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Abstract. Neuronal loss and neuritic/cytoskeletal le- bution of mitochondria in neuritic processes. Desfer-
sions (synaptic disconnection and proliferation of dys- rioxamine treatment resulted in dose-dependent neu-

ronal loss associated with impaired mitochondrialtrophic neurites) represent major dementia-associated
abnormalities in Alzheimer’s disease (AD). This study function, proliferation of neurites, and reduced expres-

sion of GAP-43, which has a role in path-finding duringexamined the role of oxidative stress as a factor con-
tributing to both the cell death and neuritic degenera- neurite outgrowth. The results suggest that oxidative

stress can cause neurodegeneration associated with en-tion cascades in AD. Primary neuron cultures were
hanced susceptibility to apoptosis due to activation oftreated with H2O2 (9–90 mM) or desferrioxamine (2–25
pro-apoptosis genes, neurite retraction (synaptic discon-mM) for 24 h and then analyzed for viability, mitochon-
nection), and impaired transport of mitochondria to celldrial mass, mitochondrial function, and pro-apoptosis
processes where they are likely required for synapticand sprouting gene expression. H2O2 treatment causes
function. In contrast, hypoxia-type injury causes neu-free-radical injury and desferrioxamine causes hypoxia-

type injury without free radical generation. The H2O2- ronal loss with proliferation of neurites (sprouting),
treated cells exhibited sustained viability but neurite impaired mitochondrial function, and reduced expres-
retraction, impaired mitochondrial function, increased sion of molecules required to form and maintain synap-

tic connections. Since similar abnormalities occur inlevels of the pro-apoptosis gene product CD95/Fas,
AD, both oxidative stress and hypoxic injury can con-reduced expression of N2J1-immunoreactive neuronal

thread protein and synaptophysin, and reduced distri- tribute to AD neurodegeneration.
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Two of the major structural abnormalities that correlate
with dementia in Alzheimer’s Disease (AD) include
increased cell death and cytoskeletal/neuritic pathology.
Although cell death may be caused by more than one
mechanism, several studies have demonstrated an im-

portant role for apoptosis mediated by enhanced sensi-
tivity to oxidative stress [1–6] and constitutive
activation of pro-apoptosis genes such as p53, CD95,
and Bax [7–10]. In addition, impaired mitochondrial
(mt) function due to oxidative stress, oxygen free radi-
cal damage, and accumulation of mtDNA mutations
may induce or propagate aging-associated disease pro-* Corresponding author.
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cesses, including neurodegeneration [11]. mtDNA is not
protected by histones or DNA-binding proteins, and in
the central nervous system (CNS), mtDNA repair
mechanisms have not yet been identified. mtDNA dam-
age from continuous exposure to high levels of reactive
oxygen species and free radicals is mediated by intra-mi-
tochondrial accumulation of 8-oxo-7,8-dihydro-2%-de-
oxyguanosine (8-OH-dG) [11, 12]. 8-OH-dG is an
abnormal nucleotide that accumulates in damaged
mtDNA and causes base mispairing, random point mu-
tations, and deletions [11, 12]. Importantly, damaged
mitochondria can replicate because the enzymes re-
quired for mitochondrial replication are encoded by
genomic DNA. Increased abundance of defective
mtDNA that encodes respiratory enzymes can impair
electron transport and enhance production of reactive
oxygen species, furthering oxidative damage to mito-
chondria. This problem could be compounded by in-
creased peroxidation of lipids and oxidative
modification of proteins by reactive oxygen species and
hydrogen peroxide (H2O2). Recently, we demonstrated
increased mtDNA damage associated with increased
8-OH-dG immunoreactivity and reduced mitochondrial
gene expression in AD [13], suggesting that environ-
mental or systemic disease factors could contribute to
the progression of AD neurodegeneration.
Little is known about the molecular pathogenesis of
AD-associated cytoskeletal and neuritic pathology, in-
cluding neurofibrillary tangles, dystrophic neurites, and
neuropil threads. These lesions characteristically con-
tain paired-helical filaments (PHFs) composed of insol-
uble fibrils generated from hyperphosphorylated tau,
together with other cytoskeletal proteins and ubiquitin.
tau phosphorylation can be induced by the activation of
proline-directed protein kinases [14] including cyclin-de-
pendent kinase 5 (cdk-5), glycogen synthase kinase-3b

