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Redox signaling in biology and disease | Roy J. Soberman, Series Editor

Oxidative stress, cell cycle, and neurodegeneration
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J. Clin. Invest. 111:785-793 (2003). doi:10.1172/JCI200318182.

While numerous studies have examined the existence of
increased reactive oxygen species (ROS) in later-onset
neurodegenerative disorders, the mechanism by which
neurons die under conditions of oxidative stress
remains largely unknown. Fairly recent evidence has
suggested that one mechanism linked to the death of
terminally differentiated neurons is aberrant reentry
into the cell cycle. This phenomenon has been reported
in Alzheimer disease (AD) patients (1), Down syndrome
patients (2), and several mouse neurodegenerative mod-
els (3-5). We will discuss recent findings regarding the
influence of oxidative stress on neurodegeneration and
possible connections between oxidative stress and
unscheduled cell cycle reentry, the understanding of
which could lead to new strategies in the development
of therapeutic agents for neurodegenerative disorders.

Oxidative stress and neuron death

Under normal physiological conditions, it is estimated
that up to 1% of the mitochondrial electron flow leads
to the formation of superoxide (O*), the primary oxy-
gen free radical produced by mitochondria; and inter-
ference with electron transport can dramatically
increase O,*~ production. While these partially reduced
oxygen species can attack iron sulfur centers in a vari-
ety of enzymes, O, is rapidly converted within the cell
to hydrogen peroxide (H,0O,) by the superoxide dismu-
tases (SOD1, SOD2, and SOD3). However, H,O; can
react with reduced transition metals, via the Fenton
reaction, to produce the highly reactive hydroxyl radi-
cal ("OH), a far more damaging molecule to the cell. In
addition to forming H,O,, O,'" radicals can rapidly
react with nitric oxide (NO) to generate cytotoxic per-
oxynitrite anions (ONOQO"). Peroxynitrite can react
with carbon dioxide, leading to protein damage via the
formation of nitrotyrosine and lipid oxidation.

Address correspondence to: Susan L. Ackerman, The Jackson
Laboratory, 600 Main Street, Bar Harbor, Maine 04609, USA.
Phone: (207) 288-6494; Fax: (207) 288-6077; E-mail: sla@jax.org.
Conflict of interest: The authors have declared that no conflict of
interest exists.

Nonstandard abbreviations used: reactive oxygen species (ROS);
Alzheimer disease (AD); superoxide (O*); hydrogen peroxide
(H20,); superoxide dismutase (SOD); f-amyloid (Af); substantia
nigra (SNc); Parkinson disease (PD); cyclin-dependent kinase
(CDK); proliferating cell nuclear antigen (PCNA);
8-hydroxydeoxyguanosine (8-OHdG); extracellular
signal-regulated kinase (ERK).

The generation of ROS in normal cells, including
neurons, is under tight homeostatic control. To help
detoxify ROS, biological antioxidants, including glu-
tathione, a-tocopherol (vitamin E), carotenoids, and
ascorbic acid, will react with most oxidants. In addi-
tion, the antioxidant enzymes catalase and glutathione
peroxidase detoxify H,O, by converting it to O, and
H,O. However, when ROS levels exceed the antioxidant
capacity of a cell, a deleterious condition known as
oxidative stress occurs. Unchecked, excessive ROS can
lead to the destruction of cellular components includ-
ing lipids, protein, and DNA, and ultimately cell death
via apoptosis or necrosis (6).

Although numerous in vitro studies have implicated
ROS in neuronal death (7), the relative lack of in vivo
evidence has contributed to some controversy sur-
rounding the role of ROS in the pathophysiology of
later-onset neurodegenerative disorders. Mice homozy-
gous for a targeted mutation of the a-tocopherol trans-
fer protein gene (a-Ttp) develop retinal degeneration
and gait abnormalities at 1 year of age, correlated with
degeneration of the posterior column of the spinal cord
(8). These behavioral and pathological changes were
largely prevented with a-tocopherol supplementation.
In addition, Sod2~~ mice develop gait abnormalities at
12 days of age, associated with vacuolization in brain-
stem and cortical regions (9). These results indicate that
the loss of antioxidant genes can lead to neuron loss.

