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Abstract

We partially characterized the transferrin-independent iron uptake (Tf-IU) of neuronal and glial cells in the previous report. In the present study,
we further examined a mechanism of which glial cells protect neuronal cells against iron stress using neuron–microglia (N–MG) and neuron–astrocyte
(N–AS) co-cultures. When each solely purified cell was treated with iron citrate, cell death occurred in N andMG. However, AS proliferated under the
same condition. Both N–MG and N–AS co-cultures were effective in resistance to excessive iron. The total and specific Tf-IU activities of N–MG co-
cultures similar to those of N did not increase in a density-dependent manner. Contrarily, the total activity of AS was extremely high and the specific
activity was extremely low as a result of proliferation. Regarding of effect of co-cultures on H2O2-induced cell death, N–MG co-cultures were less
effective, but N–AS co-cultures weremore effective in protecting N from the oxidative stress. These results suggest that N–MGco-cultures suppress the
Tf-IU and N–AS co-cultures stimulate AS proliferation to protect neuronal cells. Brain cells from aceruloplasminemia with mutations in the
ceruloplasmin gene take up iron by Tf-IU. Therefore, the different mechanisms of neuronal cell protection by MG and AS may explain the
pathophysiological observations in the brains of patient with aceruloplasminemia.
© 2007 Elsevier B.V. All rights reserved.
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Several neurodegenerative diseases, including Alzheimer's
diseases (AD), Parkinson's disease, amyotrophic lateral sclero-
sis, multiple sclerosis, Hallervorden–Spatz disease, and acer-
uloplasminemia are associated with altered iron metabolism and
free radical injury [7]. Iron deposition has been observed in the
cortex and amyloid plaques of patients with AD [4,36], sub-
stantia nigra in Parkinson's disease [15,47,48], the spinal cord in
amyotrophic lateral sclerosis [33,19], pallidal triad in Haller-
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vorden–Spatz disease [10], and basal ganglia and dentate nu-
cleus in aceruloplasminemia [13,25–27,53]. Especially,
in aceruloplasminemia, it is apparent that iron deposited in the
glial cells of the basal ganglia and thalamus [25]. The iron
deposition is more prominent in astrocytes [16,17] and also in
the microglial cells [14] than in the neurons in the same region.
The neuropathological hallmark of this disease is intracellular
iron overload, which is thought to lead to neuronal cell death
through increased oxidative stress. To understand mechanism of
altered iron metabolism in brain cells in this disorder, in vitro
experiments are essential to explain in these phenomena ob-
served in aceruloplasminemia.
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Oxidative stresses are implicated in various brain diseases
[1,3,11]. The major reactive oxidants in cells are superoxide
(O2

−), and hydroxyl radicals which are more reactive, the latter
being derived in partly from H2O2 [12]. Recently, we found that
reactive oxygen species levels in iron-loaded neuronal cells are
twice that of iron-loaded glial cells [34]. Amyloid β proteins
(Aβ), which are associated with plaques in the brains of
Alzheimer patients increase the H2O2 level in primary central
nervous system cultures. Aβ-induced increases in H2O2 may
reflect increased O2

− production and conversion to H2O2 by
superoxide dismutase [1]. Based on these reports, in the present
study, using neuron–microglia (N–MG) or neuron–astrocyte
(N–AS) co-cultures treated with iron or H2O2 to produce
oxidative stress, we examined how MG and AS protect neurons
fromoxidative stress.When co-culturedwithMGorAS, neurons
were remarkably resistant to the oxidative stresses. Not only
wereMG sensitized to iron- or H2O2-induced oxidative stress but
AS resistant to the oxidative stresses could also give neuron
resistance to the stressful stimuli by co-cultures. Especially, we
further found that MG take up more iron than neuron at lower
level than AS and that AS take up a higher level of iron than
neuron and MG. In this way, we hoped to reproduce in vitro the
iron deposition in microglia and astroglia observed in acerulo-
plasminemia. This is the first report on the relation between
effects of co-cultures of neuron with microglia or astrocytes on
stress-induced cell death and non-transferrin iron uptake.
Fig. 1. Effect of Fe loading to neurons (N), microglia (MG) and astrocytes (AS) on ce
ferric citrate for 1 h at 37 °C. After treatment, the cells were washed three times with P
viability was assessed as described in Materials and methods. A shows the cell viabili
iron treatment. And B shows the amount of protein of viable cells with or without Fe tre
three cultures. Asterisk, Pb0.05, two asterisks, Pb0.001 versus iron untreated cells.
1. Materials and methods

