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Abstract

Parkinson’s disease (PD) experimental models are crucial in the assessment of possible 
therapies. Nevertheless, even though PD was one of the first neurodegenerative conditions 
to be modeled, there are limitations such as spontaneous recovery; lack of bilateral damage, 
which is a PD characteristic; animal intensive care after neurotoxin administration; and 
ultrastructural and biochemical nonspecific alterations but mostly the neurodegenerative 
time course observed in humans. In this chapter, we investigated the effects of divalent and 
trivalent manganese inhalation on rats and mice to obtain a novel PD animal model induc-
ing bilateral and progressive dopaminergic cell death. We found that after 5 or 6 months 
of inhalation, there was more than 70% decrease in the number of TH-immunopositive 
neurons, and these alterations are correlated with an evident motor performance deficits 
manifested as akinesia, postural instability, and action tremor. More interesting is the 
fact that these alterations were reverted with l-DOPA treatment, implying that the motor 
alterations are associated with nigrostriatal dopaminergic innervation, postulating new 
light for the understanding of manganese neurotoxicity as an appropriate PD experimen-
tal model. Our results are contributing to the development of a suitable PD animal model, 
reproducible, sensitive, time-efficient, and readily applicable behavioral tests.

Keywords: Parkinson’s disease experimental model, rodents, manganese inhalation, 
dopaminergic cell loss
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1. Introduction

The typical motor symptoms of Parkinson’s disease (PD) (akinesia, bradykinesia, rigidity, 

tremor, and postural abnormalities) are related to the loss of nigral dopaminergic cells and 

decay in caudate-putamen dopamine (DA) content that led to the introduction of DA replace-

ment therapy [1]. Consequently, there has been a fundamental role for PD animal models in 

developing new approaches treating this disease, in innovative treatment strategies, and in 

understanding the nature of the pathogenic processes involved in the dopaminergic neuronal 

loss [1, 2].

Several models display many of the distinctive features of the disease; however, none resem-

bles the complex chronic neurodegenerative features observed in human PD. 1-methyl-4-phe-

nyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA) are considered as 

neurotoxicants that rapidly and selectively kill dopaminergic neurons (in 1–3 days), while in 

PD patients, the disease is progressive [3].

Emborg [4] declares that a representative animal model must present pathology and behav-

ioral manifestations that match the disease, involving its temporal path. The more the similar-

ity of a model is to PD, the bigger the predictive strength for clinical efficacy will be.

The results regarding manganese (Mn) as an experimental PD model have been studied since 

its toxicity (commonly called manganism) shares neurological symptoms with numerous 

clinical disorders frequently described as “extrapyramidal motor system dysfunction,” and, 

in particular, idiopathic PD [5–7]. Manganism is associated with high brain levels of Mn, pri-

marily in those areas known to contain high concentrations of nonheme iron, particularly the 

striatum, globus pallidus (GP), substantia nigra compacta (SNc), and subthalamic nuclei [8].

There is some disagreement on the alterations induced by Mn; while some researchers 

reported that Mn alters nigrostriatal dopaminergic levels and produces a Parkinson-like 

disorder [9–12], other authors confirmed that Mn alterations are related to different aspects 
to those associated to PD in both etiology and pathology [13, 14] especially in the remark-

able SNc dopaminergic cell conservation [15–19]. As stated by Calne et al. [5], Lu et al. [16], 

and others [20–22], the most important between these differences is the absence of clinical 
response to l-DOPA.

However, studies have reported ostensibly contradictory results on the dopaminergic effects 
of Mn (see Gwiazda et al. [23] and Guilarte [24] for review), including decrease [9, 25–28], 

increase [11, 29], both [30], or no modification [15, 31, 32] in SNc or striatum DA levels in 

Mn-exposed animals, probably indicating differences in exposure procedures on DA conse-

quences. These inconsistencies might disclose changes in the route of exposure, magnitude, 

duration, Mn compound or concentration, experimental animals’ species, age, etc., among 

investigations, revealing the complexity of Mn toxicity and suggesting that the features that 

cause the toxicity are not entirely recognized.

It appears that lesser dosages of Mn augmented DA and its metabolite concentrations, 

whereas the inverse was detected with more significant Mn concentrations [30, 32]. Similarly, 
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it has been proposed that higher Mn dosages can drastically accelerate DA and other catechol-

amine oxidation, which concomitantly intensify reactive oxygen species formation of [33–35].

It seems that both trivalent and divalent Mn can be carried to the CNS through the brain 

barriers [36, 37]. Mn2+ is transferred into brain choroidal epithelial and capillary endothelial 

cells through nramp2 (DMT-1) or by divalent cation transporter DCT-1 [38]. On the other 

hand, trivalent Mn bound to transferrin is transported across the brain barriers via the recep-

tor-mediated endocytosis [37]. Mn is then liberated into the endothelial cells by endosomal 

acidification [21], then is transported to the abluminal cell exterior for release into the extracel-

lular fluid. Finally, it is delivered to the glial cells and neurons, for usage and storage [39]. It 

has been demonstrated that Mn inhibits complex I in the mitochondria altering the oxidative 

phosphorylation process. Also, it appears that trivalent Mn is more effective in inhibiting 
complex I than divalent Mn [40–43] and accelerating ferrous iron oxidation. Mn3+ increased 

facility to provoke oxidative stress has been established in rats treated with either Mn chloride 

[MnCl
2
 (Mn2+)] or Mn acetate [Mn(OAc)

3
 (Mn3+)] [41]; these researchers state that 1–1000 μM 

MnCl
2
 induced increased reactive oxygen species in striatum, while Mn(OAc)

3
 produced 

comparable results at significantly lower dosages (1–100 μM). Therefore, the Mn valence and 
metabolism appear to determine its toxicity.

Thus, since it has been suggested that trivalent Mn is more effective in producing oxidative 
stress and divalent Mn requires Mn3+ to induce oxidation and that there is an interaction 

between the two Mn compounds, this study examines Mn2+/Mn3+ mixture inhalation effects 
on rats and mice to produce a unique PD experimental model provoking SNc dopaminer-

gic cell death, progressive and bilateral, associating those changes with motor alterations. 

