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Abstract

The brain uses massive amounts of oxygen, generating large
quantities of reactive oxygen species (ROS). Because of its
lipid composition, rich in unsaturated fatty acids, the brain is
especially vulnerable to ROS. Furthermore, oxidative damage
in the brain is often associated with iron, which has pro-oxi-
dative properties. Iron-mediated oxidative damage in the brain
is compounded by the fact that brain iron distribution is non-
uniform, being particularly high in areas sensitive to neurode-
generation. This work was aimed to further our understanding
of the cellular mechanisms by which SHSY5Y neuroblastoma
cells adapt to, and survive increasing iron loads. Using an iron
accumulation protocol that kills about 50% of the cell popula-

tion, we found by cell sorting analysis that the SHSY5Y sub-
population that survived the iron loading arrested in the Gg
phase of the cell cycle. These cells expressed neuronal
markers, while their electrical properties remained largely
unaltered. These results suggest that upon iron challenge,
neuroblastoma cells respond by entering the Gy phase,
somehow rendering them resistant to oxidative stress. A sim-
ilar physiological condition might be involved in neuronal sur-
vival in tissues known to accumulate iron with age, such as the
hippocampus and the substantia nigra pars compacta.
Keywords: cell cycle, iron, neuroblastoma cells, oxidative
stress, quiescence
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The brain accounts for 20% of the oxygen consumed by the
human body, even though it comprises only 2% of the body
weight (Sokoloff 2000). Oxygen consumption is accompan-
ied by the generation of large quantities of reactive oxygen
species (ROS) during oxidative phosphorylation in the brain.
This organ is thought to be especially vulnerable to ROS,
since it is rich in lipids with unsaturated fatty acids, the
targets of lipid peroxidation (Bazan 2003). In fact, studies of
human post-mortem brain tissue have implicated oxidative
stress in neuronal death, particularly in neurodegenerative
disorders. Increases of various biomarkers of oxidative stress
have been observed in diseased regions of post-mortem brain
tissues from patients with Alzheimer, Parkinson’s and
Huntington’s diseases, as well as prion disorders and
progressive supranuclear palsy (Jenner and Olanow 1996;
Andersen 2004; Barnham 2004; Hald and Lotharius 2005).
In contrast to other tissues where damaged cells are replaced,
a loss of neurons in the adult brain is largely irreversible. Yet,
the brain is able to adapt to oxidative stress and function
during the lifespan of humans.

Iron is a pro-oxidant involved in the generation of
oxidative damage (Sayre et al. 2000). Brain iron homeostasis
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is unique among organs because of the non-uniform
distribution of iron in its different regions and cell types
(Zecca et al. 2004). In particular, high iron content has been
reported in some brain areas sensitive to neurodegeneration
(Youdim and Riederer 1993; Griffiths et al. 1999). Because
of their post-mitotic condition, neurons cannot reduce
intracellular iron by cell division and depend entirely on
the mechanism of cellular iron homeostasis to control iron
levels. Despite increased iron content with age (Zecca et al.
2001; Gotz et al. 2004), a large proportion of neuronal cells
manage to stay viable and to control the degree of oxidative
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damage, presumably through the activation of adaptive
mechanisms. Increased iron levels are accompanied by
increases in ROS and lipid peroxidation, whereas treatment
with the Fe chelator desferrioxamine results in reduction of
the neurological symptoms induced by iron (Doraiswamy
and Finefrock 2004).

