RME, Ju WJH, Carlile GW, Mammen M, Tatton NA
(2002) Propargylamines induce anti-apoptotic new protein synthesis in serum and
NGF withdrawn NGF-differentiated PC12 cells. J Pharmacol Exp Ther 301: 753–
764

Wadia JS, Chalmers-Redman RME, Ju WJH, Carlile GW, Phillips JL, Fraser AD, Tatton
WG (1998) Mitochondrial membrane potential and nuclear changes in apoptosis
caused by serum and nerve growth factor withdrawal: time course and modification
by (�)-deprenyl. J Neurosci 18: 932–947



Neuroprotection by deprenyl GAPDH binding 515

Waldmeier PC, Boulton AA, Cools AR, Kato AC, Tatton WG (2000a) Neurorescuing
effects of the GAPDH ligand CGP 3466B. J Neural Transm [Suppl] 60: 197–214

Waldmeier PC, Spooren WP, Hengerer B (2000b) CGP 3466 protects dopaminergic
neurons in lesion models of Parkinson’s disease. Naunyn Schmiedebergs Arch
Pharmacol 362: 526–537

Zhang D, Berry MD, Paterson IA, Boulton AA (1999) Loss of mitochondrial membrane
potential is dependent on the apoptotic program activated: prevention by R-2HMP.
J Neurosci Res 58: 248–292

Zimmerman K, Waldmeier PC. Tatton WG (1999) Dibenzoxepines as treatments for
neurodegenerative diseases. Pure Appl Chem 71: 2039–2046

Authors’ address: Dr. W. G. Tatton, Mount Sinai School of Medicine, Department of
Neurology, One Gustave L. Levy Place, Annenburg 1470, Box 1137, New York, NY
10029-6574, U.S.A., e-mail: william.tatton@mssm.edu



Reduced Apoptosis after Nerve Growth Factor and Serum
Withdrawal: Conversion of Tetrameric Glyceraldehyde-3-
Phosphate Dehydrogenase to a Dimer

GRAEME W. CARLILE, RUTH M. E. CHALMERS-REDMAN, NADINE A. TATTON, AMANDA PONG,
KATHERINE E. BORDEN, and WILLIAM G. TATTON

Departments of Neurology (G.W.C., R.M.E.C.-R., N.A.T., A.P., K.L.B.B., W.G.T.) and Physiology and Biophysics (K.L.B.B.), Mount Sinai School
of Medicine, New York, New York

Received August 5, 1999; accepted September 20, 1999 This paper is available online at http://www.molpharm.org

ABSTRACT
Antisense oligonucleotides against the glycolytic enzyme glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) are able to
reduce some forms of apoptosis. In those forms, overall
GAPDH levels increase and the enzyme accumulates in the
nucleus. The monoamine oxidase B (MAO-B) inhibitor, (2 )-
deprenyl (DEP), its metabolite (2 )-desmethyldeprenyl, and a
tricyclic DEP analog, CGP3466, can reduce apoptosis indepen-
dently of MAO-B inhibition and have been found to bind to
GAPDH. We used neuronally differentiated PC12 cells to show
that DEP, DES, and CGP3466 reduce apoptosis caused by
serum and nerve growth factor withdrawal over the concentra-
tion range of 102 to 102 13 M. We provide evidence that the
DEP-like compounds bind to GAPDH in the PC12 cells and that
they prevent both the apoptotic increases in GAPDH levels and
nuclear accumulation of GAPDH. In vitro, the compounds en-

hanced the conversion of NAD1 to NADH by GAPDH in the
presence of AUUUA-rich RNA and converted GAPDH from its
usual tetrameric form to a dimeric form. Using cell lysates, we
found a marked increase in rates of NAD1 to NADH conversion
in early apoptosis, which was returned toward control values by
the DEP-like compounds. Accordingly, the DEP-like com-
pounds appear to decrease glycolysis by preventing the
GAPDH increases in early apoptosis. GAPDH dimer may not
have the capacity to contribute to apoptosis in a similar manner
to the tetramer, which might account for the antiapoptotic
capacity of the compounds. These actions on GAPDH, rather
than MAO-B inhibition, may contribute to the improvements in
Parkinson’s and Huntington’s diseases found with DEP treat-
ment.

Studies with ant isense oligonucleot ides showed tha t glyc-
era ldehyde-3-phosphate dehydrogenase (GAPDH) is neces-
sary for apoptosis to proceed in cerebrocor t ica l neurons and
PC12 cells (Ish itan i et a l., 1996; Sawa et a l., 1997). GAPDH
levels increase dur ing the ear ly par t of apoptosis (Sunaga et
a l., 1995; Ishitan i et a l., 1996, 1997, 1998; Saunders et a l.,
1997). In nonapoptot ic cells, GAPDH is pr imar ily found in
the ext ra nuclear cytoplasm with only sparse loca liza t ion to
small puncta te areas in the nucleus (Car lile et a l., 1998). In
apoptosis, GAPDH accumula tes densely in the nucleus, and
tha t accumula t ion has been proposed to under lie it s role in
apoptosis (Saunders et a l., 1997; Sawa et a l., 1997; Ishitan i et
a l., 1998; Shash idharan et a l., 1999).

GAPDH may par t icipa te in the pa thogenesis of some neu-

rodegenera t ive diseases. GAPDH binds to the mutant pro-
teins with polyglu tamine repea ts in Hunt ington’s disease
(HD) and rela ted degenera t ive condit ions (Burke et a l.,
1996). GAPDH is found in amyloid plaques in Alzheimer’s
disease (AD) bra ins (Sunaga et a l., 1995), and GAPDH nu-
clear accumula t ion is presen t in associa t ion with apoptosis in
n igra l neurona l nuclei in postmor tem Parkinson’s disease
(PD) bra in (N. Tat ton , unpublished observa t ions). Although
there is evidence for metabolic abnormalit ies in HD tissues,
GAPDH glycolyt ic act ivity does not appear to be a ltered in
HD bra in t issue (Kish et a l., 1998).

Neurona l loss, likely by apoptosis, is cen t ra l to AD, HD,
and PD (Cotman, 1998; Ta t ton et a l., 1998; Petersen et a l.,
1999). The monoamine oxidase B (MAO-B) inh ibitor (2 )-
deprenyl (DEP) slows the progression of PD clin ica l deficit s
(Parkinson’s Study Group, 1993; Olanow et a l., 1995) and
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may also reduce clin ica l deficit s in HD (Pa tel et a l., 1996).
The basis for clin ica l improvements with DEP are uncer ta in
because the clin ica l t r ia l da ta do not a llow for the differen t i-
a t ion of a slowed ra te of neuronal loss from a symptomat ic
effect like tha t caused by increased dopamine ava ilability
(see Fahn, 1996). DEP and it s metabolite, (2 )-desmethylde-
prenyl (DES), reduce apoptosis in a var iety of cells (Ta t ton et
a l., 1994; Le et a l., 1997; Paterson et a l., 1997, 1998; Kragten
et a l., 1998; Magyar et a l., 1998; Maruyama et a l., 1998;
Wadia et a l., 1998) via mechanisms tha t are independent of
MAO-B inhibit ion (Tat ton and Chalmers-Redman, 1996) and
require new protein syn thesis (Tat ton et a l., 1994). CGP3466,
a t r icyclic DEP ana log (N-methyl-N-propargyl-10-amino-
methyl-dibenzo[b,f]oxepin), which does not have the capacity
to inhibit MAO-B, reduces apoptosis and binds specifica lly to
GAPDH (Kragten et a l., 1998). The GAPDH binding has been
proposed to account for the an t iapoptot ic capacit ies of DEP-
like compounds.

We have carr ied out exper iments in vivo and in vit ro to
determine whether DES and CGP3466 reduce apoptosis
caused by serum and NGF withdrawal in a simila r manner to
DEP (Ta t ton et a l., 1994; Wadia et a l., 1998) and whether any

reduct ion in apoptosis by DES and CGP3466 can be linked to
act ions on GAPDH.

Materials and Methods

PC12 cells were propaga ted in minimum essent ia l medium (MEM)
conta in ing 10% horse serum and 5% feta l bovine serum. The cells
were t ransfer red to 24-well pla tes and par t ia lly neurona lly differen-
t ia ted (PND) for 6 days in the same media supplemented with 100
ng/ml 7S nerve growth factor [NGF; MEM with serum and NGF
(M/S1 N); see Wadia et a l. (1998) for deta ils of cu lture, t r ea tment ,
prepara t ion , sta in ing, and coun t ing]. On day 6, the cells were
washed repea tedly to remove NGF and serum-borne t rophic agen ts
and replaced in M/S1 N as con t rols, in MEM only (M/O) for t roph ic
withdrawal, or in MEM with DEP, DES, or CGP3466 at concen t ra -
t ions va rying from 102 5 to 102 13 M. At 24 h after wash ing, cells were
harvested and lysed, and in tact nuclei were counted as an est imate
of cell surviva l (F ig. 1A, filled circles).

The cells were a lso grown and t rea ted as above on poly(L-lysine)-
t rea ted covergla ss and were sta ined with YOYO-1 (Molecu la r
Probes, Eugene, OR) a t var ious t imes after washing to revea l chro-
mat in condensa t ion as a marker of apoptot ic nuclea r degrada t ion
(see Wadia et a l., 1998, for references). Cells on coverglass were
washed three t imes in PBS and then pu t in 100% methanol a t 2 20°C

F ig . 1. DEP-rela ted compounds reduce apoptosis. DEP, DES, and CGP3466 a t concen tra t ions ranging between 102 13 and 102 5 M increase the surviva l
of PND-PC12 cells as est imated by numbers of in tact nuclei (A) and decrease the number of nuclei with apoptot ic nuclear degradat ion as shown by
nuclea r chromat in condensa t ion revea led by YOYO-1 DNA sta in ing a t the same concent ra t ions (C). M/S1 N indica tes cells tha t were washed
repea tedly to remove t roph ic suppor t and then replaced in MEM with serum and NGF. M/O indica tes cells tha t were washed and then placed in MEM
only. B1 and B2, typica l examples of YOYO-1 sta ined normal nuclei and nuclei with chromat in condensa t ion , respect ively. D, compar ison of the
numbers of in tact nuclei for cells t rea ted with CGP3466 and those t rea ted with BL-CGP3466 showing tha t the BL compound reta ins most of the
capacity of the unlabeled compound to reduce cell dea th .
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for 30 s. The cells on coverglass were then incuba ted in 1.5 mM
YOYO-1 in PBS a t room tempera ture for 30 min . The cells were then
washed th ree t imes in PBS and mounted in Aquamount (Gurr ,
England). The tota l number of YOYO-1 sta ined nuclei were counted
on 25 fields for each coverslip, each field was chosen by the use of
pa ir s of randomly genera ted x-y coordina tes, and the number of
nuclei with chromat in condensa t ion were expressed as a percentage.
The va lues were pooled for three coverslips for each t rea tment and
t ime poin t .

Laser confocal scanning microscopic (LCSM) images were collected
using a Leica TCS4D confocal microscope equipped with a tunable
excitation filter . Images were collected with a 1003 1.4 NA objective at
a pinhole sett ing of 20 to minimize focal depth. Images were collected in
a 512 3 512 3 8 bit format and saved as TIFF files. Images of live cells
exposed to BODIPY-labeled (BL)-CGP3466 or DES were similarly ac-
quired using an environmentally controlled chamber (Medical Systems
Corp.) that houses a 25-mm coverglass on which PC12 cells were plated
and treated as above. YOYO-1 was imaged using excitat ion/emission
values of 488 nm/515 to 545 nm, whereas BODIPY-FL images and
GAPDH immunoreaction fluorescence were taken at 568/585 to 615
and 647/660 long pass, respectively.

To iden t ify the proteins tha t bind CGP3466 in the PND PC12 cells,
cells were incuba ted with 125I photoaffin ity-labeled CGP3466 at
varying t imes after serum and NGF withdrawa l. After exposure to
u lt r aviolet ligh t , tota l protein was ext racted, run on gels, and trans-
fer red to a membrane. PC-12 cells were grown in MEM with serum
and NGF for 6 days, and then serum and NGF were withdrawn. One
hour before harvest ing, 6 mCi of the photoaffin ity-labeled CGP3466
was added. Thir ty minutes la ter , the dishes were pu t in a UV
transillumina tor for 20 min to act iva te the azido group. After re-
moval of the medium and one wash with ba lanced sa lt solu t ion , the
cells were harvested using t rypsin -EDTA and then cen tr ifuged a t
1000g for 5 min . The superna tant was removed and the cells were
washed twice in PBS. The cells were lysed in lysis buffer (25 mM
Tris zHCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1% Triton
X-100), and the samples were stored frozen a t 2 20°C. Samples were
run on an SDS-polyacrylamide gel and t ransfer red to a nit rocellu lose
membrane. The membrane was dr ied and exposed on x-ray film.
After complet ion of the autoradiograph ic exposure, the same mem-
branes were probed for GAPDH immunoreact ivity using a mouse
monoclona l an t ibody (Chemicon In terna t iona l, Temecula , CA) a t a
dilu t ion of 1:400.

For determina t ions of the t ime course of changes in GAPDH
levels, cells were grown on 10-cm Petr i dishes for 6 days and trea ted
as above. At 0.5 to 12 h after washing, cells were harvested, and a
lysa te was produced. The medium was removed and placed in a
separa te tube on ice, and 2 ml of PBS was added to each dish . The
cells were removed with a cell scraper and cen tr ifuged for 5 min a t
1500g a t 4°C, followed by cold PBS washes. The cells were then
cent r ifuged a t 2000g and lysed in lysis buffer (25 mM Tris zHCl, pH
7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 5 mg/ml
leupept in , chymosta t in , pepsta t in A, and aprot in in , plus 1 mM ben-
zamidine). The lysa te was stored a t 2 30°C. Protein was assayed by
the bicinchonin ic acid (BCA) method.

To obta in protein from var ious subcellu la r fract ions, the cells were
t rea ted as above and harvested by cen tr ifuga t ion a t 1000g for 5 min
a t 4°C. The pellet s were washed twice in cold PBS and resuspended
buffer conta in ing 25 mM HEPES-KOH, pH 7.5,10 mM KCl, 1.5 mM
MgCl2, 1 mM NaEDTA, 1 mM NaEGTA, 1 mM dith iothreitol, and 5
mg/ml leupept in , chymosta t in , pepsta t in A, and aprot in in , plus 1 mM
benzamidine and 250 mM sucrose. The cells were homogenized by 12
to 15 st rokes of a glass Dounce homogenizer . The homogena tes were
then cent r ifuged a t 700g for 10 min a t 4°C. This pellet is the nuclear
fract ion , and the superna tan t s was fur ther cen t r ifuged a t 10,000g for
15 min a t 4°C. The resu lt ing pellet represen ts the mitochondr ia lly
enr iched fract ion , and the superna tan t represen ts the cytoplasmic
fract ion . Both nuclear ly and mitochondr ia lly enr iched fract ions were
resuspended in 50 ml of the above buffer . Samples were then frozen

a t 2 30°C. Before use, the samples were protein assayed by the BCA
method. Equa l amounts of whole-cell or subcellu la r fract ion lysa tes
were run on a SDS-polyacrylamide gel, Western blot ted, and probed
for GAPDH as above.

To demonst ra te the enr ichment of cellu la r subfract ions, equa l
amounts of protein from each fract ion were Western blot ted and
probed with an t ibodies for nucleolin (1:500; San ta Cruz Biochemi-
ca ls, San ta Cruz, CA), 14-3-3 b protein (1:400; Santa Cruz Biochemi-
ca ls), and cytochrome oxidase (0.1 mg/ml; Molecula r Probes, Eugene,
OR), which are markers for the nuclear , cytopla smic, and mitochon-
dr ia l fract ions, r espect ively.

For immunocytochemist ry and the examina t ion of the kinet ics of
cellu la r ent ry and accumula t ion of fluorescen t ly labeled DES and
CGP3466, PC-12 cells were grown on a coverglass and par t ia lly
neurona lly different ia ted as descr ibed (for deta ils, see Tat ton et a l.,
1994; Wadia et a l., 1998). Cells were fixed in 4% paraformaldehyde
and then washed once in PBS and placed in 5% normal goa t serum
and 0.01% Tween-20 in PBS for 1 h a t room tempera tu re. The cell on
coverglass were aga in washed with PBS; placed in a solu t ion con-
ta in ing 0.5% normal serum, 0.01% Tween-20, and mouse monoclona l
GAPDH ant ibody a t a 1:300 dilu t ion; and incuba ted overn igh t a t
4°C. The cells on a coverglass were washed four t imes with PBS and
exposed to a Cy5-labeled goa t an t i-mouse secondary ant ibody (J ack-
son Immunoresearch , West Grove, PA) a t a dilu t ion of 1:500 in PBS
conta in ing 0.5% normal serum and 0.01% Tween-20 for 1 h a t room
tempera ture. The cells on coverglass were washed five t imes in PBS
and mounted in Aquamount .

