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Abstract

Recent studies suggest that manganese-induced neurodegenerative toxicity may be partly due to its action on aconitase, which
participates in cellular iron regulation and mitochondrial energy production. This study was performed to investigate whether chronic

Ž .manganese exposure in rats influenced the homeostasis of iron in blood and cerebrospinal fluid CSF . Groups of 8–10 rats received
intraperitoneal injections of MnCl at the dose of 6 mg Mnrkgrday or equal volume of saline for 30 days. Concentrations of manganese2

and iron in plasma and CSF were determined by atomic absorption spectrophotometry. Rats exposed to manganese showed a greatly
Ž .elevated manganese concentration in both plasma and CSF. The magnitude of increase in CSF manganese 11-fold was equivalent to that

Ž . Ž .of plasma 10-fold . Chronic manganese exposure resulted in a 32% decrease in plasma iron p-0.01 and no changes in plasma total
Ž . Ž .iron binding capacity TIBC . However, it increased CSF iron by 3-fold as compared to the controls p-0.01 . Northern blot analyses of

Ž .whole brain homogenates revealed a 34% increase in the expression of glutamine synthetase p-0.05 with unchanged metallothionein-I
in manganese-intoxicated rats. When the cultured choroidal epithelial cells derived from rat choroid plexus were incubated with MnCl2
Ž . Ž .100 mM for four days, the expression of transferrin receptor mRNA appeared to exceed by 50% that of control p-0.002 . The results
indicate that chronic manganese exposure alters iron homeostasis possibly by expediting unidirectional influx of iron from the systemic
circulation to cerebral compartment. The action appears likely to be mediated by manganese-facilitated iron transport at brain barrier
systems. q 1999 Elsevier Science B.V. All rights reserved.

Keywords: Manganese; Iron; Cerebrospinal fluid; Transferrin receptor; Glutamine synthetase; Choroid plexus

1. Introduction

Abnormal iron homeostasis, both systemically and sub-
cellularly, is believed to be associated with etiology of

Ž .idiopathic Parkinson’s disease IPD and chemical-induced
w xParkinsonism 9,15,20,43 . It has been postulated that cel-

lular Fe overload in the substantia nigra may catalyze the
generation of reactive oxygen species and enhance lipid
peroxidation. Consequently, Fe-mediated oxidative stress
may lead to the degeneration of nigrostriatal dopamine

w xneurons in IPD patients 15,43 . Although a relationship
between Mn intoxication and Parkinsonism has long been

w xrecognized 3,23,40 , the question as to whether man-
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ganese-induced neurodegenerative damage results from an
unbalanced iron status in blood circulation andror cerebral
compartment remains unexplored, despite the fact that both

w xmetals share many similarities in nature 47 .
Under normal physiological conditions, the brain strin-

gently regulates iron balance by three well coordinated
Ž .systems: a the influx of iron into brain which is regulated

by transferrin receptor-mediated transport at brain barriers;
Ž .b the storage of iron in which the cellular sequestration is

Ž .largely dependent upon availability of ferritin; and c the
efflux of iron whose rate is controlled by bulk CSF flow to

w xthe blood circulation 6,9,14 . At the brain barriers that
separate the systemic circulation from the cerebral com-

Ž .partment including the interstitial fluid and CSF , the
iron–transferrin complex is taken up by endocytosis into

Žcerebral capillary endothelia and possibly into choroidal
.epithelia where the molecules subsequently dissociate.

0006-8993r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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Apotransferrin is then recycled to the blood compartment,
whereas the released iron crosses the abluminal membrane
of the barriers into the cerebral compartment by binding to
brain transferrin derived discretely from oligodendrocytes
and choroidal epithelia. The cerebral transferrin-bound iron
thus becomes available for neurons expressing transferrin

w xreceptors 9,26 .
The post-translational modulation of transferrin receptor

and ferritin synthesis is known to be regulated by a
w x4Fe–4S containing protein known as cytoplasmic aconi-

Ž .tase ACO1 or IRP-I. In the absence of iron, ACO1
exhibits a unique affinity to mRNAs that possess an iron

Ž .responsive element IRE stem-loop structure, i.e., to the
mRNAs of the major proteins in iron metabolism including
ferritin, transferrin receptor, d-aminolevulinic acid syn-

Ž .thase, mitochondrial aconitase ACO2 , and succinate de-
w xhydrogenase 5,17 .

