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Abstract

Methylcyclopentadienyl manganese tricarbonyl (MMT) is an organic manganese (Mn) compound added to unleaded gasoline in Canada.
The primary combustion products of MMT are Mn phosphate, Mn sulfate, and a Mn phosphate/Mn sulfate mixture. Concerns have been
raised that the combustion products of MMT containing Mn could be neurotoxic, even at low levels of exposure. The objective of this study
is to investigate exposure-response relationships for bioaccumulation and locomotor effects following subchronic inhalation exposure to a
mixture of manganese phosphates/sulfate mixture. A control group and three groups of 30 male Sprague-Dawley rats were exposed in
inhalation chambers for a period of 13 weeks, 5 days per week, 6 h a day. Exposure concentrations were 3000, 300, and 30 �g/m3. At the
end of the exposure period, locomotor activity and resting time tests were conducted for 36 h using a computerized autotrack system. Rats
were then euthanized by exsanguination and Mn concentrations in different tissues (liver, lung, testis, and kidney) and blood and brain
(caudate putamen, globus pallidus, olfactory bulb, frontal cortex, and cerebellum) were determined by neutron activation analysis. Increased
manganese concentrations were observed in blood, kidney, lung, testis, and in all brain sections in the highest exposure group. Mn in the
lung and in the olfactory bulb were dose dependent. Our data indicate that the olfactory bulb accumulated more Mn than other brain regions
following inhalation exposure. Locomotor activity was increased at 3000 �g/m3, but no difference was observed in resting time among the
exposed groups. At the end of the experiment, rats exposed to 300 and 3000 �g/m3 exhibited significantly decreased body weight in
comparison with the control group. Biochemical profiles also revealed some significant differences in certain parameters, specifically
alkaline phospatase, urea, and chlorate.
© 2003 Elsevier Inc. All rights reserved.

Keywords: Manganese phosphate/sulfate mixture; Inhalation exposure; Sprague-Dawley rats; Bioaccumulation; Locomotor activity

Introduction

Methylcyclopentadienyl manganese tricarbonyl (MMT)
is one of the main sources of inorganic manganese (Mn)

contamination in urban air, mainly in areas with high traffic
density (Joselow et al., 1978). The main combustion prod-
ucts of MMT are essentially Mn-phosphate, Mn-sulfate, and
a Mn-phosphate/sulfate mixture (Zayed et al., 1999). Expo-
sure to high concentrations of atmospheric Mn can lead to
adverse health outcomes, notably respiratory and neurolog-
ical effects. Exposure to concentrations of �1 mg of Mn/m3

among miners and other industrial workers has been shown
to persuade adverse respiratory, neurological, and reproduc-
tive effects (Iregren, 1999). The clinical syndrome of man-
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ganese neurotoxicity (manganism) can be divided into an
early phase characterized by obvious mood and behavior
changes, and a later stage somewhat similar to Parkinson’s
disease that is characterized by dystonia and severe gait
disorder (Pal et al., 1999). However, little is known about
the potential health effects that may result from long-term
low-level exposure of populations through ambient air. Cer-
tain subpopulations such as children and patients with
chronic liver disease could be more susceptible to different
levels of Mn contamination.

It is clear that the route of exposure can influence the
distribution, metabolism, and potential for neurotoxicity of
Mn-containing compounds (Roels et al., 1997). Inhalation
exposure is more efficient than ingestion at transporting Mn
to the brain. Pharmacokinetic factors that may contribute to
the increased efficiency of brain Mn delivery following
inhalation include greater Mn absorption from the lungs and
slower clearance of absorbed Mn from the circulation
(Andersen et al., 1999). Moreover, inhalation exposure to
soluble forms of Mn results in higher brain Mn concentra-
tion compared with insoluble form of Mn (Dorman et al.,
2001). One study has shown that after intratracheal instil-
lation, a surrogate for inhalation exposure, Mn concentra-
tions were higher in brain following the administration of
the soluble salt MnCl2, than following the administration of
the insoluble oxide MnO2. Striatal Mn concentrations in-
creased by 205% and 48% following MnCl2 and MnO2

administration, respectively (Roels et al., 1997).
The main brain target for Mn toxicity is the basal ganglia