(GSK-3b), and Erk-mitogen-activated protein kinase
(MAPK) [15–18]. cdk-5 is activated by its association
with a brain-specific regulatory partner, p35 [19, 20],
whereas GSK-3 and Erk-MAPK are ubiquitously ex-
pressed and activated by extracellular growth factors.
Recent evidence suggests that tau hyperphosphorylation
of tau and intraneuronal accumulations of fibrillar bun-
dles resembling neurofibrillary tangles could be induced
by constitutive over-expression of p25, a highly stable,
catalytically active but truncated subunit of the p35
regulatory partner of cdk-5 [21]. Moreover, there is
evidence that increased levels of cdk-5 can be associated
with neuronal apoptosis [21–23]. In addition, we have
obtained preliminary evidence that apoptosis caused by
nitric oxide synthase 3 (NOS-3) over-expression or oxy-
gen free radical injury is associated with increased neu-
ronal levels of p25 [24].
One important additional clue concerning the pathogen-
esis of the cytoskeletal/neuritic pathology in AD is that

the cortical neurites are immunoreactive with antibodies
to several sprouting and growth-associated molecules
including synaptophysin, the 43 to 46-kDa phospho-
protein, GAP-43, NOS-3, and neuronal thread protein
(NTP). Since these same molecules are abundantly ex-
pressed during development and regeneration, the neu-
ritic sprouting that occurs in AD could represent a
growth response. Neuritic growth in the context of AD
neurodegeneration could represent attempted regenera-
tion of viable, healthy neurons following synaptic dis-
connection due to death of other neurons. Alternatively,
the neuritic sprouting may correspond to a degenerative
reaction in cells that are either intrinsically damaged, or
injured by trophic factor withdrawal due to cell loss. If
the neuritic sprouting in AD is indeed degenerative and
therefore a form of ‘sick sprouting,’ it would constitute
an additional mechanism of cell death. On the other
hand, if the neuritic sprouting represents a healthy
regenerative response, then therapeutic rescue should be
directed toward bolstering the viability and function of
this vulnerable population of neurons. Our hypothesis is
that at least some aspects of the aberrant neuritic
sprouting gene expression in AD represent a degenera-
tive response in neurons that are destined to die. To test
this hypothesis, we examined the levels of pro-apoptosis
and sprouting-related molecules in CNS neuronal cells
subjected to oxygen free radical or hypoxia-type injury.

Materials and methods

In vitro Model. Post-mitotic primary neuron (rCBN)
cultures were generated with cerebellar cortical tissue
from 6 to 7-day-old rat pups. The cultures were main-
tained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum, 2 mM glutamine, 10
mM non-essential amino acid mixture (Gibco-BRL,
Grand Island, NY), 25 mM KCl, and 9 g/l glucose
(complete neuronal medium) [25]. Proliferation of non-
neuronal cells was inhibited by addition of cytosine
arabinoside (6 mM) 24 h after seeding. To induce oxida-
tive stress, cultures were treated with 9–90 mM H2O2 or
2.5–25 mM desferrioxamine mesylate for 24 h. H2O2