Our recent studies indicate that manganese exposure
substantially inhibits total cellular aconitase activity in the

w xbrain 47 . We postulated that the action may be due to the
insertion of manganese into one of the four iron sites in
aconitase, resulting suppression of ACO1 enzyme’s cat-
alytic function. We further postulated that such binding
would increase the protein’s ability to bind to mRNAs
containing IRE’s. The net result of these interactions would
be a down-regulation of cellular iron utilization and up-
regulation of cellular iron uptake. Since the presence of
transferrin receptor has been demonstrated in peripheral
organs such as in liver and kidney, and in the CNS
particularly at the brain barrier systems, any alteration in
transferrin receptor and other related iron regulatory pro-
teins would likely change the distribution pattern of iron
and disrupt iron homeostasis. It is worth noting also that
both manganese and iron, en route to the brain, accumulate

w xin the choroid plexus 13,24,27,47 , a tissue where the
w xblood–CSF barrier resides 44 .

The purpose of this study was therefore to investigate
whether chronic manganese exposure in rats influenced the
homeostasis of iron in blood and CSF. By verifying the
expression of transferrin receptor mRNA in the choroid
plexus, we also examined the steady-state expression of
transferrin receptor mRNA in the cultured choroid plexus
epithelial cells following manganese exposure. In addition,
we examined the status of oxidative stress in brain as
demonstrated by over-expression of glutamine synthetase
and metallothionein-I in manganese-intoxicated rats.

2. Materials and methods

2.1. Materials

Chemicals were obtained from the following sources:
Ž .manganese chloride MnCl P4H O , sodium citrate, in-2 2

Ž .sulin, transferrin, mouse epidermal growth factor EGF
Žand amphotericin B from Sigma Chemical St. Louis,

. Ž .MO ; Dulbecco’s modified essential medium DMEM ,
Ž .fetal bovine serum FBS , and antibiotic-antimycin from

Ž .Gibco Grand Island, NY ; RNA Zol B from Tel-Test ‘B’
Ž .Friendswood, TX ; and standard manganese and iron for
atomic absorption spectrophotometry from Alfa Products
Ž .Danvers, MA . All reagents were of analytical grade,
HPLC grade or the best available pharmaceutical grade.

2.2. Animals

Male Sprague–Dawley rats were purchased from Har-
lan Sprague Dawley Inc., Indianapolis, IN. At the time of
use the rats were 7–8 weeks old, weighing 243"10.2 g
Ž .Mean"SD . Upon arrival, the rats were housed in a
temperature-controlled, 12r12 lightrdark room, and accli-
mated for one week prior to experimentation. They were

Žallowed to have free access to pelleted rat chow Teklad
.4% Mouse–Rat Diet, Teklad, Madison, WI and distilled,

deionized water.

2.3. Mn administration and sample collection

MnCl dissolved in sterile saline was administered by2
Ži.p. injection to rats at a dose of 6 mg of Mnrkg 6 mg

.Mnrml once daily between 9:30 am and 10:30 am for
four weeks except for Sundays. This dose regimen was
chosen because it was known to be associated with a

Žsignificant reduction of succinic dehydrogenase another
w x . w x4Fe–4S enzyme 35–37 and a selective inhibition of

w xaconitase in rat brain 47 . For the control group, the
animals received the daily injections of the equivalent
volume of sterile saline.

Twenty-four h after the last injection, rats were anes-
Ž .thetized with pentobarbital 50 mgrkg, i.p. . CSF samples

were obtained through a 26-gauge needle inserted between
the protruberance and the spine of the atlas, and were free

w xof the blood 45 . Blood samples were collected from the
inferior vena cava into heparinized syringes. The blood
was centrifuged at 5000=g for 5 min and the plasma was
transferred to an Eppendorf tube. Both CSF plasma sam-
ples were stored at y208C until analyzed. Rat brains were
then extricated from the skull and frozen at y708C for
determination of mRNAs of MT-I and glutamine synthesis.