(caudate nucleus, globus pallidus, and putamen), which is
involved in motricity. Disturbances of the basal ganglia can
lead to unintentional contraction of the skeletal muscles,
such as tremor and muscular rigidity, as in Parkinson’s
disease. Few studies have been conducted to describe the
distribution of brain Mn following inhalation of different
Mn species, the main route by which Mn intoxication occurs
in workers. It seems likely that the neurotoxicity of inhaled
Mn may be related to an uptake of this metal into the brain
via olfactory neurons. The olfactory bulb in rats plays a
significant role in the uptake of inhaled Mn and subsequent
delivery to the brain (Tjälve and Henriksson, 1999). How-
ever, the route of delivery of Mn to the brain is not clear in
human. The primary objective of this study is to determine
the effects of subchronic exposure to an Mn phosphate/
sulfate mixture on Mn tissue concentrations and locomotor
activity.

Material and method

Chemicals. Manganese phosphate/sulfate mixture, a fine crys-
talline powder, which includes Mn5(PO4)2(PO3(OH))24H2O
hureaulite mineral form, and manganese (II) sulfate mono-
hydrate (MnSO4 · H2O), were obtained from Alfa Aesar
(Johnson Matthey Company) and combined 50/50 (wt/wt).
The chemistry of the mixture was confirmed by scanning

electron microscopy (SEM) and energy dispersive x-ray
spectrometry (EDS). Mn in both compounds has the same
oxidation state (II). Whereas manganese sulfate is relatively
water soluble, manganese phosphate is insoluble.

Animals. A total of 120 six-week-old male Sprague-Dawley
rats weighting 125–150 g were purchased from Charles
River Laboratories (St. Constant, Quebec, Canada) and
marked on the tail for identification purposes. Rats were
acclimated for approximately 2 weeks in HEPA-filtered air.
Animals were given NIH-07 chow ad libitum when they
were not exposed. All experiments were undertaken with
the consent of the animal ethics committee of the University
of Montreal, and were conducted in accordance with the
guidelines set out by the Canadian Council on Animal Care.
Rats were individually housed in a polycarbonate cage with
stainless steel wire lids under constant conditions of tem-
perature and humidity, with 12:12-h day/night cycles. The
subjects were randomly divided into four groups with 30
animals in each group for two different periods. Body
weight and food and water consumption were measured
weekly.

Inhalation exposure. A control group and three groups of 30
male Sprague-Dawley rats each were respectively exposed
to 3000, 300, and 30 �g/m3 manganese phosphate/sulfate
mixture. Exposure was conducted in two inhalation cham-
bers with a total volume of 1 m3 each (Hazelton Systems
Company, Inc., Kalamazoo, MI) over 13 consecutive
weeks, 5 days per week, 6 h/day. The chamber received
(HEPA) filtered air and was maintained at a constant tem-
perature (22–25°C) and relative humidity (25–40%)
throughout the study. Mn aerosol was generated by a Flu-
idized Bed Aerosol Generator (Model 3400, TSI Inc., St.
Paul, MN) with a flow rate of 200–250 L/min. Stainless
steel ASME pressure tanks were used to obtain fine parti-
cles. Concentrations were verified continuously by using a
Dust Track (Model 8520) aerosol monitor. In both cham-
bers, air samples were collected on a daily basis to monitor
Mn concentrations, using a sampling system consisting of
Gilian pumps (Gilian Corp., West Caldwell, NJ) with stan-
dard three-piece cassettes and 37-mm-diameter filters. The
filters were Teflon (manufactured for SKC Inc., Gelman
Sciences, Ann Arbor, MI) 0.45-�m pores. Pumps were used
at a constant flow rate of 1.5 L/min. The flow rate was
calibrated each day with a Gilibrator (Gilian Corp., West
Caldwell, NJ). The particle size distribution of manganese
phosphate/sulfate mixture was measured by using a six-
stage Marple Personal Cascade impactor (Series 290). Rats
were individually housed during the nonexposure period
and were weighed weekly. Food and water were available
ad libitum when the rats were not exposed.