1.1. Primary cultures of neurons, microglial cells and astroglial cells

1.1.1. Preparation of neurons
Neurons were prepared from 17-day-old embryonic rat brain essentially

according to the method of Shimojyo et al. [46]. The neonatal rat brains were
cleaned by removing the meninges, minced, and dissociated with 0.25% trypsin.
The cells were seeded onto poly-L-lysine-coated dishes at a density of 5.3×105

cells/cm2 with Eagle's minimum essential medium (MEM) containing 2% fetal
calf serum (FCS) and were further cultured for 2 days. The purity of this neuronal
culture was estimated to be 96–97% by staining with antibody to microtubule-
associated protein 2 (MAP2).

1.1.2. Preparation of microglia and astrocytes from primary cultures of
newborn rat brain

The primary culture of rat brain for obtainingmicroglia (MG) and astrocyteswas
carried out essentially according to the method described previously [30–32,46].
The cerebral hemispheres from newborn rats were cleaned by removing the
meninges and blood vessels, minced, and trypsinized in phosphate-buffered saline
(PBS) pH 7.4, containing 0.25% trypsin at 37 °C for 10 min. After the reaction was
stopped by the addition of FCS, the dissociated cells were filtered through a 100-
mesh screen and washed twice with PBS by centrifugation. Cells were seeded on a
75-cm2 culture flask at a density of (1.5–2.0)×107 cells per flask with phenol-red-
free Dulbecco's modified Eagle's medium (DMEM) containing 10% FCS. The
cultured cells were maintained in the same medium for the first 9 days, with the
medium being changed every 3 days, and thereafter in MEM containing 2% FCS.
We prepared microglia and astrocytes from the above primary culture.

Microglia were obtained from primary cultures during days 10–15 of culture.
Cells weakly attached on the primary cell layer of the mother culture were
detached by gentle shaking of the flasks, and the resultant microglial suspension
ll viability. N, MG and AS of 5×105 cells were treated with 50, 100 and 200 µM
BS and cultured in the medium for N for 24 h at 37 °C. After incubation, each cell
ty expressed as a percentage of viable cells with treatment to control cell without
atment, respectively. The data were obtained from two separate experiments with



Fig. 2. Effect of co-culture of neurons (N) with microglia (MG) or astrocytes (AS) on cell viability. N, MG, AS, N–MG co-cultures (A) and N, AS, N–AS co-cultures
(B) were treated with 200 µM ferric citrate for 1 h at 37 °C. After treatment, the cells were washed three times with PBS and cultured in the medium for N for 24 h at 37 °C.
After the incubation, cell viability was assessed as described in Materials and methods. The data were obtained from two separate experiments with each three cultures.
Asterisk, Pb0.05, two asterisks, Pb0.001 versus iron untreated cells.

Table 1
Specific and total activities of transferrin-independent iron uptake in neuron,
microglia and astrocyte

Neuron Microglia Astrocyte

Specific activity (dpm/µg cell protein) 82±4 1202±107 9±1
Total activity (dpm) 7701±419 6849±305 15,733±323

The total and specific activities of Tf-IU of each cell was decided as described in
Materials and method. Briefly, after pre-incubation for 1 h in the serum-free
medium, these cells were washed, incubated with 200 µM 55Fe-citrate at 37 °C for
1 h. After washing three times with PBS, 55Fe-radioactivity was measured to
estimate the Tf-IU activity. Results are means±S.D. of three experiments.
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was transferred to culture dishes at a density of 0.5×105 cells per dish (in the case
of 6-cm dishes) or 1.7×105 cells per dish (in the case of 9-cm dishes). The purity
of the microglia cultures was estimated to be over 99.9% as judged by staining
with antibody to ionized calcium binding adaptor molecule 1 (Iba1).