( )2.4. Atomic absorption spectrophotometry AAS analysis

Manganese concentrations in the CSF and plasma were
w xdetermined by a flameless graphite furnace AAS 28 .

Ž .Aliquots 50 ml of CSF and plasma were diluted by
50-fold with an appropriate volume of diluent consisting
8% Triton X-100 and 5% EDTA in distilled, deionized
water prior to AAS. Total iron concentrations in plasma
and CSF were measured using the method of Yeh and Zee
w x42 . The plasma and CSF were diluted 10- and 2-fold,
respectively, with deionized water prior to AAS.
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A diagnostic kit for TIBC from Sigma was used for
Ž .determining total iron binding capacity TIBC . Plasma

Ž .unsaturated iron binding capacity UIBC was estimated
by adding a known amount of iron to the plasma to fill all
available binding sites on transferrin molecules. After cen-
trifugation, the remaining unbound iron was measured by
AAS. The difference between the amount of total iron
added and remaining unbound iron is the UIBC. The TIBC
is then the sum of the total iron and UIBC.

A Perkin–Elmer Model 3030 Zeeman atomic absorp-
tion spectrophotometer, equipped with an HGA-600
graphite funace, was used for quantification. The detection
limit of these methods was 0.2 ngrml of assay solution for
manganese and 0.5 ngrml for iron.

2.5. Choroidal epithelial cell culture

Choroidal epithelial cells were cultured using the method
w xestablished in this laboratory 46 . In short, plexus tissues

Žwere collected from Sprague–Dawley rats 4–6 weeks old,
.both sexes . The plexuses were dissected, washed in

DMEM, chopped with scissors, and digested in Hank’s
buffer containing 0.2% pronase at 378C for 5 min. The
dissociated cells were washed twice in DMEM with 100
unitsrml each of penicillin, streptomycin and gentamycin,
and 0.25 mgrml amphotericin B, and resuspended in the
same medium supplemented with 10% FBS and 10 ngrml

Ž .EGF growth medium . The cells were plated in 35-mm
Ž 5 .Petri dishes 2–3=10 cells per dish and cultured in a

humidified incubator with 95% air–5% CO at 378C. The2

growth medium was replaced two days after initial seeding
and every other day thereafter. A 6–8 day culture was used
in this study.

Ž .The cells were exposed to 100 mM Mn as MnCl2

dissolved in serum-free medium containing 5 mgrml in-
sulin, transferrin, and 5 ngrml sodium selenite at 378C
overnight. At the end of exposure, the cells were washed
with PBS, and lyzed in RNA Zol B for Northern blot
analysis of transferrin receptor mRNA described below.

2.6. Northern blot of transferrin receptor mRNA in cul-
tured choroid plexus cells

Total RNA was extracted from the control and Mn-
treated choroidal epithelial cells using RNA Zol B follow-
ing the instructions of the manufacturer. RNA was normal-
ized by loading equal masses of total RNA as determined

Ž .by absorbance at 260 nm. Total RNA 20 mg was elec-
trophoresed on 1% formaldehyde–agarose gels, followed
by soaking in 0.05 mM NaOH for 20 min and then

Ž .20=saline–sodium citrate SSC for 40 min. After the
RNA was transferred to nylon filter in 20=SSC overnight,
the filter was UV-irradiated, prehybridized in 0.5 M phos-

Ž .phate buffer pH 7.2 containing 7% SDS and 1% BSA at
658C for 15 min, and then hybridized at 658C overnight in
the same solution containing 2=107 cpmrml of random-

w32 xprimed P -labeled transferrin receptor cDNA probe. The
probe was 507 base pair fragment of 5X-end of a full length
3.4 kb rat transferrin receptor cDNA, subcloned to
pTZ19U-RTR, which was a gift of Dr. Griswold at Wash-

w xington State University 31 . The filters were washed three
times for 15 min each using 2=SSC with 0.1% SDS at
658C, followed by 1=SSC with 0.1% SDS at 258C once
for 15 min. The filters were then autoradiographed with