Locomotor activity assessment. Four hours after the last Mn
inhalation exposure, the rats were tested for motor activity.
A computerized Auto-Track System (Columbus instru-
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ments, OH, USA) was used to measure locomotor activity
for a period of 36 consecutive hours. This system consists of
a 15 � 15 infrared beam array with an interbeam distance of
2.4 cm along the x and y axes. Data were collected every
0.1 s and the motor activity categorized as distance traveled
by rats and resting time. The system was installed in a quiet
isolated room with 12-h light/12-h dark cycles.

Tissues concentrations. Following locomotor activity as-
sessment, rats were anesthetized in a glass-walled container
containing a pad soaked with metofane, an inhalation anes-
thetic. As soon as the animals were anesthetized, they were
euthanized by exsanguination and the following tissues and
organs weighed and analyzed: liver, lung, kidneys, testis,
and one hemisphere of the brain (olfactory bulb, globus
pallidus, caudate/putamen, frontal cortex, and cerebellum).
Blood samples were taken from the abdominal aorta for
chemical and biochemical analyses and determination of
Mn concentrations.

Chemical analysis. Mn concentrations in blood, food, wa-
ter, and tissues were measured by INNA (Kennedy, 1990)
using a flue nuclear reactor and an EG&G Ortec (Model
DSPec) digital gamma-ray spectrometer incorporating a
high-resolution large-volume germanium detector. The po-
tential interference from Fe was reduced by irradiating sam-
ples in a more thermalized neutron spectrum, verified, and
corrected for blood.

Biochemical profile. Blood samples were collected from the
abdominal aorta of anesthetized rats. Blood serum was ob-
tained by centrifugation at 4°C for 15 min at 3000 g. The
biochemical tests were performed by using standard tech-
niques for glucose, urea nitrogen, serum creatinine, biliru-
bin, transaminases (AST and ALT), and alkaline phospha-
tases (ALP).

Statistical analysis. The Dunnett T3-test was used to com-
pare among all pair treatment groups for mean concentra-
tions of Mn in blood, kidney, liver, lung, and testis. A
similar analysis was conducted for Mn concentrations in
different regions of the brain (cerebellum, frontal cortex,
globus pallidus, caudate putamen, and olfactory bulb),
motricity (distance travelled and resting time), the 10 serum
biochemical parameters, and body weight in each of the four
treatment groups. Homogeneity of variances for the treat-
ment groups was assessed by using Levene’s test. All anal-
yses were performed by using SPSS statistical software
(version 11.0). The level of statistical significance was set at
P � 0.05 for the set of six pairwise comparisons performed
among the treatment groups using Dunnett’s test. Data are
presented as group means � standard deviation (SD).

Results

Mn in the inhalation chamber

The average Mn concentrations obtained in this study
were 34.8 � 9.2, 290.8 � 76.8, and 2841 � 529 �g/m3 for
target concentrations of 30, 300, and 3000 �g/m3 of Mn
phosphate/sulfate mixture, respectively. Based on the cas-
cade impactor, 80% of the Mn phosphate/sulfate mixture
particles in the inhalation chamber were smaller than 1.55
�m in aerodynamic diameter (Table 1). Overall mean daily
chamber temperatures ranged at 22–25°C, and relative hu-
midity ranged at 25–40%. The results indicated that 33% of
particles were found to be agglomerated, while 44% and
23% of free particles were Mn phosphate and Mn sulfate,
respectively.