causes oxidative stress and potentially oxygen free radi-
cal injury. Desferrioxamine mesylate is a chelator of
ferric iron that inhibits the formation of free radicals
[26] but simulates an experimental model of hypoxia-in-
duced injury [27]. The cultures were analyzed for viabil-
ity, mitochondrial mass, mitochondrial function, and
expression of the CD95 pro-apoptosis gene, and the
GAP-43, synaptophysin, and NTP sprouting-associated
molecules. Assays were performed using cells seeded in
96-well plates, 6-well plates, or 10-cm2 petri dishes. The
96-well micro-cultures permitted simultaneous analysis
of 8–24 replicate culture wells. All studies were re-
peated at least three times.
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Viability assays. Viability was measured by the crystal
violet [28] assay which was performed with cells seeded
into 96-well plates at a density of 2×104 cells/well. The
absorbances were measured using a Spectracount plate
reader (Packard, Meriden, Conn.). The crystal violet
absorbance values increased linearly with cell density
between 104 and 5×105 cells/well.
The microtiter immunocytochemical ELISA (MICE) as-
say of protein expression. The MICE assay is a rapid
and sensitive method for quantifying immunoreactivity
in micro (96-well)-cultures [29]. It was used to measure
cellular expression of CD95, mitochondrial protein, cy-
tochrome oxidase, GAP-43, synaptophysin, and NTP.
NTP was detected using the N2J1 monoclonal antibody
[30] that binds to the �21-kDa form of NTP which
increases in expression during experimental neuritic
sprouting [31, 32] and AD neurodegeneration [30, 33].
The cells were fixed in Histochoice (Amresco, Solon,
Ohio), permeabilized with 0.05% saponin in Tris-
buffered saline (TBS; 50 mM Tris, pH 7.5, 0.9% NaCl),
and blocked with Superblock-TBS (Pierce, Rockford,
Ill.). The cells were then incubated overnight at 4 °C
with primary antibody diluted in TBST-BSA. Im-
munoreactivity was detected using horseradish perox-
idase-conjugated secondary antibody (Pierce) and the
TMB-soluble peroxidase substrate (Pierce). Ab-
sorbances were measured at 450 nm using a Spectra-
count plate reader. To compare the levels of protein
expression, corrections were made for differences in cell
density. After measuring immunoreactivity, the plates
were washed in TBS and the cells were stained with
0.1% Coomassie blue dye in 40% methanol/10% acetic
acid. After extensively washing the plates in water, the
dye was eluted with 1% SDS in PBS (200 ml/well). The
absorbances (560 nm) were measured using a Spectra-
count plate reader (Packard, Meriden, Conn.). The
MICE index was calculated from the ratio of the ab-
sorbances measured for immunoreactivity and cell den-
sity. Coomassie blue absorbance increases linearly with
cell density between 1×104 and 5×105 cells per well.
Eight or 24 replicate culture wells were analyzed in each
experiment. All experiments were repeated at least three
times.
Mitochondria labeling studies. Mitochondrial mass and
function were evaluated using MitoTracker mitochon-
dria-specific cell-permeable dyes (Molecular Probes, Eu-
gene, Ore.). MitoTracker Green FM labels
mitochondria irrespective of oxidative activity and is
therefore used to assess mitochondrial mass. Mito-
Tracker Red (CM-H2Xros) accumulates only in
metabolically active mitochondria and the reduced di-
hydrotetramethylrosamine is rendered fluorescent via
oxidation within the mitochondria. Cells grown in 96-
well plates were incubated with MitoTracker Red or
MitoTracker Green FM for 15 min according to the

manufacturer’s instructions. The cells were rinsed in
TBS and fluorescence light units were measured with a
Fluorocount plate reader (Packard). Subsequently, cells
were stained with H33258 to determine cell density
using the Fluorocount plate reader. H33258 fluores-
cence intensity increases linearly with cell number be-
tween 1×104 and 5×105 cells per well (data not
shown). MitoTracker Red/H33258 and MitoTracker
Green/H33258 ratios were used as indices of mitochon-
drial function and mitochondrial mass, respectively.