Astrocytes were prepared as follows. Primary cultures that had been main-
tained inMEM containing 2% FCS for 5–12 days were shaken vigorously with a
rotary shaker to remove non-astrocytic cells. The resultant astrocytic monolayer
was detached and dissociated by trypsin treatment (0.05% trypsin/PBS) and
subsequent filtration with a 100-mesh screen, and the cell suspension was seeded
onto the culture dishes at a density of 0.5×105 cells/cm2. The purity of the
astrocytes was estimated to be 97–98% by staining with antibody to glial
fibrillary acidic protein.

1.2. Co-cultures of cortical neurons with microglia or astrocytes

N–MG and N–AS co-cultures were carried out as follows. The desired cell
number of MG or AS was seeded onto the dishes on which neuron had been
previously plated 1 day before. The single-seeded and the co-cultured cells were
further maintained for 2 days, and were used for the determination of neuro-
protection against oxidative stress. In the co-culture experiments, neurons were
seeded at a density of 1.4×105 cells/cm2 in 6-well plates and cultured for 3–4 days.
Microglia or astrocytes were seeded onto the neuronal culture at a density of
0.7×105 and 1.4×105 cells/cm2 and then cultured in the same medium as the
neuronal cells.

The experiments using animals were conducted in accordance with the
Guide for Animal Experimentation at Soka University.

1.3. Treatment with ferric citrate and hydrogen peroxide

Neurons, MG, AS, N–MG and N–AS co-cultures were treated with 50, 100,
and 200 µM ferric citrate or 50, 100 and 500 µM H2O2 for 1 h at 37 °C. After
treatment, the cells were washed three times with PBS and cultured in the same
medium as the neurons for 24 h at 37 °C. After the incubation, sensitivities of
these cell were estimated by counting viable cells. The iron concentration used
here was estimated from the data obtained in AD brain [8]. This concentration
equal to 0.5 to 3.0 mM was used in the present study.

1.4. Uptake of 55Fe-citrate by neuron, glial cells and their co-cultured
cells

55Fe-citrate was used to measure the transferrin-independent iron uptake
(Tf-IU) activity [18,35,49]. 55Fe-citrate was prepared from 55FeCl3 (Dupon-New
England Nuclear, USA) by adding excess ferric citrate (Sigma-Aldrich, USA).
We identified ferric citrate as a soluble polymer form with a molecular weight
lower than transferrin in PBS using gel filtration [35]. To measure the Tf-IU or
non-Tf iron activity of the single-seeded cells and co-cultures, these cells were
washed three times to remove Tf derived from fetal calf serum in the medium.
The endogenous Tf in the cells was removed and depleted by pre-incubating
for 1 h in serum-free medium. Then, the single-cultured cells and the co-
cultures of N–MG or N–AS were incubated in DMEM at 37 °C for 1 h with
200 µM55Fe-citrate. The cells were washed three times in cold PBS. The cell
pellet was solubilized in detergent (Solvable, NEN, USA), mixed in scintillator
(Econoflour, NEN), and measured for radioactivity.

1.5. Cell viability

Trypan blue exclusion assay was used to assess cell viability as follows: 5 µl
of trypan blue (0.5% in PBS) was added to 40 µl of resuspended cells. Trypan
blue excluding and including cells were counted as viable and non-viable cells in
a hemocytometer in three randomly selected fields. MG and AS protect neurons
from stressful stimuli-induced cell death. Using an antibody against micro-
tubule-associated protein 2 (MAP2), a specific marker of neuron, immunoblot
analysis is used to estimate neuronal survival. However, the MAP2 expression is
promoted by co-cultures with MG or AS [51,52]. This means that the amount of
MAP2 does not reflect the number of viable neurons after stressful stimuli.
Therefore, the number of viable cells of co-cultures with MG or AS after the
treatment was decided by this method to estimate cell viability.