Tissue concentrations

Tissue Mn concentrations are presented in Table 2. Ele-
vated lung Mn concentrations were observed following ex-
posure to 30, 300, and 3000 �g/m3 Mn. Mn accumulation in
the lung increased in a dose-dependent manner. Increased
testis Mn concentrations were observed following inhala-
tion exposure at 300 and 3000 �g/m3. Mn concentrations
were elevated in blood and kidney only in rats exposed to
the highest level of Mn (3000 �g/m3). Liver Mn concen-
trations were unaffected at all exposure levels.

Brain tissue manganese concentrations are shown in Ta-
ble 3. Mn concentrations in olfactory bulb increased in a
dose-dependent manner. In addition, Mn concentrations in
the caudate putamen and globus pallidus were significantly
increased following exposure to 300 and 3000 �g/m3. Mn
concentration in the cerebellum and frontal cortex were
elevated only in rats exposed to the highest level (3000
�g/m3). Mn concentrations were in the range of 0.56–0.83
�g/g in cerebellum, 0.61–1.56 �g/g in the globus pallidus,
0.62–1.19 �g/g in the caudate putamen, 0.58–0.98 �g/g in
the frontal cortex, and 0.46–2.32 �g/g in the olfactory bulb.
The highest average Mn concentrations in exposure animals

Table 1
Percentage of manganese phosphate/sulfate mixture distribution in the
inhalation chamber as a function of particle size

Particle size (�m) Percentage (%)

6.0–9.8 6.6 � 2.7
3.5–6.0 6.2 � 0.9
1.55–3.5 7.1 � 0.1
0.93–1.55 12.7 � 2.8
0.52–0.93 40.8 � 5.1
� 0.52 17.3 � 1.8
B-Fa 9.3 � 6.8

a B-F, backup filter.
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were observed in the olfactory bulb, and the lowest in the
cerebellum.

Body weight

There was a significant reduction (P � 0.05) in body
weight after 13 weeks at the two highest levels of exposure
(Fig. 1). No significant difference in food intake was ob-
served among the different exposed groups. The average
Mn concentrations in food and water were 100 �g/g and
0.00002 �g/L, respectively.

Locomotor activity assessment

Locomotor activity was assessed in term of the resting
time (RT) and distance traveled (DT). After 36 h, DT was
founded to be significantly increased after exposure to 30
and 3000 �g/m3 Mn, although there was no difference at
300 �g/m3 Mn. No significant difference in RT was ob-
served among the exposed groups (Table 4).

Blood biochemical analysis

Table 5 summarizes the biochemical test results. Glu-
cose, sodium, chlorate, urea, and ALP levels were signifi-
cantly different in the animals exposed to highest level of
the Mn mixture.

Discussion

Different MMT combustion products are produced de-
pending on fuel combustion and engine and catalytic con-
verter thermodynamics. It is now well accepted that Mn is
emitted from the tailpipe primarily as a mixture of Mn
phosphate and Mn sulfate particles, with size ranging be-
tween 0.2 and 10 �m in aerodynamic diameters (Zayed et
al., 1999). In the present study, 100% of the particles were
�10 �m, while 87% were �3.5 �m.

In this study, equal weights of Mn phosphate and Mn
sulfate were introduced into the inhalation chambers; how-
ever, subsequent analysis of air samples by electron micro-
scope showed that 33% of particles were agglomerated,
while 44% and 23% of free particles were Mn phosphate
and Mn sulfate, respectively. This apparent discrepancy
between number of particles and mass can be explained if
one considers the different densities of the two compounds;
1.32 g/cm3 for Mn sulfate and 0.76 g/cm3 for Mn phosphate
(Beaupré et al., 2003). The particle size distributions of the
two compounds in the inhalation chamber were found to be
approximately the same. Thus, the Mn phosphate parti-
cles have lower mass, and more of them are needed to
give the same total mass as Mn sulfate. That the ratio of
the number of particles of the two compounds in this
study was not 50-50 should be of no importance to the
effects observed on the rats. Any effects should depend

Table 2
Mean manganese concentrations (�g/g � SD) in different tissues and blood following subchronic (90 days) inhalation exposure to a manganese
phosphate/sulfate mixture

