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Redox Regulation of the Intrinsic Pathway
in Neuronal Apoptosis

James L. Franklin

Abstract

Two principal pathways exist by which cells can undergo apoptotic death, known as the extrinsic and the
intrinsic pathways. Binding of a ligand to a death receptor activates the extrinsic pathway. In the intrinsic
pathway, an apoptotic stimulus, such as neurotrophin withdrawal or exposure to a toxin, causes a proa-
poptotic member of the Bcl-2 family of proteins, such as Bax, to permeabilize the outer mitochondrial mem-
brane. This allows redistribution of cytochrome c from the mitochondrial intermembrane space into the
cytoplasm, where it causes activation of caspase proteases and, subsequently, cell death. A dramatic increase
occurs in mitochondria-derived reactive oxygen species (ROS) during the apoptotic death of sympathetic,
cerebellar granule, and cortical neurons. These ROS lie downstream of Bax in each cell type. Here I review
possible mechanisms by which Bax causes increased ROS during neuronal apoptosis. I also discuss evidence
that these ROS are an important part of the apoptotic cascade in these cells. Finally, I discuss evidence that
suggests that neurotrophins prevent release of cytochrome c in neurons through activation of an antioxidant
pathway. Antioxid. Redox Signal. 14, 1437–1448.

Introduction

Apoptosis is a form of cell suicide that has numerous
physiologically appropriate functions (42, 69, 93). In

mature organisms, these functions include, among others,
negative selection in the immune system, removal of dam-
aged or compromised cells during tissue turnover, protection
from viral infection, protection from cancer, and production
of the stratum corneum, the protective outer dead layer of the
epidermis. Characteristics of apoptotic cell death include
cellular atrophy, blebbing of the plasma membrane, loss of
plasma membrane asymmetry, chromatin condensation, and
cleavage of DNA between nucleosomes (42, 69). Except in the
cases in which the dead cells perform a function (e.g., dead
skin), cells undergoing apoptosis secrete signals that attract
phagocytic cells that engulf them, preventing lysis that may
cause inflammatory responses and may damage surrounding
tissues.

Apoptosis serves its most important physiological role in
the nervous system during neurogenesis, when the apoptotic
death of a large number of excess neurons matches the
number of innervating neurons to the size of their targets and
thus sculpts the developing nervous system. About 50% of the
neurons produced during neuronal development die by this
process before birth or shortly thereafter (66). Acquisition of a
sufficient quantity of a neurotrophic substance supplied by

target or other tissues is a major determinant of which neu-
rons escape the period of developmental death and live into
the adulthood of the organism. Those neurons that do not
obtain a sufficient quantity of neurotrophin execute the apo-
ptotic program, and phagocytic cells rapidly remove them
from the developing organism. The neurotrophic hypothesis
posits that larger target tissues can supply more neurotrophic
substances than can smaller targets and thus can prevent
more cell death during development than can the smaller
targets. The result is greater innervation of larger targets in
adult animals. Neuronal death with apoptotic features also
occurs inappropriately in many neuropathologies [for exam-
ple, in neurodegenerative diseases such as Alzheimer disease
(28, 54, 57, 93) and in neurotrauma and stroke (10, 20)].
Apoptosis may also be involved in the aging process in the
nervous system and other organ systems (26, 68).

Increased levels of reactive oxygen species (ROS) occur in
neurons and many other types of cells undergoing apoptotic
death (8, 30, 72, 73, 76, 78, 81). Elevated production of ROS
occurs both in neurons dying during developmental apo-
ptosis and in neurons dying in pathologic states in which
apoptotic features are observed (1, 10, 20, 28, 54, 57, 93). It has
long been known that externally generated ROS can induce
apoptosis (78). However, it was uncertain whether the ROS
produced internally in apoptotic cells are important for death
or if they are epiphenomena that have little or nothing to do
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with the actual apoptotic process (43, 47). Recent evidence
clarifies this issue and suggests that the elevated ROS in ap-
optotic cells create a cellular pro-oxidant state that is a nec-
essary component of apoptotic death.

The subject of this review is the role of ROS in regulating
the intrinsic apoptotic cascade in neurons. Because most of the
work aimed at understanding the role of ROS in neuronal
apoptosis has been done in developmental models, I focus on
these systems.

The Molecular Machinery of Apoptosis:
The Extrinsic and Intrinsic Pathways

During the development of the nematode, Caenorhabditis
elegans, 131 cells normally die by apoptosis. Certain mutations
in the gene, ced-3, prevent the death of most of these cells (22).
This gene encodes a cysteine protease that has the unusual
feature of cleaving proteins after an aspartate residue. About
15 mammalian homologues of ced-3 have been identified and
termed caspases (3). By attacking critical cellular substrates,
caspases act as the executioners of apoptotic death in many
cell types, including neurons (17, 77, 93). Two other genes, ced-
4 and ced-9, are also central to developmental death in C.
elegans (22). The ced-4 gene product is proapoptotic, whereas
that of ced-9 is antiapoptotic (91). Many mammalian homo-
logues of ced-9 exist, some antiapoptotic and some proa-
poptotic. Members of this family of proteins, known as the
Bcl-2 family, include Bcl-2, Bcl-xL, Bcl-xS, Bax, Bad, and Bak
(53). Bcl-2, Bcl-xL, and other family members have anti-
apoptotic effects, whereas Bcl-xS, Bax, Bad, and Bak are
proapoptotic (11, 48, 53).

Another group of proteins belonging to this family are
known as BH3-only (Bcl-2 homology 3) proteins, as they are
missing the BH domains 1, 2, and 4 that are found in full-
length Bcl-2 or Bcl-xL. The BH3 domain forms an amphipathic
a helix that is required for cell killing, and it mediates inter-
actions with other Bcl-2 family members. BH3-only proteins
bind to and inhibit the antiapoptotic proteins Bcl-2, Bcl-xL,
and Mcl-1 and, in some cases, directly activate the multido-
main proapoptotic proteins Bax and Bak. In some types of
cells, including neurons, BH3-only proteins are upregulated
during apoptosis and augment the apoptotic process (11, 71).
The mammalian homologue of ced-4 is known as apaf-1 (ap-
optosis protease activating factor-1) (89, 97). Like ced-4, the
protein product of apaf-1 (Apaf-1), has a proapoptotic effect.
Also, as with ced-4, Apaf-1 exerts its proapoptotic effect by
activating caspase proteases.

Mammalian caspases are activated and cause cell death
through two different signaling cascades known as the ex-
trinsic and intrinsic pathways (Fig. 1).

Activation of the extrinsic pathway occurs when a proa-
poptotic ligand such as FasL binds onto a cell-surface death
receptor. This binding causes the adaptor protein FADD (Fas-
associated protein with death domain) and the initiator cas-
pases 8 or 10 to form a complex known as DISC (death-inducing
signaling complex). The formation of this complex activates the
caspases (97). These caspases in turn cleave and activate
downstream effector caspases (3, 6, or 7) that cleave many cel-
lular substrates, directly causing cell death.

In contrast, the intrinsic pathway involves a cascade of
molecular events occurring entirely within cells. Plasma-
membrane death receptors are not involved. The intrinsic

pathway is activated by many different stimuli including
DNA damage, toxins, trophic factor deprivation, ionizing
radiation, and other cellular stresses (Fig. 1). The intrinsic
pathway appears to be the major route to apoptotic death
during neuronal development, whereas the extrinsic pathway
is of importance in several neuronal pathologies (31, 71, 86).