Markers of oxidative stress are found in postmortem
examination of brains from patients with many neu-
rodegenerative disorders (10). However, whether oxida-
tive stress is involved in the development and/or pro-
gression of these disorders, or is merely associated with
end-stage disease, is in dispute. DNA oxidation, protein
oxidation, and lipid peroxidation have been reported in
regions containing neurofibrillary tangles and senile
plaques of brains from AD patients (10). As an apparent
compensatory response, increased levels of catalase, glu-
tathione peroxidase, and glutathione reductase were
observed by RT-PCR from the hippocampus and inferi-
or parietal lobe of brains of patients with AD (11). Bio-
chemical assays for salicylate hydroxylation using $-amy-
loid (AB) fragments, the primary constituent of senile
plaques, suggest that these peptides can generate free
radicals that may underlie some of the molecular alter-
ations observed in AD brains (12, 13). In agreement,
increases in AP deposition resulted in the induction of
oxidative stress in transgenic mice overexpressing the
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mutant amyloid precursor protein and presenilin 1, two
proteins implicated in the progression of AD (14). These
results suggest that A may be involved in free radical
generation. However, other studies suggest that AR may
be a cellular response to oxidative stress or an antioxi-
dant and implicate other processes as primary in gener-
ating free radical damage (15).

Dopaminergic neurons in the substantia nigra (SNc)
of brains of Parkinson disease (PD) patients also
exhibit hallmarks of oxidative stress, including lipid
peroxidation, nucleic acid and protein oxidation, and
changes in some antioxidants (16). Furthermore,
a-synuclein, the main deposition product in inclu-
sions in the SNc of PD patients, is a specific target of
nitration, suggestive of the role of oxidative damage in
the formation of these inclusions (17). In agreement,
in vitro studies have shown that these aggregates are
stabilized by oxidation. These findings, and the intrin-
sic potential for the oxidative metabolism of
dopamine to generate ROS, have suggested that oxida-
tive stress may be involved in the death of neurons in
the SNc of these patients. In addition, 1-methyl-4-
phenyl-1,2 3 6-tetrahydropyridine, rotenone, and
paraquat, compounds that can generate ROS and/or
disrupt the electron transport chain, have been found
to induce symptoms of PD in animal models, includ-
ing, in some cases, the deposition of a-synuclein aggre-
gates (18-20). These substances also represent envi-
ronmental risk factors for PD (21).

Oxidative damage has also been reported in several
other age-related neurodegenerative diseases, including
Huntington disease, progressive supranuclear palsy,
amyotrophic lateral sclerosis, and prion disorders, all
of which have abnormal protein aggregation as a major
component of their pathology (22-24). Although
recent research had questioned the relationship
between protein fibril formation and disease, it is also
clear that some sort of protein aggregation plays an
important role in the pathologies of these various dis-
eases and that oxidative stress and protein inclusions
may cooperate in neuronal death in several neurode-
generative disorders.

Intrinsic oxidative stress, and presumably cell dam-
age, increase with age due to either diminished anti-
oxidant defenses or the increase in mitochondrial dys-
function (25). These age-related effects, compounded
with genetic and environmental risk factors, and the
high energy dependence but relatively low level of
antioxidants in the brain, may provide a unifying
mechanism for the high incidence of neurodegenera-
tive disorders in the aged population.

Cell cycle and neuron death

The misregulation of the cell cycle in many cell types
can lead to unchecked proliferation and neoplastic dis-
ease. As in other cell types, the cell cycle in the CNS is
tightly regulated. Neuronal precursors proceed
through the cell cycle to produce larger numbers of
neurons than are needed, and excess neurons are elim-
inated by selective apoptosis. However, once neurons
are terminally differentiated, they are maintained in a
quiescent GO state and no longer cycle.

A decade ago it was hypothesized that cell cycle
abnormalities may be intimately connected to the
death of terminally differentiated neurons (26, 27). The
bases for this hypothesis included the observation that
tumors arising from terminally differentiated neurons
are extremely rare, indicating that these cells are resist-
ant to neoplastic transformation. Experimental evi-
dence for this hypothesis included the demonstration
that forced expression of oncogenes in terminally dif-
ferentiated cells, including neurons, can cause cell
death rather than cell proliferation (27).

In vitro studies have examined the link between aber-
rant cell cycle reentry and neuronal cell death in an
attempt to better understand the mechanisms by which
neurons can be forced back into the cell cycle. Postmi-
totic chick retinal neurons cultured in the presence of
nerve growth factor, insulin, and neurotrophin-3 under-
went apoptosis via cell cycle reentry, characterized by an
increase in cyclin B2 expression (28). Treatment of these
cells with roscovitine, a cyclin-dependent kinase (CDK)
inhibitor, prevented cell cycle reentry and apoptosis.
These results demonstrate that although at least some
postmitotic neurons retain the capacity to respond to
growth factors by reentering into the cell cycle, such
stimulation causes apoptosis rather than proliferation.

