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Iron overload following manganese exposure in cultured neuronal, but
not neuroglial cells
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Abstract

Our previous studies show that manganese (Mn) exposure inhibits aconitase, an enzyme regulating the proteins responsible for cellular
iron (Fe) equilibrium. This study was performed to investigate whether Mn intoxication leads to an altered cellular Fe homeostasis in
cultured neuronal or neuroglial cells as a result of disrupted Fe regulation. Our results reveal a significant increase in the expression of

59transferrin receptor (TfR) mRNAs and a corresponding increase in cellular Fe net uptake by PC12 cells, but not astrocytes, following
Mn exposure. These findings suggest that alteration by Mn of cellular Fe homeostasis may contribute to Mn-induced neuronal
cytotoxicity.  2001 Elsevier Science B.V. All rights reserved.
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Intracellular iron homeostasis is post-translationally transferrin receptor). The net result of this RNA–protein
regulated by one of the iron regulatory proteins (IRPs), interaction is an increase in cellular Fe uptake and a
namely cytoplasmic aconitase (ACO1) or IRP-I. This decrease in Fe storage [4,9,11].
protein contains a unique [4Fe–4S] cubane cluster in its Our previous studies indicate that Mn exposure sig-
active catalytic site, with one particularly labile Fe atom. nificantly alters cellular aconitase activity [19]. This may
ACO1 can selectively bind to mRNAs containing a stem- be primarily due to a close mimicry between Mn and Fe in
loop structure, also referred to as iron responsive elements their coordination chemistry, allowing Mn to compete with
(IRE) [4,11]. In iron-replete cells, ACO1 secures iron as Fe and insert itself into the fourth, labile Fe binding site in
part of its structure in the form of a [4Fe–4S] cluster. the enzyme’s active center. We postulate that such replace-
While this form of ACO1 binds poorly to mRNA, it can ment, while suppressing ACO1’s enzymatic catalytic func-
enzymatically catalyze the conversion of bound citrate to tion, would increase the protein’s ability to bind to
isocitrate. When cellular iron levels are insufficient, ACO1 mRNAs encoding transferrin receptor (TfR), which in
assumes a [3Fe–4S] configuration, loses its cluster and concert with a down-regulation of Fe storage may promote
enzymatic activity, and is transformed into an mRNA- cellular Fe overload. Consequently, the excess cellular Fe
binding protein. In the latter state, the enzyme binds with in the neurons and/or neuroglia may produce reactive
high affinity to IRE-containing mRNAs, inhibits transla- oxygen species and induce lipid peroxidation. However,
tion of those mRNAs whose IRE’s are 59 (e.g., ferritin, the question as to whether Mn exposure ultimately in-
succinic dehydrogenase, mitochondrial aconitase), and fluences cellular Fe regulation in neurons or neuroglia has
stimulates the expression of those whose IRE’s are 39 (e.g., never been explored.

Thus, we sought to determine whether Mn exposure
altered cellular Fe homeostasis by acting on the expression*Corresponding author. Tel.: 11-212-305-7949; fax: 11-212-305-
of TfR mRNA. To accomplish this, we examined the4012.

E-mail address: wz18@columbia.edu (W. Zheng). steady-state levels of TfR mRNA in cultured PC12 cells

0006-8993/01/$ – see front matter  2001 Elsevier Science B.V. All rights reserved.
PI I : S0006-8993( 01 )02049-2



176 W. Zheng, Q. Zhao / Brain Research 897 (2001) 175 –179

and a primary culture of murine astrocytes before and after The cellular Fe net uptake study was conducted on
5Mn exposure. We further investigated the effect of Mn cultured cells (5310 cells per well) by preincubation of

exposure on cellular Fe net uptake by these two types of the cells with various concentrations (50–200 mM) of Mn
cells. as MnCl in normal growth medium for 3 days. At the2

PC12 cells, derived from murine adrenal pheochromocy- time of the Fe uptake study, the growth medium was
toma cells featuring neuronal characteristics including the removed and the cells were rinsed rapidly three times with
ability to synthesize and store the catecholamines [8], were 1 ml of Hanks balanced solution. The Fe uptake study was
purchased from American Type of Cell Culture (ATCC, initiated by incubating cells with 0.5 ml of uptake medium