Ž .Kodak Biomax MR film Eastman Kodak, Rochester, NY
in an intensifying screen at y708C for 7–14 days. To
quantitate transferrin receptor mRNA, the filters were fur-

w32 xther hybridized with random-primed P -labeled b-actin
RNA and autoradiographed for 6–8 h. The X-ray images
of the Northern blots were scanned by an Epson Expres-
sion 636 scanner into Mac Power PC G3 computer, fol-
lowed by analysis of the density of mRNA bands corre-
sponding to transferrin receptor and b-actin using NIH
Image 1.57 software package. The densities of transferrin
receptor mRNA in control and Mn-treated groups were
normalized by those of actin mRNA in each corresponding
lane.

2.7. Northern blot of mRNAs of MT-I and glutamine
synthesis in rat brain

Ž .Dr. Robert Andersen UCLA generously provided the
plasmid containing the cDNA fragment for MT-I. The
MT-I gene was cloned into the Pst1 site of pBR322. The

w xcDNA fragments were resolved on a 2% agarose gel 32 .
w xThe probes were 32P dCTP labeled with a random primed

ŽDNA labeling kit Boehringer-Mannheim Biochemicals,
.Indianapolis, IN . Total RNA from brains was isolated

with the RNA Zol B test kit. Hybridization was performed
by addition of denatured 32 P-labeled probe to prehybridiza-
tion solution, and incubation for 18 h at 458C. The mem-
branes were then exposed on Kodak X-Omat AR film with
an intensifying screen at y808C. MT-I mRNA levels were

w xnormalized to 28S rRNA 4 . Following hybridization, the
28S rRNA blots were washed, and then exposed on film
for autoradiography. The X-ray images of the northern
blots were captured with a CCD video camera to a Gate-
way 2000 computer, and densitometry was performed with

Žthe TINA 2.09e program package Raytest, Straubenhardt,
.Germany for the BAS 1500 Fuji Photo Film Image Plate
Ž .Scanner Fuji, Tokyo, Japan . The optical density for each

MT signal was normalized to the abundance of 28S rRNA
in the same lane, and corrected for background. Experi-
ments were performed in three preparations in each group.

Ž .The glutamine synthetase GS plasmid was obtained
Žfrom Dr. Steven F. Abcouwer Harvard Medical School,

.Boston, MA . The plasmid referred to as pTarGS800
contains a BamHI insert representing approximately 800

Ž X .bases 5 end of rat GS cDNA in pBluescriptKSq . The
w 32 xprobes were a P dCTP labeled with a random primed

DNA labeling kit. RNA isolation, hybridization, and image
analysis were conducted as described above.
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Fig. 1. Increases of manganese concentrations in plasma and CSF follow-
ing chronic manganese exposure. Rats received i.p. injections of 6
mgrkg Mn as MnCl once daily for 30 days. Plasma and CSF samples2

were collected at day 31 and used for assay of manganese by AAS. Data
Ž . UUrepresent Mean"SE ns6–8 . : p-0.01.

2.8. Statistics

Statistical analyses of the differences between groups
were performed by using Student’s t test. The differences
between two means were considered significant if p val-
ues were equal or less than 0.05.

3. Results

Ž .Manganese exposure at the dose of 6 mgrkg i.p. per
day for 30 days resulted in a 10-fold increase in plasma

Žconcentration of manganese compared to the controls p
.-0.01 . The same treatment also increased manganese

Fig. 2. Decrease of iron concentration in plasma and increase of iron
concentration in CSF following chronic manganese exposure. Rats re-
ceived i.p. injections of 6 mgrkg Mn as MnCl once daily for 30 days.2

Plasma and CSF samples were collected at day 31 and used for assay of
Ž . UU Ž .iron by AAS. Data represent Mean"SE ns6–8 . : p-0.01. A Fe

Ž .in plasma; B Fe in CSF.