Three-dimensiona l protein st ructura l models of ra t GAPDH were
produced as in Borden (1998) and are descr ibed here br iefly. The
st ructure of ra t GAPDH has not been repor ted. GAPDH st ructures
were obta ined from the Brookhaven protein da tabase. GAPDH is
h igh ly conserved in terms of it s amino acid sequence and th ree-
dimensiona l st ructu re (Kim et a l., 1995). After inspect ion of st ruc-
tures of GAPDH from severa l species, we decided to use a GAPDH
from Leishma nia mexica na , in which the st ructu re had been deter -
mined under physiologica l sa lt condit ions, a lthough th is st ructu re
did not look sign ifican t ly different from any other GAPDH st ructures
in the da tabase (Kim et a l., 1995). Using the program Insight (Bio-
sym, San Diego, CA), we modeled the ra t GAPDH sequence onto the
L. mexica na st ructure. The subsequen t st ructu re was subjected to
molecu la r dynamics a t 1000 K, followed by cooling to 300 K, and then
underwent 1000 steps of conjuga te gradient minimiza t ion using
Discover (Biosym).

The glycolyt ic act ivity of GAPDH, measured by the increase in
absorpt ion a t 340 nm, result ing from the reduct ion of NAD1 to
NADH according to the react ion glycera ldehyde-3-phospha te 1
NAD1 1 Pi 5 1,3-diphosphoglycera te 1 NADH. The enzyme assay
was ca r r ied out in the presence of 0.015 M sodium pyrophospha te,
pH 8.5, 7.5 mM NAD1 , 0.1 M dith ioth reitol, and 0.015 M GAPDH.
Immedia tely before it s use, the enzyme was dilu ted in the pyrophos-
phate buffer to a concen t ra t ion of 30 mg/ml. A syn thet ic RNA oligo-
nucleot ide of 15 residues consist ing of th ree repea t ing AUUUA se-
quences (Genosys, Ltd., Cambr idge, UK) was used in the glycolyt ic
studies. The glycolyt ic act ivity of cell lysa tes produced from a 6-h
exposure to MS1 N, M/O, and MO1 DES was simila r ly determined.
Cells were collected in 0.015 M sodium pyrophospha te buffer , pH 8.5,
and homogen ized with a Dounce homogenizer ; protein was assayed
by the BCA method (Pierce Chemica l, Rockford, IL) and stored a t
2 20°C. Equal amounts of tota l protein were incuba ted in 0.015 M
sodium pyrophospha te, pH 8.5, with NAD1 and dith iothreitol, and
the conversion of NAD1 to NADH was determined as above.

To examine the oligomer ic sta tes of GAPDH, Sephacryl H-300 was
poured in to a glass column to a heigh t of 12 cm and diameter of 1 cm.
The column was washed using a buffer con ta in ing 20 mM HEPES,
pH 7.5, 25 mM KCl, and 10% glycerol. Samples were loaded onto the
column in volumes of less than 100 ml. Samples including more than
one component were coincuba ted br iefly before addit ion to the col-
umn. GAPDH, CGP3466, and RNA were used in nanomolar concen-
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t ra t ions in a st r ict ra t io of 1 molecule of GAPDH to 2 of RNA and/or
2 of CGP3466. All samples were dissolved in th is buffer . Where
indica ted, 0.1% of SDS was used. To ca libra te the column, the frac-
t ions for the following proteins were determined: cytochrome c (12.4
kDa) fract ion 23, lysozyme (14.4 kDa) fract ion 23, carbonic anhy-
drase (20 kDa) fract ion 20, BSA (67 kDa) fract ion 18, b-ga lactosidase
(116 kDa) fract ion 16, a ldola se (158 kDa) fract ion 13, and macroglob-
u lin (170 kDa) fract ion 10 (see ca libra t ion ba r below Fig. 7B3).
Protein was detected by monitor ing the absorbance of individua l
fract ions a t 280 nm and confirmed at 293 nm. Nucleic acid was
detected simila r ly by monitor ing absorbance a t 260 nm.

Results

We previously showed tha t apoptosis in it ia t ed by serum
and NGF withdrawal from PND-PC12 cells can be reduced by
DEP (Tat ton et a l., 1994; Wadia et a l., 1998). In th is study,
we used the same model to compare the an t iapoptot ic capac-
it ies of DEP, DES, and CGP3466. Reduct ions in apoptosis
were est imated by two complementa ry measures: 1) counts of
in tact nuclei as an indica tor of cell surviva l and 2) counts of
cells with nuclea r chromat in condensa t ion using a fluores-
cent DNA binding dye, YOYO-1, as a measure of apoptot ic
nuclea r degradat ion (examples in Fig. 1, B1 and B2). DES
and CGP3466 showed similar or super ior capacit ies to DEP

to increase surviva l (F ig. 1A) and to reduce the propor t ion of
nuclei with chromat in condensa t ion (F ig. 1C) over concent ra -
t ion ranges of 102 5 to 102 13 M. At 102 9 M, a ll three agents a t
least doubled the propor t ion of cells tha t survived for 24 h
after NGF and serum withdrawal. In a simila r manner , the
same concent ra t ion reduced the propor t ion of cells with nu-
clear chromat in condensa t ion to less than 25% of tha t found
a t 12 h after NGF and serum withdrawal.

We a lso compared the capacity of a BL-CGP3466 (Zimmer-
mann et a l., 1998) for deta ils of the fluorescent ly labeled DES
and CGP3466) with tha t of CGP3466 in reducing apoptosis in
the PND-PC12 model (F ig. 1D). Over the concen t ra t ion range
of 102 7 to 102 11

M, the BL-CGP3466 reta ined 75 to 80% of the
capacity of CGP3466 to increase cell surviva l.

We then used the BL-CGP3466 with LCSM to follow the
entry and localization of BL-CGP3466 in living PND-PC12 cells
maintained in an environmentally controlled chamber. The BL-
CGP3466 fluorescence revealed reproducible rates of entry and
subcellular localization in the cells and displayed classic com-
petit ion curves for preadded unlabeled CGP3466. Figure 2 pro-
vides an example of the competit ion in which the addition of
102 9 M BL-CGP3466 to the chamber resulted in a gradual
accumulation of subcellular fluorescence over about 30 min
(Fig. 2, top). The subcellular distribution of the BL-CGP3466

F ig . 2. BL-CGP3466 fluorescence seen with LCSM is gradua lly reta ined in the ext ranuclea r cytosol, and preincubat ion with higher concent ra t ions of
un labeled CGP3466 markedly reduces the retent ion . Top three panels, LCSM images of the retent ion of BL-CGP3466 fluorescence in living PND-PC12
cells main ta ined in an environmenta l chamber conta in ing MEM with serum and NGF at 12, 20, and 29 min after the addit ion of 102 9 M BL-CGP3466.
Note the gradua l increase in ext ranuclear cytosolic fluorescence. Bot tom three panels, LCSM images of another group of cells tha t were preincubated
with 102 7 M of unlabeled CGP3466 for 30 min before the addit ion of 102 9 M BL-CGP3466 and then imaged at 12, 19, and 29 min. Note tha t the
preincubat ion with the un labeled CGP3466 reduced the appearance of the BL-CGP3466 fluorescence at a ll t ime point s, showing tha t the BL-CGP3466
reten t ion was specific for CGP3466 binding sit es.
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fluorescence was very similar to that found for antibodies
against GAPDH in the cells (see examples in Fig. 5, A1–A4).
That is, the BL-CGP3466 fluorescence gradually accumulated
in the extra nuclear cytosol with relatively light and scattered
accumulation in the nucleus. Thirty minutes of preincubation of
the cells with 102 7 M unlabeled CGP3466 followed by the
addition of 102 9 M BL-CGP3466 markedly reduced the accu-
mulation of BL-CGP3466 fluorescence (Fig. 2, bottom). Simi-
larly, incubation of BL-CGP3466 with paraformaldehyde-fixed
PC12 cells on a coverglass showed subcellular distr ibutions of
BL-CGP3466 (Fig. 3A1) that were similar, if not identical, to
those found in living cells using the environmentally controlled
chamber (Fig. 2) and those found for a mouse monoclonal anti-
body against GAPDH (see Fig. 5A3). Similar results were ob-
tained with BL-DES (not shown).

We used photoaffin ity-labeled CGP3466 (Zimmermann et

a l., 1998) to determine whether the DEP analog binds to
GAPDH in the serum and NGF-withdrawn PND-PC12 cells
in a simila r manner as tha t repor ted for ra t h ippocampal
homogena tes (Kragten et a l., 1998). Autoradiographs re-
vea led major bands a t about 37, 43, 50, and possibly 200 kDa,
which appeared simila r to those found for ra t h ippocampal
t issue. F igure 3B shows a typica l autoradiograph for protein
ext racted from cells a t 3, 6, and 9 h after wash ing and
placement in M/O. Figure 3C1 shows a higher power example
of the 37-kDa band. The same membranes used for au tora-
diography were immunoreacted with a monoclonal ant ibody
against GAPDH, and an immunodense band cor responding
in posit ion to the 37-kDa autoradiographic band was found
(Fig. 3C2 was immunoreacted for the same membrane exam-
ined autoradiographica lly in Fig. 3C1). The simila r ity of the
subcellu la r dist r ibu t ion of BL-CGP3466 fluorescence and

F ig . 3. CGP3466 photoaffin ity labeling and BL-CGP3466 labeling of cells imaged with LCSM. A1–A3, para formaldehyde-fixed cells on coverglass tha t
were incuba ted with BL-CGP3466 for 30 min and then imaged using LCSM. A2 and A3, cells were preincuba ted with a sheep polyclona l (1:250) and
a mouse monoclona l ant ibody (1:400) for 30 min before the addit ion of BL-CGP3466. Note tha t the BL-CGP3466 fluorescence is sca t t ered throughout
the ext ranuclea r cytosol and tha t the sheep ant ibody, but not the mouse ant ibody, blocked the retent ion of the BL-3466 in the cells. B, au toradiogram
for tota l protein ext racted from PND-PC12 cells a t 3, 6, and 9 h after serum and NGF withdrawal. Before withdrawal, the cells were incuba ted with
a photoaffin ity-labeled, 125I-t agged CGP3466 and then exposed to ult raviolet light to act iva te the azido group of the photoaffin ity label. The
autoradiograms revea led a t least th ree bands, as shown, a t 37, 43, and 47 kDa. C1, sect ion of a photoaffin ity-labeled, 125I-tagged CGP3466
autoradiogram for tota l protein ext racted from PND-PC12 cells a t 3, 6, and 9 h after serum and NGF withdrawal showing the dist inct band a t 37 kDa,
which increased in in tensity from 3 to 9 h. C2, probing the same membrane with an ant ibody aga inst GAPDH showed an immunodense band that was
loca ted a t the ident ica l posit ion to the 37-kDa autoradiography band and also increased in in tensity from 3 to 9 h.
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GAPDH immunofluorescence and the subcellu la r coloca liza-
t ion of a por t ion of photoaffin ity-labeled CGP3466 autoradio-
graphic act ivity with GAPDH immunoreact ion seem in ac-
cord previous findings showing tha t one of the proteins
binding CGP3466 is GAPDH (Kragten et a l., 1998).

In solu t ion , GAPDH can take a monomer ic, dimer ic, or
tet ramer ic form but grea t ly favors the tet ramer (Minton and
Wilf, 1981). Molecu la r modeling of the GAPDH tet ramer
revea led a cen t ra l channel a t the in ter face between the four
monomers (see Fig. 7, A1 and A2; a lso see Fig. 7 in Borden,
1998). Examinat ion of the GAPDH tet ramer model suggested
tha t CGP3466 and DES were most likely to bind in th is
cent ra l channel. (See Figure 7B1 for a model of CGP3466 in
the channel.) A sheep polyclona l an t ibody (Biogenesis, Poole,
Dorset , UK), which was ra ised against residues loca ted in a
posit ion tha t would likely block ent ry to the channel (see
loca t ion of the residues in Fig. 7C), was applied to fixed cells
on a coverglass tha t were subsequent ly t rea ted with BL-
CGP3466. Cells tha t were preincuba ted with the sheep ant i-
body showed markedly reduced BL-CGP3466 cellu la r fluo-
rescence, even after prolonged incuba t ion with BL-CGP3466
(compare Fig. 3, A1 and A2). In cont rast , preincuba t ion with

a mouse ant ibody against GAPDH (Chemicon), which reacted
against residues near to the N terminus, placing the residues
in or near to the Rossman fold region of the tet ramer (see F ig.
7A1, RF), did not a lt er the BL-CGP3466 fluorescence (com-
pare Fig. 3, A1 and A3).

To determine whether the PND-PC12 cell apoptosis was
typica l of GAPDH-associa ted apoptosis found in other cellu-
la r models, WESTERN blots were prepared for tota l protein
ext racted from cells a t mult iple t ime poin ts after washing
and placement in medium without serum and NGF. The blots
showed tha t GAPDH levels began to increase a t about 2 h
after washing and placement in serum and NGF-free me-
dium (Fig. 4A). GAPDH levels did not appear to increase in
serum and NGF-withdrawn cells tha t were t rea ted with 102 9

M CGP3466 or 102 9 M DES (Fig. 4B).
In para llel exper iments, Western blots for protein ex-

t racted from the nuclear , mitochondr ia l, and cytosolic cellu-
la r subfract ions a t 3, 6, 9, and 12 h after serum and NGF
withdrawal were examined for GAPDH protein levels. Con-
t rol blots were prepared for the subfract ions using an t ibodies
against nucleolin , cytochrome oxidase, and 14-3-3 b protein
tha t a re known to react with proteins in the nuclear , mito-

F ig . 4. GAPDH levels increase in PND-PC12 cells a fter serum and NGF withdrawal, and DES and CGP3466 preven t the increase. A, Western blot
labeled M/S1 N for an exper iment in which cells were washed and replaced in MEM with serum and NGF (top) as a cont rol together with a blot for
an exper iment in which cells were washed and placed in MEM only (bot tom) to induce apoptosis by t rophic withdrawal. Note the rela t ive increase in
GAPDH immunodensity beginn ing a t the 2-h band after washing for the t roph ica lly withdrawn cells bu t not the con trol cells. B, simila r exper iments
to those in A but CGP3466 (top) or DES (bot tom) at 102 9 M was added to the MEM only. Note tha t the addit ions prevented increases in GAPDH levels.
C, each panel from top to bot tom shows immunodensity for the nuclear (Nuclear ), mitochondr ia l (Mitoch .), and cytosolic (Cytosol.) subcellu lar fract ions
a t 3, 6, 9, and 12 h after wash ing for nucleolin , cytochrome oxidase, and 14-3-3 b, respect ively. Note tha t each of the protein immunoreact ions is
concen tra ted in a different subfract ion . D, each panel shows Western blot s for protein taken from the subcellu lar fract ions a t 3, 6, 9, and 12 h after
washing and replacement in to MEM with serum and NGF as a cont rol (top) or placement in to MEM only to induce apoptosis (middle). Note the
progressive increase in nuclear GAPDH beginning between 3 and 6 h after washing and serum and NGF withdrawal together with the mainta ined
increase in cytosolic GAPDH that was present a t 3 to 9 h. Similar panels for exper iments in which the cells were placed in MEM with 102 9 M DES
(bot tom) after washing. Note tha t the DES preven ts the progressive increase in GAPDH immunoreact ivity in the nuclea r subfract ion . On a ll blots,
ident ica l amounts of tota l protein were loaded in to each lane. *In the 12 h Cytosol. lane for the M/O panel, indica tes tha t protein was not loaded onto
tha t lane.