Mitochondria are central to the intrinsic apoptotic pathway
(11, 18, 35). In addition to their roles in adenosine triphosphate
(ATP) production by oxidative phosphorylation and in inter-
mediary metabolism, mitochondria function to induce or reg-
ulate the intrinsic apoptotic pathway by releasing a number of
proapoptotic molecules into the cytoplasm. The most impor-
tant of these molecules is cytochrome c. In healthy cells, the
mature form of this protein is sequestered in the space between
the inner and the outer mitochondrial membranes (IMM and
OMM), where it functions to shuttle electrons from respiratory
complex III (bc1 complex) to complex IV (cytochrome oxidase)
in the electron-transport chain (64). On receipt of an apoptotic
signal, a proapoptotic member of the Bcl-2 family, such as Bax,
oligomerizes and inserts into the OMM, permeabilizing it and
allowing cytochrome c to redistribute into the cytoplasm. Once
in the cytoplasm, cytochrome c binds onto Apaf-1, causing
seven Apaf-1 molecules to oligomerize. Each Apaf-1 molecule
recruits a molecule of the initiator caspase, caspase 9. The cy-
tochrome c–induced formation of this structure, known as an
apoptosome, brings together and activates seven caspase 9

FIG. 1. The extrinsic and intrinsic apoptotic pathways. In
the extrinsic pathway, a death ligand such as FasL binds
onto a cell-surface receptor that is coupled to proteins that
activate caspases (e.g., 8 or 10). The activated caspases then
cleave and activate downstream effector caspases such as
caspase 3 or 7. These caspases in turn cleave many important
cellular protein substrates, causing cell death. In the intrinsic
pathway, an apoptotic stimulus causes a proapoptotic
member of the Bcl-2 family, such as Bax, to oligomerize and
become tightly associated with the outer mitochondrial
membrane (OMM). This association permeabilizes the
OMM, allowing cytochrome c to escape into the cytoplasm,
where it induces formation of the apoptosome and sub-
sequent caspase activation. ATP=dATP also binds to the
apoptosome and is required for its activity (13). Necrotic
death predominates in cells lacking sufficient ATP. The ex-
trinsic pathway can activate the intrinsic pathway through
caspase-mediated cleavage of Bid to produce tBid, which can
then increase Bax permeabilization of the OMM.

1438 FRANKLIN

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3596&iName=master.img-000.jpg&w=216&h=171


molecules (2, 97). As with caspase 8 in the extrinsic pathway,
caspase 9 then cleaves and activates downstream effector cas-
pases such as caspases 3 and 7 that cleave many protein sub-
strates and cause cellular death. Although cytochrome c
appears to be the most important mitochondria-sequestered
proapoptotic protein, several other proteins released from mi-
tochondria have proapoptotic functions (19, 56, 79). Pre-
eminent among these are apoptosis-inducing factor (AIF) and
Smac. The former is involved in DNA fragmentation, whereas
the latter relieves inhibition of caspases by their endogenous
inhibitors, the inhibitors of apoptosis proteins (IAPs). The ex-
trinsic pathway can also augment the intrinsic pathway by
cleaving the BH3-only member of the Bcl-2 family, Bid, to form
tBid. tBid can then activate the intrinsic pathway by permea-
bilizing the OMM through activation of Bax (16). Many cyto-
plasmic proteins are also implicated in regulation of the
intrinsic pathway (13).

Production and Clearance of ROS in Neurons
and Other Cell Types

ROS are species of molecular oxygen that are more reactive
than diatomic oxygen (O2) (32). They comprise one group of a
larger class of reactive molecules collectively known as reac-
tive species (RS). ROS include both free radicals, molecules
that have at least one unpaired electron, and non–free radical
forms. Living organisms produce several types of ROS. Im-
portant free radical ROS produced by biologic tissues include
superoxide (O2

:�), hydroxyl radicals (OH.), peroxyl radicals
(RO2

.), and alkoxyl radicals (RO.). The most important non–
free radical ROS produced biologically is H2O2. A primary
source of cellular O2

:� is the mitochondrial electron-transport
chain, in which a significant fraction of O2 consumed under-
goes one-electron reduction to O2

:� by electrons leaked from
the respiratory complexes (Fig. 2) (4, 58). Another potential
source for ROS in many cells, including neurons, are NADPH
oxidases that can convert O2 to O2

:� (6, 80). The O2
:� pro-

duced by either mitochondria or oxidases is rapidly converted
to H2O2 by the dismutation reaction catalyzed by superoxide
dismutase (SOD) enzymes. The H2O2 can transform into other
ROS (e.g., OH.). However, most H2O2 is converted to H2O by
oxidation of the tripeptide glutathione (GSH; Fig. 2) via a
reaction catalyzed by the enzyme glutathione peroxidase
(GPx). The enzyme glutathione reductase then catalyzes the
reduction of oxidized glutathione (GSSG) to create more GSH
by using reducing equivalents obtained from NADPH. In this
way, GSH neutralizes the potentially damaging effects of
H2O2. The enzyme catalase also detoxifies H2O2. However, in
neurons, this is a minor antioxidant pathway.

ROS in Neuronal Apoptosis

Most of the work aimed at understanding the molecular
mechanisms underlying apoptotic neuronal death has been
done with cultures of sympathetic neurons deprived of nerve
growth factor (NGF), cultures of repolarized=serum-starved
cerebellar granule neurons, and cultures of toxin-treated
cortical neurons (38, 43–47, 61, 90). All of these neurons die
with most of the features common to many types of cells
undergoing apoptosis (15, 17, 18, 61). Greenlund et al. (30)
were among the first to demonstrate increased ROS levels
during the apoptotic death of neurons. They used the redox-
sensitive dye 5 (and 6)-carboxy-20,70-dichlorodihydro-

fluorescein diacetate bis(acetoxymethyl) ester (75) in con-
junction with confocal microscopy to demonstrate that rat
sympathetic neurons in cell culture enter a transient pro-
oxidant state that peaks about 3 h after depriving them of NGF,
their developmentally required neurotrophic factor. This ROS
increase occurs long before any of the cells is committed to die,
as apoptosis does not begin in any of the NGF-deprived cells
until about 18 h after withdrawal. Expression of human SOD
in these cells slowed their death after NGF withdrawal, sug-
gesting that the ROS burst was an important part of the ap-
optotic cascade in them. They also found that downregulation
of SOD with an antisense expression vector made sympathetic
neurons more susceptible to death caused by NGF with-
drawal. By using a similar redox-sensitive dye and confocal
microscopy, my laboratory later demonstrated that, in addi-
tion to this early transient burst of ROS in NGF-deprived rat
sympathetic neurons, a later ROS increase also occurs (43). This
delayed elevation of cellular ROS begins about 12 h after NGF
withdrawal and continues throughout the apoptotic process
(Fig. 3). Concurrent with the decline of the early transient ROS
increase, GSH levels also increase. Buthionine sulfoximine
(BSO), an inhibitor of glutathionine synthesis, blocks the in-
crease in GSH concentration and prevents the transience of the
early ROS increase. In BSO-treated neurons deprived of NGF,
ROS continue to increase before reaching a peak at about 18 h
after NGF withdrawal and remains at this level throughout the
rest of the apoptotic process. These findings suggest that the
cells continue to produce ROS but that these ROS are rapidly
removed by increased activity in the glutathione redox-cycling
pathway. Surprisingly, NGF-deprived mouse sympathetic
neurons exhibit only the later increase in ROS levels and not
the early one (Fig. 3). Therefore, the same types of neurons
from even two relatively closely related species can exhibit
disparate patterns of ROS production and clearance during
apoptosis caused by the same apoptotic stimulus. In both