2 59Manassas, VA). The cells were plated in 24-well (4 cm / containing 2 mM FeCl , 0.05 mCi FeCl and 0.67 mM3 3
31well) trays and incubated in RPMI 1640 medium (ATCC) transferrin (1 /3 of Fe concentration) in serum-free

with 2 mM L-glutamine, 1.5 g / l sodium bicarbonate, 4.5 MEM. The cultures were then returned to the incubator. At
g / l glucose, 10 mM HEPES, 1.0 mM sodium pyruvate, each time point, the uptake was terminated by rapid
10% heat-inactivated horse serum, and 5% FBS. The aspiration of the medium, followed by thorough washes for
medium was changed every 2–3 days. A primary culture three times using 1 ml of ice-cold washing buffer con-
of astrocytes was established according to the procedure taining 0.29 M mannitol and 0.5 mM CaCl in 10 mM2

described by Goodman et al., [7]. The cerebral cortices of Tris, pH 7.4 adjusted by HNO . The cells were then3

newborn Sprague–Dawley rats (Hilltop, Cottdale, PA) scraped off using a rubber policeman in 200 ml of washing
were removed and minced with a fine scissors followed by buffer and transferred to centrifuge tubes. Following
incubation with trypsin. The dissociated cells were filtrated centrifugation at 13,0003g for 5 min, the pellet was rinsed
through a 75-mm sieve. After centrifuging at 3003g for 5 with 200 ml of washing buffer three times and finally
min, the cells were cultured in EMEM with 10% FBS, resuspended in 400 ml of washing buffer. The cells were
0.54% glucose, 0.23% sodium bicarbonate, and 100 units / then disrupted by sonication (VWR Sonifer Model 250) at
ml penicillin–streptomycin per ml at 378C in a 5% CO / a setting of 20% Output and 3.5 Control for 20 pulses. An2

95% O atmosphere, and the medium was changed every 3 aliquot (100 ml) of cell homogenate was used to count2
59days. Under the phase-contrast microscope, the phase-light Fe radioactivity using a Packard model Cobra-II gamma

glial cells with large, oval nuclei and many cytoplasmic counter, and the other aliquot (100 ml) of preparation used
processes formed a confluent monolayer and dominated the for assay of protein concentrations.
culture for at least 2 weeks. The method of Bradford [5], using bovine serum

To investigate the effect of Mn on the expression of TfR albumin as the reference, was used for all protein de-
7mRNA, PC12 cells or astrocytes (0.5–1310 cells per terminations.

well) were exposed to 200 mM Mn (as MnCl ) dissolved Statistical analyses of the differences in optical densities2

in culture medium at 378C for 4 days. At the end of between the two groups were performed using Student’s
exposure, the cells were washed with PBS, and lyzed in t-test. The time courses of cellular Fe uptake as affected by
RNA Zol B for Northern blot analysis of TfR mRNA. A Mn exposure were analyzed by two-way analysis of
detailed method for analysis of TfR mRNA has been variance (ANOVA). The differences between the two
previously described [20]. In brief, total RNA (20 mg) groups were considered significant if P-values were equal
from the control and Mn-treated PC12 cells was elec- to or less than 0.05.
trophoresed on 1% formaldehyde–agarose gels, followed Following exposure of PC12 cells to Mn at 200 mM for

7by hybridization with 1310 cpm/ml of random-primed 4 days, the expression of TfR mRNA was visibly increased
32[ P]-labeled TfR cDNA probe. The probe was 507 base on an autoradiograph of a Northern blot (Fig. 1A).

pair fragment of 59-end of a full length 3.4 kb rat Quantitative analysis of the optical abundance of the bands
transferrin receptor cDNA, subcloned to pTZ19U-RTR, corresponding to TfR mRNA, which was normalized by
which was a generous gift of Dr. Griswold at Washington that of b-actin mRNA in the same lane, revealed that Mn
State University [14] and has been used in our previous treatment elevated the level of TfR mRNA in PC12 cells
studies [20]. To quantitate TfR mRNA, the filters were by 30% of the control levels (P,0.005) (Table 1). Since