Results
Effects of H2O2 or desferrioxamine treatment on rCBN
culture viability.. H2O2 treatment was associated with
minimal reductions in viability, except at the highest
concentration (90 mM), which caused an �42% cell loss
in the cultures (fig. 1A). In contrast, desferrioxamine
treatment resulted in concentration-dependent reduc-
tions in viability (fig. 1B). Therefore, the oxidative stress
and possible oxygen free radical injury did not kill the
neuronal cells, whereas the hypoxia-like injury in the
absence of free radical damage did cause neuronal cell
death.
Effects of H2O2 or desferrioxamine treatment on CD95
(Apo-1/Fas receptor) expression in rCBN cul-
tures. CD95 is one of the pro-apoptosis molecules ex-
pressed at increased levels in brains with AD and other
forms of neurodegeneration [7, 8]. Cells treated with 18
mM or higher concentrations of H2O2 exhibited sharply
increased (five- or sixfold) levels of CD95 expression
(fig. 2A). In contrast, desferrioxamine treatment had
little effect on CD95 expression except at the highest
concentration used (25 mM) (fig. 2B). This suggests that
CD95 expression in CNS neurons correlates more with
oxidative stress than with hypoxia-induced injury or
death of CNS neurons. Moreover, these observations
suggest that increased expression of CD95 is not suffi-
cient to cause apoptosis in neurons, although it may
render them more susceptible to other pro-apoptosis
stimuli.
Effects of H2O2 or desferrioxamine treatment on mito-
chondrial protein and cytochrome oxidase expression. To
determine the potential effect of oxidative stress-in-
duced injury versus hypoxia-like injury on mitochon-
drial mass and mitochondrial function, we assessed
mitochondrial protein and cytochrome oxidase (COX)
expression in H2O2- and desferrioxamine-treated rCBN
cells. Mitochondrial protein was detected with a mono-
clonal antibody generated to mitochondria (Chemicon
Temecula, Calif.). This anti-mitochondrial antibody im-
munoreacts with an uncharacterized �65-kDa protein
by Western blot analysis, and exhibits a beaded or
granular profile that is typical of mitochondria and
identical to the labeling patterns observed with anti-
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COX by immunocytochemical staining (data not
shown). Monoclonal antibodies to COX, complex IV
(Molecular Probes, Eugene, Ore.) detected the expected
�35-kDa band by Western blot analysis (data not
shown). Using the MICE assay, we observed H2O2 and
desferrioxamine concentration-dependent reductions in
COX expression (fig. 3A, C), but no change in the levels
of mitochondrial protein (fig. 3B, D). This suggests that
both H2O2 and desferrioxamine neurotoxicity impair
mitochondrial function yet have little or no effect on
mitochondrial mass.

MitoTracker detection of reduced mitochondrial function
following H2O2 or desferrioxamine treatment. Mitochon-
drial function and mitochondrial mass were further

Figure 2. Effects of H2O2 (A) or desferrioxamine (B) treatment
on CD95 Fas receptor expression. Primary post-mitotic neuron
cultures generated from rat cerebellar granule cells were seeded in
96-well plates (2×104 cells/well) and treated with 0–90 mM H2O2

or 0–25 mM desferrioxamine for 24 h. Immunoreactivity was
measured by the microtiter immunocytochemical ELISA (MICE)
assay (see Materials and methods). The MICE index refers to
immunoreactivity corrected for cell density. The graphs depict
mean and standard deviations obtained for eight replicate culture
wells. Identical results were obtained in three separate experi-
ments.

Figure 1. Effects of H2O2 (A) or desferrioxamine (B) treatment
on neuronal viability. Primary post-mitotic neuron cultures gener-
ated from rat cerebellar granule cells were seeded in 96-well plates
(2×104 cells/well) and treated with 0–90 mM H2O2 or 0–25 mM
desferrioxamine for 24 h, after which viability was measured using
the crystal violet (CV) assay. Absorbances were measured at 540
nm using an automated ELISA plate reader. The graphs depict
mean and standard deviations obtained for eight replicate culture
wells. Identical results were obtained in three separate experi-
ments.
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evaluated using the MitoTracker mitochondria-specific
cell-permeable dyes. MitoTracker Red accumulates
only in metabolically active mitochondria and the re-
duced dihydrotetramethyl rosamine is rendered fluores-
cent via oxidation within mitochondria. MitoTracker
Green labels mitochondria irrespective of oxidative
activity and the dye is therefore used to assess mito-
chondrial mass. Fluorescence intensity was measured in
a microplate reader. Cell density was measured by sub-
sequently staining the cells with Hoechst H33258.