FIG. 2. The principal pathway for production and clear-
ance of ROS in cells. The principal source of ROS in neu-
rons and most other cell types is leakage of electrons (e-)
from the mitochondrial electron-transport chain to cause a
one-electron reduction of O2 to the free radical ROS O2

:�.
O2
:� can also be produced by NADPH oxidases and some

other enzymatic systems (6). Some O2
:� spontaneously dis-

mutates to H2O2. However, most converts to H2O2 by a
much more rapid dismutation reaction catalyzed by super-
oxide dismutase enzymes (SODs). The H2O2 is converted to
H2O by oxidation of GSH to GSSG in a reaction catalyzed by
GPx. The GSSG is then reduced to GSH in a reaction using
reducing equivalents from NADPH and catalyzed by the
enzyme glutathione reductase (GR).
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cases, the antioxidants N-acetyl-l cysteine and GSH ethyl ester,
a membrane-permeant form of GSH, inhibit apoptotic death,
suggesting that the ROS have an important role in the apo-
ptotic cascade of both models of neurotrophin-withdrawal–
induced apoptosis (24, 43, 47).

Cerebellar granule cells and several other types of neurons
can be maintained alive in cell culture in medium containing
elevated concentrations of potassium (27, 61). The high po-
tassium chronically depolarizes their plasma membrane po-
tentials and induces a low-level, sustained activation of
plasma membrane calcium channels. These channels support
a calcium influx that gives rise to a small sustained increase of
intracellular free calcium concentration that blocks apoptosis
by an undetermined mechanism (27). When switched from a
depolarizing medium (25 mM Kþ)-containing serum to one
containing 5 mM Kþ without serum, the plasma membrane
potential of cerebellar granule neurons repolarizes, shutting
calcium channels and returning the calcium influx and in-
tracellular calcium concentration to baseline levels (61). ROS
increase, and apoptosis begins in these cells soon after the
repolarization. These ROS reach a peak level by 9 h after the
switch and then decline to baseline levels by 15 h (Fig. 3) (47).
Antioxidants inhibit the death of these cells, suggesting a
proapoptotic role for the ROS (76). Increased levels of ROS
have been reported during the apoptotic death of a number of
other types of neurons as well (12, 81).

Data that my laboratory published and results from other
laboratories suggest that most or all of the ROS in apoptotic
and nonapoptotic sympathetic neurons derive from produc-
tion and dismutation of O2

:� produced by electrons leaking
from the mitochondrial electron-transport chain (21, 43, 47).
Electrons derived from NADH and succinate generated by
the TCA cycle in the mitochondrial matrix normally transfer
from respiratory complexes I and II to ubiquinone (coenzyme
Q), which then transfers them to complex III. They are then
carried to complex IV by cytochrome c. As electrons pass
through the respiratory complexes, their energy is dissipated
and is used to translocate protons from the mitochondrial
matrix into the intermembrane space of the mitochondria.
These protons then cross the IMM back into the matrix
through the F1.FO–ATP synthase (respiratory complex V),
where the energy stored in the electrochemical proton gradi-
ent across the IMM is used to produce ATP from ADP.
Leakage of electrons from the respiratory chain to form
O2
:� from O2 is thought to be able to occur in only the first

three respiratory complexes, but primarily at complex I

FIG. 3. Reported time courses of increased ROS in rat and
mouse sympathetic neurons and mouse cerebellar granule
neurons undergoing apoptosis in cell culture. Note that the
early increase of ROS in the rat neurons does not occur in the
mouse neurons. The dotted line shows the ROS time course in
NGF-deprived rat sympathetic neurons exposed to the glu-
tathione synthesis inhibitor BSO. In each case, the original
data were generated by loading cells with the redox-sensitive
dye 5-(and 6)-chloromethyl-2,7-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA). Oxidation of this dye by several
ROS causes its fluorescence intensity to increase. Neurons
were imaged with confocal microscopy and dye intensity
quantified with MetaMorph imaging software. The intensity
increase (increased ROS) was normalized to that of non-
apoptotic neurons of the same type (43, 45).
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(Fig. 4) (55). The mitochondrial uncoupler, carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP), completely blocks
the ROS increase measured by CM-H2DCFDA in NGF-
deprived rat and mouse sympathetic neurons (21, 43, 47).
Dissipating the proton gradient across the IMM with FCCP
leads to a faster transit time for electrons traveling through the
electron-transport chain, less electron stalling, and, as a result,
fewer electrons leaking from the chain to form O2

:�. Sup-
pression of ROS by an uncoupler is strong evidence that the
electrons contributing to the ROS derive from mitochondria.

Additional evidence for a mitochondrial origin for the in-
creased ROS during neuronal apoptosis comes from experi-
ments with the new mitochondria-targeted redox-sensitive
dye MitoSOX Red (39, 74, 94, 95). MitoSOX consists of hy-
droethidine linked by a hexyl carbon chain to a triphenyl-
phosphonium group. The triphenylphosphonium cation
targets the molecule to the mitochondrial matrix because of
the high membrane potential across the inner mitochondrial
membrane (74). Oxidation of the hydroethidine moiety by
O2
:� generates 2-hydroxyethidium, which becomes intensely

fluorescent on intercalation into mitochondrial DNA (74, 95).
Exposing the dye to ultraviolet or near-ultraviolet light excites
the O2

:�=MitoSOX product but not the oxidation products of
MitoSOX generated by other ROS, including H2O2 and ROS
downstream of H2O2. MitoSOX colocalizes with mitochon-
dria in sympathetic and cerebellar granule neurons in cell
culture. Exposure of mouse sympathetic neurons to culture
medium containing menadione, a compound that generates
O2
:� intracellularly by mediating transfer of electrons from

NADH or NADPH to O2, increases MitoSOX fluorescence
(82). H2O2 at a concentration that causes a large increase in
CM-H2DCFDA fluorescence intensity has no effect (46), in-
dicating that MitoSOX is an effective tool for investigating
production of O2

:� by the mitochondria of these neurons,
without significant interference from H2O2-associated ROS.
Mitochondria-localized MitoSOX fluorescence increases in
NGF-deprived mouse sympathetic neurons in parallel with
the increase in the ROS detected by CM-H2DCFDA. FCCP
blocks this increase. Together, the data strongly suggest that
the mitochondria of neurons undergoing apoptotic death in-

crease production of O2
:� and that the ROS detected by CM-

H2DCFDA lie downstream of this increase.