In a single culture of MG or AS, the cell viability was expressed as a
percentage of viable cells with treatment to control cell without iron treatment.
In each co-cultures, the cell viability means percent of total viable cells with
treatment to the total N–MG or N–AS co-cultures without the treatment.



Fig. 3. Effect of f co-culture of neurons (N) with microglia (MG) or astrocytes (AS) on non-transferrin iron uptake. 55Fe-citrate was used to measure transferrin-independent iron
uptake (Tf-IU) [35]. As described in Materials and methods, after the pretreatment in DMEM without FCS for 1 h at 37 °C, the single-seeded cells and the co-cultures were
incubated in the medium at 37 °C for 1 h with 200 µM55Fe-citrate. The cells were washed three times in cold PBS andmeasured as described inMaterials andmethods. Results
are means±S.D. of three cultures from the typical experiment. (A) Total Tf-IU activity of N, MG and N–MG co-cultures shows the total amount of 55Fe-radioactivity by these
cells inDMEMat 37 °C for 1 h after incubationwith 200µM55Fe-citrate. (B)Total Tf-IU activity ofN,AS andN–ASco-cultures shows the total amount of 55Fe-radioactivity by
these cells in DMEM at 37 °C for 1 h after incubation with 200 µM 55Fe-citrate. (C) Specific Tf-IU activity of N, MG and N–MG co-cultures shows the amount of 55Fe-
radioactivity taken upby cells permgprotein. (D) Specific Tf-IUactivity ofN,AS andN–ASco-cultures shows the amount of 55Fe-radioactivity taken upby cells permgprotein.
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1.6. Evaluation of purity of neuronal culture from primary culture

To evaluate neuronal cell death and survival, immunoblot analysis was used as
described by Lim et al. [21,37]. The N–MG and N–AS co-cultures were solu-
bilized in Laemmli's sample solution [2,20] containing 2% sodium dodecyl
sulfate. After electrophoresis, the electrophoretic bands were transferred to nitro-
cellulose sheets and immunoblotted with a monoclonal antibody against MAP2.

1.7. Statistical test

The significance of any differences from the control series was testedwith t-test.
2. Results

2.1. Sensitivities of neurons, microglia and astrocyte to iron
stress stimuli

To estimate the sensitivities of the cells to iron stressful stimuli,
the viability of highly purified neuron (N), microglia (MG) and
astrocyte (AS) cultures was examined at 24 h after treatment with
50, 100 and 200 µM ferric citrate for 1 h at 37 °C (Fig. 1). When
the cell number ofN andMGwithout the treatment was compared



Fig. 4. Effect of oxidative stress to neurons (N), microglia (MG), and astrocytes
(AS) on cell viability. After N, MG and AS of 1×106 cells were treated with 50,
100 and 500 µM H2O2 for 1 h at 37 °C, the cells were washed three times with
PBS and cultured in the medium for N for 24 h at 37 °C. After the treatment, cell
viability was assessed as described in Materials and methods. The data were
obtained from two separate experiments with three cultures and showed the
typical results obtained by conducting three cultures from one experiment of the
two independent experiments. Results are means±S.D. of three cultures from
the typical experiment.
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to those of cells after treatment, their cell number significant-
ly decreased in a dose-dependent manner. At concentration of
200 µM ferric citrate, the viability of N and MG was approx-
imately 70 and 40% of these cells without treatment (Fig. 1A).
However, the viable cell number of AS extremely increased
in a manner of the dose-dependence. When the protein con-
centration of AS were compared with those of N and MG,
the amount of AS was more than 10-fold and 100-fold of N
and MG, respectively (Fig. 1B). These results suggest that iron
functions as a stressor for both N and MG but functions as a
growth factor.