Moreover, we sought to determine if after Mn inhalation the motor alterations improve with 

l-DOPA treatment to ensure that the alteration’s origin is dopaminergic.

2. Methods

Animals: 45 CD-1 male mice weighing 33 ± 2 g and 45 male Wistar rats weighing 180 ± 10 g 

were individually housed in hanging plastic cages under controlled light conditions (12 h 

light/dark regime) and fed with Purina Rodent Chow and water ad libitum (except the days 

of reaching task evaluation). The animals were weighed daily. The experiment was done 

according to the NIH Guide for the Care and Use of Laboratory Animals (No. 80-23 1996), 

Guide for Care and Use of Laboratory Animals certificated by SAGARPA-Mexico (NOM-062-
ZOO-1999, Mexico) and approved by the Institutional Committee of Animal Care (UNAM). 
We made all attempts to reduce the number of rodents used and their distress.

2.1. Motor behavior

Before Mn exposure, all rodents were taught and trained for motor performance. Assessment 

and training were accomplished through the lighted part of the cycle, at the same hour every 

day. For the reaching task, the animals were kept without food to 90% of average body weight 
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for 24 h and received controlled quantities of food pellets once a day to sustain body weight 

and deprivation state. Behavior analyses were conducted the days the animals did not inhale. 

Each animal was tested once a week, a different day for each test.

2.2. The reaching task

The mouse reaching box was 19.5 cm × 8 cm and 20 cm high. A 1-cm vertical slot ran up the 

front of the box. A 0.2-cm-thick plastic shelf was displayed 1.1 cm from the floor on the box 
front. The rat-reaching box was 30 cm × 15 cm and 20 cm high. As for the mice box, this one 

has a 1-cm wide and narrow opening that ran up the front of the box. About 20-mg food 

pellets were positioned near the slot. Animals were habituated for 1 week by introducing 

them in the cages for 10 min. Pellets were initially reachable on the box floor and then within 
a short distance on the shelf. Food pellets were progressively raised from the box floor and 
positioned beyond the shelf (1 cm) until the rodents were obligated to retrieve the pellet with 

their preferred forelimb. According to Whishaw et al. [44], the pronation of the paw medially 

allows the mouse/rat to catch the food pellet with the forelimb and not with their tongue. The 

animals were independently trained and permitted to grasp with their preferred forelimb the 
pellets [44]. Each animal grasped for 20 food pellets each trial during the evaluating period. 

A successful reach was scored when the animal was able to retrieve with its forelimb and eat 

a pellet. When the pellet was knocked off the shelf or pulled into the chamber and dropped 
through the floor grating were scored as a failure [45]. The qualitative evaluation comprised 

the analysis of the “reaching performance”: the posture, limb extension, aim, paw supination-

pronation during grasping, and the pellet released into the snout.

2.3. The beam-walking task

This test evaluates the rodents’ skills to traverse a narrow beam (3 mm) to reach an enclosed 

safety platform [46]. The mice apparatus is constructed by an elevating surface of a 

10 × 100 cm × 3 mm wood beam 75 cm above the floor with two supports by 15° inclination. 
Rat’s beam measured 2 m long and was elevated to a height of 1 m above the ground with 

wood supports with 15° inclination. A home box is situated near the end of the beam. On 
training days (4 days), each mouse/rat was positioned at the start of the beam with no inclina-

tion (four tests each day). When the animals traversed the apparatus in 20 s, they performed 

two more trials with the beam inclined. Mice were allowed up to 60 s and rats 120 s to traverse 

the wooden beam. The latency to cross the beam was recorded for each trial.

Video recording: the different trials were recorded with a Sony camcorder. The video camera 
was placed orthogonally to the reaching box to analyze the animal’s behavior. Demonstrative 

motionless captures were taken from the video recordings with the Final Cut Pro X for Mac.

Neurological evaluation: Tremor and bradykinesia were assessed by inspection of Mn-exposed 

compared with control animals during the performance of the two tests.

2.4. Manganese inhalation

Afterward, two groups were formed: one group was exposed to deionized water (control 

groups; n = 20), while the second group (n = 20) was exposed to the mixture of chloride (MnCl
2
) 
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0.04 M and acetate (Mn(OAc)
3
) 0.02 M (Sigma-Aldrich, Co. Mexico). Inhalations were done as 

described by Avila-Costa et al. [47]. The animals were positioned in an acrylic chamber. Mn 

exposure was accomplished in locked acrylic boxes (35 cm × 44 cm and 20 cm high) attached 
to an ultra-nebulizer (Shinmed, Taiwan), with 10 l/min constant flux. The ultra-nebulizer 
produces 0.5–5-μm range droplets. A vapor was placed on the other side of the box with 

a sodium bicarbonate mixture to trap the residual metal. During inhalations, the rats/mice 

were examined continuously for respiration frequency, regularity, and depth. The inhalation 

chamber was monitored continuously for oxygen levels, temperature, and Mn concentration.

Based on the results found in the behavioral evaluations, we sacrifice the animals after being 
exposed to 40 (mice) and 72 (rats) inhalations (5/6 months of exposure) under deep anesthesia 

with sodium pentobarbital lethal dose IP (0.2 mg). Thus, when evident motor alterations were 

observed, twenty mice/rats were sacrificed (ten controls and ten Mn-exposed), anesthetized 
with sodium pentobarbital, and perfused via the aorta with phosphate buffer saline (0.1 M 
pH 7.4) containing 4% paraformaldehyde. The brain was removed and positioned in fixative 
solution for 2 h and processed for tyrosine hydroxylase (TH) and NeuN immunocytochemis-

try (five control and five Mn-exposed brains).

Later, the rest of the animals continued the Mn inhalation. Five were treated orally with 
7.5 mg/kg l-DOPA (Sinemet [Carbidopa-L-DOPA 25/250]) every day during 2 months, five 
were reserved for the equivalent time but with no treatment, and five controls were kept for 
the same time and then sacrificed for further analysis; the motor behavior performance was 
assessed every week.

