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NHALATION OF DIVALENT AND TRIVALENT MANGANESE MIXTURE
NDUCES A PARKINSON’S DISEASE MODEL:

MMUNOCYTOCHEMICAL AND BEHAVIORAL EVIDENCES
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bstract—The present study investigates the effects of diva-
ent and trivalent manganese (Mn2�/Mn3�) mixture inhalation
n mice to obtain a novel animal model of Parkinson disease
PD) inducing bilateral and progressive cell death in the sub-
tantia nigra compacta (SNc) and correlating these alter-
tions with motor disturbances. CD-1 male mice inhaled a
ixture of 0.04 M manganese chloride (MnCl2) and manga-
ese acetate (Mn(OAc)3), 1 h twice a week for 5 months.
efore Mn exposure, animals were trained to perform motor

unction tests and were evaluated each week after the expo-
ure. By doing this, overall behavior was assessed by ratings
nd by videotaped analyses; by the end of Mn exposure
eriod, animals were killed. The mesencephalon was pro-
essed for tyrosine hydroxylase (TH) immunocytochemistry.
fter 5 months of Mn mixture inhalation, mice developed
vident deficits in their motor performance manifested as
kinesia, postural instability and action tremor. SNc of the
n-exposed animals showed an important decrease (67.58%)

n the number of TH-immunopositive neurons. Our data pro-
ide evidence that MnCl2 and Mn(OAc)3 mixture inhalation
roduces similar morphological and behavioral alterations to
hose observed in PD providing a useful experimental model
or the study of this neurodegenerative disease. © 2008 IBRO.
ublished by Elsevier Ltd. All rights reserved.

ey words: Parkinson’s disease experimental model, manga-
ese inhalation, motor behavior, tyrosine hydroxylase.

arkinson’s disease (PD) is characterized by a progressive
egeneration of dopaminergic neurons of the substantia
igra pars compacta (SNc); the neurochemical consequence
f this loss is a marked decrease in the concentrations of
opamine (DA) and its major metabolite homovanillic acid in
he caudate nucleus and putamen (Lang and Lozano, 1998;

Correspondence to: M. R. Avila-Costa, Departamento de Neurocien-
ias, Laboratorio de Neuromorfología UNAM, Av. de los Barrios 1 Los
eyes Iztacala, Tlalnepantla Edo Mex CP 54040, Mexico. Tel: �525-
5-6231294; fax: �525-55-3907604.
-mail address: nigraizo@servidor.unam.mx (M. R. Avila-Costa).
bbreviations: DA, dopamine; DAT, dopamine transporter; GP, globus
allidus; MPP�, 1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-phe-
yl-1,2,3,6-tetrahydropyridine; 6-OHDA, 6-hydroxydopamine; PD,
b
arkinson’s disease; SN, substantia nigra; SNc, substantia nigra pars
ompacta; TH, tyrosine hydroxylase; VTA, ventral tegmental area.
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unnett and Björklund, 1999; Olanow and Tatton, 1999). The
ain symptoms of the disease are tremor, bradykinesia,
ypokinesia, balance and gait disturbances.

Several models exhibit many of the characteristic fea-
ures of the disease, however, none of these mimics the
omplex chronic neurodegenerative features of human
D. 6-Hydroxydopamine (6-OHDA) and 1-methyl-4-phe-
yl-1,2,3,6-tetrahydropyridine (MPTP) are neurotoxins,
hich selectively and rapidly destroy catecholaminergic
eurons (within 1–3 days), whereas in humans the PD
athogenesis follows a progressive course over decades.

According to Emborg (2004) an ideal animal model can
e described by presenting behavioral signs and pathology
hat resemble the disease, including its time course. The
loser the similarity of a model is to PD, the higher the
redictive validity for clinical efficacy.

The effects of Mn as a PD model have been investi-
ated, due to the fact that its toxicity (referred to as man-
anism) shares neurological symptoms with several clini-
al disorders commonly described as “extrapyramidal mo-
or system dysfunction,” and in particular, idiopathic PD
Cook et al., 1974; Calne et al., 1994; Pal et al., 1999).