Apoptosis, GAPDH, and Oligomers 7

 at N
yu

 M
ed C

entr Lib o
n N

o
vem

b
er 14

, 2012
m

olpharm
.aspetjournals.o

rg
D

ow
n

load
ed fro

m
 



chondr ia l, and cytosolic fract ions, respect ively (see Fig. 4C
for examples of the use of the three an t ibodies with protein
subfract ions taken from cells in M/S1 N). The blots indica ted
tha t GAPDH was la rgely concen t ra ted in the cytosolic sub-
fract ion in cont rol cells tha t were washed and then replaced
in to M/S1 N. GAPDH levels appeared to increase in the cy-
tosolic subfract ion after serum and NGF withdrawal and a lso
progressively increased in the nuclea r subfract ion a t each of
the 3-, 6-, 9-, and 12-h t ime poin ts. Trea tment with 102 9 M
DES or CGP3466 la rgely preven ted the increase in GAPDH
immunoreact ion for the nuclear fract ion .

Recognizing tha t subcellu la r fract iona t ion enr iches the
propor t ions of proteins loca lized in par t icu la r organelles but
may not exclusively conta in proteins from those organelles
(see Fig. 4C), we also examined the subcellu la r dist r ibut ion of
GAPDH immunoreact ivity using LCSM. The GAPDH immu-
nocytochemist ry combined with YOYO-1 sta in ing for DNA
showed tha t GAPDH was concent ra ted in the cytosol with
only light puncta te immunoreact ion in the nuclei in cont rol
cells tha t were washed and then replaced in M/S1 N (see
examples in Fig. 5, A1–A4). Serum and NGF withdrawal
induced a dense increase in nuclear GAPDH immunoreac-
t ion , excluding the nucleolus (see examples in Fig. 5, B1–B4).
The nuclea r increase and subnuclear dist r ibut ion were sim-
ila r to those we demonst ra ted using a GAPDH-green fluores-
cent fusion protein in severa l other models of apoptosis
(Shash idharan et a l., 1999).

Dur ing the first 24 h after wash ing and replacement in to
medium with serum and NGF, about 2 to 3% of cont rol cells
showed baseline dense nuclea r GAPDH immunoreact ivity a t
a ll t ime poin ts (F ig. 6C2), con t rast ing with those tha t were
NGF and serum withdrawn, in which about 6% showed dense
nuclea r GAPDH immunoreact ivity by 3 h, followed by a
progressive increase to about 25% by 12 h . On average, the
increase in nuclei with dense nuclear GAPDH immunoreac-
t ion preceded the increase in nuclei with chromat in conden-
sa t ion , as demonst ra ted by YOYO-1 sta in ing by at least 3 h
(compare Fig. 6, C1 and C2). Trea tment with 102 9 M DES or
CGP3466 markedly reduced both the percen tage of nuclei
with chromat in condensa t ion and those with dense GAPDH
immunoreact ion a t a ll t ime poin t s (Fig. 6, B1 and B2). Ac-
cordingly, Western blot t ing and LCSM immunocytochemis-
t ry indica ted tha t both DES and CGP3466 reduce the in-
creased levels of GAPDH and the nuclear accumula t ion of
GAPDH tha t occurs ear ly in apoptosis induced in PND-PC12
cells by serum and NGF withdrawal.

In an a t tempt to understand the basis for DES and
CGP3466 prevent ion of increases in GAPDH levels and
GAPDH nuclear accumula t ion , we fir st examined the effect
of CGP3466 and DES on the glycolyt ic act ivity of GAPDH in
vit ro. The addit ion of 102 9 M CGP3466 to GAPDH in solut ion
by it self did not a lter the exten t or ra te of NAD1 conversion
to NADH (Fig. 6A1). The Rossman fold region of GAPDH
binds tRNA and AU-r ich RNA, par t icular ly AUUUA base
sequences ((Nagy and Rigby, 1995; a lso see a computer model
of RNA binding in the Rossman fold in Fig. 6 of Borden,
1998). We therefore added a synthet ic RNA with repea ted
AUUUA sequences to the solu t ion and found tha t the addi-
t ion reduced the exten t of NADH product ion by about 25%
(Fig. 6A1). The addit ion of CGP3466 to the solut ion conta in-
ing both GAPDH and the synthet ic RNA resu lted in a lmost

complete recovery of the NADH product ion . Similar resu lt s
were obta ined with DES (not shown).

We then examined the conversion of NAD1 to NADH in
cell lysa tes a fter wash ing (Fig. 6A2). We chose a 6-h t ime
poin t because GAPDH levels were markedly increased (Fig.
4A) but rela t ively few cells had entered the phase of nuclear
degradat ion a t tha t t ime (Fig. 5C1). Lysa tes from cells tha t
had undergone serum and NGF withdrawal showed marked
increases in both the exten t and ra te of NAD1 to NADH
conversion compared with cont rol cells in M/S1 N. The addi-
t ion of 102 9 M DES to the withdrawn cells induced a par t ia l
reduct ion in the exten t of NAD1 to NADH conversion . Ac-
cordingly, these da ta suggest tha t the addit ion of DEP-like
compounds can alter GAPDH glycolyt ic act ivity, possibly by
a lter ing the configura t ion of GAPDH or it s in teract ion with
AU-r ich RNA.

Because binding of CGP3466 in the channel of tet ramer ic
GAPDH might a lter the in ter face between the subst ituent
GAPDH monomers (F ig. 7A2), we used size exclusion chro-
matography to determine whether CGP3466 or DES affected
the oligomer ic form of the enzyme. The addit ion of 102 9 M
CGP3466 (or DES) to GAPDH in solu t ion a ltered a major
propor t ion of the protein from a size equiva lence of 148 kDa
to 74 kDa (Fig. 6B1, see size exclusion ca libra t ion sca le below
Fig. 6B3), consisten t with a change from a tet ramer ic form to
a dimer ic form. Simila r ly, the addit ion of poly(U) RNA to
GAPDH in solut ion sh ifted the peak to a size equiva lence of
more than 200 kDa, and the addit ion of CGP3466 (or DES)
induced size equiva lence changes indica t ive of the freeing of
tet ramer ic GAPDH from the RNA and it s conversion to a
dimer ic form (Fig. 6B2). GAPDH was placed in SDS to con-
ver t it to a monomer . The addit ion of CGP3466 or DES to the
solut ion conta in ing SDS induced a sh ift in the size equiva-
lence of the major peak, suggest ing a change in the configu-
ra t ion of the monomeric form, and conver ted a small propor -
t ion of the protein to a size equiva lence consisten t with a
dimer (Fig. 6B3).

Discussion

The serum and NGF-withdrawn PND-PC12 cells showed in-
creases in GAPDH levels and nuclear GAPDH accumulation
that were similar to those reported for other apoptosis models
(Sunaga et al., 1995; Ishitani et al., 1996, 1997, 1998; Saunders
et al., 1997; Sawa et al., 1997; Shashidharan et al., 1999). Most
importantly, CGP3466 and DES prevented both the increases
in GAPDH and the nuclear accumulation. Transcript ional or
translat ional inhibitors can reduce the increase in GAPDH
levels in early apoptosis (Ishitani et al., 1997), suggesting that
newly synthesized GAPDH contributes to the protein’s role in
apoptosis. The signaling pathways that lead to increased
GAPDH levels in early apoptosis are not known. p53 overex-
pression induces apoptosis that is associated with downstream
increases in expression of a large number of genes, including
GAPDH (Polyak et al., 1997). Accordingly, a p53-dependent
signaling pathway may contribute to GAPDH-associated apo-
ptosis. Our recent studies using the expression of GAPDH/
green fluorescent fusion protein have shown accumulation of
the fusion protein in the nuclei of a variety of cell types in early
apoptosis (Shashidharan et al., 1999). The accumulation of the
fusion protein was similar to that shown in the serum and
NGF-withdrawn PND-PC12 cells in the present study and pro-
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vided evidence that at least part of the GAPDH that accumu-
lates in the nucleus was previously resident in the cytoplasm
and was not newly synthesized.

This study, simila r to our previous studies (Tat ton et a l.,
1994; Wadia et a l., 1998), showed tha t apoptot ic nuclea r
degradat ion begins in the PND-PC12 cells a t about 6 h after
serum and NGF withdrawal and is maximal a t 12 to 18 h .
Therefore, the increases in GAPDH levels and GAPDH nu-

clear accumula t ion are ear ly events in th is form of apoptosis
and precedes the onset of nuclear degrada t ion by 3 or more
hours. Hence, the par t icipa t ion of GAPDH in the apoptot ic
cascade seems to be well upst ream from the events tha t
media te apoptot ic degrada t ion .

DES is a rela t ively poor MAO-B inhibitor compared with
DEP (Heinonen et a l., 1997), and CGP3466 does not inh ibit
MAO-B (Kragten et a l., 1998). Decreases in apoptosis with

F ig . 5. GAPDH immunoreact ivity in PND-PC12 cells after serum and NGF withdrawal visua lized with LCSM. A1–A4, LCSM micrographs from
ident ica l image fields consist of an in ter ference con t rast micrograph, fluorescence micrograph for YOYO-1 DNA binding, immunoct rochemist ry for
GAPDH, and a combined image in which A2 (recolored red) and A3 (recolored green) were digita lly added. The cells were washed and then replaced
in MS1 N as a cont rol (example a t 6 h after wash ing). The mainta ined separa t ion of the red and green color in A4 shows tha t GAPDH is la rgely
ext ranuclea r in loca t ion . B1–B4, an ident ica l ser ies of LCSM micrographs for cells tha t were washed and placed in MO to induce apoptosis by serum
and NGF withdrawal showed dense GAPDH immunoreact ion in the nucleus tha t spared the nucleolus (example a t 6 h after washing). The
orange-yellow color in B4 shows the coloca liza t ion of DNA YOYO-1 binding and GAPDH immunoreact ion and illust ra tes typica l dense nuclear GAPDH
accumula t ion . C1 and C2, coun ts of cells with nuclei showing YOYO-1-sta ined chromat in condensa t ion , and those with dense GAPDH nuclea r
immunoreact ion , respect ively, show tha t the percen tages of nuclei with GAPDH nuclea r accumula t ion was sign ificant ly increased by 3 h after
washing, whereas the percentages with apoptot ic chromat in condensa t ion did not begin to increase unt il 6 h after washing and placement in MEM
only. DES (plot s labeled M/DES) and CGP3466 (plot s labeled M/3466) a t 102 9 M markedly decreased the percentage of nuclei with chromat in
condensa t ion and those with dense GAPDH nuclear immunoreact ion .
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DEP or DES can be obta ined at concen t ra t ions or dosages
tha t do not inh ibit MAO-A or MAO-B (Ansar i et a l., 1993;
Ta t ton and Chalmers-Redman, 1996; Le et a l., 1997). In th is
study, concent ra t ions of DEP and DES ranging from 102 5 to
102 13 M showed similar capacit ies to increase surviva l,
whereas CGP3466 induced grea ter levels of surviva l, par t ic-
u la r ly a t concen t ra t ions of less than 102 9 M. Cytochrome
P-450 inh ibitors block the capacity of DEP, but not DES, to
reduce apoptosis in a var iety of apoptosis models (W. G.
Ta t ton and R. M. Cha lmers-Redman, unpublished observa-
t ions). Accordingly, the ant iapoptot ic capacity of DEP ap-
pears to depend on it s metabolism to DES.

Based on our resu lt s with photoaffin ity CGP3466 and the
BL-labeled compounds, it is likely tha t CGP3466 and DES
bind to GAPDH in the PND-PC12 cells in a simila r manner to
tha t shown for ra t h ippocampus (Kragten et a l., 1998). Our
ant ibody studies suggest tha t the binding may occur in or
near to the channel of GAPDH tet ramer . Size exclusion da ta
indica te tha t a por t ion of GAPDH conver t s to a dimer in the
presence of CGP3466 or DES. There a re three possible
dimers tha t could be produced (Fig. 7, D1–D3): 1) the channel
could be bisected lengthwise, resu lt ing in a loss of the chan-
nel bu t reta in ing the RNA binding site in the Rossman fold;

2) the channel is bisected across it s width , result ing in a
dimer with a channel bu t no RNA binding site; and 3) the
channel is cut across it s width so tha t two diagona lly associ-
a ted monomers form the dimer . At th is t ime, we do not have
da ta to predict which of these dimer forms predomina te. DEP
tha t has not been metabolized to DES may not bind to
GAPDH. Studies using photoaffin ity-labeled DEP in the
presence of cytochrome P-450 inh ibitors will be required to
determine whether DEP it self can bind to GAPDH.

CGP3466 differs from DES in the replacement of the single
phenol r ing with three r ings, the cen ter of which includes an
oxygen. In BL-CGP3466 and BL-DES, the BODIPY was a t -
tached to the r ing por t ions of the compounds through a
flexible link (Zimmermann et a l., 1998). We showed tha t both
BL compounds reta in most of their capacity to reduce apo-
ptosis in the serum and NGF-withdrawn PND PC12 cells.
Fur thermore, even with the a t tachment of the rela t ively
bulky BODIPY moiety, BL-CGP3466 accumula ted in the
cells with a subcellu la r dist r ibu t ion simila r to those found for
GAPDH immunoreact ivity. Our modeling suggests tha t the
bulky BODIPY moiety should not in ter fere with binding in
the channel. BL-CGP3466 ent ry to the subcellu la r sit es could
be blocked by preincuba t ion with h igher concen t ra t ions of

F ig . 6. Effects of CGP3466 on the glycolyt ic capacity of GAPDH in vit ro and in vivo and evidence for the conversion of GAPDH to a dimer by CGP3466.
A1, NADH product ion from NAD1 over t ime was measured in an in vit ro system. The addit ion of CGP3466 does not sign ifican t ly a lt er enzymat ic
act ivity of GAPDH, whereas the addit ion of AUUUA synthet ic RNA sequences had lit t le effect on the ra te but reduced exten t of the glycolyt ic act ivity
of GAPDH. The addit ion of 102 9 M CGP3466 induced a recovery of glycolyt ic act ivity, suggest ing tha t the compound altered the rela t ionsh ip between
GAPDH and RNA. A2, measurement of NAD1 to NADH conversion in lysa tes taken at 6 h after washing from cont rol cells (M/S1 N 6 h), cells a fter
NGF and serum withdrawal (M/O 6 h)m and cells a fter serum and NGF withdrawal t rea ted with 102 9 M DES (M/O1 DES 6 h). B1–B3, size exclusion
chromatography for GAPDH in solu t ion alone, with poly(U) RNA, or with detergen t . B1. GAPDH alone in solu t ion forms a tet ramer with a size
equiva lence of 148 kDa in fract ion 14. In the presence of 102 9 M CGP3466, more than half of GAPDH appears as a dimer in fract ion 17 with a size
equiva lence of 74 kDa . B2, GAPDH binds to poly(U) RNA. The peak a t fract ion 10, which indica tes a size equiva lence of more than 170 kDa, indica tes
an amalgam of RNA and GAPDH. Fract ion 10 was also shown to include RNA by the finding of a peak at 260 nm on the spect rophotometer . In the
presence of 102 9 M CGP3466, the shift s in the equiva lence va lues of the peaks indica te tha t GAPDH has separa ted from RNA and that there is a large
increase in GAPDH dimer . B3, in the presence of 0.1% SDS, GAPDH alone is found in fract ion 23 with a size equiva lence consisten t with a monomer .
After the addit ion of 102 9 M CGP3466, a small propor t ion of GAPDH shows a size equiva lence consistent with a dimer , even in the presence of the
detergent .
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unlabeled CGP3466, which indica ted the specificity of the BL
compounds for CGP3466 binding sites. This is the first repor t
of the use of a fluorescen t ly labeled compound with LCSM to
examine the subcellu la r loca liza t ion and the binding speci-
ficity of a compound in living or fixed cells.

GAPDH largely exist s as a tet ramer with minor popula-
t ions of dimers and monomers. Our data indica te tha t
CGP3466 and DES increase the stability of GAPDH as a
dimer . We therefore propose tha t agent s tha t stabilize
GAPDH as a dimer , ra ther than a tet ramer , preven t the
ear ly apoptot ic GAPDH increase and nuclear accumula t ion
and thereby induces a decrease in apoptosis. If GAPDH
dimer cannot accumula te in the nucleus, it would expla in
par t of our resu lt s. It is more difficu lt to understand how the
presence of GAPDH dimer would preven t GAPDH up-regu-
la t ion . The increased expression may depend on nuclea r ac-
cumula t ion of const itu t ive protein . Our findings indica t ing a
tet ramer ic/dimer ic conversion were obta ined in vit ro, and it
is therefore possible tha t GAPDH dimer iza t ion does not oc-
cur in vivo in response to DES or CGP3466 binding. In vivo,
the binding of the DEP-rela ted compounds to GAPDH might
resu lt in a more subt le change in GAPDH st ructure. If, a s we
have hypothesized, the conversion of GAPDH to a dimer robs
the protein of it s capacity to par t icipa te in apoptosis, the
DEP-rela ted compounds will be the first compounds shown to
reduce cell dea th by a lter ing oligomer iza t ion .