Additionally, the fresh tissue of other 10 control and 10 exposed animals, after 40 inhalations 

(mice) and after 72 inhalations (rats), was obtained to determine the concentrations of DA by 

HPLC in the striatum, SNc, and GP.

2.5. Sample preparation and immunohistochemistry

Tissue samples were serially sectioned at a thickness of 50 μm on a vibrating microtome 

(Pelco 101, Ted Pella Inc., Mexico) within the mesencephalon for TH and GP and striatum for 

NeuN immunocytochemistry. TH (Chemicon International, Inc., CA, USA, 1:1000) and NeuN 

immunostaining (Chemicon International, International, Inc., CA, USA, 1:200) with the ABC 

detection technique (Vector Lab, MI, USA) was performed for the cell analysis. All images were 

captured using an Optiphot 2 Nikon microscope. Images were analyzed using ImageJ software. 

The number of TH+ cells was calculated rostrocaudally through the SNc and ventral tegmental 

area (VTA) in nearby segments. The SNc was manually delineated to trace the region of inter-

est (ROI) at low magnification (4×). The TH-positive cell number was calculated at the level 
of the third cranial nerve, within a 100-mm counting area at 40× only within this defined ROI 
[48, 49]. NeuN cell count of striatum and GP was done using 40× objective in seven sections 

per animal at 0.70 anterior, 0.48 mm posterior to bregma for dorsomedial striatum, and 0.80 

anterior and 0.92 mm posterior to bregma for ventrocaudal GP according to [50] for rats and at 

rostrocaudal levels 0.86 anterior to 0.50 mm posterior to bregma for dorsomedial striatum and 

0.62 anterior to 0.98 mm posterior to bregma for ventrocaudal GP according to [51] for mice, in 

a 11,550 and 3300 mm2 counting area, respectively. It should be noted that both dorsomedial 

striatum and ventrocaudal GP receive the maximum dopaminergic innervation [52, 53].
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2.6. Mn concentrations

The Mn concentration in the inhaling box was calculated by placing a filter at the gap of the 
inhaling chamber during the whole inhalation time; the flow rate was constant (10 l/min). 
After each exposure, the filter was detached and weighed; the metal concentration was calcu-

lated with a graphite furnace atomic absorption spectrometer (Perkin Elmer Mod. 3110, CT, 

USA). We analyzed six filters for each inhalation [54]. At the end of the experiment, rat/mice 

serum Mn levels were also estimated by graphite furnace atomic absorption spectrometry.

2.7. Dopamine concentrations

SNc, striatal, and GP DA contents were obtained after 5 months, for mice, and after 6 months 

for rats of Mn inhalation as described by [55]. Briefly, five controls and five Mn-exposed mice 
and five controls and five Mn-exposed rats were anesthetized and decapitated, and with a 
stereoscopic microscope, the tree structures were obtained. The tissue was homogenized 

in perchloric acid with 100 μl per brain. Then, the tissue was centrifuged (300 PSI, 2 min, 

Airfuge centrifuge, Beckman, Fullerton, CA, USA) and the supernatants filtered (0.22-μm 
membranes, Millipore, Bedford, MA, USA). The resulted tissue was resuspended, and by 

Bradford method, we performed the protein determination as reported elsewhere [56]. DA 

levels in 10 μl of supernatant were determined through HPLC reverse phase system attached 
to an electrochemical detector (BAS; West Lafayette, IN, USA). Results were analyzed using 
the Peak II integration software (SRI Instruments; Torrance, CA, USA). DA concentration is 

shown as pg./μg protein.

2.8. Statistical analysis

Unpaired t-test was used to analyze the number of TH and NeuN-positive cells. Repeated 

measures ANOVA analyzed motor behavior tests; post hoc comparisons were performed 

with Tukey’s test. Group differences were established as statistically significant when p < 0.05. 
Statistical analysis was done using GraphPad 7 for Mac Software (San Diego, CA).

3. Results

After 5 (mice)/6 (rats) months of exposure, neither clinical alterations nor significant weight 
changes were detected in the exposed animals compared with controls.

3.1. Manganese concentrations

The average Mn concentration detected in the chamber filters was of 2676 μg/m3 during the 

whole experiment. The average Mn concentration in serum of exposed mice was 30 ± 5 μg/l; 

control mice serum concentration of Mn was 0.05–0.12 μg/l. The average Mn concentra-

tion in serum of exposed rats was 45 ± 5 μg/l; control rat’s serum Mn concentration was of 

0.05 ± 0.12 μg/l.

Dopamine - Health and Disease64



3.2. Single-pellet reaching task

The task includes the accomplishment of motor sequences, beginning with smelling a food 

pellet forward-facing the reaching slot, lifting the arm, adapting position to project the limb 

across the narrow slot to the food pellet, and taking the food (Figure 1).

Mice and rats were presented with 20 food pellets. Figure 2 displays the success reaches 

throughout the experiment. Repeated measures ANOVA established a substantial effect of 
Mn-exposed groups since eight inhalations (p < 0.001). Mice/rats were similar in their skill to 
recover the pellets before Mn exposure, but Mn inhalation occasioned significant alterations 
in both number of successful recoveries (p < 0.001) and precision in both mice (Figure 2A) 

and rats (Figure 2B); however, with l-DOPA treatment, the animals recover their functioning 

when compared to the non-treated ones, like the control groups’ performance (p < 0.001). 
Control animals were steady during the entire experiment and were notably better than 
Mn-exposed animals (Figures 1 and 2AB).

The qualitative assessment showed postural swing and deficiencies in limb extension (result-
ing in several shortened reaches), aim, and paw supination-pronation during grasping and 

release of the pellet into the slot (Figure 3A–J); both mice and rats exhibited unusual move-

ments when recovering the food after Mn inhalation. The forelimb was frequently totally 

pronated and moves laterally over the food (Figure 3F, G, and I), or the animal hits at the 

pellet (Figure 3I); some mice/rats from Mn-exposed groups displayed such behavioral altera-

tions that endured for the complete study.