Tissue Exposure concentration

Control (n � 26) 30 �g/m3 (n � 25) 300 �g/m3 (n � 29) 3000 �g/m3 (n � 29)

Blood 0.005 � 0.007 0.006 � 0.004 0.008 � 0.002 0.018 � 0.006a,b,c

Kidney 1.01 � 0.13 1.03 � 0.20 1.06 � 0.12 1.37 � 0.15a,b,c

Liver 2.22 � 0.35 2.23 � 0.35 2.27 � 0.38 2.32 � 0.42
Lung 0.17 � 0.03 0.42 � 0.08a 2.15 � 0.5a,b 5.97 � 1.72a,b,c

Testis 0.30 � 0.06 0.34 � 0.02 0.36 � 0.03a 0.42 � 0.02a,b,c

a Significantly different from the control group (P � 0.05).
b Significantly different from the 30 �g/m3 group (P � 0.05).
c Significantly different from the 300 �g/m3 group (P � 0.05).

Table 3
Mean manganese concentrations (�g/g � SD) in brain regions after subchronic (90 days) inhalation exposure to manganese phosphate/sulfate mixture

Brain region Exposure concentration

Control (n � 26) 30 �g/m3 (n � 25) 300 �g/m3 (n � 29) 3000 �g/m3 (n � 29)

Cerebellum 0.56 � 0.15 0.57 � 0.04 0.60 � 0.04 0.83 � 0.07a,b,c

Frontal cortex 0.58 � 0.20 0.59 � 0.08 0.64 � 0.14 0.98 � 0.32a,b,c

Globus pallidus 0.61 � 0.15 0.63 � 0.04 0.81 � 0.08a,b 1.56 � 0.40a,b,c

Caudate putamen 0.62 � 0.2 0.57 � 0.03 0.74 � 0.11b 1.19 � 0.11a,b,c

Olfactory bulb 0.46 � 0.07 0.61 � 0.05a 1.32 � 0.16a,b 2.32 � 0.25a,b,c

a Significantly different from the control group (P � 0.05).
b Significantly different from the 30 �g/m3 group (P � 0.05).
c Significantly different from the 300 �g/m3 group (P � 0.05).
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on the mass of compound absorbed, not on the number of
particles inhaled.

Routes of exposure are known to affect the pharmacoki-
netics of Mn (Anderson et al., 1999), and inhalation is more
efficient than ingestion at delivering Mn to the brain region.
In rats, increases in brain Mn delivery were observed with
inhalation exposure following Mn absorption from the pul-
monary tract and direct transport of Mn to the central
nervous system along the olfactory nerve (Brenneman et al.,
2000). Even if inhalation is not the primary route of expo-
sure to Mn, it can play an important role in central nervous
system toxicity. Dorman et al. (2002) have studied whether
dietary Mn intake influences the pharmacokinetics of in-
haled Mn. The results of their study show that animals
maintained on either a Mn-deficient or a high Mn diet do not
appear to exhibit elevated brain Mn concentrations follow-
ing inhalation exposure to a high level of Mn. Also, there is
no evidence of adverse effects following dermal exposure to
inorganic Mn (ATSDR, 2000)

Rats exposed to Mn in mixture form in our study had
lower Mn concentrations in lung compared with levels in
rats exposed to either Mn sulfate following inhalation at
3000 �g/m3 (Dorman et al., 2001) or Mn phosphate at the
same concentration (Vitarella et al., 2000; Normandin et al.,
2002). These results suggest that the mixture is more rapidly
cleared from the lung than other Mn compounds. The Mn
phosphate/sulfate mixture is more water- soluble than Mn
phosphate due to the water solubility of Mn sulfate. Accu-
mulation of Mn phosphate/sulfate mixture in the lung is
dose dependent, similar to previous reports by Vitarela et al.
(2000) and Normandin et al. (2002) after inhalation exposure
to Mn phosphate at 3000 �g/m3. This characteristic is impor-
tant since the rate of clearance from the lung is known to
influence metal delivery to the brain and other organs. In a
study by Rhoads and Sanders (1985), a number of metal
compounds that were more quickly cleared from the lungs
were retained for longer periods at other sites in the body, from
which they could potentially exert their toxic effects.