Unscheduled cell cycle reentry can also be induced by
neurotoxic insults. For example, kainic acid-treated
cerebellar granule cells upregulate the cell cycle pro-
teins CDK2, cyclin E, and E2F-1 and replicate their
DNA prior to apoptosis (29). Similarly, aberrant cell
cycle reentry and subsequent apoptosis were observed
when rat embryonic cortical neurons were cultured
with toxic concentrations of Af peptides (30). These
neurons showed increased expression of cyclin D1,
cyclin E, and cyclin A, as well as increased phosphory-
lation of the retinoblastoma (Rb) protein. In addition,
AP treatment increased the amount of the ganglioside
GD3, a component of the sphingolipid signaling sys-
tem known to affect neuronal proliferation and differ-
entiation, and reduction of GD3 prevented cell cycle
reentry and apoptosis (31).

Several animal models directly or indirectly support
the hypothesis that aberrant cell cycle reentry leads to
neuronal death. Expression of SV40 T antigen in cere-
bellar Purkinje cells or retinal photoreceptors of trans-
genic mice causes unscheduled cell cycle reentry and
cell death (27, 32, 33). Dying cells expressed high levels
of proliferating cell nuclear antigen (PCNA) and had
undergone DNA synthesis. Activation of G1- and S-
phase proteins occurs prior to cell death in dorsal root
ganglion cells from mice lacking neurotrophin-3 (34).
Apoptosis could be almost entirely eliminated by injec-
tions of olomucine, a Gl-phase inhibitor. In the
ischemia/reperfusion stroke model in both mice and
rats, cerebral neurons were observed to reenter the cell
cycle prior to death (35, 36). Cyclin D1 activation and
a loss of cyclin-dependent kinase inhibitors accompa-
nied the cell death. The treatment of primary rat neu-
ron cultures from stroke-induced animals with cyclin-
dependent kinase inhibitors significantly reduced in
vitro cell death. In the spontaneous early-onset neu-
rodegenerative mouse mutants staggerer (Rora%),
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Lurcher (Grid2™), and weaver (Kcnj6**), cell cycle reen-
try has been observed to occur in postmigratory gran-
ule cells prior to apoptosis (3, 4). This has been corre-
lated with the expression of cell cycle proteins PCNA,
CDKA4, cyclin D, and cyclin A, as well as with incorpo-
ration of the DNA analog BrdU. These models support
the idea that cell cycle reentry underlies neuronal apop-
tosis in vivo as well as in vitro.

Recent evidence suggests that cell cycle reentry pre-
cedes neuronal apoptosis in human neurodegenerative
diseases as well. Recently, increases in the cell cycle reg-
ulators cyclin D1, CDK4, hyperphosphorylated pRb,
and E2F-1 were observed in both spinal motor neuron
and the motor cortex of postmortem tissue of ALS
patients (37). Neuronal loss in the cerebral cortex of
Down syndrome patients has also been correlated with
overexpression of both mitogenic and differentiation
signals (2). Hippocampal pyramidal neurons from the
brains of these patients exhibited increased levels of
CDK4, an important regulator of the cell cycle. These
same neurons with increased CDK4 expression also
contained neurofibrillary tangles and granulovacuolar
degeneration, suggesting a correlation between cell
cycle reentry and pathology.

An increase in cell cycle proteins, including PCNA,
cyclin D, CDK4, and cyclin B1, has been observed in the
hippocampus, as well as other diseased brain regions,
from postmortem tissue of AD patients (38, 39, 40).
These proteins were not observed in nondiseased brain
regions or in control-patient brains. In addition, FISH
analysis of the hippocampus and basal forebrain of AD
patient brains revealed many tetraploid neurons, indi-
cating that these neurons had undergone approxi-
mately a full round of DNA synthesis (41). Further-
more, the cell cycle-associated protein Ki-67, detected
in numerous types of tumors, has been observed in AD
patient brains, as well as in patients with Pick disease
and intractable temporal lobe epilepsy (42).

Data from these studies and others support the idea
that mitogenic signals may lead to an increase in cell
cycle proteins, thus driving neurons into aberrant cell
cycle reentry. Furthermore, it is clear that when termi-
nally differentiated neurons are forced into the cell
cycle, they do not proliferate — they die. Although the
mechanisms by which cell cycle reentry causes cell death
are unknown, a direct link between cell cycle and neu-
ronal death was recently made with the observation that
CDC2, a cell cycle regulator, induces the phosphoryla-
tion and activation of BAD, a trigger of apoptosis (43).