2.2. Effect of neuron–microglia and neuron–astrocyte
co-cultures on iron stressful stimuli

We previously reported that glial-predominant cells protect
neurons against iron toxicity [34]. To examine how MG or AS
contributes to this neuroprotection, we investigated the effect of
N–MG and N–AS co-cultures on iron stress stimuli. As shown
in Fig. 2A, individually purified N, MG and N–MG co-cultures
were treated with 200 µM ferric citrate. After 24 h, not only
viable cell number of individually purified N or MG but total
viable cell number of N–MG co-cultures were counted to
examine the effect of the co-cultures. As a result, 65% and 35%
(right bar of N×1 in Fig. 2A and right bar of MG×1 in Fig. 2A)
of the neuronal and microglial control cells without iron stress
(left bar of N×1 in Fig. 2A and left bar of MG×1 in Fig. 2A)
occurred cell death, respectively.When the viable cell number of
N–MG co-cultures without treatment was compared with that of
the co-cultures with treatment at density of the ratio of both 1:0.5
and 1:1, no change was observed in the total number of viable
cells. These results suggest that MG protect neuron from iron
stress-induced cell death. The MAP2-immunoblot analysis sup-
ported that neurons co-cultured with MG were saved from iron-
induced cell death (data not shown).

In the same way, solely purified N, AS and N–AS co-cultures
were treated with ferric citrate under the same condition. Not
only viable cell number of individually purified N or AS but total
viable cell number of N–AS co-cultures was counted to examine
the effect of the co-cultures. 65% and 5% (right bar of N×1 in
Fig. 2B and right bar of AS×1 in Fig. 2B) of the neuronal or
astroglial control cells without iron stress (right bar of N×1 in
Fig. 2B and right bar of AS×1 in Fig. 2B) occurred the cell
death, respectively. As a result of co-culture with neurons and
AS, approximately 50% of the viable cell number of N–AS
without treatment increased at two kinds of ratios (1:0.5 and
1:1). No significant difference between N–AS co-cultures at two
kinds of ratios (1:0.5, 1:1) and single-cultured AS. These results
suggest that AS also protect neurons from iron stress-induced
cell death (Fig. 2B). The MAP2-immunoblot analysis also sup-
ported that neurons co-cultured with astrocytes were saved from
iron-induced cell death (data not shown).

2.3. Iron uptake by purified neurons, microglia and astrocytes

It is thought that non-transferrin (Tf)-bound iron increases in
serum of aceruloplasminemia because ceruloplasmin does not
function as a ferroxidase to bind iron to apo-Tf [13,14]. We
previously reported kinetics of free iron or transferrin (Tf)-bound
iron uptake in cultured human fibroblasts [35]. Free iron accu-
mulates in mammalian cells because non-Tf bound iron uptake
has a large Vmax for iron uptake. Therefore, we measured non-
Tf bound iron uptake in each cell. As shown in Table 1, there was
no significant difference in total activity between neuron and
MG. In contrast, AS had the largest Tf-independent iron activity
and took up non-Tf iron more than twice as much non-Tf iron as
did neurons and microglia. Concerning the specific radioactivity
of the uptake, remarkable difference was noted among them. The
specific radioactivity of neurons was 9-fold that of astrocytes.
The specific radioactivity of microglia was 15-fold that of neu-
rons and 130-fold that of astrocytes. Microglia had the greatest
specific activity. These results suggest that MG concentrate non-
Tf iron and AS take up large amount of free iron though both
glial cells internalize iron out of cells.