The various neuronal cell types seem to respond differ-
entially to iron accumulation. Recent studies of metal-related
neuronal vulnerability conducted on two human brainstem
nuclei, the locus coeruleus (LC) and substantia nigra (SN),
illustrate this point. While LC and SN share anatomical and
biochemical similarities, being both pigmented due to the
presence of neuromelanine (NM), and better undergoing
degeneration in Parkinson’s disease, the SN neurons are
more vulnerable than those from the LC in pathological
conditions where iron-mediated oxidative stress plays an
important role (Zecca et al. 2004). Relevant information is
provided by the characterization of a newly established
neuronal p-0 cell line, which accumulates iron and other
metals and is highly susceptible to oxidative stress (Fukuy-
ama et al. 2002). Recently, it was reported that iron
accumulation produces oxidative stress and oxidative damage
in neuroblastoma cells (Nufiez-Millacura et al. 2002; Aguirre
et al. 2005). Neuroblastoma cells that adapt to a high iron
load down-regulate the expression of the iron importer
Divalent Metal transporter (DMT1), and at the same time
up-regulate the expression of the iron exporter Iron regulated
gene 1 (Iregl) and of the iron-storage protein ferritin (Aguirre
et al. 2005). Thus, the differential capacity of neuronal
subtypes to co-ordinately regulate the expression of iron
transporters may be one of the clues to successful adaptation.
Similarly, part of the adaptation process includes increased
glutathione synthesis and increased activity of glutathione
peroxidase and glutathione transferase (Nuiiez et al. 2004).

This work was aimed to further understanding of the
cellular mechanisms by which SHSY5Y neuroblastoma cells
adapt and survive to increasing iron loads. Using an iron
accumulation protocol that kills about 50% of the cell
population, we found that surviving SHSY5Y cells accumu-
lated in the G, phase of cell cycle, and expressed markers of
neuronal differentiation, while their electrical properties
remained largely unaltered. These results provide insights
into the processes of neuronal degeneration and survival in
tissues known to accumulate iron with age, such as the
hippocampus and the susbtantia nigra pars compacta.

Materials and methods

Cell culture and iron treatment

Human neuroblastoma SHSYS5Y cells (CRL-2266, American Type
Culture Collection Rockville, MD, USA) is a well established cell
line, corresponding to a third successive subclone of the SK-N-SH
line originally established from a bone marrow biopsy of a

© 2006 The Authors

neuroblastoma patient. The parental cell line comprises at least
two morphologically different phenotypes, neuroblastic (N-type)
and substrate adherent (S-type), which can undergo trans-differen-
tiation (Ross ef al. 1983). SHSYSY cells can differentiate into cells
with neuronal morphology, the phenotype of which varies depend-
ing on the inducing agent (Pahlman ef al. 1995; Encinas et al.
2000). SHSY5Y cells were seeded at 1 x 10* cells per 1 cm? plastic
wells, cultured in MEM/F12 medium supplemented with 10% fetal
bovine serum and 5 mmM glutamine, and incubated in a 5% CO,
atmosphere. The medium was replaced every three days. Under
these conditions, doubling time was 48 h. The total iron concen-
tration of this medium was 7.03 pm as determined by atomic
absorption spectrometry. The culture reached a steady-state number
of cells after 8 days. At this time, cells were cultured for 2 days in
DMEM/F12 supplemented with iron, offered as a FeCl3-Na
nitrilotriacetate complex (NTA 1 :2.2 mol:mol) in the amount
needed to reach the desired iron concentration. Low (2 pm) iron
medium was obtained by adding 5 pm of the strong iron chelator
desferrioxamine to the standard 7 pm Fe medium. The iron
concentrations mentioned in the text correspond to total iron. The
high affinity constant of the Fe-NTA complex 9log K: 30.4; Martell
and Smith 2004) indicates that the free Fe>" concentration should be
considerably lower.

Cell viability

Cell respiration, an indicator of cell viability, was assessed by the
mitochondrial-dependent reduction of 3-(4,5-dimethylthiazol-2-yl)-
2.5-diphenyltetrazolium bromide (MTT) to formazan (Gross and
Levi 1992). Cells were cultured in 96-well dishes and subjected
to the progressive iron accumulation protocol as above. At the
end of each experiment, cell viability was measured using the
MTT proliferation Assay Kit (Molecular Probes, Eugene, OR,
USA), following the instructions of the manufacturer. The extent
of the formazan production was determined by measuring optical
density at 650 nm in a Tecan Sunrise microplate reader (Tecan,
Grodig/Salzburg, Austria). Experimental points were tested in
triplicates.