In vit ro, the DEP-like compound binding resu lt s in stabi-

liza t ion of the dimer , increases the ca ta lysis of glycolyt ic
act ivity by GAPDH, and decreases GAPDH affin ity for RNA.
These effect s are likely in ter rela ted. The glycolyt ic act ion
and RNA binding of GAPDH occur in the same region of the
protein . Conversion of GAPDH from a tet ramer to a dimer is
known to increase it s glycolyt ic capacity (Min ton and Wilf,
1981). Dimer iza t ion of GAPDH, together with a freeing of
GAPDH from AUUUA RNA, could expla in the facilita t ion of
glycolysis by CGP3466 and DES in vit ro.

This is the first study to show increased glycolyt ic act ivity
in cells en ter ing apoptosis. The increase may result from the
increase in GAPDH levels associa ted with apoptosis in the
PND-PC12 cells. It a lso could result , in par t , from freeing of
the Rossman fold region of the protein from AUUUA-r ich
RNA binding with consequent increased ava ilability of the
fold for NAD1 to NADH conversion . The rela t ive decrease in
glycolysis induced by the DEP-like compounds likely reflects
their capacity to reduce or prevent the increase in GAPDH
levels tha t we found in ear ly apoptosis.

The DEP-rela ted compounds appear to reduce the apopto-
t ic funct ion of GAPDH while a t the same t ime facilita t ing or
main ta in ing the glycolyt ic funct ion of protein a t levels tha t
exceed those in cont rol cells but a re reduced compared with
those in apoptot ic cells. GAPDH is a mult ifunct ion protein
and par t icipa tes in funct ions like tubulin polymer iza t ion ,
endocytosis, t ransla t iona l con t rol of gene expression , nuclear
tRNA expor t , DNA replica t ion , and DNA repair (see Sirover ,

F ig . 7. Models of the ra t GAPDH tet ramer showing the puta t ive DEP-like compound binding channel. A1, the four ident ica l monomers which make
up the GAPDH tet ramer are shown in different colors. The NAD1 binding sit e, the Rossmann fold, is indica ted by RF. A2, a 90-degree rota t ion of the
image in A1. The puta t ive DEP-like compound binding channel is indica ted where the four monomers join . B1, CGP3466 (blue) is shown in the
channel. B2, a view of CGP3466-BODIPY (yellow) loca ted in the channel. C, residues in white indica te the epitope site for the sheep polyclonal
ant ibody, which reduced the cellu lar accumula t ion of BL-CGP3466. D1–D3, the th ree possible dimers of GAPDH tha t migh t be formed by the binding
of DEP-like compounds. All images were produced in Insight (Biosym).
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1997). It will be in terest ing to determine which of those
funct ions are main ta ined and which are a lt ered by the bind-
ing of DEP-rela ted compounds.

In normal nuclei, GAPDH binds to promyelocytic leukemia
(PML) protein in an RNA-dependent fashion (Carlile et al.,
1998). PML localizes to PML nuclear bodies, which have been
implicated in apoptosis, suppression of oncogenic transforma-
tion and growth suppression (Melnick and Licht , 1999). PML
and the other protein components of PML nuclear bodies ap-
pear to function in regulation of both transcription and trans-
lation (Borden et al., 1998). Nuclear GAPDH could therefore
contribute to apoptosis by modifying either transcription
(Ronai, 1993) or translation (Sioud and J espersen, 1996), per-
haps mediated through an interaction with PML.

Finally, DEP-related compounds have been shown to reduce
neuronal and non-neuronal death in a wide variety of models,
many of which are independent of MAO-B inhibit ion (Tatton
and Chalmers-Redman, 1996). The basis for clinical slowing of
the progression of PD (Parkinson’s Study Group, 1993; Olanow
et al., 1995) and the preliminary indicat ions of improvement in
HD with DEP treatment (Patel et al., 1996) are unknown and
have been variously suggested to result from slowed neuronal
death (Olanow et al., 1995), improved dopaminergic transmis-
sion or increased dopamine levels (Schulzer et al., 1992), and
the actions of the DEP metabolites (2 )-amphetamine and (2 )-
methamphetamine (Karoum et al., 1982). If GAPDH contrib-
utes to a reduction in neuronal death in PD, the clinical benefits
of DEP treatment may result , in part , from the action of DES on
GAPDH rather than on MAO-B.
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ABSTRACT
(�)-Deprenyl and structurally related propargylamines increase
neuronal survival independently of monoamine oxidase B
(MAO-B) inhibition, in part by decreasing apoptosis. We found
that deprenyl and two other propargylamines, one of which
does not inhibit monoamine oxidase B, increased survival in
trophically withdrawn 6-day nerve growth factor (NGF)- and
9-day NGF-differentiated PC-12 cells but not in NGF naive or
3-day NGF-differentiated PC-12 cells. Four days of prior NGF
exposure were required for the propargylamine-mediated anti-
apoptosis. Studies using actinomycin D, cycloheximide, and
camptothecin revealed that the maintenance of both transcrip-
tion and translation, particularly between 2 and 6 h after trophic
withdrawal, was required for propargylamine-mediated anti-
apoptosis. Metabolic labeling of newly synthesized proteins for
two-dimensional protein gel autoradiography and scintillation
counting showed that the propargylamines either increased or

reduced the levels of new synthesis or induced de novo syn-
thesis of a number of different proteins, most notably proteins
in the mitochondrial and nuclear subfractions. Western blotting
for whole cell or subcellular fraction lysates showed that the
timing of new protein synthesis changes or subcellular redistri-
bution of apoptosis-related proteins induced by the propar-
gylamines were appropriate to antiapoptosis. The apoptosis-
related proteins included superoxide dismutases (SOD1 and
SOD2), glutathione peroxidase, c-JUN, and glyceraldehyde-3-
phosphate dehydrogenase. Most notable were the prevention
of apoptotic decreases in BCL-2 levels and increases in mito-
chondrial BAX levels. In general, (�)-deprenyl-related propar-
gylamines appear to reduce apoptosis by altering the levels or
subcellular localization of proteins that affect mitochondrial
membrane permeability, scavenge oxidative radicals, or partic-
ipate in specific apoptosis signaling pathways.

The propargylamine (�)-deprenyl (DEP) inh ibit s mono-
amine oxidase B (MAO-B). DEP was first shown to reduce the
death of primate nigrostriatal dopaminergic neurons exposed to
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Cohen
et al., 1984) and to slow the clinical progress of human Parkin-
son’s disease (Parkinson, 1993). Both actions appeared to de-
pend on MAO-B inhibition. Subsequently, DEP and deprenyl-
related propargylamines (DRPs) were demonstrated to reduce
n eu r on a l loss in depen den t ly of MAO-B in h ibit ion in a va -
r iet y of exper im en t a l m odels in clu din g cor t ica l ca t -
ech ola m in er gic n eu r on s exposed t o N-(-2-ch lor oet h yl)-N-

et h yl-2-br om oben zyla m in e, m u r in e or pr im a t e su bst a n t ia
n igra dopaminergic neurons exposed to MPTP, ra t facia l
motoneurons after axotomy, dopaminergic cells t rea ted with
the 1-methyl-4-phenylpyr idin ium ion (MPP�) or nit r ic oxide,
and hippocampal neurons exposed to kaina te (see Tat ton et
a l., 2000 for deta ils and references). The MAO-B-indepen-
den t increases in neurona l surviva l by DRPs were shown to
involve decreased apoptosis in a number of the above models
(e.g., ka ina te-exposed hippocampal neurons, n it r ic oxide, or
MPP�-t rea ted dopaminergic cells). DRP ant iapoptosis a lso
has been found in other models including par t ia lly NGF-
differen t ia ted PC-12 cells a fter serum and NGF withdrawal,
ra t h ippocampal neurons after ischemia /hypoxia , neuroblas-
toma cells t rea ted with rotenone, ra t cerebella r granule neu-
rons exposed to cytosine arabinoside, serum-depr ived human

This research was suppor ted by a gran t from the Lowenstein Foundat ion
and U.S. Army Gran t PSA280. Novar t is Pharmaceut ica ls provided CGP 3466,
and Ret inaPharma Internat ional provided (�)-desmethyldeprenyl.

ABBREVIATIONS: DEP, (�)-deprenyl; ��M, mitochondrial membrane potential; DES, (�)-desmethyldeprenyl; DRP, (�)-deprenyl-related propar-
gylamine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HBSS, Hanks’ balanced salt solution; JNK, c-Jun N-terminal kinase; MAO-B,
monoamine oxidase B; MAP-2, microtubule-associated protein 2; NGF, nerve growth factor; MEM, minimum essential medium; mfMEM,
methionine-free MEM; M/O, MEM only; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; M/S, MEM with serum only; M/S�N, MEM with
serum and NGF; MPP�, 1-methyl-4-phenylpyridinium ion; PBS, phosphate-buffered saline; acetyl-DEVD aldehyde, Ac-Asp-Glu-Val-Asp-CH;
SOD1, anti-CuZn superoxide dismutase; SOD2, Mn superoxide dismutase; zVAD-fmk, N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone; 2D,
two-dimensional; MOPS, 4-morpholinepropanesulfonic acid.
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melanoma cells, ra t ret ina l neurons after hypoxia , ischemia ,
or serum withdrawal, and ra t h ippocampal neurons, cerebel-
la r neurons, or neuroblastoma cells exposed to okada ic acid
(see Tat ton et a l., 2000 for deta ils and references). Notably,
DRPs do not reduce a ll forms of apoptosis as has been shown
in NGF-naive PC-12 cells (Vaglin i et a l., 1996), thymocytes
t rea ted with dexamethasone (Fang et a l., 1995), and cerebel-
la r granule neurons exposed to low-media K� levels (Pa ter -
son et a l., 1998).

The mechanisms of DRP ant iapoptosis are not known.
DRPs bind to glycera ldehyde-3-phospha te dehydrogenase
(GAPDH) (Kragten et a l., 1998; Car lile et a l., 2000) and
preven ts the GAPDH up-regula t ion essen t ia l to some forms
of neurona l apoptosis (see Tat ton et a l., 2000 for a review).
Whether or how DRP binding to GAPDH result s in decreased
apoptosis is not known. DRP ant iapoptosis can require new
protein synthesis (Ta t ton et a l., 1994). In keeping with a
protein syn thesis-dependent mechanism, DEP has been
shown to a lt er the levels, message expression , or act ivity of a
var iety of differen t proteins, each in a different cell type (see
Tat ton et a l., 2000 for references and deta ils). Although some
of the protein a lt era t ions may cont r ibu te to an t iapoptosis,
the extent of DRP-induced ant iapoptot ic protein synthesis is
not known nor whether any protein syn thesis changes are
appropr ia tely t imed to in ter rupt apoptosis signa ling. DRPs
can preven t mitochondr ia l membrane potent ia l (��M) dissi-
pa t ion in some forms of apoptosis in which ��M dissipa t ion
resu lt s from increases in mitochondr ia l membrane perme-
ability (Pa ter son et a l., 1998; Wadia et a l., 1998; Zhang et a l.,
1999). In some forms of apoptosis, increases in mitochondr ia l
membrane permeability a llow the release of mitochondr ia l
factors tha t signa l for apoptot ic degradat ion (J acotot et a l.,
1999). Accordingly, DRPs may alter the syn thesis of proteins
tha t in fluence mitochondr ia l membrane permeability.

We t h er efor e exa m in ed t h e effect s of t h r ee DRP s, DE P
a n d desm et h yldepr en yl (DE S), bot h of wh ich in h ibit
MAO-B, a n d 10-(N -m et h yl-N -pr opa r gyl-a m in o)m et h yl-
diben z[b,f]oxepin e (CGP 3466), wh ich does n ot in h ibit
MAO-B (see Wa ldm eier et a l., 2000 for a r eview of CGP
3466) in t r oph ica lly wit h dr a wn P C-12 cells t h a t wer e pr e-
viou sly exposed t o NGF for va r yin g per iods. We fou n d t h a t
t h e DRP s r edu ced a popt osis in P C-12 cells exposed t o NGF
for 4 da ys or m or e bu t n ot in NGF -n a ive P C-12 cells. Th e
decr ea sed a popt osis r equ ir ed n ew pr ot ein syn t h esis a n d
in volved a lt er a t ion s in t h e expr ession of a n u m ber of pr o-
t ein s. P r ot ein s in t h e m it och on dr ia l a n d n u clea r fr a ct ion s
wer e m ost m a r kedly in volved, in clu din g pr ot ein s kn own t o
sca ven ge oxida t ive r a dica ls a n d t h ose t h a t ca n a lt er m it o-
ch on dr ia l m em br a n e per m ea bilit y. Th e t im e cou r se of t h e
ch a n ges in expr ession wa s a ppr opr ia t e t o a n t ia popt osis.

Materials and Methods

Ce ll Cu lt u r e , Tr e a t m e n t , a n d Cou n t in g . PC-12 cells (Amer i-
can Type Culture Collect ion , Manassas, VA) were propaga ted in
minimum essent ia l medium (MEM) conta in ing 10% horse serum, 5%
feta l bovine serum, 2 mM L-glu tamine, 50 un it s/ml pen icillin , and 50
�g/ml st reptomycin (M/S, MEM with serum), a ll purchased from
Invit rogen (Car lsbad, CA). The cells were grown on 24-well pla tes
(8 � 104 cells/well) for coun t ing of in tact nuclei as an est imate of
surviva l, poly-L-lysine-t rea ted coverslips (1 � 104 cells/coverslip) for
imaging with la ser confoca l scann ing microscopy, or 100-mm dishes
(1 � 106 cells/pla te) for protein chemist ry. The cells were differen t i-

a ted for up to 9 days in M/S supplemented with 100 ng/ml 7S NGF
(Upsta te Biotechnology, Lake Placid, NY). MEM with serum and
NGF is abbrevia ted as M/S�N (see Tat ton et a l., 1994; Wadia et a l.,
1998; and Car lile et a l., 2000 for fu r ther deta ils of culture and
t rea tment). Following incuba t ion for 1 to 9 days in M/S�N, cells
underwent three successive washes in Hanks’ ba lanced sa lt solu t ion
(HBSS; Invit rogen) to remove NGF and serum-borne t roph ic agen ts
and then were replaced in to M/S�N for cont rols or in to MEM only
(M/O) to induce apoptosis by serum and NGF withdrawal. Varying
concen t ra t ions of DEP (Sigma-Aldr ich , St . Lou is, MO), DES (Toron to
Chemica l, Toronto, ON, Canada), CGP 3466 (Novar t is AG, Basel,
Switzer land), act inomycin D, camptothecin , or cycloheximide (a ll
from Sigma-Aldr ich) were added to the M/S�N or M/O cultures a t
varying t imes to oppose apoptosis or to inh ibit new protein synthesis.
The NGF-na ive undifferen t ia ted PC-12 cells were mainta ined in M/S
on pla tes, wells, or coverslips for 6 days pr ior to wash ing to induce
apoptosis by serum withdrawal. Washed cells were replaced in to M/S
or M/O with or without ident ica l addit ives to those above.

Both cell surviva l and the percen tages of cells with evidence of
apoptot ic nuclear degrada t ion were assessed for a ll t rea tments. To
est imate surviva l, the cells were seeded a t a density of 8 � 104

cells/well in 24-well pla tes. Cells were harvested 24 h after t rea tment
and lysed. In tact nuclei were counted using a hemocytometer (see
Tat ton et a l., 1994; Wadia et a l., 1998; and Car lile et a l., 2000 for
deta ils of t rea tment and count ing methods). Percen tages of cells with
apoptot ic nuclei were determined for cells grown on poly-L-lysine-
t rea ted coverslips (density, 1 � 104/cover slip). At varying t imes after
t rea tment , the cells were sta ined with the DNA binding dye YOYO-1
(Molecula r Probes, Eugene, OR) to revea l chromat in condensa t ion as
a marker of apoptot ic nuclear degrada t ion (Ta t ton et a l., 1994; Wa-
dia et a l., 1998; Car lile et a l., 2000). Cells on coverslips were washed
three t imes in PBS followed by 100% methanol incuba t ion a t �20°C
for 30 s. The methanol was then replaced with YOYO-1 (1.5 �M in
PBS) for th ir ty min a t room tempera ture. After three PBS washes,
the cells on coverslips were mounted in Aquamount Gurr (EM In-
dust r ies, Cincinna t i, OH) for laser confoca l scanning microscopy
imaging. The tota l number of YOYO-1-sta ined nuclei with chromat in
condensa t ion was counted on twenty-five 40� fields for each cover -
slip. Each field was chosen by pa irs of randomly genera ted x-y
coordina tes. The propor t ion of nuclei with chromat in condensa t ion
was expressed as a percen tage of the tota l number of cells in each
field. The va lues were pooled for three coverslips for each t rea tment
and t ime poin t .