The Role of Bax and Caspases in the ROS Increase
During Neuronal Apoptosis

Bax is central to the apoptotic death of many types of
neurons in vivo (86) and in vitro, including NGF-deprived rat
and mouse sympathetic neurons, repolarized=serum-starved
cerebellar granule neurons, and cortical neurons treated with
excitotoxins in cell culture (14, 61, 90). Bcl-2 and other anti-
apoptotic members of the Bcl-2 family reside primarily in the
OMM (62, 63). The antiapoptotic function of these proteins
seems to be primarily to cause retention of cytochrome c and
other apoptogenic factors within the mitochondrial inter-
membrane space (11,13). In healthy cells, most Bax is located
in the cytoplasm or is loosely associated with the cytoplasmic
side of the OMM. During apoptosis, Bax oligomerizes and
inserts into the OMM, permeabilizing it and causing cyto-
chrome c to be released into the cytoplasm, where it activates
the intrinsic apoptotic cascade (70, 71, 88). A great deal of
effort has gone into investigating how Bax induces the release
of cytochrome c from mitochondria, but the exact mechanism
remains undetermined (11, 60). Bax can form pores in lipo-
somes that are large enough to allow passage of cytochrome c
(13). However, it is unclear whether it can form similar
channels in the OMM (11). It is possible that Bax pores in the
OMM are the main exit route for cytochrome c redistribution
into the cytoplasm. However, considering the current litera-
ture, it also is possible that Bax causes release, at least in part,
through activation of other OMM channels (13). It is thought
that much of the cytochrome c associates with the cytoplasmic
side of the IMM and that this association must be broken for
cytochrome c in mitochondria to exit the intermembrane
space, even if the OMM is permeabilized. Evidence exists that
this may occur through peroxidation of the IMM lipid, car-
diolipin (37, 67). We presented evidence that such peroxida-
tion occurs in rat sympathetic neurons deprived of NGF (45).

Withdrawal of NGF from sympathetic neurons in culture
causes cessation of somatic growth and neurite outgrowth. It
also causes a steep decline in many metabolic parameters (15).
Similar effects occur in repolarized=serum-starved cerebellar
granule neurons in culture (61). These events transpire at about
the same rate in neurons taken from Bax-null mice as in those
taken from wild-type mice, indicating that Bax is not required
for the trophic effects. However, neurons taken from Bax-null
animals do not die after withdrawal of trophic support. For as
long as cultures can be maintained, these cells will live, despite
receiving an apoptotic signal (14, 18). Additionally, ROS levels
do not increase in either Bax-null, NGF-deprived sympathetic
neurons or repolarized=serum-starved cerebellar granule cells.
Treatment of cortical neurons in culture with the kinase in-
hibitor staurosporin induces them to undergo an apoptotic
death that is blocked in Bax-null cells. Bax deletion also pre-
vents increased ROS in them. In each of these cell types, the
ROS block is complete. Therefore, Bax lies upstream of all in-
creased ROS production occurring during the apoptotic death
of these three representative types of neurons.

Several possible mechanisms exist by which Bax could
cause increased production of O2

:� by the mitochondria of
apoptotic neurons (Fig. 5). First, Bax-induced release of cy-
tochrome c from the mitochondrial intermembrane space may

FIG. 4. ROS production by the mitochondrial electron-
transport chain. The mitochondrial intermembrane space is
toward the top of the figure. The path of electron transfer is
indicated by the broken arrows. Electrons derived from the
TCA cycle enter the chain at either complex I or II. They then
transfer to the coenzyme Q pool (Q) that carries them to
complex II. I, NADH dehydrogenase; II, succinate dehy-
drogenase; III, bc1 complex; IV, cytochrome oxidase; V,
F1.FO�ATP synthase. Superoxide is shown being produced
at complex I. It also can be produced at complex III under
some circumstances (e.g., antimycin A treatment; 58).
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cause increased production of O2
:� by blocking the flow of

electrons through the electron-transport chain secondary to
depleting the chain of cytochrome c. Such a block can augment
leakage of electrons from carriers upstream of cytochrome c (8,
25). Second, Bax could increase O2

:� production by releasing
cytochrome c and activating caspases that then damage mi-
tochondrial respiratory complexes. The damaged comple-
xes could leak more electrons, augmenting O2

:� production.
Consistent with the latter mechanism, the broad-spectrum
caspase inhibitors boc-aspartyl-(OMe)-fluoromethylketone
(BAF) or zVAD greatly attenuate but do not prevent increased
ROS in NGF-deprived sympathetic neurons, suggesting that
much of the ROS is caspase dependent (43, 47). Sympathetic
neurons from caspase 3–null animals do not die when de-
prived of NGF, indicating that it is the primary effector caspase
in these cells (87). Caspase 3 activity increases mitochondrial
ROS production in some cell lines by cleaving the NDUFS1
subunit of the respiratory complex I (72, 73). This subunit and
its consensus caspase 3 cleavage site are ubiquitously ex-
pressed in mammalian tissues. Whether cleavage of the
NDUFS1 subunit or other components of the respiratory chain
occurs in neurons or other primary cells and the relevance of
such cleavage to ROS production has not yet been determined.
The suppression of ROS by caspase inhibitors is consistent
with this possibility.

Additionally, we have found that NGF-deprived sympa-
thetic neurons from caspase 3–null mice exhibit a much
smaller increase in ROS compared with wild-type cells, con-
sistent with caspase attack on respiratory substrates in the
cells (data not shown). The rate of cytochrome c exit was not
affected in the caspase 3–knockout cells. Therefore, it appears
that the bulk of increased ROS, at least in apoptotic sympa-
thetic neurons, arises from caspase activity, most likely as a
result of caspase cleavage of respiratory complex subunits.

Finally, Bax might influence mitochondrial ROS produc-
tion by a variety of mechanisms independent of cytochrome c
release or caspase activation. BAF does not inhibit cytochrome
c redistribution in NGF-deprived sympathetic neurons (47).

Maximal cytochrome c loss occurs by 48 h after NGF with-
drawal. In unreported data, we found that baxþ=þ and baxþ=�

neurons deprived of NGF for 24 to 48 h and maintained alive
with BAF had identical levels of cytochrome c remaining in
their mitochondria. The baxþ=þ neurons had slightly higher
ROS levels than did the baxþ=� neurons. By using the sensitive
Caspase-Glo assay, we found that caspase 3=7 activity was
completely blocked in these cells by BAF. It is likely that no
other effector caspases are expressed in these neurons (18, 87).
Therefore, Bax affects mitochondrial O2

:� production in them
by a mechanism in addition to that caused by cytochrome c
redistribution and caspase activation. One possible mecha-
nism is Bax-induced mitochondrial biogenesis. Bax influences
mitochondrial fission=fusion (40, 41), a process that could,
ostensibly, increase total cellular mitochondrial volume and,
thereby, elevate ROS.

Another possible mechanism is a Bax-induced increase in
mitochondrial metabolism so that more electrons are avail-
able to the respiratory chain. In support of such a mechanism,
the related antiapoptotic protein, Bcl-2, increases levels of
reduced cellular pyridine nucleotides in cells (e.g., NADH)
(50–52). A similar effect of Bax could explain some of its effect
on O2

:� production. It also is possible that Bax has direct or
indirect effects on respiratory complexes that cause increased
electron leakage. Zimmerman et al. (95) presented evidence
that, in cerebellar granule cells, Bcl-2 exerts an antioxidant
effect on mitochondria by binding GSH and that the BH3
domains of proapoptotic proteins like Bax can displace this
GSH. They also showed that BH3 mimetics displace a mito-
chondrial pool of GSH. Such displacement could, ostensibly,
decrease removal of H2O2, causing oxidative stress, and might
be one mechanism by which Bax exerts a prooxidant effect.
However, this finding cannot explain how Bax increases O2

:�

production by mitochondria.
Taken together, the available data suggest several possible

mechanisms by which Bax increases ROS during neuronal
apoptosis.