Fig. 1. Mean body weight of rats following subchronic (90 days) inhalation exposure to a manganese phosphate/sulfate mixture.

Table 4
Mean distance traveled and resting time over 36-h period after subchronic (90 days) inhalation exposure to manganese phosphate/sulfate mixture

Locomotor activity Exposure concentration

Control (n � 26) 30 �g/m3 (n � 25) 300 �g/m3 (n � 29) 3000 �g/m3 (n � 29)

Distance traveled (m) 875 � 180 1206 � 94a 928 � 127 1398 � 104a,b

Resting time (h) 31.9 � 9 31.7 � 5 31.9 � 8 32.4 � 6

a Significantly different from the control group (P � 0.05).
b Significantly different from the 300 �g/m3 group (P � 0.05).

268 F. Salehi et al. / Toxicology and Applied Pharmacology 191 (2003) 264–271



A significant increase in blood Mn concentration for rats
exposed to 3000 �g/m3 was observed. The elevated blood
Mn concentration following exposure to Mn phosphate/
sulfate mixture could be because the mixture is rapidly
cleared from the lungs and after enters to the blood stream
(Dorman et al., 2001). In comparison with Mn phosphate,
testes also displayed a different response after exposure to
Mn mixture. Groups exposed to 300 and 3000 �g/m3 had
significantly higher testes Mn concentrations compared to
the control group. This finding is in agreement with the
study Dorman et al. (2001) in which animals were exposed
to high levels of Mn sulfate. Exposure of laboratory animals
to high levels of Mn has been associated with a variety of
reproductive effects, including evident histopathologic and
biochemical changes in the somniferous tubule (Chandra,
1971; Imam and Chandra, 1975; Murthy et al., 1980).

Studies conducted by Dorman and colleagues (2001)
have confirmed that delivery of inhaled Mn to the brain is
influenced by particle solubility. Moreover, animals ex-
posed to a high level of the soluble sulfate form had signif-
icantly higher brain Mn concentrations compared with lev-
els achieved following exposure to the insoluble tetroxide or
phosphate forms. Our data indicate a significant difference
in brain Mn concentration in cerebellum, frontal cortex,
globus pallidus, caudate putamen, and olfactory bulb in rats
exposed to the highest level (3000 �g/m3) of Mn compared
to the reference group. Mn concentration in the olfactory
bulb was dose dependent. Also, Mn concentrations in the
globus pallidus and caudate putamen were higher than those
reported by Vitarella et al. (2000) following exposure to Mn
phosphate (Normandin et al., 2002) and metallic Mn
(St-Pierre et al., 2001).

Absorbed Mn is transported to other organs via the
iron-binding protein transferrin, �2-macroglobuline, and al-
bumin. Mn readily crosses the blood-brain barrier and is

largely distributed to the central nervous system (Aschner et
al., 1999). Following chronic exposure to a high level of Mn
in humans and other primates, the metal preferentially ac-
cumulates in the thalamic nuclei, substantia nigra, pallidum,
and other brain regions that also accumulate iron (Barbeau
et al., 1976; Hill and Switzer, 1984). In normal plasma
concentrations, Mn enters the brain mainly across the cere-
bral capillaries. Since Mn plasma concentration increases,
entry of Mn across the choroids plexus becomes more
important (Murphy et al., 1991). Intranasally administered
Mn may circumvent the blood-brain barrier and then pass
directly into the central nervous system via olfactory path-
ways (Tjälve et al., 1996), increasing its bioavailability to
the brain (Frumkin and Solomon, 1997). A fraction of
inhaled Mn is likely to reach cerebral target sites before
hepatic clearance (Roels et al., 1997).