Figure 1. Characteristic pictures of a control animal taken during limb moving and withdrawal. The control animals 

moved their arm throughout the slot and opened their fingers; then, supinated their paw to take the food to the snout; 
and extended their digits to release the food into the mouth.
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The Mn-exposed groups are often incapable of accurately closing the digits around the pellet 

and dragging it to the slot without lifting the paw (Figure 3F, G, and I). These animals are 

also not capable of supinating the forelimb entirely and putting the mouth into the gap to 
recover the food with their tongue (Figure 3J). When the arm is withdrawn throughout the 

gap, Mn-exposed groups repeatedly turn their body and pursuit the food with the tongue 

instead of opening their fingers and introducing the food into the snout. The non-reaching 
forelimb is occasionally placed for support when recovering the food. Post-hoc analysis on 

the group’s effect showed that at more Mn inhalations, success of retrievals was significantly 
lesser (Figure 2). These situations amazingly recover with l-DOPA treatment (Figure 2A 

and B). The treated animals adjust their posture and project the arm toward the food pellet, 

supinate and pronate the paw to obtain the food, close their digits, and drag the food to the 

snout; their motor performance with l-DOPA treatment was comparable to control groups 

(Figures 1 and 2).

Figure 2. Reaching success scores (sum of food pellets taken out of 20; mean ± SEM) of control and Mn-exposed mice (A) 

and control and Mn-exposed rats (B) in the reaching task. The Mn-exposed group is impaired since week 12; note that 

l-DOPA treatment entirely reverses the alterations (*p < 0.001 vs. control group; repeated measures ANOVA).
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3.3. Beam-walking test

During the last day of evaluation before Mn exposure, we found no significant differences con-

cerning the time in finishing the test for the controls and the Mn-exposed animals (ANOVA, 
p > 0.05). Figure 4 depicts the mean of total time to traverse the beam. Mn-exposed mice 

(Figure 4A) and rats (Figure 4B) after 10 weeks of inhalation have a significant increase in the 
time to cross the beam compared with control groups; moreover, animals exhibit limb weakness, 

akinesia, postural instability, and action tremor. Mn-exposed mice have a significant reduction 
in the time taken to traverse the beam after two, four, six, and eight Mn inhalations (Figure 4A) 

proposing hyperactivity. Afterward there is a significant increase in the time to pass and a vis-

ible presence of freezing behavior time (data not shown), compared with control mice. As for the 

rats (Figure 4B) in the beam-walking test, Mn-exposed animals increased the execution at all-

time points. While the control rats maintained an average of 20 s during the entire experiment, 

the Mn-exposed rats are slow and take more than 120 s to cross the beam after the tenth week 

(Figure 4B). This effect is completely reversed with l-DOPA treatment. Besides, all exposed ani-

mals also exhibited hind-limb weakness, delayed motor initiative (akinesia), postural instability, 

and action tremor. l-DOPA treatment reverted these motor alterations in both rats and mice.

3.4. Immunocytochemistry

3.4.1. TH immunocytochemistry

As for TH immunohistochemistry, mice (Figure 5A) exposed to 40 inhalations showed 67.58% 

decreased in the number of TH-immunopositive neurons in SNc compared to the control 

Figure 3. Illustrative still pictures of an exposed to Mn mouse (A–E) and a Mn-exposed rat (F–J). The animal approaches 
its forelimb by moving the elbow for the hand goes through the gap. As the arm moves closer to the food, the fingers 
open, and then the mouse pronates its forelimb by elbow adduction and rotates it around the wrist so that the hand is 

positioned on the top of the food. The pellet is grabbed by flexion of the fingers. The forelimb is withdrawn carrying the 
food. The animal lies on its hips to eat the pellet, which is secured by the hands. Frames (F–J) Mn-exposed rats displayed 
alterations characterized by severe postural modifications moving the forelimb obliquely throughout the gap making 
various small efforts without stretching the forelimb according to the midline of its body. The fingers are simultaneously 
adducted. The forelimb arises in front of the side or hits laterally, and the fingers do not take the food. The animal often 
pulls its forelimb across the gap and let fall the food to the floor cage chasing it with the tongue.
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animals, while there was no loss of neurons in VTA of exposed animals compared to controls 

(Figure 5A and 6). The rats showed a 75.9% loss in the number of TH immunoreactive neurons 

after 48 inhalations and, like mice, showed no neuronal loss in the VTA (Figure 5B and 6).

3.4.2. NeuN immunocytochemistry

One of the required characteristics for animal models is the neuronal specificity for cerebral 
nuclei that are affected in humans, so to determine if the Mn mixture affects other brain struc-

tures, we performed anti-NeuN immunohistochemistry, a nuclear protein neuronal specific. 
In this respect, we found no significant loss in the number of neurons in any of the analyzed 
nuclei (data not shown).

Figure 4. Mean latencies to traverse the beam (±SEM) before and after mice (A) and rats’ (B) Mn inhalation and after 

l-DOPA treatment. It is notorious that after 2, 4, 6, and 8 of Mn inhalation, the mice significantly reduce the time to 
traverse the beam and afterward showed a significant increase in the time to cross the beam compared to controls. The 
Mn-exposed rats are significantly impaired since week 10. However, when the animals received the l-DOPA treatment, 

the time was reduced drastically resembling the values of the control group (*p < 0.001 vs. control group).
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Figure 5. TH+ cell number from the SN) and VTA. The data are depicted as the mean ± standard error. A statistically 

significant diminution in TH+ cells was observed in the SNc (*p < 0.05 unpaired t-test) of Mn-exposed mice (A) and rats 
(B) compared to controls with no changes in the VTA.

Figure 6. Characteristic TH+ immunostained from coronal sections comprising the SN and VTA of control and 

Mn-exposed animals showing the ROI which demonstrates the SNc area used for cell calculating. Note that the VTA 

contains many TH+ cells with no differences among groups and the SNc pronounced cell loss after Mn exposure (upper 
panel 4×, lower panel 10,000×).
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3.5. Dopamine concentrations

Figure 7 shows the change in DA content determined in the striatum (Str), GP, and SNc after 

5 months (mice) or after 6 months (rats) of Mn inhalation compared to controls. The average 

content in the control mice was 96.545 ± 4.8820 and 28.008 ± 12.4500 pg/μg of protein for 

Mn-exposed mice; hence, DA content declines 71 and 76% for the rat’s striatum.