The Role of ROS in Cytochrome c Release
During Neuronal Apoptosis

Dugan et al. (21) showed that readdition of NGF to NGF-
deprived cultures of rat sympathetic neurons rapidly sup-
presses the elevated ROS levels in them. We found a similar
effect in mouse sympathetic neurons (46). NGF readdition to
mouse cultures deprived of NGF for 24 h suppresses CM-
H2DCFDA intensity by*80% within 20 min of exposure. This
suppression continues for at least 2 h. In contrast to the rapid
and potent suppressant effect that NGF readdition has on
CM-H2DCFDA intensity in NGF-deprived neurons, re-
exposure of cells deprived of NGF for 24 h to NGF does not
suppress MitoSOX fluorescence in them for at least 6 h after
the addition. These findings suggest that mitochondria in
NGF-deprived sympathetic neurons continue to generate
O2
:� but not H2O2 after the readdition of NGF. The explan-

ation for the disparate effects of NGF on the two different
types of ROS appears to be that NGF readdition rapidly acti-
vates antioxidant mechanisms for removing the H2O2

from the cells. When the neurons are treated with N,N0-bis
(2-chloroethyl)-N-nitrosourea (BCNU) (5), an inhibitor of
glutathione reductase, the enzyme necessary for reducing
GSSG to GSH, NGF no longer suppresses the increased ROS.

FIG. 5. Possible causes of the Bax-dependent increase of
ROS during neuronal apoptosis.
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This finding suggests that NGF activates the glutathione re-
dox-cycling pathway, the primary means for removing H2O2

from these cells (46). A possible mechanism underlying this
activation is phosphorylation and activation of GPx1, the most
abundant of the approximately five GPxs in mammalian cells,
by the Src family of tyrosine kinases c-Abl and Arg (9). GPx1 is
found in most cells, including neurons. Both c-Abl and Arg are
involved in the cellular response to oxidative stress, are widely
expressed, and associate with the high-affinity NGF receptor
TrkA (92). Therefore, it is possible that NGF activates gluta-
thione redox cycling and suppresses ROS, at least in part, by
causing phosphorylation and activation of GPx1.

NGF may also modulate cellular antioxidant status
through its effect on glucose uptake. Hexokinase catalyzes
the conversion of glucose to glucose-6-phosphate (G6PD) in
the first step of glycolysis. G6PD þ NADH can then enter the
pentose phosphate pathway rather than the glycolytic path-
way by conversion to 6-phosphogluconolactoneþNADPH in
a reaction catalyzed by G6PD dehydrogenase. The pool of
NADPH produced is the primary source of reducing equiv-
alents for the conversion of GSSG to GSH. Withdrawing NGF
from sympathetic neurons in cell culture causes glucose up-
take to decrease to about 20% of control within 6 h (14). A
decrease in available glucose in NGF-deprived neurons or a
decrease in the activity of either of the two relevant enzymes
could, ostensibly, result in fewer NADPH reducing equiva-
lents being available for the reduction of GSSG to GSH.
Readdition of NGF increases glucose uptake and could in-
crease NADPH concentration (15).

The membrane-permeant antioxidants N-acetyl-l-cysteine
and GSH ethyl ester inhibit the apoptotic death of NGF-
deprived mouse sympathetic neurons by inhibiting release of
cytochrome c from mitochondria (44). Exposing these cells to
a concentration of H2O2 that causes an intracellular pro-
oxidant state similar to that caused by NGF withdrawal in-
duces rapid cytochrome c release (47). These findings suggest
an instructive role for the elevated ROS levels in causing cy-
tochrome c redistribution in these neurons. About 50% of
NGF-deprived sympathetic neurons are committed to death
by 24 h after NGF withdrawal (14). That is, when NGF is
added back to the cultures at this time, *50% of cells live,
whereas the others die by apoptosis. The block of death of the
uncommitted cells by NGF readdition is secondary to an
immediate block by NGF of any further cytochrome c release
(18). Addition of GSH ethyl ester also immediately stops cy-
tochrome c release and prevents further death from occurring
(44). The rapid activation by NGF of the glutathione pathway
for detoxifying H2O2 (Fig. 6) suggests the possibility that NGF
also prevents release of cytochrome c from mitochondria, at
least in part, through an antioxidant mechanism. To explore
this possibility, we treated NGF-deprived neurons with cul-
ture medium containing NGF. BCNU was included in the
medium of some cultures to block glutathione redox cycling
(Fig. 6). This treatment prevented both NGF and GSH ethyl
ester from blocking further cytochrome c release. This finding
is consistent with the antioxidant effect of NGF being im-
portant for preventing cytochrome c redistribution and sub-
sequent apoptotic death (Fig. 7).

ROS have been reported to cause cytochrome c release in
several types of cells (37, 43, 47, 59). However, Jekabson and
Nicholls (36) reported that no correlation exists between ROS
at the individual cell level and apoptosis in dying cerebellar

granule neurons in culture. These cells were scored as being
apoptotic if they stained for annexin V, a marker of apoptotic
cells. They suggested that this finding is consistent with a
model whereby the increased ROS may provide a permissive
environment for cytochrome c redistribution but that is not
instructive for release. However, it is difficult to reconcile our
findings in sympathetic neurons with the permissive hy-
pothesis. H2O2 concentrations that cause an increase in CM-
H2DCFDA similar to that seen in NGF-deprived cells induce
release. It is possible that the lack of correlation between an-
nexin V staining and ROS could merely be that the ROS burst
is fast, brief, and the cells are then dead and can no longer
produce ROS.

ROS, JNK, and Autocatalytic Processing of Bax

c-Jun N-terminal kinase ( JNK) becomes activated in NGF-
deprived sympathetic neurons and repolarized=serum-
starved cerebellar granule cells soon after they receive an
apoptotic stimulus (23, 61). Oxidative stress can activate JNK.
However, JNK activates to the same extent and over the same
time course in Bax-null neurons as in wild-type cells, even
though ROS levels remain very low in the knockout cells.

FIG. 6. Effect of NGF or GSH ethyl ester addition on
cytochrome c release from NGF-deprived mouse sympa-
thetic neurons. In the original experiments, cells were main-
tained in medium containing the broad-spectrum caspase
inhibitor BAF to prevent death. This treatment does not alter
the time course of cytochrome c redistribution but prevents
death of all cells for at least 48 h (47). About 90% of BAF-
maintained cells had released cytochrome c from mitochon-
dria by 48 h after NGF withdrawal (solid line). Addition of
NGF or GSH ethyl ester to the culture medium at 24 h after
deprivation blocked further release (dashed line for both).
Treatment of these cells at 24 h after withdrawal with the GR
inhibitor BCNU completely blocked the ability of GSH ethyl
ester or NGF to inhibit cytochrome c release in the succeeding
24 h (dotted line for both). It had no effect on cytochrome c
release in control cells. These data suggest a role for NGF
activation of glutathione redox cycling in short-term preven-
tion of cytochrome c redistribution by NGF readdition.
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Therefore, in these cells, oxidative stress does not lie upstream
of JNK activation. Harris and Johnson (34) demonstrated that
the BH3-only proteins Dp5 and Bim are upregulated in both
sympathetic neurons and cerebellar granule cells during ap-
optosis. They also demonstrated that the death-promoting
activity of these proteins in these cells requires Bax. Inhibition
of JNK activity blocked much of this upregulation, suggesting
that JNK lies upstream of much of the induction. Inhibition of
JNK also supports long-term survival in NGF-deprived cells
(33). JNK has been reported to cause Bax translocation to mi-
tochondria in COS-1 cells through phosphorylation of 14-3-3
proteins that anchor it in the cytoplasm. The phosphorylation
causes Bax to dissociate from these proteins (84). However,
such a mechanism seems unlikely to have much of a role in Bax
translocation during the apoptotic death of sympathetic and
cerebellar granule neurons as JNK is fully activated soon after
receipt of an apoptotic stimulus in these cells but many hours
before cytochrome c is released (23). Because both JNK and
ROS appear to be important for apoptotic neuronal death, JNK
must lie either upstream of the ROS increase or affect death
through a parallel pathway. One possibility is that the upre-
gulated BH3-only proteins cause increased association of Bax
with mitochondria and that this association then leads to ele-
vated ROS.