Connections between oxidative stress and cell cycle
The multiple demonstrations of biomarkers of oxida-
tive stress in many age-related neurodegenerative dis-
orders, combined with the more recent reports of cell
cycle abnormalities in neurons from these patients,
suggest that these processes may be intertwined at the
molecular level. At first, the idea of oxidative stress and
cell cycle reentry seems counterintuitive. In fact, exam-
ination of the current literature on the effect of oxida-
tive stress on the cell cycle reveals that increases in ROS-
induced DNA damage are correlated with cell cycle
arrest (44). However, whether ROS-exposed cells under-

go growth arrest or apoptosis may depend in part on
where the cell resides in the cell cycle when insulted. For
example, human fibroblasts treated with H,O, under-
went either cell cycle arrest or apoptosis. The majority
of the apoptotic fibroblasts were in the S phase of the
cell cycle, whereas growth-arrested cells were predomi-
nantly in the G1 or the G2/M phase (45).

This apoptotic death of fibroblasts in the S phase is
consistent with the death of neurons that have aber-
rantly reentered the cell cycle. Dorsal root ganglion neu-
rons from neurotrophin-3 mutant mice override the G1
phase cell cycle restriction point but die by apoptosis in
the S phase (34). In addition, hippocampal pyramidal
and basal forebrain neurons from AD brains exhibit
chromosomal duplication but do not undergo mitosis
prior to cell death, consistent with cell death in the S or
G2 phase of the cell cycle (41). These results suggest that
neurons are influenced by the same cell cycle check-
points that govern apoptosis in other cell types.

Recently, we described a novel genetic mouse model
that may begin to unravel the mechanisms by which
oxidative stress stimulates quiescent neurons to leave
the GO phase and reenter the cell cycle prior to S-phase
removal. The X-linked harlequin (Pdcd8%1;, Hq) muta-
tion was first identified by the almost complete absence
of hair in hemizygous males and homozygous females
carrying this spontaneous mutation (46). In addition
to alopecia, these mice develop progressive ataxia
beginning at 4-5 months of age (5, 47). The onset of
ataxia is correlated with apoptosis of cerebellar granule
cells, the major interneurons in the cerebellum. In addi-
tion to cerebellar neuron loss, aged Hg mutant mice
have progressive retinal degeneration, as demonstrated
clinically by electroretinography (ERG) and also by his-
tological examination. Cells in the ganglion cell layer
(both retinal ganglion cells and displaced amacrine
cells) are lost beginning at 3 months of age. The loss of
ganglion cells leads to hypoplasia of the optic nerve.
Subsequently, there is loss of both horizontal and
amacrine cells in the inner nuclear layer, and of pho-
toreceptors in the outer nuclear layer. Clinically, both
rod and cone ERG responses are greatly attenuated in
mutant mice by 4 months of age.

A positional cloning strategy identified the Hq muta-
tion as an ecotropic leukemia proviral insertion into
the first intron of the apoptosis-inducing factor gene,
Aif, also known as programmed cell death 8 (Pdcd8).
This insertion causes aberrant splicing from exon 1
into the provirus and a corresponding decrease of
80-90% in Aif mRINA and protein. AIF is a ubiquitous-
ly expressed 57-kDa flavoprotein, containing a flavin
adenine dinucleotide prosthetic group (48). The large
C-terminal domain of AIF is similar to several plant
and bacterial oxidoreductases, particularly semidehy-
droascorbate and ascorbate reductases and NADH-
dependent ferredoxin reductases. Recent determina-
tion of the crystal structure of AIF demonstrates a
glutathione reductase-like fold and high similarity to
biphenyl dioxygenase (49).

Under normal physiological conditions, AIF is locat-
ed in the intermembrane space of the mitochondria.
However, during apoptosis, AIF translocates from the
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Figure 1

Oxidative stress and cell cycle reentry lead to cell death in the harlequin mouse. An 80% reduction of AIF protein expression in the Hg mutant mouse
is associated with increased activity of total glutathione (GSH) and catalase, presumably through increases in hydrogen peroxide (H,O3). Surviving
neurons may express additional antioxidant pathways. Increases in H,O, could lead to cellular damage via formation of hydroxyl radicals ("OH) by
the Fenton reaction. In addition, oxidative stress may trigger cell cycle reentry in some terminally differentiated neurons. These neurons undergo apop-

tosis after DNA replication. Possible mechanisms for cell cycle reentry are shown in Figure 2.
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mitochondria to the cytoplasm and nucleus (48). This
redistribution of AIF can be induced by several apop-
totic paradigms in many different cell types, includ-
ing primary neurons (50). Furthermore, cultured cells
undergo apoptosis when transfected with AIF lacking
the N-terminal mitochondrial targeting sequence or
when recombinant AIF is injected into the nucleus or
cytoplasm (48). The apoptogenic activity of AIF is
independent of its redox activity and is not sup-
pressed by caspase inhibitors in some mammalian
cells (51-53), although genetic evidence in Caenorhab-
ditis elegans, isolated mammalian mitochondria, and
transiently transfected cells suggests that AIF release
is caspase-dependent.