Our data show that Mn concentrations in the olfactory
bulb and other brain regions were elevated. This is in agree-
ment with Dorman et al. (2001), who showed that an in-
haled metal could be delivered directly to the brain via the
olfactory nerve. These data indicate that following inhala-
tion of Mn, Mn concentration achieved in the olfactory bulb
is significantly higher than that observed in either the stri-
atum or the cerebellum, lending additional support to the
direct olfactory transport theory. In the rat, the olfactory
bulb comprises a relatively large section of the central
nervous system, and the nasal olfactory mucosa cover
roughly 50% of the total nasal epithelium (Gross et al.,
1982). In humans these structures are proportionately
smaller than in rats. It has been suggested that if this route
of brain delivery is operative in humans, it might be less
important in humans than in rats (Dorman et al., 2001).
Nevertheless, our results show that Mn concentration in the
olfactory bulb is at least 50% higher than all other brain
tissues when rats are exposed to 3000 �g/m3. Moreover,
after such exposure, tissue concentration for the olfactory

Table 5
Biochemical parameters in serum following subchronic (90 days) inhalation exposure to a manganese phosphate/sulfate mixture

Biochemical parameter Exposure concentration

Control (n � 26) 30 �g/m3 (n � 25) 300 �g/m3 (n � 29) 3000 �g/m3 (n � 29)

Glucose (mmol/L) 11.6 � 2.3 9.8 � 0.97a 10.5 � 1.7 9.8 � 1.7a

Creatinine (�mol/L) 54.2 � 4.5 54.3 � 2.1 52.1 � 3 53 � 2.9
Sodium (mmol/L) 139.3 � 1.8 144.8 � 1.6a 143.1 � 3.1a 142.5 � 2.2a

Potassium (mmol/L) 5.1 � 0.4 4.9 � 1.1 5.3 � 1.1 5.8 � 0.9
Chlorate (mmol/L) 100.9 � 2.1 104.6 � 1.7a 104.1 � 1.8a 103.2 � 1.4a

Bilirubin (�mol/L) 3.5 � 0.9 4.0 � 0.6 3.9 � 0.7 3.7 � 1.2
Urea (mmol/L) 5.6 � 0.7 6.3 � 0.6a 5.7 � 0.6b 6.4 � 0.6a,c

AST (U/L)d 77.8 � 21.2 88.4 � 18.5 70.5 � 17.3 72.9 � 17.2
ALT (U/L)e 43.3 � 8.2 53.8 � 15.5 48.6 � 7.3 51.8 � 15.5
Alkaline Phosphatase (U/L) 113.6 � 34.7 140.9 � 42 180.1 � 49.4a 183.8 � 51.3a

a Significantly different from the control group (P � 0.05).
b Significantly different from the 30 �g/m3 group (P � 0.05).
c Significantly different from the 300 �g/m3 group (P � 0.05).
d Asparate aminotransferase.
e Alanine aminotransferase.
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bulb increased by 504%, in comparison to 255%, 191%,
169%, and 148% for the globus pallidus, the caudate puta-
men, the frontal cortex, and the cerebellum, respectively.

Analysis of the biochemical parameters revealed some
significant differences in sodium, glucose, chlorate, and
urea in the blood of rats exposed to the highest level of Mn
mixture (3000 �g/m3), which can lead to levels that can
result in kidney failure (Murry et al., 1995). In our study,
rats exposed to 300 and 3000 �g/m3 also had higher levels
of ALP compared to the control group, which is suggestive
of liver dysfunction (Murry et al., 1995). However, modi-
fication of AST, ALT, and total bilirubin, which are indic-
ative of liver malfunction, was not apparent in this study.

Rats exposed to 300 and 3000 �g/m3 Mn phosphate/
sulfate mixture exhibited a significant decrease in mean
body weight compared to the control group. This finding is
quite different from other results reported by our research
group for metallic Mn (St-Pierre et al., 2001) and Mn
phosphate (Normandin et al., 2002). However, other studies
have reported decreasing body weight following Mn expo-
sure (Brenneman et al., 1999). There were no significant
differences among groups in total mean food consumption.