In many cell types, including neurons, cytochrome c redis-
tributes into the cytoplasm from most or all mitochondria in a
cell over a period of just a few minutes (29, 47). This rapid
release implies the existence of a signaling mechanism that

coordinates near-simultaneous release of cytochrome c from
many mitochondria. An increase in intracellular Ca2þ has been
suggested to signal rapid release in some cells (7). However,
cytoplasmic Ca2þ does not increase during the period of cy-
tochrome c redistribution in NGF-deprived dorsal root ganglia
neurons (83) or NGF-deprived sympathetic neurons (our un-
reported data). Upregulation of BH3-family proteins are one
possible candidate for activation of Bax and cytochrome c re-
lease. However, it is unclear how the induction of these pro-
teins could trigger rapid coordinate release from most
mitochondria in a cell over a period of a few minutes. Also, it is
not clear why ROS would be important to this release. Based on
our data and those of others, I propose that the increased H2O2

is the principal messenger molecule that coordinates this re-
lease (Fig. 8). Nie et al. (65) demonstrated that H2O2 can cause
oligomerization and activation of Bax, apparently by oxidizing
the conserved cysteine 62 residue. This finding, in combination
with the prooxidant effects of Bax, raises the possibility of a
Bax=ROS-induced autocatalytic cycle in which Bax increases
O2
:� production and, through dismutation, H2O2. The H2O2

then causes more Bax to associate with the OMM, further in-
creasing O2

:�=H2O2 production. Such a feed-forward mecha-
nism could, ostensibly, cause rapid elevation of cellular H2O2

levels and association of Bax with the OMM, resulting in rapid,
almost complete cytochrome c release from all mitochondria in
the cells. The process might be initiated by BH3-only proteins.
The ROS might also activate other routes of exit across the
OMM. The voltage-dependent ion conductance (VDAC) of the
OMM, for example, is activated by ROS and may have a large
enough conductance to allow egress of cytochrome c into the
cytoplasm (59).

The Role of ROS in Priming Neuronal Caspase Activity

In addition to its apparent role in causing cytochrome c
release, ROS also have an additional function during neuronal
apoptosis (49, 85). Vaughn and Deshmukh (85) demonstrated

FIG. 7. Summary of proposed mechanisms by which
neuronal antioxidant state influences cytochrome c release
in NGF-deprived sympathetic neurons. Withdrawal of NGF
causes an increase in Bax-dependent O2

:� production by
mitochondria. The O2

:� dismutates to H2O2 in a reaction
catalyzed primarily by SOD2 (MnSOD), the mitochondrial
matrix form of superoxide dismutase. The H2O2 then serves
as a signal causing cytochrome c to exit the intermembrane
space and enter the cytoplasm. Readdition of NGF rapidly
activates glutathione redox cycling, lowering ROS, and
blocking further cytochrome c release.

FIG. 8. Hypothesized mechanism by which Bax can cata-
lyze its own insertion into the OMM by its effects on ROS.
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that the ability of cytochrome c to induce apoptosis in sym-
pathetic neurons depends on its redox state. In nonapoptotic
neurons, cytochrome c is maintained in a reduced state by
GSH generated via the pentose phosphate pathway. The re-
duced cytochrome c is ineffective at causing apoptotic death.
Suppression of the pentose phosphate pathway or GSH
synthesis with inhibitors placed the cells in a prooxidant
state, oxidizing the cytochrome c. The oxidized cytochrome c
effectively induces death. The Bax-dependent increase of
ROS and the decline of glutathione redox cycling in NGF-
deprived neurons mentioned earlier may contribute to this
oxidation.

Conclusions

ROS concentrations increase during the apoptotic death of
many types of cells, including neurons. Available data sug-
gest that these ROS are important regulators of the intrinsic
apoptotic cascade in neurons. Specifically, they appear to be
necessary for induction of cytochrome c release from mito-
chondria. The proapoptotic protein Bax lies upstream of the
elevated production of ROS during neuronal apoptosis. Bax
appears to increase ROS in part through activation of caspases
secondary to Bax-induced redistribution of cytochrome c. It is
likely that the activated caspases increase ROS in neurons, as
in other cell types, by cleaving mitochondrial respiratory
complexes. Bax may also contribute to ROS production by
depleting cytochrome c from the mitochondrial electron-
transport chain or by a variety of other mechanisms that may
affect leakage of electrons from the chain. I hypothesize that
ROS coordinates rapid release of cytochrome c from most
mitochondria in a neuron by an autocatalytic mechanism in-
volving Bax oxidation. Additionally, ROS primes neuronal
caspase activity by oxidizing cytochrome c, an event that
appears to be a necessary step for cytochrome c to initialize
apoptosis.

Acknowledgments

This work was supported by NIH grant RO1NS37110. I
thank Rebecca A. Kirkland for critical reading of the manuscript.

References

1. Abramov AY, Scorziello A, and Duchen MR. Three distinct
mechanisms generate oxygen free radicals in neurons and
contribute to cell death during anoxia and reoxygenation.
J Neurosci 27: 1129–1138, 2007.

2. Adrian C and Martin SJ. The mitochondrial apoptosome: a
killer unleashed by the cytochrome seas. Trends Biochem Sci
26: 390–397, 2001.

3. Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G,
Thornberry NA, Wong WW, and Yuan J. Human ICE=CED-
3 protease nomenclature. Cell 87: 171, 1996.

4. Andreyev AY, Kushnareva YE, and Starkov AA. Mi-
tochondrial metabolism of reactive oxygen species. Bio-
chemistry (Moscow) 70: 200–214, 2005.

5. Babson JR and Reed DJ. Inactivation of glutathione reduc-
tase by 2-chloroethyl nitrosourea-derived isocyanates. Bio-
chem Biophys Res Commun 83: 754–762, 1978.

6. Bedard K and Krause K. The NOX family of ROS-generating
NADPH oxidases: physiology and pathophysiology. Physiol
Rev 87: 245–313, 2007.

7. Boehning D, Patterson RL, Sedaghat L, Glebova NO, Kur-
osaki T, and Snyder SH. Cytochrome c binds to inositol
(1,4,5) triphosphate receptors, amplifying calcium-depen-
dent apoptosis. Nat Cell Biol 5: 1051–1061, 2003.

8. Cai J and Jones DP. Superoxide in apoptosis: mitochondrial
generation triggered by cytochrome c loss. J Biol Chem 273:
11401–11404, 1998.

9. Cao C, Leng Y, Huang W, Liu X, and Kufe D. Glutathione
peroxidase 1 is regulated by the c-Abl and Arg tyrosine ki-
nases. J Biol Chem 278: 39609–39614, 2003.