In further support of a proapoptotic role for AIF,
exposed targeted ES cells hemizygous for a null muta-
tion in the Aif gene were resistant to serum starvation
but not to other apoptosis inducers (54). Examination
of embryoid bodies produced by the in vitro aggrega-
tion of these cells demonstrated that these structures
failed to undergo cavitation, suggesting a proapoptot-
ic role for AIF in early development. However, chimeric
mice could not be produced from Aif /¥ ES cells, so
the normal physiological function of mitochondrially
localized AIF remains unknown.

As mentioned above, AIF has strong structural
homology to glutathione reductase, well established as
an essential component of the H,O,-scavenging glu-
tathione system. This, combined with previous obser-
vations of upregulation of oxidative stress markers in
many types of adult-onset neurodegeneration, sug-
gested that the reduction in AIF in Hq animals may
cause oxidative stress, via direct or, more likely, indirect
regulation of H,O,. Consistent with an increase in
intracellular H,O,, we observed increased activity of the
hydrogen peroxide scavenger catalase, and total glu-
tathione, an essential electron donor for the reduction
of hydroperoxides, in cerebellar extracts from Hg
mutants at 4 weeks of age, months before the onset of
neurodegeneration (Figure 1). However, increases in
levels of SOD1 and SOD2, superoxide scavengers, were

not detected in mice at either age. Other hallmarks of
oxidative stress were also observed in Hq mutant mice.
Increased lipid peroxidation was found in the cerebel-
lum and the rest of the brain in Hq mutant mice at 1
month of age. Furthermore, DNA oxidation, as evi-
denced by the presence of the modified base 8-hydrox-
ydeoxyguanosine (8-OHdG), was noted in many neu-
ron types, including cerebellar granule cells and retinal
ganglion, amacrine, and horizontal cells.

In vitro studies of cerebellar granule cell cultures
from Hq mutant mice demonstrated that while these
cells were less sensitive to serum starvation-induced
apoptosis, as predicted by studies on AIF-null ES cells,
they were more sensitive to H,O,. This sensitivity could
be rescued by retroviral transfection with Aif cDNA
containing the N-terminal mitochondrial localization
signal. Interestingly, wild-type granule cells transfected
with the same retrovirus were more resistant to perox-
ide-induced cell death, suggesting that increased
amounts of AIF may actually be protective against
oxidative stress-induced cell death in some instances.

The mechanism by which AIF can act to reduce
oxidative stress in vivo is still puzzling at the bio-
chemical level. In vitro, AIF has NADPH oxidase activ-
ity that, like other NADH oxidases, generates super-
oxide radicals (51). The loss of this activity would not
be expected to generate an increase in free radicals but
could in fact reduce free radical production. However,
whether NADPH is the in vivo substrate of AIF is
unknown (55). Although not yet tested, it has been
hypothesized that AIF may play a role in the mito-
chondprial respiratory chain (56). If so, a dramatic
reduction of AIF could increase free radical produc-
tion via defects in mitochondrial respiration. Alterna-
tively, AIF may participate in an unknown redox
cycling or coupling pathway (56). Such a role would be
consistent with the antioxidant activity of glutathione
reductase, a structural relative of AIF, which can medi-
ate H,O; activity both through the recycling of glu-
tathione or by coupling with the antioxidant func-
tions of the glutaredoxin system (57).
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Because of the association of oxidative stress and abnor-
mal cell cycle checkpoint function and reports of aber-
rant neuronal cell cycle reentry in progressive human
neurodegenerative diseases, we investigated whether neu-
rons in the Hq mutant cerebellum and retina had reen-
tered into the cell cycle. Indeed, in older Hgq animals many
cerebellar granule cells and retinal ganglion, amacrine,
and horizontal cells had newly synthesized nuclear DNA,
as demonstrated by BrdU incorporation (Figure 1). These
cells also expressed PCNA and CDC47, both markers of
S phase. Consistent with studies of postmortem tissue
from patients with neurodegenerative disorders, no evi-
dence of mitotic figures in any of these cell types was
observed. The nuclei of many of these cells were clearly
pyknotic, and most of the cells were also positive for acti-
vated caspase-3, indicating that cell cycle reentry in these
neurons was associated with apoptosis. Furthermore, all
cycling neurons were positive for 8-OHdG, demonstrat-
ing oxidative stress-induced DNA damage. However, not
all 8-OHdG-positive cells were in S phase, a result that
may indicate a temporal relationship between oxidative
stress and cell cycle. These observations and the detection
of oxidative stress markers long before neurodegenera-
tion demonstrate that induction of unscheduled cell
cycle reentry is highly correlated with, and may be
induced by, oxidative stress.