H33258 fluorescence increases linearly with cell number
between 1×104 and 5×105 cells per well (data not
shown). Both the H2O2- and desferrioxamine-treated
rCBN cultures exhibited concentration-dependent re-
ductions in the MitoTracker Red/H33258 ratios (fig.
4A, C). In contrast, the same treatments caused mini-
mal alterations in the levels of MitoTracker Green
fluorescence (fig. 4B, D). However, in cultures treated
with moderately high concentrations of H2O2 or desfer-
rioxamine, the levels of MitoTracker Green fluorescence

Figure 3. Effects of H2O2 (A, B) or desferrioxamine (C, D) treatment on cytochrome oxidase (COX) and mitochondrial protein
expression. COX expression was used as a measure of mitochondrial function, and mitochondrial protein as a measure of mitochondrial
mass. Primary post-mitotic neuron cultures generated from rat cerebellar granule cells were seeded in 96-well plates (2×104 cells/well)
and treated with 0–90 mM H2O2 or 0–25 mM desferrioxamine for 24 h. Immunoreactivity was measured by the MICE assay (see
Materials and methods). The MICE index refers to immunoreactivity corrected for cell density. The graphs depict mean and standard
deviations obtained for eight replicate culture wells. Identical results were obtained in three separate experiments.
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Figure 4. Effects of H2O2 (A, B) or desferrioxamine (C, D) treatment on MitoTracker Red (A, C) and MitoTracker Green (B, D)
fluorescence labeling. MitoTracker Red fluorescence corresponds to functional mitochondria, whereas MitoTracker Green fluorescence
corresponds to mitochondrial mass. Primary post-mitotic neuron cultures were seeded in 96-well plates (2×104 cells/well) and treated
with 0–90 mM H2O2 or 0–25 mM desferrioxamine for 24 h. The cells were then labeled for 15 min with MitoTracker Red or Green
dye, and fluorescence intensity was measured using an automated microplate fluorometer (Fluorocount). The MitoTracker light unit
values were corrected for cell density by subsequently labeling the cells with Hoechst H33258 and measuring the fluorescence intensities.
H33258 fluorescence increases linearly with cell density between 104 and 5×105 cells/well. The graphs depict the means and standard
deviations of the MitoTracker/H33258 ratios.

were conspicuously increased, suggesting that mito-
chondria may have proliferated in response to those
degrees of oxidative stress. The MitoTracker labeling
results correspond with the MICE assay measurements
of COX and mitochondrial protein expression and indi-
cate that both oxygen free radical injury and hypoxia-
like insults impair mitochondrial function without
depleting mitochondria.

In situ analysis of MitoTracker Green fluorescence label-
ing. To determine the effect of H2O2 or desferrioxamine
exposure on the distribution of mitochondria, Mito-
Tracker-labeled cells were examined by fluorescence mi-
croscopy. Control cells exhibited uniformly bright
MitoTracker Red and Green fluorescence with promi-
nent labeling of both the cell bodies and neuritic pro-
cesses (figs 5A, 6A). Following H2O2 or desferrioxamine
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treatment, MitoTracker Red fluorescence was sharply
reduced and scarcely detectable in the cells (data not
shown), corresponding with the quantitative assess-
ments of the labeling indices as shown in figure 4.
However, with increasing concentrations of H2O2 up to
45 mM, MitoTracker Green labeling was primarily re-
duced in the neuritic processes (fig. 5B, C), whereas at
higher concentrations, labeling was markedly reduced
in both the cell bodies and neurites (fig. 5D). With
increasing concentrations of desferrioxamine, the cul-
tures exhibited markedly increased densities of Mito-
Tracker Green-labeled neuritic processes (fig. 6B, C),
despite virtually undetectable MitoTracker Red fluores-
cence labeling. At high concentrations of desferrioxam-
ine (\7.5 mM), the remaining cells still had detectable
MitoTracker Green fluorescence labeling of both cell
processes and cell bodies (fig. 6D).