Great discrepancies exist in Mn-induced PD, including
he specificity of Mn-damaging the globus pallidus (GP) or
ubstantia nigra (SN) (Calne et al., 1994; Calabresi et al.,
001; Guilarte et al., 2006). Olanow (2004) and Perl and
lanow (2007) suggest that PD preferentially damages
opaminergic neurons in the SNc, while Mn preferentially
ccumulates within, and damages GP and striatum, while
paring the nigrostriatal system.

Some studies have reported conflicting results on the
ffects of Mn in nigral or striatal DA concentrations (see
wiazda et al., 2007 for review), including decrease (Au-

issier et al., 1982; Erikson et al., 1987; Sloot et al., 1994;
hiruchelvam et al., 2000a,b; Chun et al., 2001; Zhang et
l., 2003; Díaz-Véliz et al., 2004; Sistrunk et al., 2007),

ncrease (Bonilla, 1980; Tomas-Camardiel et al., 2002),
oth, increase and decrease (Chandra and Shukla, 1981)
r no change (Ali et al., 1995; Calabresi et al., 2001;
wiazda et al., 2002; Normandin et al., 2002) in Mn-

reated animals. These discrepancies may well reflect dif-
erences in exposure route, magnitude, duration, Mn con-
entration or compound, age of the experimental animals,
tc. between studies, though they also demonstrate the
omplexity of Mn toxicity and suggest that the factors
ontributing to its toxicity are not well understood.

It has been reported that Mn exists in different oxidant
tates (Salehi et al., 2006). In animals and humans it has

een found as Mn2� and Mn3� (Archibald and Tyree,

ved.

mailto:nigraizo@servidor.unam.mx
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987), Mn2� being the predominant form (Aschner et al.,
005). In the mitochondria, it has been demonstrated that
n inhibits complex I thereby leading to altered oxidative
hosphorylation, and it seems that Mn3� is more potent at

nhibiting complex I than Mn2� (Archibald and Tyree, 1987;
li et al., 1995; Chen et al., 2001). According to HaMai and
ondy (2004), the pro-oxidant activity of Mn2� is depen-
ent on trace amounts of Mn3�, which may facilitate a
mall portion of Mn2� to oxidize to Mn3�. This synergistic
elationship between Mn2� and Mn3� results in continuous
edox cycling. These findings lead to the hypothesis that if
he animals are exposed to the mixture of Mn2�/Mn3�, it is
ossible to find cell and behavioral alterations resembling
hose found in PD.

Since it has been postulated that Mn3� is more potent
n producing oxidative stress and Mn2� needs the pres-
nce of Mn3� to reach oxidation and that there is a synergy
etween the two Mn states, the present study investigates
he effects of Mn2�/Mn3� mixture inhalation in mice, to
btain a novel animal model of PD inducing bilateral and
rogressive cell death in the SNc, correlating these alter-
tions with motor disturbances.

EXPERIMENTAL PROCEDURES

orty CD-1 male mice (Facultad de Medicina, UNAM Biotery, Mexico
ity, Mexico) weighing 33�2 g were individually housed in hanging
lastic cages under controlled light conditions (12-h light/dark regi-
en) and fed with Purina Rodent Chow and water ad libitum. Body
eight was recorded daily. The experimental protocol was conduced

n accordance with the Animal Act of 1986 for Scientific Procedures.
ll experiments conformed to named local and international guide-

ines on the ethical use of animals. All efforts were made to minimize
he number of animals used and their suffering.

otor behavior

efore Mn inhalation, all the animals were trained in the reaching
ask and beam-walking test to evaluate motor performance. Train-
ng and testing were performed during the lighted portion of the
ycle, at the same hour every day. The motor behavior tests were
erformed during the days the animals did not inhale. Each mouse
as tested once a week, a different day for each test. Two
bservers blind to the mice’s exposed or control status performed
ll behavioral assessments.