10. Chen J, Nagayama T, Jin K, Stetler RA, Zhu RL, Graham SH,
and Simon RP. Induction of caspase-3-like protease
may mediate delayed neuronal death in the hippocampus
after transient cerebral Ischemia. J Neurosci 18: 4914–4928,
1998.

11. Chipuk JE, Moldoveanu T, Liambi F, Parsons MJ, and Green
DR. The Bcl-2 family reunion. Mol Cell 37: 299–310, 2010.

12. Coyle JT and Puttfarcken P. Oxidative stress, glutamate, and
neurodegenerative disorders. Science 262: 689–695, 1993.

13. Danial NN and Korsmeyer SJ. Cell death: critical control
points. Cell 116: 205–219, 2004.

14. Deckwerth TL, Elliot JL, Knudson CM, Johnson EM Jr, Sni-
der WD, and Korsmeyer SJ. BAX is required for neuronal
death after trophic factor deprivation and during develop-
ment. Neuron 17: 401–411, 1996.

15. Deckwerth TL and Johnson EM Jr. Temporal analysis of
events associated with programmed cell death (apoptosis) of
sympathetic neurons deprived of nerve growth factor. J Cell
Biol 123: 1207–1222, 1993.

16. Desagher S, Osen-Sand A, Nichols A, Eskes R, Montessuit S,
Lauper S, Maundrell K, Antonsson B, and Martinou J. Bid-
induced conformational change of Bax is responsible for
mitochondrial cytochrome c release during apoptosis. J Cell
Biol 144: 891–901, 1999.

17. Deshmukh M, Vasilakos J, Deckwerth TL, Lampe PA, Shi-
vers BD, and Johnson EM Jr. Genetic and metabolic status of
NGF-deprived sympathetic neurons saved by an inhibitor of
ICE family proteases. J Cell Biol 135: 1341–1354, 1996.

18. Deshmukh M and Johnson EM Jr. Evidence of a novel event
during neuronal death: development of competence-to-die
in response to cytoplasmic cytochrome c. Neuron 21: 695–
705, 1998.

19. Du C, Fang M, Li Y, Li L, and Wang X. Smac, a mitochondrial
protein that promotes cytochrome-c dependent caspase acti-
vation by eliminating IAP inhibition. Cell 102: 33–42, 2000.

20. Du C, Hu R, Csernansky CA, Hsu CY, and Choi DW.
Very delayed infarction after mild focal cerebral ischemia:
a role for apoptosis? J Cerebral Blood Flow Metab 16: 195–
201, 1996.

21. Dugan LL, Creedon DJ, Johnson EM Jr, and Holtzman DM.
Rapid suppression of free radical formation by nerve growth
factor involves the mitogen-activated protein kinase path-
way. Proc Natl Acad Sci U S A 94: 4086–4091, 1997.

22. Ellis HM and Horvitz HR. Genetic control of programmed
cell death in the nematode C. elegans. Cell 44: 817–829, 1986.

23. Estus S, Zaks WJ, Freeman RS, Gruda M, Bravo R, and
Johnson EM Jr. Altered gene expression in neurons during
programmed cell death: identification of c-jun as necessary
for neuronal apoptosis. J Cell Biol 127: 1717–1727, 1994.

24. Ferrari G, Yan CY, and Greene LA. N-acetylcysteine (D- and
L-stereoisomers) prevents apoptotic death of neuronal cells.
J Neurosci 15: 2857–2866, 1995.

25. Fiskum G, Kowaltowksi AJ, Andreyev AY, Kushnareva YE,
and Starkov AA. Apoptosis-related activities measured with

REDOX REGULATION OF NEURONAL APOPTOSIS 1445



isolated mitochondria and digitonin-permeabilized cells.
Methods Enzymol 322: 222–234, 2000.

26. Floyd RA and Hensley K. Oxidative stress in brain aging:
implications for therapeutics of neurodegenerative diseases.
Neurobiol Aging 23: 795–807, 2002.

27. Franklin JL, Sanz-Rodriguez C, Juhasz A, Deckwerth TL,
and Johnson EM Jr. Chronic depolarization prevents pro-
grammed death of sympathetic neurons in vitro but does not
support growth: requirement for Ca2þ influx but not Trk
activation. J Neurosci 15: 643–664, 1995.

28. Gervais FG, Xu D, Robertson GS, Vaillancourt JP, Zhu Y,
Huang J, LeBlanc A, Smith D, Rigby M, Shearman MS,
Clarke EE, Zheng H, Van Der Ploeg LHT, Ruffolo SC,
Thornberry NA, Xanthoudakis S, Zamboni RJ, Roy S, and
Nicholson DW. Involvement of caspases in proteolytic
cleavage of Alzheimer’s amyloid-precursor protein and
amyloidogenic A peptide formation. Cell 97: 395–406, 1999.

29. Goldstein JC, Waterhouse NJ, Juin P, Evan GI, and Green
DR. The coordinate release of cytochrome c during apoptosis
is rapid, complete and kinetically invariant. Nat Cell Biol 2:
156–162, 2000.

30. Greenlund LJS, Deckwerth TL, and Johnson EM Jr. Super-
oxide dismutase delays neuronal apoptosis: a role for reac-
tive oxygen species in programmed neuronal death. Neuron
14: 303–315, 1995.

31. Haase G, Pettman BN, Raoul C, and Henderson CE. Sig-
naling by death receptors in the nervous system. Curr Opin
Neurobiol 18: 284–291, 2008.

32. Halliwell B and Gutteridge JMC. Free Radicals in Biology and
Medicine. 4th Ed. Oxford, UK: Clarendon Press, 2007, pp 1–
29.

33. Harris CA, Deshmukh M, Tsui-Pierchala B, Maroney AC, and
Johnson EM Jr. Inhibition of the c-Jun N-terminal kinase
signaling pathway by the mixed lineage kinase inhibitor CEP-
1347 (KT7515) preserves metabolism and growth of trophic
factor-deprived neurons. J Neurosci 22: 103–113, 2003.

34. Harris CA and Johnson EM Jr. BH3-only Bcl-2 family
members are coordinately regulated by the JNK pathway
and require Bax to induce apoptosis in neurons. J Biol Chem
41: 37754–37760, 2001.

35. Jacobson J and Duchen MR. What nourishes me, destroys
me: towards a new mitochondrial biology. Cell Death Differ
8: 963–966, 2001.

36. Jekabsons MB and Nicholls DG. Bioenergetic analysis of
cerebellar granule neurons undergoing apoptosis by potas-
sium=serum deprivation. Cell Death Differ 13: 1595–1610,
2006.

37. Jiang J, Huang J, Zhao Q, Feng W, Belikova NA, and Kagan
V. Interplay between bax, reactive oxygen species produc-
tion, and cardiolipin oxidation during apoptosis. Biochem
Biophys Res Commun 368: 145–150, 2005.

38. Johnson MI and Argiro V. Techniques in the tissue culture of
rat sympathetic neurons. Methods Enzymol 103: 334–347,
1983.

39. Johnson-Cadwell LI, Jekabsons MB, Wang A, Polster BM,
and Nicholls DG. ‘‘Mild uncoupling’’ does not decrease
mitochondrial superoxide levels in cultured cerebellar
granule neurons but decreases spare respiratory capacity
and increases toxicity to glutamate and oxidative stress.
J Neurochem 101: 1619–1631, 2007.

40. Karbowski M and Youle RJ. Dynamics of mitochondrial
morphology in healthy cells during apoptosis. Cell Death
Differ 10: 870–880, 2003.