Figure 6. Effects of desferrioxamine treatment on the cellular
distribution of MitoTracker Green fluorescence. Primary post-mi-
totic neuron cultures were seeded in 96-well plates (2×104 cells/
well) and treated with nothing (A), 5 mM (B), 10 mM (C), or 15
mM desferrioxamine for 24 h. The cells were labeled for 15 min
with MitoTracker Green dye and examined using a fluorescence
microscope.

Figure 5. Effects of H2O2 treatment on the cellular distribution of
MitoTracker Green fluorescence. Primary post-mitotic neuron
cultures were seeded in 96-well plates (2×104 cells/well) and
treated with nothing (A), 18 mM (B), 45 mM (C), or 90 mM (D)
H2O2 for 24 h. The cells were labeled for 15 min with Mito-
Tracker Green dye and examined using a fluorescence microscope.

Neuronal growth and sprouting gene expression. To de-
termine the effects of oxidative stress and hypoxia-type
injury on the expression of neuritic sprouting-associated
proteins, we used the MICE assay to measure GAP-43,
NTP, and synaptophysin immunoreactivity in cells
treated with H2O2 or desferrioxamine (fig. 7). Note that
the immunoreactivity measured by the MICE assay is
corrected for differences in cell density [29]. Cells
treated with 9–90 mM H2O2 exhibited control levels of
GAP-43 expression, and dose-dependent reductions in
N2J1-immunoreactive NTP, and synaptophysin (fig.
7A–C). Cells treated with 2.5–25 mM desferrioxamine
exhibited marked concentration-dependent reductions
(�50%) in GAP-43 expression and moderate re-
ductions (25–35%) in the levels of N2J1-immunoreac-
tive NTP, and synaptophysin (fig. 7D–F). The N2J1
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Figure 7. Modulation of sprouting gene expression with H2O2 (A–C) or desferrioxamine (D–F) treatment. GAP-43 (A, D),
N2J1-immunoreactive NTP (B, E), and synaptophysin (C, F) immunoreactivity were measured using the MICE assay. The MICE
indices represent levels of immunoreactivity corrected for cell density (see Materials and methods). Graphs depict mean and standard
deviation of immunoreactivity levels detected in 24-replicate culture wells. All experiments were repeated at least three times with similar
results.
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monoclonal antibody detects the �21-kDa NTP spe-
cies that increases with experimental neuritic sprouting,
hypoxic-ischemic injury, and AD neurodegeneration
[30–33].

Discussion

This study demonstrated that H2O2 treatment of CNS
neuronal cultures resulted in increased expression of the
CD95 pro-apoptosis gene and impaired mitochondrial
function manifested by sharply reduced levels of COX
and MitoTracker Red fluorescence. In addition, oxida-
tive stress inhibited the expression of N2J1-immunore-
active NTP and synaptophysin, but had little or no
effect on culture viability (cell density), mitochondrial
mass, or GAP-43 expression. In contrast, desferrioxam-
ine treatment caused neuronal death associated with
markedly reduced levels of COX expression and Mito-
Tracker Red fluorescence. In addition, desferrioxamine
treatment resulted in sharply reduced (by �50%) levels
of GAP-43, and modest inhibition (20–30%) of N2J1-
immunoreactive NTP and synaptophysin expression.
H2O2 exposure causes oxidative stress and can lead to
free radical injury by promoting hydroxyl radical pro-
duction. Therefore, H2O2 exposure can damage DNA
either directly or through apoptosis mechanisms. Des-
ferrioxamine is a chelator of ferric iron and an inhibitor
of both ATP synthesis and free radical generation.
Desferrioxamine treatment is used as a pharmacological
model of hypoxic injury. Therefore, this study com-
pared neuronal responses to oxidative stress and hy-
poxia-like injury in CNS neurons because either type of
environmental stress could potentially precipitate or
exacerbate the course of AD neurodegeneration.
In AD, neuronal loss has been linked to increased levels
of pro-apoptosis gene products such as p53, CD95 [7,
8], and Bax [9, 34–36] and increased activation of
CPP32 caspase [36, 37], suggesting that the apoptosis of
cortical neurons is due to heightened sensitivity to oxy-
gen free radial injury [6]. The finding that H2O2 treat-
ment increased the expression of CD95 but did not
cause cell death suggests that apoptosis is not a neces-
sary outcome of oxidative stress in CNS neurons. Al-
though the H2O2-treated cells remained viable, they
were probably rendered more susceptible to further
oxidative stress because increased levels of CD95 can
precipitate caspase-mediated cell death. The effects of
desferrioxamine toxicity on neuronal viability and func-
tion reflect the cellular responses to hypoxia in the
absence of free radical injury. The concentration-depen-
dent reductions in neuronal viability were not associ-
ated with increased levels of CD95 expression. This
suggests that activation of the CD95 gene, and perhaps
other pro-apoptosis genes, in AD is the result of free
radical injury to neurons.