Ca sp a se In h ib it ion of Ce lls . Two caspase inhibitors, N-ben-
zyloxycarbonyl-Val-Ala-Asp-fluomethylketone (zVAD-fmk; Sigma/
RBI, Nat ick, MA) and Ac-Asp-Glu-Val-Asp-CH (acetyl-DEVD alde-
hyde; Sigma/RBI) were used with PC-12 cells tha t were suppor ted
with serum and NGF and those tha t were serum- and NGF-with-
drawn. Both inh ibitors were applied in MEM with the addit ion of
0.25% dimethyl su lfoxide. zVAD-fmk has Ki’s tha t show it to be a
genera l caspase inh ibitor whereas acetyl-DEVD aldehyde has a Ki

for caspase-3 tha t indica tes a st rong predilect ion for tha t caspase
(Garcia -Calvo et a l., 1998).

DNA E le c t r op h or e s is . Cells grown in medium-sized flasks and
t roph ica lly withdrawn as above were examined for in ternucleosomal
DNA digest ion character ist ic of apoptosis. At 6 to 18 h after wash ing,
2 � 106 cells were r insed with isoton ic PBS, and DNA was ext racted
and prepared according to the methods of Bat ista tou and Greene
(1993). The samples were incuba ted with 50 mg/ml DNase free
Rnase (Roche Applied Science, Indianapolis, IN) a t 37°C for 30 min .
The recovered soluble DNA was elect rophoresed on a 1.2% agarose
gel and blot ted onto Gene Screen Plus membrane (PerkinElmer Life
Sciences, Boston , MA). Blot s were probed with tota l genomic DNA
digested with Sau 3A (Roche Applied Science). 33P-labeled probe was
prepared by the random pr iming react ion , and hybr idiza t ion and
washings were per formed according to the manufacturer ’s protocol.

Me t a b o lic La b e lin g of Ce lls for Tw o-Dim e n sion a l Ge l E le c-
t r op h or e s is o f Tot a l Ce ll P r o t e in . After a meth ion ine-free MEM
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(mfMEM; Sigma-Aldr ich) wash , the PC-12 cells were pu lse-labeled
for 1.5 h with tra ns-[35S]meth ion ine (75 �Ci/ml; Amersham Bio-
sciences, P isca taway, NJ ) in the mfMEM at 37°C to label newly
synthesized proteins and to est imate overa ll de novo protein synthe-
sis. Cells undergoing t rea tment with DRPs were incuba ted in
mfMEM with 10�9 M concen tra t ions of each DRP. mfMEM was
removed from the dishes and replaced with M/S�N, M/O, or MEM
with one of the DRPs for up to 4.5 h . At 6 h after the in it ia l washing,
a ll media were removed, and the labeled PC-12 cells were lysed (lysis
buffer : 9.5 M urea , 2% 3-[(3-cholamidopropyl)dimethylammonio]-
propanesulfonate, 1.6% Servalyt , pH 5 to 7, 0.4% Servalyt, pH 2 to 11,
and 5% �-mercaptoethanol; all from Sigma-Aldrich) direct ly on tissue
culture dishes, scraped, and mechanically homogenized. To remove
unincorporated radiolabel, the lysates were precipitated in 1 ml of 7%
trichloroacetic acid with deoxycholate (Sigma-Aldrich) (100 �g/ml) and
centrifuged for 30 min at 15,000g. The result ing pellets were resus-
pended in 1 ml of 5% trichloroacetic acid, recentr ifuged, and the super-
natants discarded. The pellets were finally solubilized in 50 ml of the
lysis buffer .

Th e lysa t e pr ot ein s wer e in it ia lly sepa r a t ed by isoelect r ic focu s-
in g on 0.20 � 15 cm cylin dr ica l gels [4% a cr yla m ide, 9.5 M u r ea ,
2% 3-[(3-ch ola m idopr opyl)d im et h yla m m on io]pr opa n esu lfon a t e,
3.2% ca r r ier a m ph olyt es 5–7, a n d 0.75% ca r r ier a m ph olyt es 3–10].
Th e pr ot ein s wer e t h en fu r t h er sepa r a t ed a ccor din g t o m olecu la r
m a ss (secon d dim en sion ) in t h e pr esen ce of 0.1% SDS on lin ea r 5
t o 15% gr a dien t s of a cr yla m ide u sin g a discon t in u ou s bu ffer sys-
t em . Gels wer e fixed in 10% a cet ic a cid a n d 30% m et h a n ol a n d
gen t ly soa ked wit h E N 3H ANCE solu t ion (Am er sh a m Bioscien ces)
for 1 h followed by in cu ba t ion in 10% v/v glycer ol in P BS for
a n ot h er h ou r a n d t h en va cu u m -dr ied on t o 3-MM Wh a t m a n filt er
pa per (Wh a t m a n , Clift on , NJ ). E xposu r e of t h e gel t o pr efla sh ed
H yper film MP (Am er sh a m Bioscien ces) r equ ir ed 7 da ys for opt i-
m a l r esolu t ion .

Sc in t i lla t ion Cou n t in g a n d Tw o-Dim e n s ion a l Ge l E le c t r o -
p h or e s is of Su b ce llu la r P r o t e in F r a c t ion s . PC-12 cells were
grown and t rea ted as descr ibed above, a fter wash ing in HBSS, and
cells were metabolica lly labeled as above with tra ns-[35S]meth ionine
label in mfMEM for 1.5 h in M/S�N, M/O, or MEM with DRPs as
above. At 6 h after the HBSS washing step, cells were harvested and
homogenized in MOPS/sucrose/EDTA buffer (pH 7.2) with the addi-
t ion of phenylmethylsu lfonyl fluor ide, dith ioth reitol, and leupept in
(Sigma-Aldr ich) to inhibit protease act ivity pr ior to homogen iza t ion .
The suspension of PC-12 cells in PBS was then cent r ifuged four
t imes a t 200g for 10 min a t 4°C, the fina l wash being in nuclear
buffer conta in ing 10 mM 1,4-piperazinediethanesulfon ic acid, pH
7.4, 10 mM KCl, 2 mM MgCl2, 1 mM dith iothreitol, 10 �M cytocha-
lasin B, and 1 mM phenylmethylsu lfonyl fluor ide (a ll from Sigma-
Aldr ich). The cells were a llowed to swell for 20 min and homogen ized
by 30 st rokes of a Dounce glass homogen izer . The result ing pellet
was layered over 30% sucrose and cen t r ifuged a t 800g for 10 min to
isola te the nuclear fract ion . The fina l nuclear pellet was suspended
in a small volume of nuclear buffer con ta in ing 250 mM sucrose and
frozen unt il fu r ther ana lysis was per formed. The superna tan ts above
the nuclear pellet were differen t ia lly cen tr ifuged to isola te the mito-
chondr ia l fract ion by a 4°C cent r ifuga t ion a t 14,000g for 10 min . The
result ing mitochondr ia l pellet was resuspended in mitochondr ia l
conta in ing 250 mM mannitol with 0.1% (w/v) bovine serum albumin ,
pH 7.2, 0.5 mM EGTA, and 5 mM HEPES supplemented with 1
�g/ml leupept in , 1 �g/ml pepsta t in A, 50 �g/ml ant ipa in , and 10
�g/ml chymosta t in (a ll from Sigma-Aldr ich) and recent r ifuged. The
pellet was then suspended in a small volume of mitochondr ia l buffer
and stored unt il fu r ther processing. The superna tan t resu lt ing from
the mitochondr ia l isola t ion con ta in ing enr iched peroxisomes and
soluble cytoplasmic proteins was then cent r ifuged a t 100,000g for 1 h
to pellet peroxisomal and cytoplasmic proteins. F ina lly, the above
mitochondr ia l samples were then applied to met r izamide gradien ts
(Sigma-Aldr ich) to fu r ther separa te the mitochondr ia l proteins from
those of the plasma membrane and the Golgi. Protein concen tra t ions

were determined for individua l subcellu la r fract ions using a BCA
protein assay kit (P ierce Chemica l, Rockford, IL), and iden t ica l
amounts of subcellu la r proteins were ana lyzed by scin t illa t ion coun t-
ing or by prepara t ive gels. To demonst ra te the enr ichment of the
subfract ions, equa l amounts of proteins from each fract ion were
Western blot ted and probed with ant ibodies for nucleolin , 14-3-3-�,
and cytochrome oxidase (see Car lile et a l., 2000 for deta ils and
examples of our use of these methods).

Simila r ly prepared samples of the protein fract ions were then
used for scin t illa t ion count ing of rela t ive tra ns-[35S]meth ion ine label
incorpora t ion . For scin t illa t ion counts, each sample was applied to
one glass fiber filt er (Ahlst rom Filt ra t ion , Mt . Holly Spr ings, PA) and
a llowed to adsorb. Each filt er was then washed with 0.05 M Tris
buffer (pH 7.2). F ilt ers were ana lyzed using a Beckman scin t illa t ion
coun ter (Beckman Coulter , Inc., Fuller ton , CA) using the windows
open opt ion . Counts of the individua l fract ions were compared with
those for tota l protein .

For the ana lysis of individua l protein subcellu la r fract ions, 20 �g
of each fract ion were loaded onto isoelect r ic focusing gels (pI, 3–10
range) and then taken through linear gradien t gels in the second
dimension (5–15% denatur ing gradien t gels). The different subcellu-
la r fract ions from the differen t t rea tment groups were t ransfer red to
polyvinylidene difluor ide sequencing membranes overn igh t by semi-
dry t ransfer and then exposed to preflashed film for a per iod of 7 to
9 days. Individua l new proteins from the different subcellu la r fr ac-
t ions and differen t t r ea tment groups were then imaged and exam-
ined using MetaMorph software (Universa l Imaging Corp., Down-
ingtown, PA).

We s t e r n Blo t s for P r o t e in Le ve ls . Altera t ions in the expression
of specific proteins were examined using Western blot s of protein
lysa tes tha t were ext racted a t var ious t imes 3, 6, 9, 12, 18, and 24 h
after washing in HBSS and incuba t ion in either M/S�N, M/O, or
MEM with DRP added. PC-12 cell proteins were ext racted as tota l
soluble lysa tes or lysa tes for the nuclear , mitochondr ia l, and cytoso-
lic fract ions (deta iled methods and confirma t ion of fract iona t ion
pur ity are presented in Car lile et a l., 2000). Br iefly, the cells were
t rea ted as above, scraped from Pet r i dishes in cold PBS, and har -
vested by cent r ifuga t ion a t 300g for 5 min a t 4°C. The pellet s were
washed twice in cold PBS and resuspended in buffer conta in ing 25
mM Hepes-KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM sodium
EDTA, 1 mM sodium EGTA, 1 mM dith iothreitol, and 5 �g/ml
leupept in , 5 �g/ml chymosta t in , 5 �g/ml pepsta t in A, 5 �g/ml apro-
t in in , plus 1 mM benzamidine and 250 mM sucrose (a ll from Sigma-
Aldr ich). The cells were homogen ized by 12 to 15 st rokes of a gla ss
Dounce homogen izer and cen tr ifuged a t 800g for 10 min a t 4°C to
pellet the nuclea r fract ion . The superna tan t s were aga in cent r ifuged
a t 10,000g for 15 min a t 4°C. These pellet s conta ined the mitochon-
dr ia lly enr iched fract ion , and the superna tan t included the cytoplas-
mic fract ion . Both nuclear ly and mitochondr ia lly enr iched fract ions
were resuspended in 50 �l of the above buffer and frozen a t �30°C.
Pr ior to use, the samples were protein assayed by the BCA protein
assay method. The protein fract ion lysa tes (30 – 40 �g) were elect ro-
phoresed on either 10 or 12% SDS-polyacrylamide gels and then
t ransfer red to n it rocellu lose blot t ing membranes (Bio-Rad, Hercules
CA). Membranes were agita ted a t room tempera ture for 2 h with
pr imary ant ibodies [dilu t ions being 1:500 for an t i-BCL-2 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), 1:2000 for ant i-BAX (BD
Biosciences, San J ose, CA), 1:800 for ant i-c-FOS (Geneka Biotech-
nology Inc., Montrea l, QC, Canada ), 1 �g/ml ant i-c-J UN (St ressgen
Biotechnologies Corp., Collegeville, PA), 1:5,000 an t i-CuZn superox-
ide dismutase (SOD1)/Mn superoxide dismutase (SOD2) (BioDesign
In terna t iona l, Abingdon, UK), 1 �g/ml tubulin (Molecula r Probes),
1:2000 neurofilament ligh t protein (Sternberger Monoclona ls Inc.,
Lutherville, PA), 1:1000 an t i-GAPDH (Chemicon In terna t iona l, Te-
mecu la , CA), 1:1000 an t i-MAP-2 (Sigma-Aldr ich), 1:1200 ant i-ty-
rosine hydroxylase (Zymed Labora tor ies, South San Francisco, CA),
and 1:100 �g/ml ant i-glu ta th ione peroxidase (MBL Interna t iona l,
Water town, MA)] in 3% blocking solu t ion (Amersham Biosciences).
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Following washing in Tr is-buffered sa line (pH 7.4), membranes were
incuba ted for 1 to 2 h in the appropr ia te a lka line phospha tase- or
horseradish peroxidase-labeled secondary an t ibody (Amersham Bio-
sciences). React ions were visua lized using either 3,3-diaminobenzi-
dine/0.2% H 2O2 or nit rotet razolium blue/5-bromo-4-chloro-3-indolyl-
phospha te (a ll from Sigma-Aldr ich) as subst ra tes. All detected bands
were then digit ized using a charge-coupled device camera and im-
aged and ana lyzed using MetaMorph software.

S t a t is t ica l E va lu a t ion . To sta t ist ica lly eva lua te the da ta , the
individua l measurements of da ta from differen t t r ea tment groups
were fir st ana lyzed using Sta t ist ica software (Sta tSoft , Tulsa , OK) to
car ry out two-ta iled independent sample t test ing. Levene’s test ing
for homogeneity of var iances showed tha t most pa ir s of samples were
not homogeneous and �2 eva lua t ion of the dist r ibu t ions showed tha t
most did not fit a normal dist r ibut ion (see Siegel, 1956). Accordingly,
ana lysis with paramet r ic methods such as the t test may not provide
va lid resu lt s. The da ta were rank ordered and fir st tested with the
Kruska l-Wallis ana lysis of var iance by ranks (Siegel, 1956) using
Sta t ist ica . Post hoc ana lysis was car r ied out using Mann-Whitney U
test ing. Both methods do not requ ire homogeneity of va r iances, tha t
the under lying dist r ibut ions for the da ta be known, or tha t the
va lues are linear ly rela ted (Siegel, 1956). Kruska l-Wallis ana lysis of
var iance va lues are presen ted in the text , and Mann-Whitney U
values are on ly presen ted where they differ from the Kruska l-Wallis.
Aster isks in figures indica te p � 0.05.

Results

De p e n d e n ce of P C-12 Su r v iva l a ft e r P r ot e in Syn t h e -
s is In h ib i t ion on Du r a t ion of P r e v iou s NGF E xp osu r e .
Previous studies have shown differ ing effects of protein syn-
thesis inhibitors on PC-12 cell surviva l. Those studies
seemed to suggest tha t the dura t ion of previous NGF expo-
sure could determine how the inh ibitors a ffect PC-12 cell
surviva l. Protein synthesis inhibitors have decreased sur -
viva l of serum-suppor ted, NGF-na ive PC-12 cells (i.e., cells
main ta ined in medium with serum) (Torocsik and Szebere-
nyi, 2000) whereas they did not a lter the decreased surviva l
induced by serum withdrawal in the NGF-naive cells (Ruken-
stein et a l., 1991). In marked cont rast , protein synthesis
inh ibitors prevented much of the decreased surviva l caused
by serum and NGF withdrawal in PC-12 cells tha t had been
previously exposed to NGF for 12 days (Mesner et a l., 1995).
Alterna t ively, protein syn thesis inh ibitors did not a lter the
reduced surviva l caused by serum and NGF withdrawal in
PC-12 cells previously exposed to serum and NGF for 6 days
(Tat ton et a l., 1994).