Total cell iron content

SHSY5Y cells were cultured at a density at 1 x 10* cells per 1 cm?
plastic well for 8 days, followed by incubation for 2 days in
DMEM/F12 supplemented with varied amounts of iron. Total iron
content was determined by atomic absorption spectrometry (Perkin
Elmer Model 2280, Norwalk, CT).

Cell cycle analysis and determination of quiescent G cells

SHSYS5Y cells were cultured at 1 x 10* cells per 1 cm? plastic well
for 8 days, followed by incubation for 2 days in Dulbecco’s
modified Eagle medium (DMEM)/F12 supplemented with varied
amounts of iron. For cell cycle analysis, cell aliquots were labeled
with propidium iodine (PI, 10 mg/mL, Sigma, St. Louis, MO,
USA), treated with RNAse A (100 pg/mL, Sigma) and their DNA
content analyzed on a Fluorescence Activated Cell Sorter flow
cytometer (Becton Dickinson, San Jose, CA, USA) equipped with
MODFIT software. Content of quiescent (Gy) cells was assessed in cell
aliquots after staining with Rhodamine 123 (Rho, 5 pm, Sigma) plus
PI, followed by flow cytometric analysis by using the CELLQUEST
software. Quiescent Gy status refers to alive cells exhibiting a low
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Rho (PI-/Rho low) fluorescence signal (Wolf ef al. 1993), due to
scarce mitochondrial oxidative metabolism (Kim et al. 1998).

Immunofluorescence of SHSYSY cells

SHSYS5Y cells were cultured at 1 x 10* cells per 1 cm? plastic well
for 8 days, followed by incubation for 10 days in DMEM/F12
supplemented with varied amounts of iron. The immunofluorescence
was done according to a procedure previously described (Mura et al.
2004). Briefly, cells were attached to glass cover slips coated with
10 pg/mL poly-L-lysine. For staining, they were washed three times
in phosphate-buffered saline (PBS) and then fixed with a freshly
prepared 4% paraformaldehyde in PBS. Fixed cells were washed
five times in PBS and permeabilized with 0.2% Triton in PBS. The
non-specific protein binding sites were blocked by incubation in
PBS containing 0.2% gelatin (gelatin-PBS). Cells were then
incubated with the primary antibody diluted in gelatin-PBS at room
temperature (23-25°C) for 1 h, washed with gelatin-PBS six times
for 30 min and incubated with the appropriate secondary antibody
for 1 h. After washing as described, cells were mounted in Gelvatol
(10% glycerol, Dabco, azide 0,1%). Immunofluorescence of
SHSYSY cells was viewed in a Zeiss Axiovert 200 M epifluores-
cence microscope (Carl Zeiss AG, Oberkochen, Germany) equipped
with temperature and CO, controllers. Images of low magnification
fields from each culture were acquired with an Axiocam HR camera
(Carl Zeiss) attached to a PC equipped with Axiovision software
(Carl Zeiss). A shutter and a neutral density filter were used to
minimize photo bleaching. Fluorescence intensity from at least 100
cells from the captured images was determined using the QUANTITY
oNE (Bio-Rad, Hercules, CA, USA) software. Fluorescence values
were expressed as arbitrary fluorescence intensity units.