4. Discussion

This research studied the fact that MnCl
2
 mixed with Mn(OAc)

3
 induces synergistic conse-

quences by affecting the dopaminergic system reducing TH+ cell number in the SNc but not 

Figure 7. The decrease in dopamine concentrations in the striatum (str), GP, and SNc after 5 months (mice A) or 6 months 

(rats B) of Mn inhalation compared to controls. Contents are expressed as percentages, which were in pg/g of protein 

(*p < 0.001 vs. control group by one-way ANOVA with post hoc comparisons).
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in the VTA and reducing DA striatal, GP, and SNc levels, in both mice and rats. We found 

significant hyperactivity after the first weeks (2–8 inhalations) in mice and, afterward, evident 
reduction and alterations in locomotor activity; the motor changes improve drastically after 

l-DOPA treatment in both species. However, rats display different vulnerability to MnCl
2
/

Mn(OAc)
3
 inhalation as they inhaled three times a week for 6 months. Nevertheless, regard-

less of the modified procedure, both species display notorious changes in motor behavior and 
a significant decrease in TH+ cells in the SNc but not in VTA. Moreover, neither of the two 

species displayed neuronal death neither in the striatum nor the GP.

4.1. Motor performance alterations

4.1.1. Single-pellet reaching task

It has been demonstrated that skilled limb movements, such as the reach to grasp, display very 

similar motor components in humans and rodents [57, 58]. PD patients are often described 

as having poor manual skills that worsen as the disease progresses [59, 60]. These patients 

experience difficulties performing tasks requiring unilateral and bilateral arm movements 
and sequential and alternating limb movements [58]. In our results, mice and rats took the 

food from the ledge without raising the forelimb and either place the mouth into the gap 

to recover the food pellet with the tongue or turn their body and chase the food with the 

mouth. Those changes could comprise impairments to basal ganglia structures responsible 

for grasping movements [61]. Our results thus demonstrate that Mn-exposed animals have 

impairment in their success in retrieving food pellets probably due to dopaminergic cell loss.

4.1.2. Beam-walking test

Both rats and mice showed extremity coordination disturbances, step length, and motor per-

formance. With longer inhalation times, the Mn-exposed groups display more trouble for 

climbing the wooden beam. The motor alterations observed here are similar with published 

results in which C57-treated MPTP exhibited impairments in limb coordination, step length, 

and motor performance after 2 weeks [62].

Qualitative examination showed that the groups which inhaled Mn mixture displayed 

postural instability, akinesia, hind-limb weakness, prolonged freezing behavior, and action 

tremor. According to this, Autissier et al. [9] described that subchronically orally exposed to 

Mn mice exhibited akinesia; this alteration was related with low striatal DA levels; Eriksson 

and coworkers [25] reported that 5 months after Mn exposure the animals developed akinesia, 

action tremor, and unsteady gait. The exposed animals lacked strength in lower and upper 

limbs, and the limb movements were uncoordinated. Furthermore, the stereotaxic injection of 
Mn3+ into the rat SNc altered the rearing behavior and the spontaneous activity [63, 64].

4.2. Immunocytochemistry

Rats and mice exposed to Mn showed severe loss of SNc TH-immunopositive cells, but not in 

VTA, GP, or striatum. Our results disagree with other reports which found no loss of dopami-

nergic neurons [11, 18, 19, 32, 65, 66] and loss of striatal and GP cells [15, 17, 19]. The disagree-

ments concerning our results and the conclusions that describe no TH+ SNc cell death and GP 
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and striatal cell loss after Mn exposure might be due to at least three causes; first, the mixture 
of two Mn compounds, which, by far, no report includes such mixture of Mn compounds. 

Agreeing to Aschner [67], it appears that the Mn toxicity degree is about its oxidation state. As 

we mentioned above, divalent Mn might be oxidized to trivalent Mn by the superoxide anion 

[40], and because the electron transport chain in the mitochondria is recognized as the major 

superoxide producer in the cells, it is understood that the alterations induced by Mn are linked 

to its oxidation state [40]. It has been proposed that Mn3+ is more effective in producing cell 
damage [68] and Mn2+ needs the presence of Mn3+ to reach oxidation. Thus it seems that there 

is synergy between the two Mn states [43]. It also has been said that the brain is an important 

target of attack for transition metal ions, such as Mn, due to its abundant catecholamine con-

centration and the rapid oxidative metabolism catalyzed by these metals [69]. In this regard, 

it has been hypothesized that Mn interacts with catechols specific to dopaminergic neurons 
to rapidly deplete them and render such cells no longer viable [33, 40]. Thus, it is conceivable 

that Mn-induced DA oxidation results in the generation of reactive oxygen species, oxidative 

stress, and secondary cytotoxicity to dopaminergic neurons [40, 70, 71]. Numerous explana-

tions have been proposed to clarify the vulnerability of dopaminergic cells to Mn, such as 

the lack of cellular antioxidant defenses by the accumulation of the metal [72] and the dis-

ruption of mitochondrial oxidative energy metabolism [73]. Second, the concentration of Mn 

obtained in the inhalation box (2676 mg/m3) and the time of exposure (5 or 6 mo) are sufficient 
to produce motor and cell alterations. It has been suggested that Mn toxicity results, most 

often, from the chronic exposure to very high Mn dosage (>1 mg/m3) [7] and after long-term 

exposure [23]. Third, apparently the exposure method determines the delivery of Mn to the 

brain [74, 75]. Roels et al. [75] explored Mn levels in rat brains after exposing them to either to 

MnCl
2
 or MnO

2
. These compounds were given intratracheally (inhalation) or intragastrically 

(oral). This study proposed was to achieve comparable Mn concentrations in the blood and 

to reach for low oral absorption of Mn vs. the higher rate of absorption from the lung. When 

the exposition was 1.22 mg MnCl
2
/kg intratracheally once a week for 4 weeks, there was an 

increase in blood Mn concentration (68%), which also results in augmented Mn concentra-

tions in the striatum (205%) and cortex (48%) when compared to control group. Oral MnCl
2
 

administration (24.3 mg MnCl
2
/kg once weekly for 4 weeks) produced about the same blood 

Mn concentration (68% increase comparing to controls) as intratracheal Mn administration in 

the same form, but they did not find significant Mn increase in the striatum or cerebral cortex 
(22% increase versus controls). Therefore, inhaled Mn delivery seems to be more efficient than 
oral administration in increasing brain Mn levels.