We examined cell surviva l after serum withdrawal in
NGF-naive PC-12 cells and after serum and NGF withdrawal
in PC-12 cells previously main ta ined in serum and NGF for
3, 6, or 9 days (Fig. 1). In a ll figures, M/S or M/S�N indica tes
serum or serum and NGF-suppor ted cells, respect ively,
whereas M/O indica tes serum- or serum- and NGF-with-
drawn cells. In the differen t exper imenta l groups, mean cell
losses a t 24 h after the withdrawal ranged from 56.3 to
60.5%, with the losses being grea ter for the serum-with-
drawn than the serum- and NGF-withdrawn cells. We used a
range of concent ra t ions of act inomycin D (0.06 –30 �g/ml),
camptothecin (0.02–200 �g/ml), and cycloheximide (0.01–100
�g/ml) to determine the effect s of protein synthesis inh ibit ion
on cell surviva l. F igure 1, A1 through A3, shows tha t act ino-
mycin D concent ra t ions of 1 �g/ml or grea ter , camptothecin
concen t ra t ions of 2 �g/ml or grea ter , or cycloheximide con-
cent ra t ions of 1 �g/ml or grea ter decreased NGF-na ive PC-12

cell surviva l whether the cells were serum-suppor ted or se-
rum-withdrawn. The decreases in surviva l a re simila r to
those repor ted for NGF-naive PC-12 cells t rea ted with the
protein syn thesis inhibitor anisomycin (Torocsik and Sze-
berenyi, 2000).

In cont rast , PC-12 cells exposed to serum and NGF for 9
days showed increased surviva l after serum and NGF with-
drawal when t rea ted with act inomycin D concent ra t ions of 1
to 3 �g/ml, camptothecin concen t ra t ions of 20 �g/ml, or cy-
cloheximide concent ra t ions of 8 to 10 �g/ml (Fig. 1, D1–D3).
Those concen t ra t ions did not a lt er the surviva l of 9-day NGF-
differen t ia ted PC-12 cells tha t were serum- and NGF-sup-
por ted, whereas h igher concen t ra t ions of the inh ibitors (i.e.,
30 �g/ml act inomycin D, 200 �g/ml camptothecin , and 100
�g/ml cycloheximide) reduced the surviva l of the serum- and
NGF-suppor ted, 9-day NGF-different ia ted cells. PC-12 cells
exposed to serum and NGF for 3 (Fig. 1, B1–B3) or 6 days
(Fig. 1, C1 and C2) did not show any inhibitor -induced alt er -
a t ions in the reduced surviva l caused by serum and NGF
withdrawal except for decreases induced by the h igh inh ibi-
tor concent ra t ions tha t decreased surviva l in the 9-day NGF-
differen t ia ted cells.

F ig . 1. Effect of protein synthesis inh ibitors on PC-12 surviva l depends
on previous NGF exposure. Varying concent ra t ions of act inomycin D (A1,
B1, C1, and D1), camptothecin (A2, B2, C2, and D2), and cycloheximide
(A3, B3, C3, and D3) were applied to NGF-naive PC-12 cells (A1-A3) or
PC-12 cells previously exposed to NGF for 3 (B1-B3), 6 (C1-C3), or 9 days
(D1-D3) to determine whether the dura t ion of previous NGF exposure
a lt ered the effect of protein syn thesis inhibit ion on cell surviva l. Cells
were either t rophica lly suppor ted by serum or serum and NGF (open
circles) or t rophica lly withdrawn (filled circles). Va lues are means �
S.E.M. in a ll figures. Means are for 8 to 16 measurements in th is and
other plots of surviva l. Distance between dot ted lines show the extent of
cont rol S.E.M. va lues for t rophica lly suppor ted (labeled M/S or M/S�N)
or t rophica lly withdrawn (M/O) surviva l withou t protein inhibitor t rea t -
ment . �, va lues sign ificant ly differ from cont rols (p � 0.05 rela t ive to M/S,
M/S � N, or M/O); E , washed and returned to M/S; F , washed and placed
in M/O, serum- or serum- and NGF-withdrawn.
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Our studies were a imed a t examin ing the dependence of
DRP ant iapoptosis on new protein syn thesis in PC-12 cells
tha t were maximally NGF-differen t ia ted. Based on the data
in Fig. 1, we chose to examine PC-12 cells tha t had been
exposed to serum and NGF for 6 days. Although the use of
PC-12 cells a ft er 9 days of serum and NGF exposure would
provide a grea ter degree of NGF differen t ia t ion , any changes
in surviva l induced by protein synthesis inhibitors aft er DRP
trea tment would have to be subt racted or added to the in-
creases in surviva l tha t the inhibitors induced after serum
and NGF withdrawal.

DR P s In d u ce Con ce n t r a t ion -De p e n d e n t Su r v iva l In -
cr e a se s in P C-12 Ce lls E xp ose d t o NGF for 6 Da ys Bu t
Not Th ose E xp ose d t o NGF for Le ss Th a n 4 Da ys . About
4 days of NGF exposure were required before DRPs increased
the surviva l of serum- and NGF-withdrawn cells. F ir st , we
found tha t DRPs increased the surviva l of 6-day NGF-differ -
en t ia ted PC-12 cells a fter serum and NGF withdrawal but
did not increase the surviva l of serum-withdrawn, NGF-
naive cells (F ig. 2, A1–A3). DEP (Fig. 2A1) and DES (Fig.
2A2) induced significant increases in surviva l (p � 0.05 for
MEM with DRP addit ion compared with M/O) over a concen-
t ra t ion range of 10�5 to 10�11 M, with the grea test increase
a t 10�9 M. CGP 3466 induced a simila r surviva l-concent ra -
t ion rela t ionship (Fig. 3A3) but a lso sign ifican t ly increased
surviva l a t 10�13 M (p � 0.05 for MEM with CGP 3466
addit ion compared with M/O). As shown in the same plots,
the DRPs did not a lter the surviva l of NGF-na ive PC-12 cells
tha t were main ta ined in MEM with serum for 6 days pr ior to
undergoing serum withdrawal. DRPs induced similar in -
creases in surviva l in the 9-day NGF-differen t ia ted cells to
those found for the 6-day NGF-different ia ted cells (da ta not
shown).

Second, we examined the rela t ionsh ip between the dura-
t ion of NGF exposure to the capacity of the DRPs to increase
surviva l a fter serum and NGF withdrawal. The 10�9 M con-

cent ra t ion of each DRP was tested on PC-12 cells previously
exposed to NGF for per iods varying between 1 and 9 days
(Fig. 2, B1–B3). Sign ifican t increases in surviva l rela t ive to
tha t for cells mainta ined in medium with serum without
NGF (p � 0.05) for the same per iods become evident a t the
four th to fifth day of exposure to NGF and cont inued to day
9. Accordingly, the capacity of the DRPs to increase surviva l
a ft er NGF and serum withdrawal requ ires a t least 4 days of
previous exposure to NGF. The plot s in Fig. 2, B1 through
B3, are normalized to the mean surviva l for cells tha t under -
went serum or serum and NGF withdrawal and therefore
represent the percen tage of increase in surviva l induced by
the DRPs, whereas those in Fig. 2, A1 through A3, presen t
the percen tage of surviva l rela t ive to tha t for serum- or
serum- and NGF-suppor ted cells. We altered the ordina te
sca le in Fig. 2, B1 through B3, to percen tage of increase in
surviva l, since serum-withdrawn cells showed a lower level of
surviva l than serum- and NGF-withdrawn cells as shown in
Fig. 1 and Fig. 2, A1 through A3. By normalizing the surviva l
to mean values a fter serum or serum and NGF withdrawal,
we were able to determine the t iming of DRP-induced in-
creases in surviva l.

De cr e a se d Su r v iva l a ft e r Se r u m a n d NGF Wit h -
d r a w a l in t h e 6-Da y NGF -Diffe r e n t ia t e d P C-12 Ce lls
In volve s Ap op t os is . We previously showed tha t par t ia lly
NGF-different ia ted PC-12 cells undergo apoptot ic degrada-
t ion after serum and NGF withdrawal using 1) DNA gel
elect rophoresis to demonst ra te nuclea r DNA cleavage, 2) in
situ DNA end labeling with Apop Tag (Sigma-Aldr ich) or
Bodipy dUTP (Serologica ls Corp., Norcross, GA) for nuclear
DNA cleavage, 3) DNA sta in ing with Hoechst 33258 (Molec-
u la r Probes, Eugene, OR) or YOYO-1 for nuclear chromat in
condensa t ion , and 4) immunocytochemist ry for ant ibodies
against nuclear h istones to demonst ra te nuclea r protein re-
organiza t ion (Tat ton et a l., 1994; Wadia et a l., 1998; Car lile
et a l., 2000).

The apoptot ic nuclear degrada t ion after serum and NGF
withdrawal is accompanied by shr inkage of NGF-induced
neuron-like processes. The laser scanning confoca l, in ter fer -
ence cont rast micrographs in Fig. 3, A1 and B1, serve to
compare the process development in PC-12 cells exposed to
serum for 6 days plus 12 h versus those exposed to serum and
NGF for the same per iod. The NGF-na ive PC-12 cells were
typica lly smaller and did not show the neuron-like process
development found for the 6-day NGF-differen t ia ted cells.
Serum and NGF withdrawal induced par t ia l process ret rac-
t ion and blun t ing of processes in the 6-day NGF-differen t i-
a ted cells as illust ra ted in Fig. 3D1 for cells a t 12 h after
serum and NGF withdrawal. The in ter ference cont rast mi-
crographs for the serum- and NGF-withdrawn cell a lso
showed membrane blebbing typica l of apoptosis.

F igure 3, A2 and B2 show typica l YOYO-1 nucleic acid
sta in ing in nuclei of serum or serum- and NGF-suppor ted
cells, respect ively, a t 6 days plus 12 h . Figure 3, C2 and D2
show typica l nuclei undergoing chromat in condensa t ion a t
12 h after serum or serum and NGF withdrawal, respec-
t ively. Typica lly, nuclei undergoing chromat in condensa t ion
were high ly condensed with smooth edges tha t are found as
a single in tensely fluorescen t body or as mult iple in tensely
fluorescent bodies surrounded by condensed cytoplasm. Ap-
optot ic nuclear shr inkage was evident on both the in ter fer -
ence cont rast and YOYO-1 fluorescence images. A rela t ively

F ig . 2. Concent ra t ion rela t ions for DRP increases in surviva l and dura -
t ion of NGF exposure necessary for DRP-induced increases in surviva l
a ft er serum and NGF withdrawal. A1, A2, and A3 show that DEP, DES,
and CGP 3466 concent ra t ions of 10�5 to 10�11 M increase the surviva l of
6-day NGF-differen t ia ted PC-12 cells after serum and NGF withdrawal
but similar concent ra t ions do not increase the surviva l of NGF-naive cells
a ft er serum withdrawal. B1, B2, and B3 show that approximately 4 days
of pr ior NGF exposure is necessary for the th ree propargylamines to
increase the surviva l of PC-12 cells a fter serum and NGF withdrawal. �,
sign ifican t increases (p � 0.05) in surviva l rela t ive to those for M/O.
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high propor t ion of NGF-naive cells was undergoing division
as evidenced by YOYO-1 sta in ing of mitot ic spindles. A
YOYO-1-sta ined na ive PC-12 cell undergoing mitosis is
shown in Fig. 3A2 for compar ison with those undergoing
nuclea r chromat in condensa t ion .

“Ladder” pat t erns could be discerned on DNA gel elect ro-
phoresis for the 6-day NGF-differen t ia ted PC-12 cells aft er
serum and NGF withdrawal. The ladders were best defined
at 6 to 18 h after serum and NGF withdrawal as illust ra ted
in Fig. 3E. F ina lly, t rea tment with either a caspase-3 inhib-
itor (acetyl-DEVD aldehyde) or a genera l caspase inhibitor
(zVAD-fmk) induced concent ra t ion-dependent reduct ions in
the decreased surviva l caused by serum and NGF with-
drawal in the 6-day NGF-different ia ted PC-12 cells (F ig. 3F).
ZVAD increased the surviva l to a maximum of 82% whereas
acetyl-DEVD aldehyde increased surviva l to a maximum of
61%. The caspase inh ibitors did not a lter surviva l of the
6-day NGF-differen t ia ted cells when they were serum- and
NGF-suppor ted. These findings indica te tha t the apoptosis
signa ling induced by the serum and NGF withdrawal in the
6-day NGF- differen t ia ted PC-12 cells was caspase-depen-

den t , apparen t ly to the grea test exten t for caspases other
than caspase-3.

The percen tage of YOYO-1-sta ined nuclei showing chroma-
t in condensa t ion in the 6-day NGF-different ia ted PC-12 cells
fir st increased above baseline a t 6 h after serum and NGF
withdrawal, reaching a maximum of 12 to 13% approxi-
mately 12 h after the withdrawal of serum and NGF (Fig. 4,
A1–A3). Trea tment with 10�9 M DEP (Fig. 4A1), DES (Fig.
4A2), or CGP 3466 (Fig. 4A3) decreased the percen tages of
nuclei with chromat in condensa t ion to less than 4% at a ll
t ime poin ts. Since nuclei with chromat in condensa t ion exist
for a limited per iod of t ime dur ing apoptot ic degradat ion , the
numbers of condensed YOYO-1-sta ined nuclei a t a given t ime
poin t reflects on ly those cells in the degrada t ive phase a t the
t ime of fixa t ion and do not provide an est ima te of the overa ll
cell loss resu lt ing from apoptosis.

We therefore a lso per formed counts of in tact nuclei taken
from PC-12 cells tha t were grown in wells and exposed to
iden t ica l condit ions as those sta ined with YOYO-1 on cover -
glasses. The counts provide a cumula t ive est ima te of cell loss
pr ior to a given t ime poin t and were expressed as the per -

F ig . 3. Apoptot ic markers in NGF-na ive and 6-day NGF-different ia ted PC-12 cells. A1 through D2, each hor izonta l pa ir of laser confocal scanning
micrographs is for an ident ica l image field. The left -hand member present s an in ter ference con trast image and the r ight -hand image present s YOYO-1
fluorescence. A1, A2, B1, and B2 are for NGF-na ive PC-12 cells mainta ined in M/S for 6 days and 6-day NGF-different ia ted PC-12 cells, respect ively,
tha t were washed repeatedly and replaced in to M/S or M/S�N to mainta in t rophic suppor t . C1, C2, D1, and D2 are for NGF-naive PC-12 cells
mainta ined in M/S for 6 days and 6-day NGF-differen t ia ted PC-12 cells, r espect ively, tha t were t roph ica lly withdrawn by repea ted wash ing and
placement in to M/O. The in ter ference cont rast images for 6-day NGF-different ia ted PC-12 cells show apoptot ic membrane blebbing and process
withdrawal (compare B1 and D1). The filled a rrows indica te nuclei with chromat in condensa t ion whereas the open ar row indica tes a nucleus
undergoing mitosis for compar ison . E, DNA elect rophoresis gels showing ladder ing typica l of in ternucleosomal DNA digest ion a t 6 to 18 h after serum
and NGF withdrawal in 6-day NGF-different ia ted PC-12 cells. F , acetyl-DEVD aldehyde, a caspase inhibitor with a predilect ion for caspase-3, and
zVAD-fmk, a genera l caspase inhibitor , induce abou t 45 and 65% reduct ions, respect ively, in the decreased surviva l induced by serum and NGF
withdrawal in 6-day NGF-differen t ia ted PC-12 cells. �, significant increases in surviva l (p � 0.05) compared with cells not t rea ted with a caspase
inhibitor (0 �M concent ra t ion).
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centage of surviving cells compared with tha t found for the
0-h t ime point . Surviva l was reduced to about 40% of the
number of serum- and NGF-suppor ted cells by 24 h after the
withdrawal of serum and NGF (Fig. 4, B1 and B2). The
reduct ions in surviva l appeared to occur in two phases: a fir st
phase involving losses of 16 to 18% of the cells occur r ing over
the fir st 4.5 to 6 h after serum and NGF withdrawal, and a
second phase involving the fur ther loss of about 45% of the
cells between 6 h and 24 h after serum and NGF withdrawal.
The approximate 9% decrease in surviva l tha t was eviden t a t
3 h was not accompanied by an increase in the percen tage of
nuclei with chromat in condensa t ion a t the same t ime poin t
(compare Fig. 4, A1–A3 with Fig. 4, B1 and B2). The absence
of an increase in cells with evidence of nuclear chromat in
condensa t ion at t imes of less than 6 h suggest tha t the cell
loss dur ing the first phase was not apoptot ic. Accordingly, the
da ta in Fig. 3E and Fig. 4, B1 and B2 suggest tha t the genera l
caspase inhibitor rescued most , if not a ll, of the apoptot ic
cells.