Electrophysiology

Whole cell currents from control SHSYS5Y cells (7 puu Fe) and cells
subjected to different iron treatments were recorded with the patch-
clamp technique under voltage-clamp mode, using an Axopatch 1D
amplifier (Axon Instruments, Inc., Union City, CA). The currents
were evoked by depolarizing pulses from a holding potential of
—80 mV. The cells were bathed with a solution containing (in mm) 150
NaCl, 2.5 KCl, 1 CaCl,, 1.5 MgCl,, 10 Hepes, pH 7.6. The pipette
solution contained (in mm): 120 KCl, 2 MgCl,, 1 CaCl, 10 EGTA, 4
ATP and 10 HEPES, pH 7.6. The recorded currents were acquired in a
PC using a LabMaster interface (Scientific Solutions, Solon, Ohio
44139) and analyzed using pcLamp 6.0 Software (Axon Instruments).

Data analysis

Variability across experiments was < 20%. One-way ANOVA was
used to test statistical differences in mean values and Student-
Newman-Keuls post-hoc test was used for comparisons (IN STAT
program from GraphPad Prism, San Diego, CA 92130 USA).
Differences were considered significant if p < 0.05.

Results

SHSYSY cells accumulate iron when exposed to high iron
concentrations

Fe accumulation was determined in cells previously grown to
confluence for eight days and challenged for an extra two
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Fig. 1 Fe content of SHSY5Y cells subjected to different iron treat-
ment. SHSY5Y cells were grown for 8 days and then challenged for
2 days with different Fe concentrations, from 2 to 300 um. Total Fe
content was determined by mass spectrometry. Data are mean + SEM
values of 4 independent determinations. Significant differences in iron
content were observed between 2 and 125 um (p <0.05), 2 and
300 um (p < 0.01), and 7 and 300 pum groups (p < 0.05).

days in medium containing 2-300 pum Fe (Fig. 1). Total cell
iron content after the initial eight days of culture was
4.27 £ 1.35 pmol/mg of protein. After two extra days, the
cells cultured in media containing 2—-80 um Fe exhibited a
slight iron accumulation, although there were no significant
statistical differences among them. Significant differences in
iron content were observed between 2 and 125 pm Fe
(p < 0.05), 2 and 300 um Fe (p < 0.01), and 7 and 300 um
Fe (p < 0.05).

Iron treatment leads to neuronal cell death, although a
sub-population of cells survives

To determine whether iron retention was linked to loss in cell
viability, we evaluated the viability of cells subjected to
different amounts of iron in the culture medium for various
time points. The viability of SHSYSY cells treated with iron
decreased both as a function of iron concentration and time in
culture (Fig. 2). Viability decreased by more than 50% when
cells were challenged for 2 days with iron concentrations of
80 uMm or higher. After two days of treatment, the difference
in viability between cells challenged with 7 or 20 um Fe
compared to those treated with 80, 125 and 300 um Fe was
significant (p < 0.005). Cell viability tended to stabilize with
time, between 2 and 8 days in culture. Nevertheless, a slight
decrease in viability was found for the higher iron conditions
between day 8 and day 10 of culture. However, even under
the most extreme iron loading conditions (300 um Fe for
10 days), a sub-population of cells managed to remain
viable. Cell viability assayed by MTT reduction was
confirmed by flow cytometry (not shown). Both methods
confirmed the loss of viability at 125 and 250 pm Fe after
two days of iron treatment.
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Fig. 2 Viability of SHSY5Y cells subjected to different iron treatment.
MTT reduction by SHSY5Y cells in the presence of increasing iron
concentrations at different times. Exponentially growing cells were
treated with the indicated Fe concentration for 2, 4, 6, 8 and 10 days.
Cell growth inhibition was assessed as described in Material and
methods. Data corresponds to mean + SEM (bars) values of 3
observations from independent assays in triplicates. At 2, 4, and
8 days of iron treatment, cells cultured with 80, 125 and 300 pm iron
concentrations showed a significant difference with the control group,
at 7 pm iron: p < 0.005, at 10 days these differences were also signi-
ficant with the control group with a p < 0.01. At two days of treatment,
differences between 7, 20 and 80 pm with the 125 and 300 um were
also significant: p < 0.005.