ingle-pellet reaching task

he Plexiglas reaching box was 19.5 cm long, 8 cm wide, and
0 cm high (Fig. 1A). A 1-cm wide vertical slit ran up the front of
he box. A 0.2 cm thick plastic shelf (8.3 cm long and 3.8 cm wide)
as mounted 1.1 cm from the floor on the front of the box. Before

raining, animals were food deprived for 24 h. Afterward, they
eceived a restricted diet of �10 g/kg body weight adjusted to
eep their weight constant. Twenty milligram food pellets were
laced in indentation spaced 1 cm away from the slit and centered
n its edges. Mice were individually trained and allowed to reach
ith their preferred forelimb for food pellets (Whishaw et al.,
991). Each animal reached for 10 pellets each day during the
esting period. If an animal reached through the slot and obtained

food pellet, the reach was scored as a success. If an animal
nocked the food away or dropped the food after grasping it, the
each was scored as a miss (Farr and Whishaw, 2002). Qualitative
ssessment consisted in analyzing the “reaching performance,”

he postural shift and impairments in limb extension, aim, and f
upination-pronation of the paw during grasping and release of the
ellet into the mouth.

eam-walking test

his test measures the animal’s ability to traverse a narrow beam
3 mm) to reach an enclosed safety platform (Perry et al., 1995).
he apparatus is constructed by elevating the surface of a
0�100 cm�3 mm wooden beam 75 cm above the floor with
ooden supports. A goal box is located at the high end of the
eam (Fig. 1B).

During training, animals were placed at the beginning of the
eam with no inclination and they were trained over 4 days (four
rials per day). Once the animals crossed the beam in a 20 s
nterval, they completed two more consecutive trials with the inclined
eam. Animals were allowed up to 60 s to traverse the beam. The

atency to traverse the beam was recorded for each trial.

ideo recording

erformance during single pellet reaching and beam walking tests
ere video recorded using a Sony camcorder (1000th of a second
hutter speed). Representative still frames were captured from digital
ideo recordings with the video editing software Final Cut Pro.

eurological evaluation

remor and bradykinesia (slowed ability to start and continue
ovements, and impaired ability to adjust body’s position) were
valuated by inspection of Mn-exposed, compared with control
ice, during the performance of the two tests.

anganese inhalation

pilot study was performed to obtain the optimal Mn concentra-
ions with 0.02 and 0.03 M manganese chloride (MnCl2)and 0.01
nd 0.02 M manganese acetate [Mn(OAc)3] (Sigma Chemical Co.,
exico), and after 6, 8, 10 and 12 inhalations by light microscopy

ome changes were observed in SNc tyrosine hydroxylase (TH)
immunoreactive neurons. However, the cell loss was not enough
o observe behavioral alterations (data not shown). Thus, higher
oses were used; the mixture of 0.04 M MnCl2 and 0.02 M
n(OAc)3, and knowing that the half-life of Mn is about 30–48 h

Concise International Chemical Assessment, 2001) and scarce
nformation is available about inhalation, we planned a twice a
eek exposure protocol.

Inhalations were performed as described by Avila-Costa et al.
2004). Twenty animals were placed in an acrylic chamber inhal-
ng a mixture of 0.04 M MnCl2 and 0.02 M Mn(OAc)3 (Sigma
ldrich Co., Mexico) 1 h twice a week for 5 months. Twenty control
ice inhaled only the vehicle—deionized water—for the same
eriod. Inhalations were performed in closed acrylic boxes (35 cm
ide�44 cm long and 20 cm high) connected to an ultranebulizer

Ultra Neb DeVilbiss, IL, USA), with 10 l/min continuous flux. The
ltranebulizer is designed to produce droplets in a 0.5–5 �m range.

vapor trap was located in the opposite side with a solution of
odium bicarbonate to precipitate the remaining metal. During expo-
ures, animals were continuously visually monitored for respiration
ate, depth and regularity. The exposure system’s temperature, ox-
gen level and Mn concentration were also monitored continuously.