Both the H2O2 and desferrioxamine treatments were
associated with dose-dependent reductions in COX im-
munoreactivity and MitoTracker Red fluorescence,
whereas mitochondrial protein expression and Mito-
Tracker Green fluorescence were not inhibited. These
findings indicate that oxidative stress and hypoxia-like
injury can cause substantial impairment of mitochon-
drial function with little effect on mitochondrial mass or
abundance. In other words, oxidative stress and hy-
poxic injury result in the accumulation of defective
mitochondria in neurons. Recent studies suggest that
oxidative stress caused by hydrogen peroxide exposure
can result in down-regulation of mitochondrial RNA
expression and calcium-dependent RNA degradation
[38–40]. Therefore, in neuronal cells, oxidative stress-in-
duced impairment of mitochondrial function and reduc-
tion in mitochondrial enzyme expression may be
mediated by selective degradation of mitochondrial
RNA. If the affected cells do not die by necrosis or
apoptosis, they may remain functionally impaired due
to the accumulation of defective mitochondria. In-
creased densities of ‘useless’ cells may interfere with
normal remodeling processes in the brain. On the other
had, injured but marginally viable neurons with com-
promised mitochondrial function may be more suscepti-
ble to apoptosis, such that additional oxygen free
radical or hypoxic injury could deplete the population
of neurons that could be rescued therapeutically.
The fluorescence microscopy studies confirmed the
global reductions in MitoTracker Red fluorescence de-
tected with quantitative assays but, more important,
demonstrated that the H2O2 treatment resulted in selec-
tively reduced levels of MitoTracker Green labeling in
the neuritic processes compared with the neuronal cell
bodies. In contrast, the cell loss caused by desferrioxam-
ine treatment resulted in an apparent proliferation of
neuritic processes that were labeled with the Mito-
Tracker Green dye. Since MitoTracker Red fluores-
cence reflects functional mitochondria, the persistent
MitoTracker Green labeling in neurons subjected to
oxidative stress or hypoxia-like injury reflected the dis-
tribution and abundance of mitochondria that were
essentially non-functional. Therefore, although the
H2O2-treated neurons remained ‘viable’ they were func-
tionally impaired. Moreover, the reduced mitochondrial
mass observed in neuritic processes of H2O2-treated
cells suggests that oxidative stress-induced injury can
promote neurodegeneration by inhibiting the transport
of mitochondria to neuronal cell processes where they
are required to maintain synaptic function. At the same
time, the increased density of MitoTracker Green-la-
beled neurites in desferrioxamine-treated cultures that
had very low levels of MitoTracker Red fluorescence
suggests that the hypoxia-like injury can promote neu-
ritic sprouting (?regenerative), but the proliferated neu-
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rites may not be capable of forming or maintaining
sound synaptic connections due to impaired mitochon-
drial function.
GAP-43 is a membrane-associated phosphoprotein lo-
calized in axons, neuritic processes, and the filpodia and
lamellipodia of growth cones. GAP-43 has a role in
axonal path-finding, neurite outgrowth, and regulating
cytoskeletal organization in nerve endings [41]. Synap-
tophysin is a synaptic protein and marker of vesicular
transport that may function in exocytosis and has an
important role in the formation and maintenance of
synapses. NTPs are a relatively novel family of
molecules that are abundantly expressed in CNS neu-
rons during development, neuritic sprouting, and fol-
lowing hypoxic-ischemic injury [31–33]. The N2J1
antibody detects the �21-kDa NTP molecule that in-
crease in expression during sprouting and with AD
neurodegeneration [30, 32]. GAP-43, synaptophysin,
and NTP immunoreactivities are increased in the corti-
cal dystrophic neurites in brains with AD [33, 42–44].
Therefore, it was of interest to determine the extents to
which oxidative stress and hypoxia-like injury modu-
lated the expression of these sprouting-associated
proteins.
The viable but injured H2O2-treated neuronal cells had
sharply reduced expression of both NTP and synapto-
physin, but control levels of GAP-43. Both N2J1-NTP
and synaptophysin immunoreactivity are distributed
predominantly in neurites and growth cones, whereas
GAP-43 immunoreactivity is abundantly distributed in
the neuronal perikarya and neurites. Therefore, the
failure of mitochondria to be distributed in neuritic
processes of H2O2-treated cells correlates with the re-
duced levels of N2J2-NTP and synaptophysin. The re-
ductions in neuritic MitoTracker Green fluorescence
occurred even at concentrations of H2O2 that do not
result in neurite retraction (fig. 6B), suggesting that one
consequence of oxidative stress is impairment of the
transport of mitochondria to neurites and growth cones
required to maintain synaptic integrity. Therefore, in
AD, oxidative stress-mediated injury could exacerbate
synaptic disconnection by impairing transport of mito-
chondria to growth cones and causing cytoskeletal col-
lapse (neurite retraction).
Desferrioxamine treatment serves as a pharmacological
model of hypoxia without free radical injury. Desfer-
rioxamine treatment resulted in markedly reduced levels
of GAP-43 (�50%) and moderately reduced levels of
N2J1-NTP and synaptophysin (�20–30%) expression.
These reductions in sprouting-associated genes occurred
in the context of conspicuous cell loss, abundant prolif-
eration of neurites, and marked impairment of mito-
chondrial oxidative function as manifested by the
sharply reduced levels of MitoTracker Red fluorescence
and COX expression. Since (presumably non-function-