32hybridized with random-primed [ P]-labeled b-actin Mn is known to alter aconitase activity [19], the current
RNA. The X-ray images of the Northern blots were observation appears to be consistent with the hypothesis
scanned and analyzed using NIH Image 1.57 software that Mn, by acting on the iron regulatory protein, may
package. The densities of TfR mRNA in control and stabilize the mRNAs encoding TfR, although how closely
Mn-treated groups were normalized by those of b-actin this in vitro observation resembles the toxic effect of Mn
mRNA in each corresponding lane. For studies conducted in vivo remains to be explored.
on primary culture of astrocytes, total mRNA extractions Mn-stimulated expression of TfR mRNA has been
were further purified by running through a mini-oligo (dT) previously demonstrated in choroid plexus epithelial cells,
cellulose column (5 Prime–3 Prime, Inc, Boulder, CO). which may account for an enhanced distribution of Mn to
The purified poly A mRNA fraction was then applied for the CNS [20,21]. In contrast, exposure of astrocytes to Mn
assays of TfR mRNA according the aforementioned meth- did not show any significant changes in the expression of
od. TfR mRNA (Fig. 1B, Table 1). Moreover, the relative
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and concentration-by-time interaction (P values: for dose,
P,0.0001; time, P,0.0001; dose3time, P,0.05). The

59cellular uptake of Fe by PC12 cells was characterized by
(1) a rapid uptake in the early stage followed by a slow
decline of cellular Fe in both Mn-treated and control

59groups, and (2) a much higher Fe level in Mn-treated
cells than in the controls in the later phase. The maximum

59uptake of Fe by both groups of cells occurred at 20 min
59following addition of Fe into the culture medium, a time

when Mn treatment elevated the cellular Fe load by 22%
of control values. By 60 min, cellular Fe concentrations in
both groups declined, suggesting redistribution and sub-
sequent release of unbound Fe into the culture medium.
The maximum percentage of Mn-facilitated cellular over-
load of Fe took place at 120 min, when an increase by
110% of control values was observed. The promotive
effect of Mn on Fe uptake was Mn-concentration depen-
dent within the range of 50–200 mM Mn in culture
medium (Fig. 2B).

When cultured astrocytes were treated with Mn at 50,
100, or 200 mM for 3 days, no significant difference in

59cellular net uptake of Fe was observed between Mn-
treated and control groups (only 200-mM experiments
shown in Fig. 2C). Notably, the maximum net uptake of
59Fe in normal, untreated astrocytes (27.363.9S.D. dpm/
mg protein) was about 10 times less than that of control
PC12 cells (266.4610.8 dpm/mg protein).

Our observations raise a number of questions. First,
Fig. 1. Effect of Mn on the expression of TfR mRNA in cultured PC12 what are the consequences of cellular overload of Fe
cells or astrocytes. The cells were incubated with 200 mM Mn (as MnCl )2 following Mn exposure? Unlike other metals, excess
dissolved in culture medium for 4 days. (A) Northern blot of total RNAs intracellular Fe actively participates in generation of Fe-
from PC12 cells. (B) Northern blot of purified mRNAs from astrocytes.

mediated reactive oxygen species (ROS), leading to neuro-The optical density of TfR mRNA bands was normalized by the density
nal cell death [10,18]. Thus, Mn, by elevating intracellularof b-actin mRNA. Ct: control cells; Mn: Mn-treated cells.
free Fe levels, may elicit oxidative stress and potentiate
oxidative damage to neurons. Such a mechanism has beenoptical density of TfR mRNA from control, untreated cells
partly shown to occur in our recent in vivo study [20]. Inwas much weaker in astrocytes than in PC12 cells (Fig. 1A
Mn-exposed rats, the expression of mRNAs encodingvs. 1B) or in plexus epithelial cells [20]. While a total
glutamine synthetase, an enzyme which is highly sensitiveRNA extraction was sufficient for detection of TfR mRNA
to the oxidative stress [16,17], was increased as much asin PC12 cells or plexus cells, the same amounts of total
34% of the control. This is presumably due to an aggran-RNA did not yield detectable autoradiographic signals for
dized feedback-synthesis of glutamine synthetase as aastrocytic TfR mRNA, unless a purified mRNA fraction
result of Fe /ROS-mediated enzyme inhibition [20]. Basedwas employed.
on these findings, we propose in Fig. 3 a mechanisticExposure of PC12 cells to Mn caused a significant

59 pathway of Mn cytotoxicity. Upon entering the cells, Mnincrease in cellular net uptake of Fe (Fig. 2A). Two-way
59 may compete with Fe for [Fe–S] containing enzymes andANOVA revealed that cellular Fe uptake was signifi-

alter iron regulatory proteins (e.g., ACO1). The lattercantly associated with Mn concentration, exposure time,
impels an up-regulation of TfR for Fe uptake and down-
regulation of ferritin for Fe storage, which together raiseTable 1
the intracellular free Fe. A direct consequence of increasedEffect of manganese exposure on the expression of mRNAs of TfR in

acultured PC12 cells and in a primary culture of rat astrocytes free cellular Fe is the production of highly reactive
hydroxyl free radicals, which thereby induce the oxidativeControl Mn-Treated % Increase
stress.