After 5 months (40 inhalations), when important motor alter-
tions were observed, mice were killed, anesthetized using a

ethal dose of sodium pentobarbital. Blood samples (1 ml) were
ollected from the heart’s left ventricle through heparin-pretreated
ppendorf tubes for Mn concentrations. The animals were per-

used via aorta with phosphate buffer saline (0.1 M pH 7.4) con-
aining 2% glutaraldehyde and 2% paraformaldehyde. The brain
as removed and placed in fixative solution for 2 h and processed
or TH immunocytochemistry.
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mmunocytochemistry

oronal sections (50 �m) were obtained on a vibrating microtome
hrough the mesencephalon for immunocytochemistry. TH
Chemicon International, Inc., CA, USA, 1:1000) immunostaining
ith the ABC detection method (Vector Laboratory, MI, USA) was
erformed for light microscopic analysis. The analysis was con-
ucted with a computer-assisted system (Image-Pro Plus, Media
ybernetics, L.P. Del Mar, CA, USA) connected by a CCD camera

o Optiphot 2 microscope (Nikon, Japan). The number of TH-
ositive neurons was counted in 1500 �m2 from 14 mesence-
halic sections of each animal, the cell count included SNc and
entral tegmental area (VTA) (Avila-Costa et al., 2004). To mini-
ize subjectivity, the analysis was carried out blind by two exper-

menters.

n concentrations

he concentrations of Mn in the chamber were quantified as
ollows: a filter was positioned at the outlet of the ultranebulizer
uring the whole inhalation time at a flow rate of 10 l/min. After
ach exposure, the filter was removed and weighed; the element
as quantified using a graphite-furnace atomic-absorption spec-

rometer (Perkin Elmer Mod. 3110, CT, USA). Six filters for each

ig. 1. (A) The single pellet reaching apparatus. The figures show th
B) The beam walking test dimensions. A goal box is located at one e
nhalation were evaluated (Fortoul et al., 1999). Mn content in t
erum was also measured by graphite-furnace atomic-absorption
pectrometry at the end of the experiment.

tatistical analysis

npaired t-test was used to analyze the number of TH-immuno
ositive cells. Reaching task scores were made using Kruskal-
allis test, post hoc comparisons were made with Dunn’s test.
eam-walking test analysis was carried out using one-way
NOVA, post hoc comparisons were made with Tukey’s test. All
nalyses were conducted with SigmaStat 3.1 and SigmaPlot 10.0
SYSTAT Software, San Jose, CA, USA). Group differences were
onsidered statistically significant at P�0.05.

RESULTS

fter 5 months of exposure, neither clinical alterations nor
ignificant weight changes were detected in the exposed
nimals compared with controls.

anganese concentrations

he average Mn concentration measured in the filters of

ions of the reaching box. The arrowhead is showing the food pellet.
beam (white arrow).
he chamber was of 2676 �g/m3 during the whole experi-
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ent. The average Mn concentration in serum of exposed
nimals was of 30�5 �g/l; control mice serum concentra-
ion of Mn was 0.05–0.12 �g/l.

ingle-pellet reaching task

he task involves execution of a complex motor sequence,
tarting with sniffing a food pellet at the front of the reach-
ng chamber, lifting the arm, adjusting posture to project
he arm through a narrow slot toward the pellet, and grasp-
ng the target (Fig. 2).

Animals were tested with 10 food pellets. Fig. 3 shows
he results of successful reaches over the course of the
xperiment. Repeated-measures Kruskal-Wallis confirmed
significant effect of Mn-exposed group since the eight
n-inhalations (P�0.001). All animals were comparable in

heir ability to retrieve pellets before Mn inhalation, but the
n exposure resulted in an evident impairment in both
umber of successful retrievals (P�0.001) and accuracy.
ontrol animals remained consistent throughout the dura-

ion of the experiment and performed significantly better
han Mn-exposed animals at all time points (Figs. 2 and 3).