Our data indicate a significant effect of Mn on locomotor
activity. We observed that exposure led to a significant
increase in distance traveled for the groups exposed to 30
and 3000 �g/m3 compared to the control group. However,
there were no significant differences in resting time. The
increase in locomotor activity appeared to be associated
with increased Mn concentration in the brain. Similarly, in
a study where rats were exposed to 0.1 or 5.0 mg/ml of
MnCl2 in drinking water for 8 months, a significant increase
in spontaneous motor activity was noted in the first month.
Nevertheless, during months 2 to 5 rats showed normal
activity, with a significant decrease in motricity in months 6
to 8 (Bonilla, 1984). Rats exposed to Mn orally were sig-
nificantly more active than controls in the empty open field,
and also did not show habituation (Calabresi et al., 2001).

The mechanisms by which Mn exerts its effect on loco-
motor activity appers to be related to the accumulation of
Mn in the brain. Brain Mn deposition is region selective,
being predominant in the basal ganglia, which is involved in
the control of movement and some cognitive functions.
Other than in the olfactory bulb, brain Mn deposition is
mainly in the caudate putamen and globus pallidus, which
corresponds to the onset of neurological outcomes. The
differences in spontaneous motor activity may be explained
by the alterations in dopamine transmission associated with
Mn toxicity. Acute exposure to Mn is associated with an
increase in dopamine neurotransmission, which is also man-
ifested as hyperactivity. Nevertheless, long-term exposure
results in a loss of dopamine in the brain, and the concom-
itant neuronal cell damage could be expressed as an increase
in motor activity (Nachtman et al., 1986; Bonilla, 1984).
Calabresi et al. (2001) reported that Mn-treated rats exhib-
ited a complex behaviour syndrome in the absence of sig-

nificant striatal neuronal loss and gliosis, and were signifi-
cantly more active than controls.

Clinical studies have revealed that psychiatric symptoms
might emerge in the early phase of manganism in the ab-
sence of motor effects. However, the latter disorders are
more commonly reported in the recognized stage. Motor
effects have been attributed to basal ganglia dysfunction,
whereas the involvement of other motor systems such as
cerebellum or cortex is considered unlikely (Calne et al.,
1994). The mechanisms underlying early emotional disor-
ders are more difficult to investigate and remain unknown.
It is clear that neuronal loss in manganism is most signifi-
cant in the globus pallidus, which may lead to impaired
movement (Olanow et al., 1996). Although the present
study has demonstrated an adverse effect of Mn on loco-
motor activity, the mechanism by which this occurs requires
further investigation. In a subsequent article, we will report
on the results of ongoing research on Mn damage on neu-
ronal cells.

In conclusion, the present study demonstrated bioaccu-
mulation of Mn in different brain regions, particularly in the
basal ganglia, and neurobehavioral changes, similar to those
described in cases of human manganism. The American
Conference of Governmental Industrial Hygienists is plan-
ning to decrease the respirable Mn thresold limit values
(TLV) from 200 to 30 �g/m3 (ACGIH, 2002), a level at
which a significant increase of Mn accumulation in the
olfactory bulb and locomotor activity was observed in this
study. Structural alteration of brain tissue is known to be
associated with increased brain Mn concentrations follow-
ing inhalation exposure to Mn in animals.

Nevertheless, in experimental animal models, specially
rodents, very high concentrations of Mn are necessary to
produce neurological effects, suggesting that rodents are
less susceptible than humans to Mn neurotoxicity. Exten-
sive use of MMT in gasoline, leading to Mn emissions in the
atmosphere, may represent a significant source of exposure
to inorganic Mn in urban areas with high traffic density.
Since very few studies have been carried out to assess the
neurotoxic effects associated with inhalation exposure to
Mn, particularly with Mn species related to MMT combus-
tion, additional research is needed to clarify the toxicity of
Mn by respiration.
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