High iron induced entrance into Gy

To advance our understanding of the processes by which
SHSYSY cells adapt to a high iron load, the cellular
proliferative status was analyzed by cell sorting after
treatment with different Fe concentrations in the culture
medium (Fig. 3). SHSYSY cell populations selected as Rho-
123" were comprised predominantly of quiescent cells,
while Rho-123"2" cells contained high numbers of cycling
cells. When SHSYSY cells were treated for 2 days with 7 um
Fe, about 30% of the population was Rho-123'" and 70%
was Rho-123"€" When exposed to 80 pum Fe, the distribu-
tion between Rho-123"% and Rho-123"&" was 41% and
59%, while at 250 um Fe, it was 52% and 48%, respectively
(Fig. 3a). The SHSYSY cell population in Gy increased after
2 days of 250 um Fe treatment (Fig. 3b). The difference
between 5 and 250 um Fe samples was statistically signifi-
cant (p < 0.01). Thus, iron accumulation induced the cells to
enter into a quiescent state.

SHYS5Y cells subjected to different Fe concentrations
express markers of neuronal differentiation

The morphology of SHSYSY cells treated for 10 days with
high Fe concentrations resembled primary neurons under
phase contrast microscopy, an indication that high iron may
be triggering a differentiation program. To determine whether
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Fig. 3 Cell Cycle analysis of SHSY5Y cells subjected to different iron
treatment. (a) SHSY5Y cells were grown for 8 days and then chal-
lenged for 2 days with 2, 7, 20, 80, 125 or 250 um Fe. The proportion
of cells in Go, defined as those exhibiting minimal RNA content and
uniform DNA content, giving a low Rho (PI-/Rho'") fluorescence
signal, was assessed as described in Material and methods. (b) The
relative percentage of cells in G was calculated from four independent
experiments. A statistically significant difference was found between
the 7 um and the 125 um (*p < 0.05) and 250 um (**p < 0.01) samples.

SHSYSY cells were shifting to a neuronal phenotype, the
expression of the neuron-specific markers MAP2 and tau
were evaluated by immunofluorescence. MAP2 reactivity
was localized both to the cell body and to short processes.
Fluorescence intensity paralleled the Fe concentration in the
medium, whereas cells subjected to 2 pm Fe showed no
MAP2-associated fluorescence (Fig. 4a). A clear change in
the phenotype was apparent between 2 pum to 7 um or higher
iron concentrations. The cells grown in 2 pm Fe presented a
rounded, undifferentiated phenotype, while cells cultured in
7-250 um  Fe adopted a more neuron-like phenotype
(Fig. 4a). Quantification of MAP-2 associated fluorescence
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Fig. 4 MAP2  immunofluorescence in
SHSYS5Y cells. (a) Cells grown for 8 days
and then challenged for 10 days with dif-
ferent iron concentrations. Cells were fixed,
permeabilized, and incubated with a rabbit
polyclonal anti-MAP2 antibody followed by
Alexa Fluor 488 goat antirabbit 1gG. Fluor-
escence values were expressed as arbi-
trary fluorescence intensity units. Bar
—25 um. (b) Quantitative analysis of MAP-2
fluorescence. Cell fluorescence intensity
was determined using Quantity One soft-
ware in at least 100 cells for each iron
concentration. Abscise values represent
mean fluorescence + SD, in arbitrary units.

MAP-2 fluorescence, AU

indicated that iron in the 80—125 pm range induced a 15-20
fold increase in MAP-2 expression compared to 2 um
(Fig. 4b). Tau immunoreactivity presented a distribution
similar to MAP-2, although it was evident even at lower Fe
(2 pm, data not shown). Thus, in parallel with proliferative
quiescence, iron induced a differentiated neuronal phenotype.