Qualitative assessment resulted in postural shifts and
mpairment in limb extension (resulting in many shortened
eaches), aim, and supination-pronation of the paw during
rasping and release of the pellet into the mouth (Fig. 4).
ice displayed abnormal movements when retrieving the
ellet after Mn-exposure. The paw is often fully pronated
nd moves either laterally (from the side) over the pellet
Fig. 4B–E), or the mouse slaps at the pellet from above.
he Mn-exposed mice were often unable to properly close

ig. 2. Representative still frames of two control mice captured during
hrough the slot and extended their digits and also supinated their paw
nto the mouth. (See text for detailed description.)
heir digits around the pellet and drag the pellet to the slot c
ithout lifting the paw (Fig. 4E, F). Mice also failed to
upinate the paw completely and place the snout into the
lot to retrieve the pellet with the tongue. When the paw
as withdrawn through the slot, Mn-exposed mice fre-
uently rotated the body and “chased” the pellet with the
nout instead of opening the digits and placing the pellet

nto the mouth (Fig. 4G, H, I). Post hoc tests on the group
ffect indicated that at more Mn-exposure success scores
ere significantly poorer (Fig. 3).

port and limb withdrawal. The control animals advanced their forelimb
nt the food to the mouth and extended their digits to release the food

ig. 3. Reaching success (number of pellets obtained out of 10;
ean�S.E.) by control mice and Mn-exposed mice in the single-pellet

ask before and after inhalation. Note that the Mn-exposed group is
mpaired since eight inhalations (* P�0.001 vs. control group;
limb trans
P�0.001 between inhalations by Kruskal-Wallis test with post hoc
omparisons).
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eam-walking test

e further tested Mn-exposed mice for possible alter-
tions in motor activity using a traversal beam task. On the

ast day of testing before Mn inhalation, there was no
ignificant difference between the latencies in completing
he test for the controls (7.2�6.9 s) and the Mn-treated
ubjects (7.8�3.1 s) (ANOVA test; P�0.001). Throughout
he course of the experiment, none of the subjects fell from
he beam.

Fig. 5 illustrates the mean numbers of total time
eeded to cross the beam. Mn-exposed mice showed a

ig. 4. Representative still frames of two Mn-inhaling mice. (A–E) Th
he limb diagonally through the slot making many short attempts rather
dducted. The paw comes in from the side, or slaps laterally, and digi

he slot and dropping the pellet to the floor cage (arrowhead) chasing
o present the food to the mouth.

ig. 5. Mean latencies to cross the beam (�S.E.) before and after
n-inhalation. Note that after two, four, six, and eight Mn-inhalations

he mice significantly decrease the duration to cross the beam, and
fterward showed a significant increase in duration to transverse the
eam compared with controls. (* P�0.001 vs. control group;
(
P�0.001 between inhalations by one-way ANOVA with post hoc

omparisons.)
ignificant decrease in the duration to cross the beam after
wo, four, six and eight Mn-inhalations suggesting hyper-
ctivity. Afterward, these mice had a significant increase in
he time to cross the beam and a significant potentiation of
reeze behavior (data not shown), compared with control
ice. In addition, animals were also noted to exhibit hind-

imb weakness, delayed motor initiative (akinesia), pos-
ural instability and action tremor (see supplementary data
or more details).

H-immunocytochemistry

fter 40 MnCl2/Mn(OAc)3-inhalations, a significant loss of
he TH-positive neurons in the SNc was observed
67.58%) compared with the control group. However, the
umber and integrity of the TH-positive neurons in the VTA
djacent to the SNc were not significantly affected by
n-inhalation (7.6%) (Figs. 6, 7).

DISCUSSION

his study examined the premise that exposure to MnCl2/
n(OAc)3, when combined, produces additive or even

ynergistic effects by impacting the DA nigrostriatal system
y reducing TH cell counts in the SNc but not in the VTA.
ignificant hyperactivity is shown immediately after the first

nhalations (two to eight inhalations) and afterward, glaring
eduction and alterations in motor activity are evidenced.

otor behavior alterations

he single-pellet task examined both gross ability to re-
rieve pellets and reaching accuracy, which is more sensi-
ive to subtle impairments and compensatory reaching
trategies that may not be detected by other motor tests

showed impairments using extreme postural adjustments advancing
ning the limb with the midline of the body. The digits are concurrently
contact the food pellet. (F–J) The mouse is dragging its limb through
with the tongue rather than fully pronating the paw and supinating it
e mouse
than alig

ts do not
Biernaskie et al., 2004).
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Detailed analyses of skilled limb movements, such as
he reach-to-grasp movement, show very similar motor

ig. 6. TH-immunoreactive cell counts from the SNc and VTA. The
ata are presented as the mean�S.E. A statistically significant de-
rease in TH-immunoreactive cells was detected in the SNc (* P�0.05
npaired t-test) of Mn-exposed mice compared with controls with no
ifference in the VTA.