Moreover, it is relevant to indicate that, while Mn exposure provoked important SNc dopa-

minergic cell death, it appears that the VTA dopaminergic cells are not affected. We do not 
have the facts yet to demonstrate whether this indicates Mn selectivity for the SNc dopa-

minergic neurons and not for the VTA cells. Nevertheless, it has been proposed that Mn 

gets into the neurons via the dopamine transporter (DAT) [76, 77] as in the case of some 

neurotoxins such as MPTP [78], 6-OHDA [79], Maneb, and Paraquat [26], where SNc cells 

are more vulnerable than VTA cells. It appears that SNc neurons and VTA exhibit different 
biochemistry, topography, and susceptibility to pathological processes [81], VTA has lesser 

DAT levels than the SNc [78, 80, 81]. Therefore it is conceivable that Mn gets into SNc cells 

via the significant volumes of DAT located in these neurons. Nevertheless, further research 
is required to settle this fact.
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4.3. Dopamine concentrations

Several studies have shown that Mn accumulates in the basal ganglia, particularly in the GP, 

the NE, and the SNc which cause neurodegeneration; Mn chronic exposure can induce simi-

lar changes to those observed in PD [82]. Patients with this disease present rigidity, tremor, 

akinesia, and postural changes. These signs reflect the SNc dopaminergic neuronal loss [83]. 

In this disease, there is a threshold; the motor symptoms appear when DA depletion in the 

striatum is about 80%, and about 60% of SNc dopaminergic neurons are lost [84]. These 

results are consistent with our data, which show that after MnCl
2
/Mn(OAc)

3
 mixture inhala-

tion, the number of TH-positive SNc neurons decreases to 63% (in mice) and 75% (in rats) 

and DA content decreases in the studied nuclei, which could explain the motor disturbances 

observed in the behavioral assessments. Thus, the significant reduction in the quantity of 
SNc TH+ neurons after MnCl

2
/Mn(OAc)

3
 exposure and the decrease of striatal DA concen-

trations described here explains the evident DA reduction and the parkinsonian symptoms. 

Therefore, we assume that the motor alterations are exclusively due to dopaminergic changes 

because l-DOPA was able to reverse those motor disturbances.

Some authors described that Mn-induced damage includes the GP [17, 19]; nevertheless, with 

our data, we can guarantee that the MnCl
2
/Mn(OAc)

3
 mixture inhalation also compromises 

the dopaminergic nigrostriatal pathway. With our results, we prove that l-DOPA treatment 

significantly recovers the motor performance alterations observed after Mn inhalation, 
implying that this motor change origin is dopaminergic. Furthermore, the alterations pro-

duced by the inhalation of Mn mixture compounds were sufficiently extensive to cause motor 
deficits such as tremor, rigidity, postural instability, and akinesia. And unlike the complete 
DA denervation produced by some neurotoxins such as 6-OHDA, which is the most fre-

quently used model, the inhalation of MnCl
2
/Mn(OAc)

3
 leaves a considerable portion of the 

nigrostriatal projection unharmed. As in early and middle stages of PD, the presence of an 

intact, functioning sub-portion of the nigrostriatal system could allow l-DOPA treatment to 

be effective.

4.4. Differences among species

It is well established that different vulnerability to neurotoxins occur among species. So, 
the best PD experimental model MPTP, in rats, is not actuality used, and the implications 

of the data obtained from this model are debatable [85, 86]. Rats injected with MPTP doses 

comparable to those employed in mice do not show any significant dopaminergic neuro-

degeneration [86, 87]. Only injections of much higher doses of MPTP (multiple applica-

tions of 30–60 mg/kg body weight) cause significant dopaminergic cell loss in rats [88]. 

Remarkably, these rats must be therapeutically pretreated, with guanethidine, to prevent 

peripheral catecholamine release and extensive mortality [86]. These findings indicate that 
rats are somewhat insensitive to MPTP. Consequently, rats are not recommended for MPTP 

research, since rats fail to develop parkinsonian characteristics, as those observed, e.g., for 

monkeys and mice [89]. The apparent insensitivity of rats to MPTP toxicity may be related 

to a species-specific metabolism of MPTP and sequestration of MPP+, which could be differ-

ent in rats compared to mice and monkeys [89]. And despite that MPTP in nonhuman pri-

mates and mice provokes a well animal PD model, a spontaneous recovery of parkinsonian 
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symptoms has been described in both monkeys [90] and mice [91] after MPTP administra-

tion, which causes concern to use this model for an assessment of long-term therapeutic 

effects. However, it has been reported that chronic administration of low doses of MPTP 
to macaques reproduces all the signs of PD and closely imitates the progressive nature 

[92]. Nonetheless, rodents are most commonly used over nonhuman primates since rodent 

models have the advantage that rats and mice are widely available. They have high repro-

ductive rates and require reduced living space, simple feeding, and drinking schedules and 

low costs [93]. Moreover, because of the economic, logistic, and ethical constraints that are 

related to experimental research in primates, primate models of PD are used in relatively 

few laboratories worldwide [94].