Fig. 5. Effect of co-culture of neurons (N) with microglia (MG) or astrocytes (AS) on H2O2-induced cell death. N, MG, AS, N–MG, and N–AS co-cultures were
treated with 500 µM H2O2 for 1 h at 37 °C. After incubation, the cells were washed three times with PBS and cultured in the medium for N for 1 h at 37 °C. After the
treatment, each cell viability was assessed as described in Materials and methods. The data were obtained from two separate experiments each with three cultures.
Asterisk, Pb0.05, two asterisks, Pb0.001 versus iron untreated cells.
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2.4. Effect of neuron–microglia and neuron–astrocyte
co-cultures on non-transferrin iron uptake

The total Tf-IU activities of neuron, MG, AS, N–MG and
N–AS co-cultures were measured using non-Tf iron, 55Fe-
citrate under the condition without endogenous Tf as described
in Materials and methods. When the total Tf-IU activities of
these cells were compared with each other, no difference bet-
ween the total activities of single cell cultures and co-cultures
though MG were seeded onto the neuronal culture at densities
of 1:0.5 and 1:1, Tf-independent iron uptake of N–MG co-
cultures did not increase in proportion to the cell number of the
co-culture. In other words, although the cell number increased,
non-Tf uptake did not increase with cell density (Fig. 3A). Next,
when the total Tf-IU activities of N, AS and their co-cultures
were compared with them, no difference between the total
activities of AS and N–AS co-cultures though the total Tf-IU
activity of AS was greater than that of neurons (Fig. 3B).

For the specific Tf-IU activities, MG have extremely high
specific activity, which is 14- and 19-fold greater than those
of neurons and N–MG co-cultures (Fig. 3C). In contrast, as
shown in Fig. 3D, AS have extremely low specific activity,
which is 7-fold smaller than those of neurons though no dif-
ference between N–MG co-cultures. These results suggest that
MG suppress the Tf-IU by co-culture and that AS relatively
decrease the Tf-IU not by co-culture but by proliferation.

2.5. Sensitivities of neurons, microglia and astrocytes to
oxidative stress stimuli

The viability of solely purified neurons, MG and AS was
examined after treatment with 0 to 500 µM H2O2 for 1 h to
estimate the sensitivity of these cells to H2O2 stress stimuli. As
shown in Fig. 4A, neurons were the most sensitive to oxidative
stress. MG were more resistant than neurons. AS were the most
resistant cell to oxidative stress. Surprisingly, although 70% of
control neurons without the oxidative stress occurred cell death
after treatment with 500 µM H2O2, more than 90% of AS were
viable at the same H2O2 concentration (Fig. 4B).

2.6. Effect of co-cultures with neurons and microglia or with
neurons and astrocytes on oxidative stress stimuli

As shown in Fig. 5, after purified neurons, MG, AS, N–MG
and N–AS co-cultures were treated with 500 µM H2O2 for 1 h,
the viability of each cultured and co-cultured cells was
estimated by counting the total viable cell number of single-
cultured cells or co-cultured cells to compare with those of iron
stressful stimuli. The level of the viability of co-cultures with
neurons and MG at the ratio 1:0.5 was similar to neurons, but
the viable level of the co-cultures with the ratio 1:1 was higher
than that of neurons, which was similar to that of MG (Fig. 5A).

The level of the viability of co-cultures with neurons and AS
at the ratio 1:0.5 was higher than neurons, and the viable levels
of the co-cultures with the ratio 1:1 were similar to that of AS
(Fig. 5B). From these results, it may be suggested that co-
cultures with N and MG or with N and AS were effective in cell
protection of the couple for H2O2-induced cell death.