ig. 7. Representative TH-immunostained from coronal section contai

he relative sparing in the VTA and profound cell loss at all levels of SNc in the M
n (A, 4�); (D, F) high-power view of the SNc shown in (B); (C, D) 10,000�; (
omponents in humans and in rodents (Metz et al., 2001;
hishaw et al., 2002). An analysis of the movements used

y the rodents indicates that a reach consists of postural
djustments that result in the body being supported by the
iagonal couplet of the hind limb ipsilateral to the reaching
orelimb and its opposite forelimb. This postural strategy
llows the body to shift forward and backward and by doing
o, it aids limb advancement and withdrawal. The reaching
ovement itself consists of several subcomponents that

nclude aiming the limb, pronating the paw over the food to
rasp, and supinating the paw as it is withdrawn so that the
ood can be presented to the mouth. Humans with PD are
ften described as having poor manual dexterity that wors-
ns as the disease progresses (Castiello et al., 1999;
ackson et al., 2000). They experience difficulties execut-

ng tasks requiring unilateral and bilateral arm movements,
nd sequential and alternating limb movements (Whishaw
t al., 2002). Movements done by more distal body seg-
ents are more affected than movements done by more
roximal body segments.

After Mn-exposure, mice commonly drag the pellet
cross the ledge without lifting the paw and either place the
nout into the slot to retrieve the pellet with the tongue, or

SN and VTA of control (A, C, E) and Mn-exposed mice (B, D, F). Note
ning the

n-exposed group (B, 4�). (C, E) High-power view of the SNc shown

E, F) 40,000�.



r
t
a
g
a

c
s
s
t
w
m
t
a
a
m
s
t
g
i
(

B

T
w
w
d
p
f
e
n
c
t

e
n
t
r
g
s
(
e
s
l
m
i
a
r
D

i
1
a
w
R
t
t
t
1

e
o
n
h
a
n
m
p
t
e

T

C
e
T
2
f
i
o
o
c
i
n
a
1
S
t
n
l
A

t
t
c
d
c
t
2
a
t
e

k
f
d
f
M
4
a
c
(
g
t

i
r
2
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otate the body and “chase” the pellet with the snout when
he pellet is withdrawn through the slot into the box. Those
lterations could include damage to regions of the basal
anglia responsible for grasping movements (MacLellan et
l., 2006).

The video analysis of the reaching movements indi-
ated that the Mn-exposed mice displayed impairment in
upinating the paw to bring food to the snout. Rather than
upinating, the paw was adducted across the snout so that
he mouth contacted the upper surface of the paw. Food
as lost because the paw is often fully pronated and
oves either laterally over the pellet or the mouse slaps at

he pellet from above. On the other hand, mice retained the
bility to align and aim their limb to initiate a reach and to
pproach the limb to the food. Thus, the sensory and motor
echanisms underlying these movements must involve

ome motor cortical areas, which we assume are intact;
hus, to confirm that the motor alterations are due to basal
anglia damage, we utilized the beam walking test, which

s sensitive to impairments in the nigrostriatal pathway
García-Hernández et al., 1993).

eam walking test

he motor function impairments observed on the beam
alking task are comparable with published findings in
hich C57 BL6/J mice treated with acute and sub-chronic
osing regimens of MPTP, were reported to display im-
airments in limb coordination, stride length and motor
unction at 1–2 weeks post-MPTP administration (Ogawa
t al., 1985; Fernagut et al., 2002). It seems that the
igrostriatal dopaminergic circuit has been implicated spe-
ifically in the successful completion of balance beam
asks (Bowenkamp et al., 1996).