Furthermore, 6-OHDA model has been extensively used in rats; only scarce studies using 
mice with 6-OHDA lesions have been published. In these studies, 6-OHDA was injected 

mainly either intrastriatally [95, 96] or intraventricularly, and the mice were subjected to rela-

tively slight behavioral assessment [97]. Furthermore, Cenci and Lundblad [98] performed 

the stereotactic unilateral 6-OHDA injection in rats and mice and then treated them with 

l-DOPA and reported abnormal involuntary movements (AIMs); these researchers indicated 

that while rat and mice AIMs can be evaluated with the same parameters, there are important 

differences among the two species. Mice motor behavior is less articulate and faster than rats. 
It is, therefore, more challenging to determine mice normal and abnormal movements with 

6-OHDA model. Additionally, Iancu et al. [99] stereotactically lesioned mice SNc; they got 53 

well-lesioned animals out of 110 lesioned. The small amount of well-lesioned mice is prob-

ably due to the SNc size since in mice it is extremely small. The slight variances in the inhala-

tion procedure between species that we found here are likely because rat Mn absorption is 

a fast saturable process probably mediated by a high-affinity system [100]. Consequently, 

the rats, although with the same Mn concentrations, required more inhalations per week for 

6 months instead of 5. However, both species, cytological and behavioral alterations, were 

very similar.

5. Conclusion

Contrasting to MPTP and 6-OHDA PD models, where the alterations occur in a range of 

days or weeks, while PD in humans develops over decades [90], our PD experimental model 

induced by Mn inhalation seems to be a suitable model because the dopaminergic cell degen-

eration is bilateral and progressive and the variances among species are minimum.

It has been established [88] that an acceptable PD experimental model must have these 

features: (1) an average number of SNc dopaminergic cells at birth followed by a gradual 

selective loss of these cells in adulthood; (2) merely demonstrable and measurable motor 

alterations; (3) the model should be established at reasonably short time course to replicate 

the PD pathogenesis (about 3–6 months), which would allow for therapeutic substances and 

strategies assessment; and (4) Lewy bodies must be present. Hence, with our Mn inhalation 

model, we produce three of those characteristics. Nevertheless, further studies are needed to 

clarify if Mn exposure generates Lewy bodies and determine if the animals recover after the 

inhalation period.
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Finally, the results from this research provided essential contributions toward a better under-

standing of the mechanisms involved in nigrostriatal degeneration in PD because it is highly 

feasible and adequately simulates the neuroanatomical, neurochemical, and some of the PD 

behavioral characteristics.

In brief, the results of this research suggest that the motor alterations induced by the inhala-

tion of the combination of MnCl
2
/Mn(OAc)

3
 are related to nigrostriatal dopaminergic func-

tion, providing new light for the understanding of Mn neurotoxicity as an adequate PD 

experimental model.

Acknowledgements

This work was supported by the research grants from PAPIIT-DGAPA–UNAM PAPIIT-

DGAPA IN215114, IN219617, and PAPCA-Iztacala UNAM 2016-2113. The authors thank 

Veronica Rodríguez Mata for her excellent photographic and technical assistance.

Conflict of interest

Authors declare that there is no conflict of interest.

Author details

Maria Rosa Avila-Costa1*, Ana Luisa Gutierrez-Valdez1, Veronica Anaya-Martínez1,  

José Luis Ordoñez-Librado1, Javier Sanchez-Betancourt1, Enrique Montiel-Flores1, 

Patricia Aley-Medina1, Leonardo Reynoso-Erazo2, Jesús Espinosa-Villanueva1,  

Rocío Tron-Alvarez2 and Vianey Rodríguez-Lara3

*Address all correspondence to: nigraizo@unam.mx

1 Neuromorphology Lab, National Autonomous University of Mexico (UNAM), 

Tlalnepantla, Edo. Mex., Mexico

2 National Autonomous University of Mexico (UNAM), Health Education Project, 

Tlalnepantla, Edo. Mex., Mexico

3 Department of Cell Biology, Facultad de Medicina, Nacional University of Mexico 
(UNAM), Mexico City, Mexico

References

[1] Duty S, Jenner P. Animal models of Parkinson’s disease: A source of novel treat-

ments and clues to the cause of the disease. British Journal of Pharmacology. 2011;164: 

1357-1391. DOI: 10.1111/j.1476-5381.2011.01426.x

Manganese Inhalation Induces Dopaminergic Cell Loss: Relevance to Parkinson’s Disease
http://dx.doi.org/10.5772/intechopen.79473

75



[2] Betarbet R, Sherer TB, Greenamyre JT. Animal models of Parkinson’s disease. BioEssays. 

2002;24:308-318. DOI: 10.1002/bies.10067

[3] Bové J, Prou D, Perier C, Przedborski S. Toxin-induced models of Parkinson’s disease. 

NeuroRx. 2005;2:484-494. DOI: 10.1602/neurorx.2.3.484

[4] Emborg ME. Evaluation of animal models of Parkinson’s disease for neuroprotective 

strategies. Journal of Neuroscience Methods. 2004;139:121-143. DOI: 10.1016/j.jneumeth. 

2004.08.004

[5] Calne DB, Chu NS, Huang CC, Lu CS, Olanow W. Manganism and idiopathic parkin-

sonism: Similarities and differences. Neurology. 1994;44:1583-1586. DOI: 10.1212/WNL. 

44.9.1583

[6] Cook DG, Fahn S, Brait KA. Chronic manganese intoxication. Archives of Neurology. 
1974;30:59-64. DOI: 10.1001/archneur.1974.00490310061010

[7] Pal PK, Samii A, Calne DB. Manganese neurotoxicity: A review of clinical features, imag-

ing and pathology. Neurotoxicology. 1999;20:227-238

[8] Aschner M, Erikson KM, Dorman DC. Manganese dosimetry: Species differences and 
implications for neurotoxicity. Critical Reviews in Toxicology. 2005;35:1-32. DOI: 10.1080/ 

10408440590905920

[9] Autissier N, Rochette L, Dumas P, Beley A, Loireau A, Bralet J. Dopamine and norepi-
nephrine turnover in various regions of the rat brain after chronic manganese chloride 

administration. Toxicology. 1982;24:175-182. DOI: 10.1016/0300-483X(82)90055-5

[10] Daniels AJ, Abarca J. Effect of intranigral Mn2+ on striatal and nigral synthesis and lev-

els of dopamine and cofactor. Neurotoxicology and Teratology. 1991;13:483-487. DOI: 

10.1016/0892-0362(91)90053-Y

[11] Tomas-Camardiel M, Herrera AJ, Venero JL, Cruz Sanchez-Hidalgo M, Cano J, Machado 

A. Differential regulation of glutamic acid decarboxylase mRNA and tyrosine hydroxy-

lase mRNA expression in the aged manganese-treated rats. Molecular Brain Research. 