3. Discussion

We previously reported that glial cells are more resistant to
oxidative stress than neuronal cells and that iron more markedly
accumulates in glial cells than in neuronal cells. We
hypothesized that glial cells contribute to the metal accumula-
tion resulting in contribution to neuroprotection from oxidative
stress caused by iron [34]. In the previous study, because we
used glial-predominant cells, we could not investigate which of
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the glial cells, microglia or astrocyte contributes to neuropro-
tection. Therefore, individually and highly purified neuronal
and glial cells were needed for further investigation. In the
present study, to test which and how glial cells accumulate iron,
we measured the specific and total activities of transferrin-
independent iron uptake in neurons, MG and AS (Table 1). AS
had a total activity twice as high as that of MG or neurons. AS
also had the largest capacity for iron accumulation. Further-
more, we observed that the transferrin-independent iron uptake
(Tf-IU) in glial-predominant cells was 3-times as much as that
in control glial-predominant cells [34]. Surprisingly, iron func-
tioned not as an oxidative stressful stimulus but as a growth
factor for astrocytes. On the other hand, iron citrate did as an
oxidative stressor, but not as a growth factor (Fig. 1). In con-
trast, microglia had an extremely high specific activity, com-
pared with AS. Therefore, we concluded that both MG and AS
contribute to iron accumulation. Iron was concentrated in MG,
which have a small storage capacity, and accumulated in AS,
which have a large storage capacity.

Takeda et al. [50] reported that MG take up more non-
transferrin iron than do AS or oligodendrocyte in hypotransfer-
rinemic (Hp) mice, which have a point mutation or small dele-
tion in the Tf gene. Because excess non-transferrin iron increases
in the plasma of Hp mice, most of plasma iron is non-transferrin
iron. Non-transferrin iron is deposited in the brain, liver and
pancreas in Hp mice as was seen in patients with aceruloplas-
minemia. Aceruloplasminemia is an autosomal recessive
disorder of iron metabolism caused by mutations in the ceru-
loplasmin (CP) gene [13,25,26,53]. CP functions as a copper
transporter, an amine oxidase, an antioxidant and a ferroxidase,
which oxidizes ferrous iron for transfer into transferrin. CP is
essential to the normal movement of iron from cell to plasma
[44] and functions to promote iron efflux from brain cells via
ferroxidase activity. In patients with aceruloplasminemia, iron
would be unable to move from brain cells into the brain ex-
tracellular fluid and cerebrospinal fluid for eventual excretion,
resulting in iron accumulation in related tissue [43]. Iron
accumulation in the brain, liver and pancreas is seen in patients
with aceruloplasminemia. In the brain, iron deposition occurs in
glial cells of the basal ganglia and thalamus. Abundant iron is
evident within MG [25,16,17,14] and AS [16,17] of patients
with this disease. In our previous in vitro study, we observed that
both glial-predominant cells including AS and MG take up iron
[34]. In the present in vitro study, not only ASwith large capacity
but MG with poor capacity could also concentrate large amount
of iron (Table 1). The present model system may be applicable
as an in vitro model for a mechanism of iron accumulation in
patients with aceruloplasminemia.

Many studies of neuroprotection against oxidative stress
have been reported. Most of them have examined neuroprotec-
tive factors and intracellular signaling pathways. Only a few
investigators have reported neuroprotection against nitric oxide
using MG–N co-culture [52] and reactive oxygen and nitrogen
species using AS–N co-culture [51]. Therefore, we used co-
cultures of neurons with MG or co-cultures of neurons with AS
in sensitivity or resistance to ferric citrate and H2O2 as stressful
stimuli under the same condition to further examine how MG
and AS protect neurons from iron accumulation and oxidative
stress caused by iron.

To investigate the effect of these co-cultures on iron-induced
cell death, the total and specific activities of Tf-IU of individual-
ly cultured cells and their co-cultures were compared. N–MG
co-cultured cells had specific and total activities similar to those
of neurons. The specific and total activities of N–AS co-cultures
were roughly comparable with those of AS. AS have extremely
low specific activity, which is 7-fold smaller than those of
neurons. These results suggest that the suppression of Tf-IU by
N–MG co-cultures results in neuroprotection from iron stress-
induced neuronal cell death and that the Tf-IU of N–AS co-
cultured cells is suppressed by astrocyte proliferation (Fig. 1)
resulting in the neuroprotection from the stress-induced neuronal
cell death. A report by Makar et al. on the important role of
astrocytes in antioxidant processes in the brain may support our
evidence [22].