Fig. 3. Manganese exposure promotes the expression of transferrin recep-
tor mRNA in primary culture of choroidal epithelial cells. The cells were

Ž .incubated with 100 mM Mn as MnCl dissolved in serum-free medium2

containing 5 ngrml insulin and transferrin, and 5 mgrml sodium selenite
at 378C overnight, followed by Northern blot analysis. Cont: control cells;
Mn: Mn-treated cells.

Ž .concentration in the CSF by 11-fold p-0.01 . Thus, the
magnitude of increase in CSF manganese was similar to

Ž .that in plasma Fig. 1 .
When plasma transferrin was measured as total iron

Ž .binding capacity TIBC , rats in the manganese-treated
Žgroup did not show any significant change in TIBC 438"

12.4 SD mgrdl in control, vs. 410"11.7 SD mgrdl in
.Mn group . Chronic exposure to manganese, however,

significantly decreased plasma concentration of iron by
Ž . Ž .32% compared to controls p-0.005 Fig. 2A . More

surprisingly, the iron concentration in the CSF of the same
rats did not decline as did it in plasma. Instead, it markedly

Ž .increased by 3-fold compared to the controls p-0.01
Ž . Ž .Fig. 2B . The ratio of CSF to plasma iron FeCSFrplasma
was increased from 0.16 in control rats to 0.72 in the
treated rats, reflecting an influx of iron from the systemic
circulation to the cerebral compartment following man-
ganese exposure.

We postulated that the increase in CSF iron in the face
of diminished plasma iron might be due to the overexpres-
sion of transferrin receptor at the brain barrier systems
under long-term manganese exposure. Thus, we examined

Table 1
Effect of manganese exposure on the expression of mRNAs of transferrin
receptors in cultured choroidal epithelial cells and glutamine synthetase
and metallothionein-I in rat brain tissues

Ž .Control Mn-treated Increase %
UUTransferrin receptor 0.952"0.006 1.409"0.119 48.0
UGlutamine synthetase 0.918"0.206 1.225"0.267 33.5

Metallothionein-I 0.867"0.129 0.783"0.280 y9.69

The optic density of bands for transferrin receptor mRNA was normalized
to the abundance of b-actin mRNA in the same lane, and data represent
the ratio of TfRrb-actin abundance. Similarly, the optic density for GS
or MT-I mRNA was normalized to the abundance of 28S rRNA, and data
represent the ratio of GSr28S or MT-Ir28S abundance. Means"SD,
ns3.
U

p-0.05.
UU

p-0.01 as compared to the control.
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Fig. 4. Manganese exposure promotes the expression of glutamine synthetase mRNA, but not metallothionein-I mRNA in rat brain. Rats received i.p.
Ž .injections of 6 mgrkg Mn as MnCl once daily for 30 days. The brain was removed at day 31 and tissue homogenate used for Northern blot analyses. A2

Ž .Glutamine synthetase mRNA; B Metallothionein-I mRNA. Cont: control rat brain; Mn: Mn-treated rat brain.

the effect of manganese on the expression of transferrin
receptor mRNA in cultured choroidal epithelial cells. Fol-
lowing manganese treatment at 100 mM overnight, the
expression of transferrin receptor mRNA appeared to in-

Ž .crease on autoradiography by Northern blot Fig. 3 . Quan-
titative analysis of the optical abundance of the bands
corresponding to transferrin receptor mRNA, which was
normalized by that of b-actin mRNA in the same lane,
revealed that Mn treatment enhanced the expression of
transferrin receptor mRNA in choroidal epithelial cells by