While many dying neurons in the Hg mutant mouse
abnormally reenter into the cell cycle, other neurons
that degenerate do not. For example, both Purkinje
cells in the cerebellum and retinal photoreceptors are
progressively lost but do not stain for cell cycle mark-
ers. Interestingly, these neurons are not positive for
8-OHdG nor activated caspase-3, and electron
microscopy suggests that Purkinje cells, at least,
undergo necrosis rather than apoptosis. Furthermore,
the loss of AIF expression in many other CNS neurons
(including cortical neurons) does not lead to death,
even in Hg mutant mice aged to 2 years.

These studies clearly indicate that various types of
neurons respond differently to the downregulation of
AIF (and presumably the increase in free radicals).
Some neurons undergo apoptosis correlated with cell
cycle reentry, whereas others die without signs of either
process. Furthermore, those neurons that survive may
be more resistant to oxidative stress. We (5) and others
(58) have observed that sensitivity to oxidative stress
differs between neuron types. Cerebellar granule cells
exposed to a 15-minute pulse of 100 uM H,0, dis-
played only a 25% survival rate after 15 hours in cul-
ture. In contrast, a similar number of cortical neurons
survived when exposed to 100 uM H,O; for 24 hours
(58), suggesting that granule cells are more sensitive to
oxidative stress than are cortical neurons. Therefore,
Hg mutant mice provide a model to examine both the
influence of oxidative stress on cell cycle reentry and
the mechanisms underlying the differential response of
different types of neurons to oxidative stress.

Mechanisms of oxidative stress-induced

cell cycle reentry

Although both oxidative stress and cell cycle reentry
have been implicated in the onset of later-onset neu-

rodegenerative diseases and clearly occur together at
the cellular level in Hg mutant mice, the mechanism by
which oxidative stress may lead to cell cycle abnormal-
ities remains unknown.

Cumulative DNA damage caused by endogenous
free radicals has been suggested to underlie cancer and
other age-related disorders, including neurodegenera-
tion (44, 59). Can this accumulation of mutations over
time play a major role in cell cycle-induced neuronal
apoptosis? The progressive accumulation of oxidative-
damaged DNA and the temporal increase in cell cycle
reentry in the retina and cerebellum of aging Hg
mutant mice are consistent with such a theory. The
amount of 8-OHdG, a major DNA lesion resulting
from free radical attack that has been shown to alter
the base-pairing properties of guanine in in vitro
assays, is elevated in nuclear and mitochondrial DNA
in neurons in diseased brain regions of patients with
neurodegenerative disorders. Furthermore, studies
have shown that increases in this modified base are
correlated with increased incidence of cancer (and
therefore cell cycle abnormalities) (60). In addition to
base modifications, oxidative stress can cause other
potentially mutational events including strand breaks,
discontinuous loss of heterozygosity, and large dele-
tions (61). Thus, if the oxidation of DNA surpasses the
DNA-repair capacity of the cell, mutations could accu-
mulate, leading to the loss of genome stability. Like
malignant transformation, cell cycle reentry in neu-
rons could require somatic mutation of a complex
group of genes. Furthermore, like cancer, the genetic
alterations required to cause cell cycle reentry may be
specific to particular cell types.

On the other hand, there is little direct evidence for
mutation accumulations in aging neurons. Most direct
measurements of mutation frequencies have quanti-
fied rates in replicating cell types using specific locus
tests, such as the mutation rate of the selectable hypox-
anthine phosphoribosyl transferase gene, Hprt (59).
Recently, however, a method for the measurement of
mutation frequency during aging in postmitotic tis-
sues has been performed in transgenic mice bearing
copies of lacZ reporter plasmids at defined positions in
the genome (62). As measured by this system, the fre-
quency of spontaneous mutations was increased in
liver between 4 and 23 months of age, and large dele-
tions of adjacent mouse genomic material exponen-
tially increased in animals over 23 months of age. How-
ever, such age-related increases in mutation frequency
were not seen in plasmids rescued from the brains of
these mice. This study did not find evidence for an
increased mutation rate in the aging mouse brain; how-
ever, only alterations at, or adjacent to, the integrated
transgenes were surveyed. Furthermore, large deletions
in neurons may be more detrimental to the survival of
neurons, and thus, cells harboring such events could be
eliminated by apoptosis or other cell death mecha-
nisms. Lastly, these studies were performed in wild-type
mice. Perhaps cumulative damage in neurons is con-
tingent on other susceptibility factors, such as exposure
to environmental genotoxins or polymorphisms in
genes involved in either the metabolism of these toxins
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or other cellular functions. In any case, whether oxida-
tive stress induces mutations that would result in cell
cycle reentry of aging neurons is unclear.