Qualitative analysis showed that Mn-exposed animals
xhibit hind-limb weakness, delayed motor initiative (aki-
esia), postural instability, freezing behavior and action

remor; regarding these alterations, Autissier et al. (1982)
eported that mice subchronically exposed to Mn by intra-
astric gavage showed hypoactivity, this change was as-
ociated with a drop in striatal DA of 50%; Erikson et al.
1987) found that about 5 months after the start of the Mn
xposure the animals became hypoactive with an un-
teady gait, and subsequently action tremor. The animals
ost strength in both upper and lower limbs and the move-

ents of the paws were very clumsy. Moreover, Mn3�

njected into the rat SN decreased spontaneous motor
ctivity, rearing behavior and the acquisition of avoidance
esponse (Daniels and Abarca, 1991; Brouillet et al., 1993;
íaz-Véliz et al., 2004).

Reports of parkinsonian-like tremor have been scarce
n studies of 6-OHDA-lesioned rats (Buonamici et al.,
986; Lindner et al., 1999; Cenci et al., 2002). Schallert et
l. (1989) have observed occasional resting tremor in the
rist and the paw of rats with severe bilateral DA depletion.
ats with bilateral 6-OHDA lesions show all of the essen-

ial elements of parkinsonian motor syndromes. However,
he bilateral 6-OHDA lesion is not a common model, since
he animals require intensive nursing care (Ungerstedt,

971). p
In regard to the hyperactivity observed after two to
ight Mn-inhalations (Fig. 5), Nachtman et al. (1986) dem-
nstrate that acute exposure to Mn is associated with DA
eurotransmission increase, which is also manifested as
yperactivity. Shukla and Singhal (1984) reported that
cute exposure to Mn2� causes hyperactivity accompa-
ied by elevated brain levels of catecholamines and their
etabolites. Moreover, Tomas-Camardiel et al. (2002) re-
orted that experimental rats were significantly more active
han control animals in the empty open field after Mn
xposure.

H-immunocytochemistry

ontrary to previous reports (Yamada et al., 1986; Erikson
t al., 1987; Calabresi et al., 2001; Gwiazda et al., 2002;
omas-Camardiel et al., 2002; Olanow, 2004; Liu et al.,
006; Perl and Olanow, 2007; Struve et al., 2007), we
ound an important loss of TH-positive neurons as shown
n Figs. 6 and 7, exhibiting a very similar pattern to that
bserved in PD patients (Damier et al., 1999); according to
ur findings, some authors have been reported neuro-
hemical changes in human and animal Mn intoxication,

ncluding a severe reduction in DA levels in the caudate
ucleus, putamen, and SN (Gupta et al., 1980; Autissier et
l., 1982; Donaldson, 1987; Calne et al., 1994; Pal et al.,
999; Thiruchelvam et al., 2000a,b; Zhang et al., 2003;
istrunk et al., 2007). In this way, it has been hypothesized

hat Mn interacts with catechols specific to dopaminergic
eurons to rapidly deplete them and render such cells no

onger viable (Donaldson et al., 1982; Graham, 1984;
rchibald and Tyree, 1987).

Several explanations have been proposed to elucidate
he vulnerability of dopaminergic neurons to Mn, such as
he impairment of cellular antioxidant defenses by the ac-
umulation of the metal, and the disruption of mitochon-
rial oxidative energy metabolism. This has led to the
onclusion that excessive levels of brain Mn induce oxida-
ive stress leading to neurodegeneration (HaMai et al.,
001). Thus, perhaps the mechanisms of Mn neurotoxicity
re related to its potential for oxidative injury and promo-
ion of DA auto-oxidation (Archibald and Tyree, 1987; Sloot
t al., 1996).

The mechanisms by which the common neurotoxins
ill dopaminergic neurons also involve mitochondrial dys-
unction and oxidative damage. 6-OHDA is taken up by the
opamine active transporter (DAT) and then generates
ree radicals (Permual et al., 1992; Decker et al., 1993).
PTP is converted by monoamine oxidase B to 1-methyl-
-phenylpyridinium (MPP�). MPP� is taken up by DAT
nd can then be accumulated by mitochondria, leading to
omplex I inhibition and the generation of free radicals
Haber et al., 1995). In this way, Hirata et al. (2001) sug-
est that the mechanisms by which Mn produces dysfunc-
ion of the basal ganglia are similar to those of MPTP.