The DRPs increased cell surviva l and slowed the ra te of
cell loss over phase 2 but not dur ing phase 1 (Fig. 4, B1 and
B2). The findings suggest tha t the mechanisms under lying
cell loss dur ing the fir st 6 h after serum and NGF withdrawal
were not a ltered by the DRPs whereas those opera t ing after
6 h were responsive to DRP t rea tment . Da ta like tha t in Fig.
4B indica te tha t the DRPs decrease apoptosis in phase 2 by
79 to 94%.

We progressively delayed the addit ion of the DRPs rela t ive

to the t ime of serum and NGF withdrawal in the 6-day
NGF-different ia ted cells (F ig. 4, C1 and C2). DRP addit ion
could be delayed for 2 to 3 h before the capacity of the DRPs
to increase surviva l was dimin ished (p � 0.05 compared with
surviva l for adding DRPs at t ime 0). After delays of 4 or 5 h
or more, the DRPs did not provide any increase in surviva l (p
� .05 compared with surviva l for M/O). Accordingly, the max-
imum effect of DRPs on apoptosis caused by serum and NGF
withdrawal occurs dur ing the fir st 2 h after their addit ion
followed by a gradual decrease in the ant iapoptosis over
hours 2 to 5. F igure 4, A1–A3 and our previous work (Wadia
et a l., 1998) indica te tha t nuclea r apoptot ic degradat ion be-
gins a t about 6 h after serum and NGF withdrawal and is
maximal a t 12 h. Hence, the delay exper iments suggest tha t
the DRPs act rela t ively ea r ly in the apoptosis signa ling pro-
cess.

De p e n d e n ce of DR P An t ia p op t os is on Ne w P r ot e in
Syn t h e s is . Metabolic labeling using [35S]methion ine incor-
pora t ion was determined for the three protein syn thesis in -
h ibitors a t maximum concent ra t ions (see Fig. 1, C1–C3) tha t
did not reduce surviva l (3 �g/ml act inomycin D, 10 �g/ml
cycloheximide, and 20 �g/ml camptothecin). Scin t illa t ion
count ing showed that new protein synthesis was decreased
by 92% or more for each of those concen t ra t ions (bar graphs
in Fig. 5, A1–A3) when the maximum concent ra t ions of the
protein syn thesis inh ibitors tha t did not decrease surviva l
were applied. Those concen t ra t ions of the protein syn thesis
inh ibitors were applied to the 6-day NGF-different ia ted
PC-12 cells following serum and NGF withdrawal. Simila r to

F ig . 4. DRP altera t ions in the t ime courses of appearance of nuclear
chromat in condensa t ion and decreased surviva l in it ia ted in NGF-differ -
ent ia ted PC-12 cells by serum and NGF withdrawal. A1, A2, and A3 show
the t ime course of the appearance of nuclei with chromat in condensa t ion
shown by YOYO-1 sta in ing in 6-day NGF-different ia ted PC-12 cells and
the t ime course of reduct ions in nuclei with chromat in condensa t ion
induced by 10�9 M DEP, DES, or CGP 3466, respect ively. B1 and B2 show
the t ime course of decreased 6-day NGF-different ia ted PC-12 cell surviva l
in it ia ted by serum and NGF withdrawal and the t ime course of the
increased surviva l induced by 10�9 M DEP, DES, or CGP 3466 after
serum and NGF withdrawal. C1 and C2 show that delays in the admin-
ist ra t ion of 10�9 M DEP or DES administ ra t ion , respect ively, of less than
2 h did not a lt er the increase in surviva l induced by the DRPs whereas
delays in admin ist ra t ion of 3 to 5 h progressively reduced the capacity of
the DRPs to increase surviva l of the 6-day NGF-different ia ted PC-12
cells. �, significant increases in surviva l (p � 0.05) compared with M/O;
� , M/S � N; � , M/O; ƒ , DEP 10�9 M; E , DES 10�9 M; ‚ , CGP 3466
10�9 M.

F ig . 5. Transcr ipt ional or t ransla t iona l inhibit ion prevents DRP ant i-
apoptosis in NGF-different ia ted PC-12 cells a fter serum and NGF with -
drawal. A1, A2, and A3 show tha t 3 �g/ml of act inomycin D, 20 �g/ml of
camptothecin , or 8 �g/ml of cycloheximide, respect ively, which do not
reduce the surviva l of 6-day NGF-different ia ted PC-12 cells, reduce new
protein syn thesis by 94% or more (black bars, serum- � NGF-suppor ted,
gray bars, serum- � NGF-withdrawn). Employment of the three protein
syn thesis inhibitor a t those concen tra t ions did not a lt er the surviva l of
serum- and NGF-suppor ted or serum- and NGF-withdrawn cells (B1) bu t
prevented the th ree DRPs administered a t 10�7, 10�9, and 10�11 M (B2,
B3, and B4) from increasing surviva l a fter serum and NGF withdrawal.
Progressive delays in the administ ra t ion of 3 �g/ml act inomycin D (C1) or
8 �g/ml of cycloheximide (C2) showed tha t the protein synthesis inh ibi-
tor s completely blocked the capacity of 10�9 M DEP from increasing
surviva l for delays of up to 5 h and 10�9 M DES for delays of up to 3 h.
Longer delays in the administ ra t ion of the two inh ibitor s a llowed for
progressive increases in surviva l. �, sign ificant increases in surviva l (p �
0.05) compared with M/O; E , no inhibitor or DRP addit ion; ƒ , DRP �
act inomycin D addit ion ; ‚ , DRP � cycloheximide addit ion; F , DRP addi-
t ion; � , DRP � camptothecin addit ion .
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Fig. 1, F ig. 5B1 shows tha t those concen t ra t ions of the pro-
tein synthesis inhibitors did not affect the surviva l of the
6-day NGF- differen t ia ted PC-12 cells when they were se-
rum- and NGF-suppor ted or after serum- and NGF-with-
drawn (p � 0.05).

Trea tment with each protein synthesis inhibitor blocked or
markedly reduced the increased surviva l a fforded by the
DRPs at concent ra t ions of 10�7 to 10�11 M (Fig. 5, B2–B4,
p � 0.05). Accordingly, new protein syn thesis is necessa ry for
the ant iapoptosis provided by the three DRPs. Exper iments
in which the addit ion of the protein synthesis inh ibitors were
delayed rela t ive to the withdrawal of serum and NGF and the
addit ion of 10�9 M DRP showed tha t DRP ant iapoptosis
progressively decreased for inh ibitor addit ion delays beyond
3 to 7 h (Fig. 5, C1 and C2). The delay curves for DEP (Fig.
5C1) were sh ifted to about 2-h longer t imes compared with
those for DES (Fig. 5C2). Delay curves simila r to those for
DES were found for CGP 3466 (da ta not shown).

DR P s Alt e r t h e Ne w Syn t h e s is of a Nu m b e r of P r o-
t e in s d u r in g Ap op t os is . We examined metabolica lly la -
beled 2D protein gels for whole cell lysa tes a t 6 h after
washing. Six hours represent s the end of the fir st phase of
decreased surviva l, which cor responded to the onset of in-
creased apoptot ic nuclear degradat ion revea led by chromat in
condensa t ion and the t ime at which delays in the addit ion of
protein synthesis inh ibitors a llowed for maximal increases in
surviva l to be induced by the DRPs (Fig. 5, B1 and B2).

Autoradiograms like those in Fig. 6 represent the incorpora -
t ion of [35S]meth ion ine in to proteins and hence, provided an
est ima te of the synthesis of new proteins dur ing the fir st 6 h
after wash ing. The par t ia lly NGF-differen t ia ted PC-12 cells
main ta ined in serum and NGF after washing were found to
incorpora te the 35S label in to a rela t ively large number of
proteins as indica ted by the dist r ibut ion and number of punc-
ta te autoradiographic densit ies (F ig. 6A1). In cont rast , rela -
t ively fewer densit ies were detected in samples taken from
cells tha t were NGF- and serum-withdrawn (F ig. 6A2). As
well as the overa ll decrease in densit ies, a number of densi-
t ies were evident in serum- and NGF-withdrawn cells tha t
did not appear to be presen t in the serum- and NGF-sup-
por ted cells (compare Fig. 6, A1 and A2). The autoradiograms
a lso appeared to show that DRP trea tment a t 10�9 M in-
creased the number of densit ies in the serum- and NGF-
withdrawn cells (compare Fig. 6A2 to Fig. 6A3). The autora-
diograms were repea ted for th ree exper iments, each of which
offered simila r changes in the numbers and dist r ibu t ions of
densit ies for labeled proteins. The DRP-induced increase in
densit ies appeared to resu lt from the recovery of some den-
sit ies lost with serum and NGF withdrawal together with the
appearance of other densit ies tha t were not eviden t in either
serum- and NGF-suppor ted or serum- and NGF-withdrawn
cells.

Scin t illa t ion count ing for 35S in the whole cell lysa tes ap-
peared to suppor t the au toradiographic resu lt s. New protein

F ig . 6. DEP induces widespread changes in new protein synthesis, notably in nuclear and mitochondr ia l proteins, in 6-day NGF-differen t ia ted PC-12
cells en ter ing apoptosis after serum and NGF withdrawal. Typica l autoradiograms for 2D protein gels for metabolica lly labeled tota l protein a t 6 h
after wash ing and replacement in medium with serum and NGF (A1), wash ing and placement in medium without serum or NGF (A2), and washing
and placement in medium without serum or NGF with 10�9 M DEP (A3). B1-i to B1-iii, B2-i to B2-iii, B3-i to B3-iii, and B4-i to B4-iii present 2D
autoradiograms for the plasma membrane, mitochondr ia l, cytosolic, and nuclear protein subfract ions, respect ively, a t 6 h after wash ing and
replacement in serum and NGF (i panels), washing and placement in MEM only (ii panels), and washing and placement in MEM with 10�9 M DEP
(iii panels). C present s scin t illa t ion counts for metabolica lly labeled proteins cor responding to those for tota l protein and each of the subcellu la r
fract ions. P l. M., Mit ., Cyt ., and Nuc. indica te plasma membrane, mitochondr ia l, cytosolic, and nuclear subfract ions, respect ively. �, sign ifican t
increases in counts (p � 0.05) compared with those for M/O.
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synthesis for the serum- and NGF-withdrawn cells a t 6 h
(M/O in Fig. 6C) was reduced to 29.8 � 3.4% of tha t for cells
tha t were washed and replaced in medium with serum and
NGF (M/S�N at 6 h , p � .001 for M/O compared with
M/S�N), whereas t rea tment of the serum- and NGF-with-
drawn cells with 10�9 M DEP resu lt ed in a recovery to 75.8 �
4.7% of tha t for cells tha t were washed and main ta ined in
medium with serum and NGF (p � .001 compared with M/O).

Evidence tha t the DRPs differen t ia lly affected new protein
syn thesis in differen t subcellu la r protein fract ions was found
with both 2D autoradiograms and scin t illa t ion count ing (Fig.
6, B1–B4 and C). Two-dimensiona l gel au toradiograms for
the plasma membrane (Fig. 6, B1-i to B1-iii) and mitochon-
dr ia l (F ig. 6, B2-i to B2-iii), cytosolic (F ig. 6, B3-i to B3-iii),
and nuclear fract ions (Fig. 6, B4-i to B4-iii) revea led overa ll
decreases in au toradiographic densit ies for serum- and NGF-
withdrawn cells a t 6 h . The DRPs induced clear changes in
densit ies on the 2D gel autoradiograms for the mitochondr ia l
(F ig. 6B2-iii) and nuclear fract ions (Fig. 6B4-iii). For exam-
ple, t rea tment with 10�9 M DEP induced recovery of some
densit ies in a ll subfract ions, most notably in the mitochon-
dr ia l subfract ion . Like those for the tota l protein pool, the
autoradiograms for the subfract ions indica ted tha t the DRPs
induced the recovery of some densit ies lost with serum and
NGF withdrawal bu t a lso induced the disappearance of some
densit ies eviden t in either serum- and NGF-suppor ted or
serum- and NGF-withdrawn cells. The autoradiograms a lso
suggested tha t the DRPs induced the synthesis of some novel
proteins tha t were not newly synthesized in either serum-
and NGF-suppor ted or serum- and NGF-withdrawn cells or
tha t the DRPs induced the subcellu la r movement of newly
synthesized proteins from one subcellu la r fract ion to an-
other . The appearance of novel densit ies appeared most evi-
den t in the mitochondr ia l fract ion (compare Fig. 6B2-iii to
Fig. 6B2-i and Fig. 6B2-ii).

F igure 6C also shows the scin t illa t ion counts for the sub-
fract ions. New protein synthesis in the plasma membrane
fract ion was reduced from 25.9 � 8.1% of tota l new protein in
serum- and NGF-suppor ted cells to less than 0.4 � 0.2 in
serum- and NGF-withdrawn cells (p � . 001 for M/O com-
pared with M/S�N). DEP, or the other DRPs, did not sign if-
icant ly increase the labeled protein in the plasma membrane
fract ion (1.2 � 0.8, p � .05 for M/O compared with MEM with
DEP). The reduct ion in new protein syn thesis a fter serum
and NGF withdrawal was less marked in the cytoplasmic
fract ion (19.7 � 0.4% of tota l labeled protein for M/S�N and
7.0 � 1.5% for M/O, p � .01 for M/S�N compared with M/O).
DEP did not sign ifican t ly increase the counts for the cyto-
plasmic fract ion (10.1 � 1.4%, p � .05 for M/O compared with
MEM with DEP). Serum and NGF withdrawal markedly
reduced new protein synthesis in the mitochondr ia l fract ion
(25.1 � 1.7% of tota l labeled protein for M/S�N and 1.2 �
0.7% for M/O, p � .01 for M/S�N compared with M/O) and in
the nuclea r fract ion (21.5 � 1.6% of tota l labeled protein for
M/S�N and 3.5 � 1.6% for M/O, p � .01 for M/S�N compared
with M/O). DEP t rea tment induced levels of new protein
synthesis for the mitochondr ia l and nuclear fract ions in the
serum- and NGF-withdrawn cells tha t were not sign ifican t ly
reduced from those for serum- and NGF-suppor ted cells
(33.6 � 5.7% for the mitochondr ia l fract ion and 23.6 � 4.2%
for the nuclear fract ion , p � .05 for M/O with DEP compared
with M/S�N). Accordingly, DEP t rea tment returned the lev-

els of newly synthesized protein in the mitochondr ia l and
nuclea r fract ions to the levels found in serum- and NGF-
suppor ted cells.

P r ot e in s Affe c t e d b y DR P s. Western blots for mult iple
t ime poin ts were per formed to ident ify some of the proteins of
which synthesis was a ltered by DRP t rea tment . Examples of
typica l Western blots are presen ted in Fig. 7, whereas opt ica l
density measurements taken from Western blot bands a re
presen ted in Fig. 8. F igure 7, A1, A2, B1, and B2 show typica l
changes in BCL-2 immunoreact ion induced by DES or DEP
at 1, 3, 6, and 9 h or 3, 6, 12, and 24 h , respect ively, following
serum and NGF withdrawal. Levels of BCL-2 immunoreac-
t ion were reduced by 3 h following serum and NGF with-
drawal, with a fur ther decline in protein levels over subse-
quent hours (Fig. 7, A2 and B1 and Fig. 8A). DEP (Fig. 7B2),
DES (Fig. 7A2), and CGP 3466 (not shown) a t 10�9 M main-
ta ined BCL-2 immunoreact ion a t levels simila r to those
found in serum- and NGF-suppor ted cells (F ig. 8A). Notably,
the DRPs did not a lt er levels of BCL-2 immunoreact ion in
cells tha t were main ta ined in M/S�N after wash ing and
therefore were not enter ing apoptosis (see r igh t -hand four
bands in Fig. 7A1 for an example).