Another potential indirect mechanism for oxidative
stress in the induction of aberrant cell cycle reentry is
through histone deacetylation. Under normal circum-
stances, an increase in histone deacetylase activity has
been associated with transcriptional repression (63). In
agreement, treatment of granule cell cultures with his-
tone deacetylase inhibitors led to an increase in E2F-1
transcription (64). This increase was associated with a
rise in the levels of cyclin E and the cell death molecules
APAF-1 and caspase-3, recently shown to be a direct
transcriptional target of E2F-1 (64, 65). Oxidative stress
has been shown to decrease the activity of histone
deacetylases 1-10 (66). This change in deacetylase activ-
ity could lead to a global inactivation of transcription-
al repressors, leading to activation of numerous genes
(including cell cycle-inducing genes) and subsequent
cell death. An NAD*-dependent histone deacetylase,
SIR2, may make an important contribution to longevi-
ty in yeast by regulating metabolism and chromatin
silencing (67). The homolog of the Sir2 gene, named
SIR2a, has been found in numerous mammals, includ-
ing mice. Because of the dependence of SIR2a activity
on its cofactor NAD", decreases in NAD" levels, occur-
ring because of disruption of metabolic processes,
would limit SIR2a activity. This could be one mecha-
nism by which cell cycle reentry is mediated in the Hg
mutant mouse. Decreased levels of Aif, an NADH oxi-
dase, would decrease the amounts of NAD* available

for metabolic processes. In addition, mitochondrial
damage would further decrease the available amounts
of NAD". This in turn, could decrease the activity of
SIR2a and result in an increase of transcriptional acti-
vation, thereby leading to aberrant cell cycle reentry.
Furthermore, SIR2 has been observed to negatively reg-
ulate p53 to promote cell survival under conditions of
stress — including oxidative stress (68). Therefore,
decreased SIR2a activity could result in an upregula-
tion of pS53 activity, which can in turn signal to down-
stream effectors of the cell cycle (see below).

Other evidence suggests that oxidative stress may
more directly trigger unscheduled cell cycle reentry.
While exposure of cells to moderate concentrations of
hydrogen peroxide induces growth arrest, and exposure
to high concentrations induces apoptosis and/or
necrosis, low amounts of H,O, have been shown to
stimulate cell proliferation (69). One potential mecha-
nism by which oxidative stress could induce cell prolif-
eration is through oxidative stimulation of mitogenic
pathways. Indeed, ROS have been implicated in cell sig-
naling, specifically through mitogens (6, 70, 71).

In non-neuronal systems, oxidative stress has been
shown to upregulate growth factors including EGF
and VEGF (72). Oxidative stress stimulation of growth
factor signaling could also be ligand independent. For
example, H,O; treatment of cell lines or cultured T
cells has been shown to quickly induce tyrosine phos-
phorylation of multiple proteins including EGFR,
PDGFR, and the T cell receptor complex (73, 74). The
transactivation of these receptors occurs in the
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Possible mechanisms for the induction of unscheduled cell cycle reentry in terminally differentiated neurons by oxidative stress. We sug-
gest that oxidative stress, mediated through ROS, could lead to aberrant cell cycle reentry through several different pathways. First, the
presence of ROS can result in either cumulative DNA or protein damage that could result in cell cycle reentry. Second, a decrease in his-
tone deacetylase activity can result in chromatin remodeling, leading to transcriptional activation of genes, the products of some of which
may lead to cell cycle reentry. Third, many different ROS-activated pathways that have been previously shown to influence the cell cycle in
non-neuronal cells could directly or indirectly manipulate a quiescent GO neuron back into the cell cycle. Several of these pathways also
appear to be activated in neurodegenerative disorders. Considerable cross-talk exists between these pathways, as indicated by arrows. Solid
arrows represent published pathways, while broken arrows represent hypothesized mechanisms of action.
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absence of ligand and, in the case of EGF receptor,
does not result in the endocytosis of the receptor; thus
receptor signaling is prolonged (75). Such enhanced
signaling has been demonstrated to augment cellular
proliferation and transformation.

The transactivation of growth factor receptors
appears to signal through several pathways, including
the extracellular signal-regulated kinases (ERKs; a
subset of the MAPKs), PI3K/AKT, and phospholipase
C-y1 (74). The activation of each of these signaling
pathways has been shown to induce either apoptosis
or cell survival depending on the cell type and oxida-
tive insult. Several other enzymatic pathways are mod-
ulated either directly or indirectly by oxidative stress.
These include the stress-activated protein kinases JNK
and p38, JAK/STAT, PKC, and ataxia telangiectasia
mutated, which also participate in signals leading to
either cell survival or cell death (74). There is signifi-
cant cross-talk between these signals, which compli-
cates the task of establishing pathways of oxidative
stress-induced apoptosis, and presumably also oxida-
tive stress-induced cell cycle reentry (74) (Figure 2).