Another possible explanation about the loss of TH-
mmunoreactive cells found here, is that it seems that Mn
eaches first the GP (Calne et al., 1994; Calabresi et al.,
001; Olanow, 2004), and in this way, it has been pro-

osed that lesions of the rat GP result in a significant
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eduction of the number of dopaminergic neurons in the
N (Wright et al., 2004).

It is also worth noting that, although Mn-inhalation
aused significant damage to dopaminergic neurons in the
Nc, the dopaminergic neurons in VTA did not appear to
e affected. It is not clear whether this suggests any se-

ectivity in Mn-induced toxicity between dopaminergic neu-
ons in the SNc and those in the VTA; however, it has been
entioned that Mn enters the neurons possibly via DAT

Hastings et al., 1996; Ingersoll et al., 1999; Erikson et al.,
005; Anderson et al., 2007); DAT has been shown to be

nvolved in the selective neurotoxicity of MPTP (Haber et
l., 1995), 6-OHDA (Permual et al., 1992; Decker et al.,
993) and paraquat and maneb (Thiruchelvam et al.,
000a), where SNc is more susceptible than VTA. It seems
hat dopaminergic cells of the SNc and the VTA display
ifferences in their topography, biochemistry and suscep-

ibility to pathological processes (Blanchard et al., 1994;
hl, 1998), VTA express lower levels of DAT than the
iddle and medial SNc (Blanchard et al., 1994; Haber et
l., 1995; Ciliax et al., 1999), thus it is possible that Mn
eaches SNc dopaminergic cells via the great amounts of
AT found in these neurons, however additional studies
re certainly needed.

Currently available animal models of PD have contrib-
ted greatly of both the pathophysiology and potential
europrotective therapeutics for PD, but as yet we do not
ave the optimal model. At present, MPTP neurotoxicity is

he best available animal model from several standpoints,
nd it has been extremely valuable in testing neuroprotec-

ive and neurorestorative strategies. Nevertheless, the dis-
dvantages of the MPTP model are: acute damage of the
opaminergic system, non-progressive and rare genera-

ion of inclusion bodies (Schober, 2004). Both, 6-OHDA
nd MPTP models differ significantly from the slowly pro-
ressive pathology of human PD (Betarbet et al., 2002). In
ddition, genetic mouse models of PD have previously
een observed to recapitulate some aspects of the disease

n the absence of substantial neuronal loss in the affected
rain sub-regions (Giasson et al., 2002; Goldberg et al.,
003).

The Mn mixture inhalation is extensive enough to in-
uce substantial and stable deficits in spontaneous sen-
orimotor behaviors; and in contrast to the complete nigro-
triatal bundle lesion produced by 6-OHDA, which is the
ost commonly used model in functional experimental

tudies, the Mn inhalation leaves a significant portion of the
igrostriatal projection intact. As in early stages of PD, the
resence of an intact, functioning subportion of the nigro-
triatal system could be important since it may serve as a
ubstrate for regeneration and functional recovery in re-
ponse to growth promoting or neuroprotective agents.

The data described in the present study provide further
vidence that functional deficits following Mn-exposure in
ice can be quantified and are possibly related to nigro-

triatal DA function.
The motor and immunocytochemical discrepancies re-

orted here are probably due to the combination of MnCl /
2

n(OAc)3, since it has been reported that Mn3� is more
otent in producing cell damage and Mn2� needs the
resence of Mn3� to reach oxidation, and that there is a
ynergy between the two Mn states (HaMai and Bondy,
004), and so far, there is no research that has included
his mixture; moreover, the route of exposure seemingly
nfluenced the Mn neurotoxicity, since it has been pro-
osed that inhalation is more efficient than other routes at
ransporting Mn to the brain (Roels et al., 1997). Therefore,
e consider that the inhalation of MnCl2/Mn(OAc)3 mixture
ould be an appropriate PD model, although further anal-
ses are required. It is important to verify: DA concentra-
ions in the SN, GP and striatum; determine whether or not
he motor alterations are reverted by L-DOPA treatment;
nd guarantee that the behavioral alterations are due to
opaminergic nigrostriatal depletion.
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