Electrical properties are not altered in SHSYSY cells
adapted to high Fe exposure

To investigate the effects of iron exposure on the function-
ality of SHSYSY cells treated for 10 days with different Fe
concentrations, the electrophysiological properties of iron-
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treated cells were examined. We compared the amplitude of
the whole cell currents evoked by depolarizing voltage pulses
in cells subjected to different iron treatments (Fig. 5a). We
also determined, under current-clamp conditions, whether Fe
treatment altered their resting potentials. The voltage-
dependent inward currents were virtually identical in cells
treated with iron concentrations above 7 um. The average
inward current amplitude evoked by a 60 mV depolarizing
step from —80 mV (holding potential) were —200 = 47 pA
(n=14)at2 pm Fe and —189 £ 63 pA (n = 9) at 7 um Fe.
At higher iron concentrations, 80, 125, and 250 pm, the
current amplitudes were —114 £ 55 pA (n = 6); —187 + 88
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Fig. 5. Electrophysiology of SHSY5Y cells subjected to different iron
concentrations. SHSY5Y cells were grown for 8 days and then chal-
lenged for 10 days with culture media containing iron concentrations
between 2 and 250 pwm, after which they were characterized in their
basic electrical properties: whole-cell currents and membrane poten-
tial. (a) Shows representative whole cell current families obtained at
three different iron concentrations, evoked by a 10 mV depolarizing

pPA (n=4) and -115£57 pA (n=38), respectively
(Fig. 5b, white bars). These values are not significantly
different (p < 0.05) than at 7 pm Fe. Values for the outward
current amplitudes were 1213 £380 pA (n = 12),
922 £ 225 pA (n = 10), 708 £ 151 pA (n = 6), 512 + 243
pPA (n = 5) and 853 + 373 pA (n = 9), for 2, 7, 80, 125 and
250 uMm Fe, respectively. Currents in the 80-250 um range
were not statistically different to the 7 um Fe currents either.
Nevertheless, currents recorded under 2 pm Fe were signi-
ficantly different (p < 0.05) to than 7-250 pum Fe currents
(Fig. 5b, dark bars). The mean capacitance values were
3.8+ 045 pF (n = 15), 3.6 £ 0.57 pF (n = 8), 3.0 + 0.68
pF (n =5),3.7+£0.35 pF (n = 5) and 5.6 £ 0.69 pF (n =
9), in cells treated with 2, 7, 80, 125, 250 um Fe,
respectively. These values are not statistically different to
each other. Action potentials could be induced under all Fe
concentrations tested in current clamp conditions upon the
application of depolarizing current steps, after setting Vm to
—80 mV by injecting hyperpolarizing current. The resting
potential did not vary significantly within the 7-250 pm Fe.
However, at 2pum Fe the membrane potential
(—8.09 £ 8.51 mV, n = 11) was significantly lower than at
7 M (=20 £ 6 mV, n = 8)) (p < 0.05). Thus, concurrent
with a less differentiated phenotype, cells treated with 2 um
Fe exhibited a significantly diminished membrane potential.
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voltage steps protocol from —80 mV holding potential up to 20 mV. (b)
Shows a histogram comparing the inward (white bars) and outward
(grey bars) amplitudes. (c) Shows the values of membrane potential
measured in current clamp conditions of cells subjected to different Fe
concentrations. Values are mean + SD of 6-12 determinations for
each value. *, significantly different (p < 0.05) than control (7 um Fe)
condition.

Discussion

An understanding of the processes allowing neuronal
survival to high Fe concentrations may provide insights into
the mechanisms of neuropathologies related to neuronal iron
accumulation. To this end, we investigated the possible effect
of prolonged Fe exposure on culture cells, using SHSYS5Y
cells as a model system.