41. Karbowski M, Norris KL, Cleland MM, Jeong S, and Youle
RJ. Role of Bax and Bak in mitochondrial morphogenesis.
Nature 443: 658–662, 2006.

42. Kerr JFR, Wyllie AH, and Currie AR. Apoptosis: a basic
biological phenomenon with wide-ranging implications in
tissue kinetics. Br J Cancer 26: 239–257, 1972.

43. Kirkland RA and Franklin JL. Evidence for redox regulation
of cytochrome c release during programmed neuronal death:
antioxidant effects of protein synthesis and caspase inhibi-
tion. J Neurosci 21: 1949–1963, 2001.

44. Kirkland RA and Franklin JL. Bax, reactive oxygen, and
cytochrome c release in neuronal apoptosis. Antioxid Redox
Signal 5: 589–596, 2003.

45. Kirkland RA, Rao AM, Hatcher JF, and Franklin JL. Loss of
cardiolipin and mitochondria during programmed neuronal
death: evidence of a role for lipid peroxidation and autop-
hagy. Neuroscience 115: 587–602, 2002.

46. Kirkland RA, Saavedra GM, and Franklin JL. Rapid activa-
tion of antioxidant defenses by nerve growth factor sup-
presses reactive oxygen species during neuronal apoptosis:
evidence for a role in cytochrome c redistribution. J Neurosci
27: 11315–11326, 2007.

47. Kirkland RA, Windelborn JA, Kasprzak JM, and Franklin JL.
A Bax-induced pro-oxidant state is critical for cytochrome c
release in programmed neuronal death. J Neurosci 22: 6480–
6490, 2002.

48. Knudson CM, Tung KSK, Tourtelotte WG, Brown GAJ, and
Korsmeyer SJ. Bax-deficient mice with lymphoid hyperplasia
and male germ cell death. Science 270: 96–99, 1995.

49. Korshunov SS, Krasnikov BF, Pereverzev MO, and Sku-
lachev VP. The antioxidant functions of cytochrome c. FEBS
Lett 462: 192–198, 1991.

50. Kowaltowski AJ and Fiskum G. Redox mechanisms of
cytoprotection by Bcl-2. Antioxid Redox Signal 7: 508–514,
2005.

51. Kowaltowski AJ, Vercesi AE, and Fiskum G. Bcl-2 prevents
mitochondrial permeability transition and cytochrome c re-
lease via maintenance of reduced pyridine nucleotides. Cell
Death Differ 7: 903–910, 2000.

52. Kowaltowski A J, Cosso RG, Campos CB, and Fiskum G.
Effect of Bcl-2 overexpression on mitochondrial structure
and function. J Biol Chem 277: 42802–42807, 2002.

53. Kroemer G. The proto-oncogene Bcl-2 and its role in regu-
lating apoptosis. Nature Med 3: 614–620, 1997.

54. LaFerla FM, Tinkle BT, Bieberich CJ, Haudenschild CC, and
Jay G. The Alzheimer’s ab peptide induces neurodegenera-
tion and apoptotic cell death in transgenic mice. Nature Gen
9: 21–30, 1995.

55. Lambert AJ and Brand MD. Superoxide production by
NADH: ubiquinone oxidoreductase (complex I) depends on
the pH gradient across the mitochondrial inner membrane.
Biochem J 382: 511–517, 2004.

56. Li LY, Luo X, and Wang X. Endonuclease G is an apoptotic
DNase when released from mitochondria. Nature 412: 95–99,
2001.

57. Lin MT and Beal MF. Mitochondrial dysfunction and oxida-
tive stress in neurodegenerative diseases. Nature 443: 787–795,
2006.

58. Liu Y, Fiskum G, and Schubert D. Generation of reactive
oxygen species by the mitochondrial electron transport
chain. J Neurochem 80: 780–787, 2002.
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and regulation of the Caenorhabditis elegans death protease
CED-3 by CED-4 and CED-9. J Biol Chem 34: 21449–21454,
1997.

90. Xiang H, Kinoshita Y, Knudson CM, Korsmeyer SJ,
Schwartzkroin PA, and Morrison RS. Bax involvement in
p53-mediated neuronal cell death. J Neurosci 18: 1363–1373,
1998.

91. Xue D and Horvitz HR. Caenorhabditis elegans Ced-9 protein
is a bifunctional cell-death inhibitor. Nature 390: 305–308,
1997.

92. Yano H, Cong F, Birge RB, Goff SP, and Chao MV. Asso-
ciation of the Abl tyrosine kinase with the Trk nerve growth
factor receptor. J Neurosci Res 59: 356–364, 2005.

93. Yuan J and Yanker BA. Apoptosis in the nervous system.
Nature 407: 802–809, 2001.

94. Zhao H, Kalivendi S, Zhang H, Joseph J, Nithipatikom K,
Vasquez-Vivar J, and Kalyanaraman B. Superoxide reacts
with hydroethidine but forms a fluorescent product that is

REDOX REGULATION OF NEURONAL APOPTOSIS 1447



distinctly different from ethidium: potential implications in
intracellular fluorescence detection of superoxide. Free Radic
Biol Med 34: 1359–1368, 2003.

95. Zhao H, Joseph J, Fales HM, Sokoloski EA, Levine RL,
Vasquez-Vivar J, and Kalyanaraman B. Detection and
characterization of the product of hydroethidine and intra-
cellular superoxide by HPLC and limitations of fluorescence.
Proc Natl Acad Sci U S A 102: 5727–5732, 2005.

96. Zimmermann AK, Loucks A, Schroeder EK, Bouchard RJ,
Tyler KL, and Linseman DA. Glutathione binding to the
Bcl-2 homology-3 domain groove a molecular basis for Bcl-2
antioxidant function in mitochondria. J Biol Chem 282:
29296–29304, 1997.

97. Zou H, Henze WJ, Liu X, Lutschg A, and Wang X. Apaf-1, a
human protein homologous to C. elegans CED-4, participates
in cytochrome c-dependent activation of caspase-3. Cell 90:
405–413, 1997.

Address correspondence to:
James L. Franklin

Department of Pharmaceutical and Biomedical Sciences
University of Georgia
357 Wilson Pharmacy

250 Green St.
Athens, GA 30602

E-mail: jlfrankl@rx.uga.edu

Date of first submission to ARS Central, August 20, 2010; date
of acceptance, September 2, 2010.

Abbreviations Used

AIF¼ apoptosis-inducing factor
APAF1¼ apoptosis protease-activating factor 1

BAF¼ boc-aspartyl-(OMe)-fluoromethylketone
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CM-H2DCFDA¼ 5-(and�6)-chloromethyl-2,7-
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DISC¼death-inducing signaling complex
FADD¼ Fas-associated protein with death
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p-trifluoromethoxyphenylhydrazone
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GPX¼ glutathione peroxidase
GR¼ glutathione reductase

GSH¼ reduced glutathione
GSSG¼ oxidized glutathione
H2O2 ¼hydrogen peroxide

IAPs¼ inhibitor of apoptosis proteins
IMM¼ inner mitochondrial membrane
JNK¼ c-Jun N-terminal kinase

NGF¼nerve growth factor
O2

�� ¼ superoxide
OMM¼ outer mitochondrial membrane

ROS¼ reactive oxygen species
RS¼ reactive species

SOD¼ superoxide dismutase
VDAC¼voltage-dependent anion conductance
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