ROS can also activate the transcription factor and
tumor suppressor protein p53 (76). Although this pro-
tein plays an important role as a sensor of genotoxic
stress and regulator of genes necessary for growth
arrest and cell death, recent evidence suggests that p53
activation can in turn activate genes, including anti-
oxidants and heparin-binding EGF-like factor, that
function in compensatory survival pathways (77). p53
can also activate ERK and AKT, leading to an induction
of COX-2, an important mediator of various prolifera-
tive diseases, including cancer (77).

In neuronal cultures, some evidence supports the
rapid upregulation of cell cycle-related genes by oxida-
tive stress. Dopamine, the oxidative metabolism of
which generates free radicals, or hydrogen peroxide
treatment of postmitotic chick sympathetic neurons,
resulted in the expression of cell cycle-related genes,
including cyclin B and CDKS, prior to apoptosis (78).
Treatment of these cells with antioxidants disrupted
both the rise in cell cycle proteins and the subsequent
apoptosis. Low potassium levels in cerebellar granule
cell cultures induce ROS generation and apoptosis, con-
comitant with the activation of MAPKK?7, one of the
activators of the JNK pathway (79). In addition, upreg-
ulation of MAPKs, including ERK1/2 and JNK; as well
as the serine-threonine kinase Akt, has been observed in
H,0,-treated cultured cortical neurons (80).

ROS and/or oxidative damage can activate gene tran-
scription. However, as discussed previously, transcribed
genes may be implicated in either cell survival or cell
death. For example, increased NF-kB activity has been
observed in AD patient brains, in both neurons and
astrocytes. Although the direct activation of NF-xB by
ROS is controversial (81), the activities of this tran-
scription factor can lend itself to pro- and antiapop-
totic roles in the cell. In neurons, the activation of
NF-kB has been linked to the activation of growth fac-
tors and COX-2 as well as antioxidants, specifically
SOD2. In contrast, NF-kB activation in astrocytes and
microglia results in the activation of pro-oxidants,

including nitric oxide, in addition to growth factors
(82). Therefore, the activation of NF-kB by ROS in the
brain could lead either to cell survival or to signaling
that could result in aberrant cell cycle reentry.

Expression analysis of postmortem brains from AD
patients has demonstrated activation of several of
these ROS-activated signaling pathways. EGFR-
immunoreactive neuritic plaques in the cerebral cor-
tex and hippocampus have been observed (83). This
staining was observed mainly in neurons in the periph-
ery of the plaques and correlated with the deposition
of paired helical filaments. Expression of the small
GTPases RAC and CDC42 has been also observed in
neurons in AD patients (84). These molecules are com-
ponents of the main signaling pathway between exter-
nal stressors (such as oxidative stress) and the MAPK
pathways. In addition, both RAC and CDC42 have
been implicated in progression of the cell cycle, pro-
viding a potential link between oxidative stress and cell
cycle reentry (82). MAPK p38 expression has been
localized to tau-positive neurofibrillary tangles (85,
86). Since p38 has previously been implicated in cell
proliferation, apoptosis, and differentiation, this find-
ing could also provide a link between oxidative stress
and cell cycle reentry in AD brains.

Lastly, oxidative stress is well known for causing pro-
tein damage via nitration or oxidation (23). Such protein
modifications have been repeatedly shown in post-
mortem brain tissue from patients with neurodegenera-
tive disorders, and these reactions can occur generally or
have protein specificity. Oxidation could gradually dis-
able proteins necessary for cell cycle repression.

In summary, although unscheduled cell cycle reentry
may be mediated by many different insults, evidence is
mounting that both cell cycle and oxidative stress may
be team players in neurodegenerative disorders. We
have discussed some of the potential pathways by
which the repression of the cell cycle in neurons may be
modulated by ROS (Figure 2). Given the distinctive
pathology of different neurodegenerative diseases, it is
likely that specific types of neurons may respond to dif-
ferent signaling pathways, or need activation of multi-
ple signaling pathways. The testing of the roles of these
and other potential pathways in neurodegeneration
will require the development and analysis of addition-
al animal models, in addition to further correlative
human studies. However, the careful dissection of the
interplay between oxidative stress and the cell cycle will
greatly advance our understanding of several debilitat-
ing neurodegenerative disorders.
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