Our data show that when SHSYSY cells are subjected to
increasing iron concentrations, their iron content increases,
their viability decreases, and the cell sub-population that
survives to high iron concentrations enters into a specific
non-proliferative resting stationary phase or Gy. Surviving
cells exhibited markers of neuronal differentiation and
behaved as functional neurons according to electrophysio-
logical parameters, as they were capable of firing action
potentials. Because increases in cell iron content is accom-
panied by increased oxidative stress (Perry et al. 2000; Sayre
et al. 2000; Nufiez-Millacura et al. 2002; Doraiswamy and
Finefrock 2004; Nufez et al. 2004), our results on cell death
and survival need to be put into context of previous studies of
cell survival during oxidative stress.

In terms of iron homeostasis, previous work has shown
that the adaptation of SHSYSY cells to an increasing iron
load includes increases in the iron-storage protein ferritin and
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the iron export transporter Iregl, concomitant with a decrease
in the iron import transporter DMT1 (Aguirre et al. 2005).
Despite these adaptive strategies, cell iron content and ROS
levels remain elevated. At the cellular level, ROS elicit a
wide range of responses, ranging from cell proliferation,
growth arrest and senescence, to apoptosis. In proliferating
mammalian cells, these responses depend on the severity
of the damage and on the cell type. At very low doses,
3—-15 pmM, hydrogen peroxide elicits a significant mitogenic
response, whereas higher concentrations of H,0,, 120-
150 pm, cause a temporary growth arrest in mammalian
fibroblasts (Chen et al. 2000). Cells exposed to higher
concentrations than those causing temporary arrest and
transient adaptation can be forced into a permanent growth
arrest state. Thus, cells exposed to H,O, concentrations of
250-400 pm never divide again, and a fraction of cells
exposed to 1.0 mm H,0, become apoptotic. At even higher
concentrations of hydrogen peroxide, cells simply disinteg-
rate or become necrotic (Chen and Ames 1994; Wiese et al.
1995; Davies 1999; Chen et al. 2004).

Our data shows that treatment of SHSYS5Y cells with iron
concentrations above 80 pMm Fe resulted in a 50% increase of
cells in Gy. Insofar as the progression through the cell cycle
is a tightly co-ordinated event, its proper regulation seems to
be crucial for cell viability. In proliferating cells, checkpoints
tightly control progress through the cell cycle. The transitions
between these phases are mediated by heterodimeric kinases
made of a regulatory subunit, cyclin, and a catalytic subunit,
known as cyclin-dependent kinase or Cdk.

Another key mediator that may be mediating iron-induced
oxidative stress damage is the tumor suppressor protein p53
(Agarwal et al. 1998). The amount of p53 increases in
response to a variety of signals, such as damaged DNA,
arrest of DNA or RNA synthesis, or nucleotide depletion.
Upon DNA damage p53, acting as a transcription factor
induces the synthesis of the repair proteins DDB2 and XPC
(Ford 2005). An association between iron accumulation and
p53 remains to be established.

The observation that cell division cycle 2 (cdc2), a cycle
cell regulator, initiates apoptosis in post-mitotic neurons via
direct activation of Bad, a trigger of apoptosis, indicates a
direct interaction between the cell cycle machinery and the
apoptotic program (Konishi ez al. 2002). In fact, activation of
some cell cycle proteins that give rise to aborted cell cycle
entry have been observed in dying neurons of brains with
neurodegenerative disorders (Husseman et al. 2000; Liu and
Greene 2000; Yang et al. 2001; Yang et al. 2003). This
indicates the existence of an exquisite fine-tuning of cell
cycle by the oxidative stress response, which may lead to
apoptosis (Klein and Ackerman 2003; Becker and Bonni
2004; Herrup et al. 2004; Kruman 2004), although there is
some evidence that the neuronal death may be cell cycle-
independent (Langley and Ratan 2004). In this context, our
observation that iron induced entrance into Gy may be seen
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as an intermediate step where live, functional neurons
successfully adapt to oxidative stress.