PC12 cells 0.85460.036 1.11460.062 30.4 **
Second, the results of this study demonstrate a differen-Astrocytes 0.42360.179 0.47860.202 13.0

tial sensitivity in cellular Fe net uptake between neuronala The optic density of bands for TfR mRNA was normalized to the
type PC12 cells and neuroglial astrocytes. Does thisabundance of b-actin mRNA in the same lane, and data represent the ratio
suggest a distinct role of neurons and neuroglia in Mnof TfR/b-actin abundance. Means6S.D., n53. **: P,0.005 as compared

to the control. disposition in the CNS? Does the presence and/or the
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Fig. 2. Effect of Mn on cellular Fe net uptake in cultured PC12 cells or astrocytes. Cultured PC12 cells or astrocytes were pretreated with 200 mM Mn in
59culture medium for 3 days. (A). Time course study of PC12 cells. Fe as FeCl (2 mM) was added into the culture medium at time ‘0’. At the indicated3

59times, cells were washed, homogenized, and counted for radioactivity. There was an overall statistically significant difference in cellular Fe net uptake
between the control and Mn-treated groups by two-way ANOVA (P,0.001). (B). Dose response study of PC12 cells. Cells were pretreated with 50–200

59
mM Mn in culture medium for 3 days, followed by incubation with 1.5 mM Fe for 2 h. (C). Time course study of astrocytes. All data represent
Mean6S.D.

degree to which TfR is expressed in brain cells contribute Northern blot of TfR mRNA show that astrocytes do
to cell type-selective cytotoxicity induced by Mn? The express TfR mRNA; but in a capability much weaker than
presence of TfR in astrocytes has been a subject of dispute. PC12 cells or choroidal epithelial cells. The rather low
Connor and Menzies [6] have shown in their immuno- base-level of TfR may partially explain the insensitivity of
histochemistry studies that TfR is expressed in neurons and astrocytes to Fe cytotoxicity, although this cell type is
to a less extent in neuroglia. Moos [12], on the other hand, known to accumulate as much as 80% of Mn in the brain
reported a negative immunoreactivity of TfR in astrocytes, [2,17]. Thus, we suspect that astrocytes in the brain may
oligodendrocytes, or microglial cells. Our studies by act as a metal depot for Mn ions. Whether or not there is a

Fig. 3. Putative mechanism of Mn-induced cytotoxicity. Increased intracellular Mn alters iron regulatory protein (ACO1) in Step 1, leading to the
up-regulation of TfR in Step 2 and down-regulation of Fe storage protein ferritin in Step 3. Increased TfR and decreased Fe storage elevate intracellular
free Fe as shown in Step 4. The latter catalyzes the formation of highly reactive hydroxyl free radicals via Fenton reaction and provokes oxidative stress,
resulting in ultimate cell damage.



W. Zheng, Q. Zhao / Brain Research 897 (2001) 175 –179 179

[2] M. Aschner, M. Gannon, H.K. Kimelberg, Manganese uptake andthreshold above which the capacity of astrocytes in se-
efflux in cultured rat astrocytes, J. Neurochem. 58 (1992) 730–735.questration of Mn is exceeded or saturated is unknown.

[3] M. Aschner, K.E. Vrana, W. Zheng, Manganese uptake and dis-
However, a less disturbed cellular Fe homeostasis in tribution in the central nervous system (CNS), Neurotoxicology 20
astrocytes appears likely to protect them against Fe-me- (1999) 173–180.
diated oxidative damage. [4] H. Beinert, M.C. Kennedy, Aconitase, a two-faced protein: enzyme

and iron regulatory factor, FASEB J. 7 (1993) 1442–1449.Finally, what is an exact toxic species of Mn in
[5] M.M. Bradford, A rapid and sensitive method for the quantificationbiological systems? The outer electron shell of Mn can

of microgram quantities of protein utilizing the principle of protein–
donate up to 7 electrons, making it possible for Mn to dye binding, Anal. Biochem. 72 (1976) 248–254.
assume 11 different oxidation states [3]. In living organ- [6] J.R. Connor, S.L. Menzies, Altered cellular distribution of iron in

21 31 41
the central nervous system of myelin deficient rats, Neuroscience 34isms, Mn has been found as Mn , Mn , and Mn [1].
(1990) 265–271.While it is quite reasonable to suggest that the effect on