Proteins like SOD1 (Fig. 8C), SOD2 (Fig. 8D), glu ta th ione
peroxidase (Fig. 8E), and tyrosine hydroxylase (Fig. 8H)
showed progressive decreases after serum and NGF with-
drawal tha t were simila r to those found for BCL-2. They were
main ta ined at serum- and NGF-suppor ted levels or were
increased above those levels by DRP t rea tment .

Severa l proteins including c-FOS (Fig. 8F), c-J UN (Fig. 7,
C1-1, C1-2, C2-1, C2-2, and Fig. 8G), and GAPDH (Fig. 8I;
a lso see Car lile et a l., 2000) showed increased immunoreac-

F ig . 7. Western blot s for the immunodensity of selected proteins after
serum and NGF withdrawal with and without DRP trea tment . BCL-2
immunodensity a t 1, 3, 6, and 9 h after wash ing and replacement in
medium with serum and NGF suppor t (A1) or placement in to medium
withou t serum and NGF (A2). Immunodensity for BCL-2 (B1-B3), c-J UN
(C1-1, C1-2, C2-1 and C2-2), and MAP-2 (D1 and D2). SN6, 6 h after
washing and replacement in medium with serum and NGF suppor t ; O3,
O6, O12, and O24, 3, 6, 12, and 24 h, respect ively, after washing and
placement in to medium withou t serum and NGF; and d3, d6, d12, and
d24, 3, 6, 12, and 24 h , respect ively, a fter washing and placement in to
medium withou t serum and NGF with added 10�9 M DEP. E , BAX
immunodensity for nuclea r , mitochondr ia l, and cytosolic subfract ions a t
3, 6, 9, and 12 h after washing and replacement in medium with serum
and NGF suppor t (top panel), a ft er wash ing and placement in to medium
withou t serum and NGF (middle panel), and after washing and place-
ment in to medium without serum and NGF with added 10�9 M DES
(bot tom panel).
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t ion after serum and NGF withdrawal tha t were decreased
by DRP trea tment . c-J UN underwent a rapid t ransien t in -
crease tha t was only detected a t the 3-h t ime poin t . Two
examples of Western blots for c-J UN are presen ted in Fig. 7,
C1 and C2 to demonst ra te the reproducibility of the t ransien t
c-J UN increase and it s disappearance with DRP t rea tment .

Four proteins tha t we examined did not show any differ -
ences in immunoreact ion for the whole cell lysa tes with DRP
trea tment : BAX (Fig. 8B), neurofilament ligh t protein (Fig.
8J ), MAP-2 (Fig. 7, D1 and D2 and Fig. 8K), and �-tubu lin
(Fig. 8L). Although BAX levels for the whole cell lysa tes did
not decrease a fter serum and NGF withdrawal, we found
differences in BAX immunoreact ion in nuclea r , mitochon-
dr ia l, and cytosolic fract ions after serum and NGF with-
drawal and following DRP t rea tment . In cells tha t were
washed and then main ta ined in medium with serum and
NGF, BAX immunoreact ion was more st rongly eviden t in the
nuclea r and cytosolic fract ions than in the mitochondr ia l
fract ion (Fig. 7E, upper panel labeled M/S�N). BAX immu-
noreact ion progressively decreased in the cytosolic and nu-
clear fract ions but was increased in the mitochondr ia l frac-
t ion by 3 h after serum and NGF withdrawal (Fig. 7E, middle
panel labeled M/O). DRP t rea tment preven ted or reduced the
decreased immunoreact ion in the nuclea r and cytosolic frac-
t ions and also appeared to reduce the increased BAX immu-
noreact ion in the mitochondr ia l fract ion after serum and
NGF withdrawal (Fig. 7E, lower panel labeled M/O � DES).

Discussion

NGF induces mult iple changes in PC-12 cells including: 1)
differen t ia t ion in to an act ion potent ia l-genera t ing, neur ite-

bea r ing, sympathet ic neuron-like phenotype; 2) a reduct ion
in prolifera t ion ; and 3) an increase in surviva l (Greene and
Tisch ler , 1982). Similar to previous repor ts, we found tha t
DEP does not decrease apoptosis caused by serum with-
drawal from NGF-na ive PC-12 cells (Vaglin i et a l., 1996). We
found tha t 4 days of pr ior NGF exposure is necessary before
DRPs can reduce PC-12 cell apoptosis in it ia ted by serum and
NGF withdrawal.

DEP was first shown to prevent decreases in dopaminergic
indices of nigrostriatal neuronal survival caused by MPTP ex-
posure in primates (Cohen et al., 1984), which was interpreted
to show that DEP protected the neurons by blocking MPTP
conversion to MPP� by MAO-B. A number of clinical trials
showed that DEP can slow the clinical progression of Parkin-
son’s disease (see Parkinson, 1993 as an example), but it is
uncertain whether the slowing represents reduced neuronal
death or alterat ions in dopamine metabolism. It is certain that
DEP and other DRPs reduce neuronal death induced in vivo
and in vitro by a wide variety of insults in a number of different
neuronal models. Those insults have included 6-hydroxydopa-
mine, MPP�, MPTP, nitric oxide or peroxynitr ite, N-(-2-chloro-
ethyl)-N-ethyl-2-bromobenzylamine, glutathione deplet ion, pe-
ripheral nerve crush or axotomy, optic nerve crush, hypoxia
and/or ischemia, cytosine arabinoside, excitotoxins, trophic in-
sufficiency, thiamine deficiency, okadaic acid, and aging. The
neurons or neuron-like cells have included mesencephalic or
nigral dopaminergic neurons, hippocampal neurons, dentate
neurons, cerebellar granule and Purkinje neurons, cerebral cor-
t ical neurons, thalamic neurons, retinal ganglion neurons, spi-
nal and facial motoneurons, neuroblastoma cells, and part ially
differentiated PC-12 cells (reviewed in Tatton et al., 2000).
Studies involving a range of models have shown that DRPs can
increase neuronal survival without MAO-B inhibition and by
reducing apoptosis (Tatton et al., 2000). Since PC-12 cells do not
express MAO-B (Youdim et al., 1986) and CGP 3466 does not
inhibit MAO-B (Kragten et al., 1998; Waldmeier et al., 2000),
DRP antiapoptosis in the serum- and NGF-withdrawn, 6-day
NGF-differentiated PC-12 cells is also MAO-B-independent.

As before, we examined mult iple indices to determine
whether the increases in cell surviva l resu lt from ant iapop-
tosis. Time course studies of surviva l versus the percen tage
of cells with nuclear chromat in condensa t ion showed tha t
about 16% of the cells die dur ing the first 6 h after serum and
NGF withdrawal by a process tha t is un likely to be apoptot ic.
The remaining cell loss, occur r ing after 6 h , meet s mult iple
cr iter ia for apoptosis and is responsive to DRP trea tment .
zVAD-fmk, a genera l caspase inh ibitor , prevented a lmost
100% of the apoptosis whereas acetyl-DEVD aldehyde, a
caspase-3 inhibitor , prevented less than 50%. This is in keep-
ing with previous studies of NGF-different ia ted PC-12 cells,
which have shown tha t genera l caspase or caspase-2 inhibi-
tors a lmost completely prevent apoptosis in it ia t ed by NGF or
serum and NGF withdrawal whereas caspase-3 inh ibit ion
only par t ia lly preven ts the apoptosis (Haviv et a l., 1997,
1998; Stefanis et a l., 1998).

We found tha t new protein synthesis is necessary for re-
duct ions in apoptosis induced by the three DRPs. In var ious
models, protein synthesis inhibitors can slow or reduce apo-
ptosis, induce apoptosis, or may not affect the extent or
t iming of apoptosis (Eastman, 1993). Hence, the use of pro-
tein synthesis inhibitors to examine ant iapoptot ic agents can
be complica ted if the apoptosis it self requ ires new protein

F ig . 8. Plot s of average Western blot immunodensity above background
for selected proteins a t 0, 3, 6, 12, and 24 h after serum and NGF
withdrawal. Each point represen ts the average � S.E .M. opt ica l density
for immunodensity bands from three exper iments and is normalized
against the average opt ica l density for bands from serum and NGF-
suppor ted, 6-day NGF-different ia ted PC-12 cells a t 6 h after wash ing.
The values for serum- and NGF-suppor ted, 6-day NGF-different ia ted
PC-12 cells are plot t ed a t t ime 0. Other poin ts represen t the t ime after
washing for serum- and NGF-withdrawn cells. Each plot is labeled for the
respect ive pr imary ant ibody. A 9-h t ime poin t was subst itu ted for the
12-h t ime point for GAPDH. E , serum � NGF withdrawal; ‚ , serum �
NGF withdrawal � 10�9 M DEP. Glut . Perox., glu ta th ione peroxidase;
TH, tyrosine hydroxylase; NFL, neurofilament light protein .
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synthesis or if a protein synthesis inh ibitor induces apopto-
sis. Apoptosis in it ia t ed by serum withdrawal from NGF-
naive PC-12 cells (Rukenstein et a l., 1991; Mesner et a l.,
1995) or serum and NGF withdrawal from par t ia lly NGF-
differen t ia ted PC-12 cells (Tat ton et a l., 1994) a re not new
protein synthesis-dependent . Alterna t ively, apoptosis in it i-
a ted in fu lly different ia ted PC-12 cells by NGF withdrawal
requ ires new protein synthesis (Mesner et a l., 1995). Some
protein syn thesis inh ibitors induce apoptosis over one con-
cent ra t ion range and reduce apoptosis over another (Torocsik
and Szeberenyi, 2000). Our findings suggest tha t the dura-
t ion of previous exposure to NGF determines how protein
synthesis inh ibitors in fluence apoptosis signa ling in it ia ted
by serum and NGF withdrawal in PC-12 cells.

Our exper iments in which protein synthesis inh ibitor ad-
dit ion was delayed rela t ive to serum and NGF withdrawal
and DRP addit ion suggested tha t cr it ica l an t iapoptot ic a lt er -
a t ions in t ranscr ipt ion /t ransla t ion induced by DES begin
pr ior to 3 h after DES addit ion whereas those for DEP con-
t inue to 5 h . DES is a pr incipa l metabolit e of DEP (Baker et
a l., 1999), and studies using cytochrome P450 inh ibitors sug-
gest tha t DEP ant iapoptosis requ ires DEP metabolism to
DES (Ta t ton and Cha lmers-Redman, 1996). The rela t ive pro-
longat ion of the protein syn thesis inhibitor blockade of DEP
ant iapoptosis may reflect a per iod necessa ry for DEP metab-
olism to DES. The exper iments in which DRP addit ion was
delayed rela t ive to the onset of serum and NGF withdrawal
indica te tha t the apoptosis signa ling event s tha t are cr it ica l
to DRP ant iapoptosis occur between 2 and 5 h after serum
and NGF withdrawal, which is with in the same t ime domain
for cr it ica l DRP-induced new protein synthesis suggested by
the protein syn thesis inhibitor delay exper iments.

Metabolic labeling suggested tha t DRPs induced changes
in the new synthesis of a number of proteins, with the most
marked changes involving the mitochondr ia l and nuclear
protein subfract ions. Previous work used different ia l display-
polymerase chain react ion to iden t ify four genes, c-jun , hea t -
shock protein 70, phosphoglycera te kinase, and ca lpact in I
heavy cha in , of which expression was increased in ret ina l
ganglion neurons in it ia ted in to apoptosis by serum depr iva-
t ion or hypoxia (Xu et a l., 1999). In tha t study, 10�9 M DEP
reversed the increases in c-jun and hea t -shock protein 70
gene expression but not tha t for the other genes. Like with
the ret ina l study, we have found tha t DRPs a lter the synthe-
sis of some proteins but not others and found a t ransien t
increase in c-J UN. As well as for c-J UN, we found a ltera t ions
for a number of proteins tha t previously were shown to play
a role in PC-12 cell apoptosis, including BCL-2, BAX, SOD1,
SOD2, c-FOS, glu ta th ione peroxidase, and GAPDH.

Impor tan t ly, we found tha t the t iming of a ltera t ions in the
levels or subcellu la r dist r ibu t ion of those proteins induced by
DRPs were appropr ia te to an t iapoptosis. In th is and previous
studies (Wadia et a l., 1998; Car lile et a l., 2000), we found
tha t apoptot ic nuclear degrada t ion fir st became evident a t
about 6 h after serum and NGF withdrawal. Western blot s
showed tha t the levels of an t iapoptot ic proteins decreased
and those of pro-apoptot ic proteins increased by 3 h after
serum and NGF withdrawal. DRP t rea tment caused those
ear ly a ltera t ions to return toward cont rol levels in associa -
t ion with a decrease in the percen tage of cells with apoptot ic
nuclea r degrada t ion . The t iming for changes in the levels of
apoptot ic and ant iapoptot ic proteins appear in accord with

tha t found by the protein syn thesis inh ibit ion and DRP ad-
dit ion delay exper iments.

Increases in the phosphoryla t ion and levels of c-J UN are
induced by NGF withdrawal from sympathet ic neurons or
NGF-different ia ted PC-12 cells and involves the up-regula-
t ion of c-J un N-termina l kinase (J NK) and/or p38 mitogen-
act iva ted protein kinase (Xia et a l., 1995; Maroney et a l.,
1999). Pharmacologica l inh ibit ion of J NK blocks apoptosis in
NGF-different ia ted PC-12 cells induced by NGF withdrawal
bu t not apoptosis induced in NGF-na ive PC-12 cells induced
by serum withdrawal (Maroney et a l., 1999). NGF with-
drawal in 6-day NGF-different ia ted PC-12 cells induced an
increase in the levels of an endogenous mitogen-act iva ted
protein kinase kinase kinase, apoptosis signa l-regu la t ing ki-
nase 1 (Kanamoto et a l., 2000). Apoptosis signa l-regula t ing
kinase 1 up-regu la t ion was necessary for c-J UN up-regula -
t ion and apoptosis in it ia t ed by NGF withdrawal in the cells
(Hata i et a l., 2000; Kanamoto et a l., 2000). The t iming of the
c-J UN up-regula t ion was consist ent with the t ransien t c-
J UN increase tha t we found 3 h after serum and NGF with-
drawal.

The preven t ion of decreases in BCL-2 and the decreased
mitochondr ia l BAX loca liza t ion induced by the DRPs may
cont r ibu te to the main tenance of ��M found with DRP trea t -
ment of neurons or neuron-like cells en ter ing apoptosis
(Pa terson et a l., 1998; Wadia et a l., 1998). BCL-2 preven ts
decreases in ��M caused by agents tha t increase mitochon-
dr ia l membrane permeability and induce apoptosis in PC-12
cells (Dispersyn et a l., 1999). Mitochondr ia l BAX accumula -
t ion , simila r to our finding in the NGF-differen t ia ted PC-12
cells, has been shown for a number of forms of apoptosis
including NGF withdrawal from sympathet ic neurons
(Putcha et a l., 2000). Mitochondr ia l BAX accumula t ion in-
creases mitochondr ia l membrane permeability and decreases
��M (Nar ita et a l., 1998). Preven t ion of increased mitochon-
dr ia l membrane permeability can be a key step in blocking
apoptot ic degradat ion (J acotot et a l., 1999).

DRPs have been shown to bind to GAPDH in associa t ion
with reduct ions in apoptosis (Kragten et a l., 1998; Car lile et
a l., 2000). Up-regu la t ion of GAPDH together with the dense
nuclea r accumula t ion of GAPDH immunoreact ivity is char-
acter ist ic of apoptosis tha t can be blocked by GAPDH ant i-
sense oligonucleot ides (reviewed in Tat ton et a l., 2000). The
tumor suppressor protein , p53, has been shown to up-regu-
la te GAPDH in neuronal apoptosis (Chen et a l., 1999). p53
act iva t ion is downst ream to J NK act iva t ion bu t upst ream to
BAX (Aloyz et a l., 1998; Mielke and Herdegen, 2000) in a
var iety of apoptosis models, which may suggest tha t DRP
binding to GAPDH could uncouple a J NK-p53-GAPDH apo-
ptosis signaling pathway.
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