An indication that the cell cycle state adopted by the
SHSYSY cells may be a response to Fe-induced oxidative
stress was provided by microarray studies showing that in
response to iron accumulation, cyclin G; and Hsp90 were up-
regulated in these cells (Mura and Nuiez, unpublished
results). Hsp90 belongs to a family of heat shock proteins
which are induced in response to stress conditions such as
high temperature. Heat shock and oxidative stress, among
other forms of stress, has been shown to suppress cell growth
by inhibiting cell cycle transitions and inducing cell death
(Nakai and Ishikawa 2001; Burrows et al. 2004). The change
in gene expression of Hsp90 therefore indicates an early
response to oxidative stress probably associated with changes
in the cell cycle. This conclusion was supported by the
observed cyclin G; up-regulation (Zhao et al. 2003).

Our data shows that the sub-population of SHSYSY cells
surviving high Fe exposure display expression of MAP-2 and
tau proteins, indicating that the cells have reached a terminal
differentiation state. It is generally accepted that terminal
differentiation of neuroblasts occurs once they are arrested in
Gy (reviewed by Ross 1996). The surviving sub-population
of SHSYSY cells arrested in Gy, and showing markers of
terminal differentiation, behaved like functional neurons, as
indicated by the electrophysiological experiments. We have
used the resting potential, the ability to fire action potentials
and the voltage-dependent inward and outward currents as
parameters indicating cell membrane integrity and the
functionality of membrane components such as ion channels
and ion pumps. In cells cultured under iron-deficient
conditions (2 pum), the resting potential was reduced to
40% of the value measured in cells treated with normal iron
concentration (7 um), in spite of the fact that the current
amplitudes were not significantly different from those
observed in normal iron concentration. The large standard
deviation and a distribution analysis (data no shown) of the
outward current amplitudes measured in 2 um Fe suggests
the presence of more than one cell sub-population. Cells
challenged with iron concentrations higher than 250 pm
presented the same resting potential values and outward
currents as cells grown in normal (7 pm) iron concentrations,
suggesting that the high iron population have a normal
electrical behavior. These results indicate that the Fe
treatment commits a fraction of proliferative, undifferentiated
SHSYS5Y cells to a neuronal phenotype, suggesting that Fe
treatment may be mimicking some of the developmental
signals that commit pluripotential neural crest cells to a
neuronal fate.

Taking all these results together, we conclude that the
adaptation of the SHSYSY cells to oxidative stress is related
to a change in cell cycle. Cell viability decreases at high iron
concentrations, but the surviving cell sub-population is
more homogenous in terms of its phenotype, quiescence,
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electrophysiological properties, and expression of the neur-
onal markers MAP2 and tau. According to the electrophys-
iological properties, the adapted cell sub-population
resembles normal differentiated neurons. This also indicates
that the iron-induced oxidative stress produced a quiescent
cell sub-population capable of handling oxidative stress.

Our results agree with previous studies on cultured
mammalian cells, which showed that fibroblasts can survive
for several weeks after exposure to 100-200 um H,O,
without dividing again (Davies 1999). They are also
consistent with reports describing a relationship between
quiescent state, anti-oxidative defense and cell survival
(Chen et al. 2000; Naderi et al. 2003; Ekshyyan and Aw
2005). Interestingly in yeast, a novel kinase, Rim 15, has
been implicated in the integration of nutrient and oxidative
stress signals to trigger a transcriptional program that leads to
cell survival in Gy, for an extended period of time (Cameroni
et al. 2004).

It has been proposed that the level of oxidative stress may
determine which pathway(s) is induced (Martindale and
Holbrook 2002). Reactive oxygen species produced as
intermediates of iron induced oxidative stress, would lead
to a state of cell cycle arrest, maintaining the cells alive.
Reactive oxygen species could serve as messengers to trigger
an endogenous program of cell death that may be promoted
by multiple pathways (Langley and Ratan 2004). The final
fate of the cell, life or death, would depend on the level, type
or duration of oxidative stress and, more importantly, on the
strength of the endogenous antioxidant mechanisms.
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