[7] J.E. Goldman, S.S. Geier, M. Hirano, Differentiation of astrocytesACO1 activity was associated with the divalent oxidation
and oligodendrocytes from germinal matrix cells in primary culture,

species of Mn, our experimental design does not preclude J. Neurosci. 6 (1986) 52–60.
the possibility that a Mn species of higher oxidation state, [8] L.A. Greene, A.S. Tischler, Establishment of a noradrenergic clonal

31
line of rat adrenal pheochromocytoma cells which respond to nervesuch as Mn , is required for the induction of these

31 growth factor, Proc. Natl. Acad. Sci. U.S.A. 73 (1976) 2424–2428.effects. The ionic radius of Mn is 65 ppm, which is
31 [9] B.R. Henderson, Iron regulatory proteins 1 and 2, Bioessays 18similar to the ionic size to Fe (65 ppm at the high spin

(1996) 739–746.
state) in aconitase [13,15]. Thus, it is plausible that the [10] P. Jenner, A.H. Schapira, C.D. Marsden, New insights into the cause
higher oxidation state of Mn may optimally fit into the of Parkinson’s disease, Neurology 42 (1992) 2241–2250.

[11] R.D. Klausner, T.A. Rouault, J.B. Harford, Regulating the fate ofgeometric space of ACO1, serving as the active species in
mRNA: the control of cellular iron metabolism, Cell 72 (1993)this enzymatic alteration. This assumption, however, will
19–28.have to await further experimentation.

[12] T. Moos, Immunohistochemical localization of intraneuronal trans-
In summary, these experimental results demonstrate a ferrin receptor immunoreactivity in the adult mouse central nervous

definite capacity of Mn to increase the level of TfR mRNA system, J. Comp. Neurol. 375 (1996) 675–692.
[13] E. Nieboer, G.G. Fletcher, Determinants of reactivity in metalin PC12 cells, but not in astrocytes. The elevated TfR in

toxicology, in: L.W. Chang (Ed.), Toxicology of Metals, CRC Press,neuronal cells may lead to the cellular overload of Fe and
New York, 1996, pp. 113–132.subsequently initiate Fe /ROS meditated cytotoxicity. The

[14] K.P. Roberts, M.D. Griswold, Characterization of rat transferrin
implications of these findings and the eventual mechanisms receptor cDNA: the regulation of transferrin receptor mRNA in
by which brain cells express differential sensitivity to Mn testes and in Sertoli cells in culture, Mol. Endocrinol. 4 (1990)

531–542.should be of interest to researchers, clinicians, and in-
[15] N.C. Sneed, J.L. Maynard, R.C. Brasted (Eds.), Comprehensivedustrial hygienists.

Inorganic Chemistry, Nostrand, New York, 1953, p. 68.
[16] E.R. Stadtman, Protein oxidation and aging, Science 257 (1992)

1220–1224.
Acknowledgements [17] F.C. Wedler, R.B. Denman, Glutamine synthetase: the major Mn (II)

enzyme in mammalian brain, Curr. Top. Cell Regul. 24 (1984)
153–169.We are greatly indebted to Dr. Michael Griswold at

[18] M.B. Youdim, D. Ben-Shachar, P. Riederer, The possible role of ironWashington State University for providing transferrin
in the etiopathology of Parkinson’s disease, Mov. Disord. 8 (1993)

receptor cDNA at our request. This research was supported 1–12.
by the National Institute of Environmental Health Sciences [19] W. Zheng, S. Ren, J.H. Graziano, Manganese inhibits mitochondrial

aconitase: a mechanism of manganese neurotoxicity, Brain Res. 799Grant RO1-ES08146.
(1998) 334–342.

[20] W. Zheng, Q. Zhao, V. Slavkovich, M. Aschner, J.H. Graziano,
Alteration of iron homeostasis following chronic exposure to

References manganese in rats, Brain Res. 833 (1999) 125–132.
[21] W. Zheng, H. Kim, Q. Zhao, Comparative toxicokinetics of man-

ganese chloride and methylcyclo-pentadienyl manganese tricarbonyl[1] F.S. Archibald, C. Tyree, Manganese poisoning and the attack of
(MMT) in male Sprague–Dawley rats, Toxicol. Sci. 54 (2000)trivalent manganese upon catecholamines, Arch. Biochem. Biophys.
295–301.256 (1987) 638–650.