Ž . Ž .50% p-0.05 Table 1 .
Mn2q can readily catalyze Fenton-like reactions, elicit

oxidative stress by reactive oxygen species generated by
metal-catalyzed dopamine autooxidation, and potentiate
oxidative stress damage within the CNS by sequential

w xactivation of glutamate-gated cation channels 1 . Given
that glutamine synthetase is highly sensitive to the oxida-
tive stress, we conducted Northern study to analyze the
effect of chronic manganese exposure on the expression of
mRNAs encoding this protein. In addition, since recent
data suggest that MT-I may function as a thiol donor and
free radical scavenger, thus providing a defense line against

w xoxidative damage 18 , we further examined the expression
of MT-I upon a similar treatment. Manganese exposure did

Ž .not alter the expression of brain MT-I Table 1 ; however,
it significantly increased the expression of glutamine syn-

Ž . Žthetase by 34% p-0.05 compared with controls Fig. 4,
.Table 1 .

4. Discussion

The results of our in vivo experiment, which adminis-
tered Mn2q, demonstrate that the homeostasis of man-
ganese in the CSF appears to be directly influenced by
plasma manganese concentrations. Studies by other inves-
tigators have shown that the valent status of manganese
ion determines the transport properties of manganese at the

brain barrier systems. While Mn3q, a primary form of
manganese ions in circulation, enters the brain via a trans-
ferrin receptor-mediated mechanism, Mn2q appears to be
readily taken up into the CNS, most likely as the free ion

w xor nonspecific protein-bound species 2,30 . By comparing
Ž .the in vivo rates of metal transfer Kin into brain among

w x 2q13 metal species, Smith et al. 38 suggest that Mn is the
most permeable species among the metals studied. More
recently, studies using transferrin knock-out mice indicate
that deficiency in circulating transferrin has no apparent

2q w xeffect on tissue distribution of Mn 10,22 . Thus, a
non-transferrin-mediated mechanism appears to present for
manganese movement across the brain barriers. Our data
show parallel increases of manganese in CSF and in
plasma when Mn2q was administered. Thus, these results
suggest that Mn2q species are poorly restricted by the
brain barrier systems.

Chronic Mn exposure produced a significant decrease in
plasma iron. The pattern of plasma iron, while unexpected,
is consistent with the observations in IPD patients whose
circulating iron, ferritin, transferrin as well as total iron
binding capacity are all significantly lower than those of

w xcontrol subjects 20 . The explanation for this overall
deficiency in iron metabolism in IPD patients remain
uncertain; however, manganese-induced diminished plasma
iron may be attributed to manganese-enhanced intracellular
distribution of iron. Several earlier studies support this

w xassumption. For example, Chua and Morgan 8 observed
that manganese supplementation in food led to an in-
creased 59 Fe uptake by the brain, liver, and kidneys of rats.
The authors concluded that manganese and iron interact
during transfer from the plasma to the brain as well as
other organs in a synergistic rather than competitive man-

w xner. Seligman et al. 34 also report that incubation of
cultured human HL60 cells with a manganese–transferrin
complex dramatically increased cellular uptake of 59 Fe.
Moreover, recent studies in our laboratories at Columbia
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reveal that manganese promotes the cellular overload of
Ž .iron in cultured PC12 cells unpublished data . Thus, it

seems highly possible that manganese may interact with
iron at cellular iron uptake.

In contrast to the observed diminished plasma iron,
manganese injection greatly increased iron concentrations
in the CSF. The data suggest a unidirectional influx of iron
into the cerebral compartment in manganese-exposed rats.
Among the processes involved in brain regulation of iron,
the entrance of iron to the cerebral compartment represents
a critical step in monitoring cerebral iron homeostasis. It
has been generally accepted that transferrin-bound iron
gains access to brain via transferrin receptors on brain

w xcapillary endothelial cells 14,16 . Evidence also suggests
that choroid plexus, a major component of the blood–CSF
barrier, by producing transferrin for the CNS, participates

w xin brain iron regulation 11,27 . Although some studies
using antibody against transferrin receptor failed to reveal

w xthe receptors in choroid plexus capillaries 7,16 , others
w xhave elucidated their presence 21,26 . The results of the

current study corroborate an abundant expression of trans-
ferrin receptor mRNA in cultured choroidal epithelial cells.
Thus, it appears reasonable that the choroid plexus may
co-regulate cerebral iron homeostasis. The degree to which
the choroid plexus contributes to the overall brain iron
regulation, as compared to the role of the blood–brain
barrier, has not yet been established.