ing) mitochondria were still abundantly distributed
within neuritic processes, hypoxic injury unrelated to
free radical generation may not impair mitochondrial
transport, cytoskeletal function, or growth/sprouting
mechanisms. However, neurons injured by hypoxia are
still likely to be functionally impaired and unable to
meet the energy demands for the synthesis of proteins
required for neurite path-finding and maintenance of
synaptic connections.
In summary, this study demonstrated that both oxida-
tive stress and hypoxia-type injury substantially impair
mitochondrial function but cause different types of neu-
rodegeneration. Oxidative stress-induced neurodegener-
ation was associated with activation of pro-apoptosis
genes, neurite retraction, and inhibition of synaptic and
sprouting genes, whereas hypoxia-like injury resulted in
neuronal cell death, prominent neuritic sprouting, and
inhibition of GAP-43, NTP, and synaptophysin expres-
sion. Therefore, with respect to AD neurodegeneration,
oxidative stress-induced injury could account for some
aspects of synaptic disconnection and the increased
susceptibility to apoptosis, whereas hypoxia-like injury
could contribute to cell loss, synaptic disconnection,
and the proliferation of cortical neurites. Moreover, the
findings reported here suggest that: (i) CNS neurons
injured by oxygen free radicals or hypoxia may be
physically present but non-functional due to impaired
energy metabolism; (ii) sprouting gene expression can
persist in ‘sick’ neurons; (iii) impaired mitochondrial
transport may contribute to synaptic disconnection, and
(iv) the proliferation of neurites could represent a
pathological response in cells that are not capable of
generating sound synaptic connections due to impaired
energy metabolism. Important for future studies will be
to determine the extent to which these abnormalities in
neuronal function are reversible.
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