The effect of co-cultures on H2O2-induced neuronal cell
death has not yet been investigated in in vitro experiments,
although there were studies on the effect of reactive oxygen
species, including NO, couples of NO and O2, and hydroxy
radical (OHU), on the cell death. To study the effect of N–MG or
N–AS co-culture on reactive oxygen species-induced cell death
[51,52], we used H2O2 because Aβ, which is associated with
plaques in the brains of patients with AD, increases the H2O2

level in primary central nervous system cultures. In the present
experiment, we examined the effect of co-cultures of N/MG or
N/AS on oxidative stress. As shown in Fig. 5, resistance to H2O2

of co-cultures of N–MG and N–AS has the same level as that of
the individually cultured microglia and astrocyte.

In our previous study, we found that reactive oxygen species
were generated in both iron-loaded neuronal and glial-
predominant cells and showed the generation of O2

− in both
control cells [34]. Behl et al. detected H2O2 using 2′,7′-dichloro-
fluororescein diacetate in Aβ-treated B12 cells derived from the
peripheral nervous system. This detection could reflect O2

−

production and conversion to H2O2 by superoxide dismutase in
nerve cells [1]. The selective increase in lipid peroxidation in the
inferior temporal cortex of AD brains [36] also supports our data.
Moreover, in our previous study, the neuronal cell death might
have been because of the cell toxicity of reactive oxygen species.
Comparing the sensitivities of the cells to oxidative stress, glial-
predominant cells were more resistant to Al and Fe toxicities
than neuron-predominant cells. Neurons are more vulnerable
than glia to insults such as ischemia, hypoxia and brain trauma
[37,38]. It was also reported that the antioxidant capacity of
neurons in culture is lower than that of glial cells in culture [22].
Our findings are compatible with these reports. The relationship
between the amount of reactive oxygen species in both cells
and the viabilities of these cells may reflect the difference
between the antioxidant defense systems of neurons, microglia
and astrocyte (Fig. 1).

There have been several reports on neuroprotection by glial
cells. Microglia prevent nitric oxide-induced neuronal apoptosis
by secreting heat-labile and heat-stable neuroprotective factors
in vitro [52], whereas microglia cause neuronal cell death by
secreting neurotoxic substances including reactive oxygen
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species [39,40]. In this experiment, we presented another
mechanism that both MG and AS can protect neurons from
both iron and oxidative stress by suppressing Tf-IU and by
proliferating.

Mammalian cells take up iron by Tf-dependent and Tf-
independent in ron uptake in the brain [28]. Quite recently,
several iron transporters that might be candidates of Tf-IU have
been cloned [9,5]. The Nramp1 gene encoding the natural
resistance-associated macrophage protein 1 (Nramp1) is
expressed on neurons as well as microglia [6]. Divalent metal
transporter 1 (DMT1, an isoform of Nramp1) is distributed in
neurons [45]. DMT1 were expressed on neurons, microglia and
astrocytes [29]. It has been reported that DMT1 with iron
responsive element (+IRE) and without the IRE (− IRE) were
expressed in N, MG and AS. It was found that there is a
relationship between the increased iron influx and DMT1
expression [50].

To understand how N–MG co-cultures suppress transferrin-
independent iron uptake, we focused on the relationship bet-
ween iron metabolism and neuronal cell death. It is known that
heme oxygenase 1 (HO1), a heme-degrading enzyme, is in-
volved in iron metabolism and prevents cell death by regulating
cellular iron [41,42]. HO1 is a microsomal enzyme committed
to heme degradation and considered an antioxidant and anti-
inflammatory enzyme because of its ability to reduce the
intracellular levels of the pro-oxidant heme and contribute to the
formation of bilirubin [23,24]. Studies of the effect on HO1
expression of co-culture of cortical neurons with microglia or
astrocytes are in progress.
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