The data from our in vitro experiments clearly indicate
that Mn treatment elevates the expression of transferrin
receptors in the choroid plexus epithelial cells. This could
be due to the unique ability of the choroid plexus to
sequester manganese following acute or chronic man-

w xganese exposure 13,47 , and the subsequent interaction of
manganese with cellular iron-regulatory protein ACO1.
Our previous studies show that manganese alters aconitase
enzymatic activity, presumably, by competing with iron

w xfor the fourth, highly labile iron binding site of the 4Fe–4S
w xcube in enzyme’s active center 47 . Such action, while

suppressing the enzyme’s catalytic function, may increase
its binding affinity to the mRNAs encoding major proteins
in iron metabolism such as ferritin and transferrin receptor
w x5,17 . The net result of these interactions is an up-regu-
lation of cellular iron uptake. Thus, we postulate that
chronic manganese exposure may stimulate the expression
of transferrin receptor in the choroid plexus, and possibly

Žat brain capillary endothelia as well as in other peripheral
.organs . The overexpression of transferrin receptors at

brain barriers and the ensuing facilitated iron transport
from blood to the cerebral compartment would explain a
compartmental shift of iron from the blood to the CSF.
However, it is also possible that the promotive effect of
manganese on the expression of transferrin receptor mRNA
in cultured epithelial cells may be secondary to man-
ganese-induced impairment in other cellular regulatory
processes, such as alteration in mitochondrial energy pro-
duction.

Excess cellular iron has been linked to the etiology of
many neurodegenerative disorders. In experimental animal
models, a general increase in the concentrations of iron in
the substantia nigra has been found with treatment with

Ž .1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine MPTP , 6-
Ž .hydroxydopamine 6-OHDA , and direct intranigral Fe

w xinfusion 12,25,29,33 . Cellular overload of iron in basal
ganglia and substantia nigra regions initiates lipid per-
oxidation and generates iron-mediated reactive oxygen

w xspecies 15,43 . Several intracellular proteins such as glu-
tamine synthetase and metallothionein-I are reportedly sen-

w xsitive to oxidative stress 19,39 . For instance, during the
oxidation of glutamine synthetase, the reactive H O and2 2

Fe2q attack enzyme’s amino acid residues, followed by a
rapid degradation of the protein by intracellular proteases.
While the relationship between manganese and oxidative
stress in brain is not yet fully understood, it seems reason-
able to postulate that the increased expression of glutamine
synthetase mRNA may result from manganese-potentiated
cellular overload of iron. Increased reactive oxygen species
and the resulting oxidative stress may, therefore, inhibit
enzyme activity, which, in turn, stimulates the synthesis of
the protein. Alternatively, the overexpression of glutamine
synthetase may reflect a change in intracellular levels of

Ž . Ž . Ž .Mn II or the ratio of Mn II rMg II , since both factors
may likely participate in the regulation of cellular glu-

w xtamine synthetase activity 41 . The failure of manganese
to stimulate MT-I mRNA expression is interesting given
theories of manganese-induced elevation in free radical
levels. In line with this concept, alternative antioxidant
systems, such as Mn-SOD activity, glutathione and others,
may function more prominently to offset the damage, but
such possibilities will have to await further experimenta-
tion.

In conclusion, the results of this study indicate, for the
first time in the literature, that chronic manganese expo-
sure alters iron homeostasis in systemic circulation by
depressing plasma iron and in cerebral compartment by
elevating CSF iron. Overexpression of transferrin receptors
in the choroid plexus by manganese treatment suggests
that manganese, by acting on iron regulatory protein, may
promote the expression of transferrin receptor, which partly
facilitates the influx of iron from blood to CSF. We infer
that manganese-induced Parkinsonism may result from a
compartmental shift of iron into the brain, leading to
oxidative stress in sensitive brain regions.
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