2002;103:116-129. DOI: 10.1016/S0169-328X(02)00192-4

[12] Zhang P, Wong TA, Lokuta KM, Turner DE, Vujisic K, Liu B. Microglia enhance manga-

nese chloride-induced dopaminergic neurodegeneration: Role of free radical generation. 

Experimental Neurology. 2009;217:219-230. DOI: 10.1016/j.expneurol.2009.02.013

[13] Liu X, Sullivan KA, Madl JE, Legare M, Tjalkens RB. Manganese-induced neurotoxic-

ity: The role of astroglial-derived nitric oxide in striatal interneuron degeneration. 

Toxicological Sciences. 2006;91:521-531. DOI: 10.1093/toxsci/kfj150

[14] Yamada M, Ohno S, Okayasu I, Okeda R, Hatakeyama S, Watanabe H, Ushio K, 
Tsukagoshi H. Chronic manganese poisoning: A neuropathological study with determi-

nation of manganese distribution in the brain. Acta Neuropathologica. 1986;70:273-278. 

DOI: 10.1007/BF00686083

[15] Calabresi P, Ammassari-Teule M, Gubellini P, Sancesario G, Morello M, Centonze D, 

Marfia GA, Saulle E, Passino E, Picconi B, et al. A synaptic mechanism underlying the 

Dopamine - Health and Disease76



behavioral abnormalities induced by manganese intoxication. Neurobiology of Disease. 

2001;8:419-432. DOI: 10.1006/nbdi.2000.0379

[16] Lu L, Zhang L-L, Li GJ, Guo W, Liang W, Zheng W. Alteration of serum concentrations of 

manganese, iron, ferritin, and transferrin receptor following exposure to welding fumes 

among career welders. Neurotoxicology. 2005;26:257-265. DOI: 10.1016/j.neuro.2004.09.001

[17] Olanow CW. Manganese-induced parkinsonism and Parkinson’s disease. Annals of the 

New York Academy of Sciences. 2004;1012:209-223. DOI: 10.1196/annals.1306.018

[18] Peneder TM, Scholze P, Berger ML, Reither H, Heinze G, Bertl J, Bauer J, Richfield EK, 
Hornykiewicz O, Pifl C. Chronic exposure to manganese decreases striatal dopamine 
turnover in human alpha-synuclein transgenic mice. Neuroscience. 2011;180:280-292. 

DOI: 10.1016/j.neuroscience.2011.02.017

[19] Perl DP, Olanow CW. The neuropathology of manganese-induced parkinsonism. 

Journal of Neuropathology and Experimental Neurology. 2007;66:675-682. DOI: 10.1097/

nen.0b013e31812503cf

[20] Aschner M, Erikson KM, Herrero Hernandez E, Tjalkens R. Man ganese and its role 
in Parkinson’s disease: From transport to neuropathology. Neuromolecular Medicine. 
2009;11:252-266. DOI: 10.1007/s12017-009-8083-0

[21] Aschner M, Guilarte TR, Schneider JS, Zheng W. Manganese: Recent advances in 

understanding its transport and neurotoxicity. Toxicology and Applied Pharmacology. 

2007;221:131-147. DOI: 10.1016/j.taap.2007.03.001

[22] Cersosimo MG, Koller WC. The diagnosis of manganese-induced parkinsonism. 
Neurotoxicology. 2006;27:340-346. DOI: 10.1016/j.neuro.2005.10.006

[23] Gwiazda R, Lucchini R, Smith D. Adequacy and consistency of animal studies to evalu-

ate the neurotoxicity of chronic low-level manganese exposure in humans. Journal 

of Toxicology & Environmental Health Part A: Current Issues. 2007;70:594-605. DOI: 

10.1080/10937400600882897

[24] Guilarte TR. Manganese and Parkinson’s disease: A critical review and new findings. 
Environmental Health Perspectives. 2010;118:1071-1080. DOI: 10.1289/ehp.0901748

[25] Eriksson H, Mägiste K, Plantin L-O, Fonnum F, Hedström K-G, Theodorsson-Norheim 
E, Kristensson K, Stålberg E, Heilbronn E. Effects of manganese oxide on monkeys as 
revealed by a combined neurochemical, histological and neurophysiological evaluation. 

Archives of Toxicology. 1987;61:46-52. DOI: 10.1007/BF00324547

[26] Thiruchelvam M, Richfield EK, Baggs RB, Tank AW, Cory-Slechta DA. The nigrostria-

tal dopaminergic system as a preferential target of repeated exposures to combined 

paraquat and maneb: Implications for Parkinson’s disease. Journal of Neuroscience. 

2000;20:9207-9214. DOI: 10.1523/JNEUROSCI.20-24-09207.2000

[27] Sistrunk SC, Ross MK, Filipov NM. Direct effects of manganese compounds on dopa-

mine and its metabolite Dopac: An in vitro study. Environmental Toxicology and 

Pharmacology. 2007;23:286-296. DOI: 10.1016/j.etap.2006.11.004

Manganese Inhalation Induces Dopaminergic Cell Loss: Relevance to Parkinson’s Disease
http://dx.doi.org/10.5772/intechopen.79473

77



[28] Sriram K, Lin GX, Jefferson AM, Roberts JR, Chapman RS, Chen BT, Soukup JM, Ghio 
AJ, Antonini JM. Dopaminergic neurotoxicity following pulmonary exposure to manga-

nese-containing welding fumes. Archives of Toxicology. 2010;84:521-540. DOI: 10.1007/

s00204-010-0525-9

[29] Bonilla E. L-tyrosine hydroxylase activity in the rat brain after chronic oral administra-

tion of manganese chloride. Neurobehavioral Toxicology. 1980;2:37-41

[30] Chandra SV, Shukla GS. Concentrations of striatal catecholamines in rats given manga-

nese chloride through drinking water. Journal of Neurochemistry. 1981;36:683-687. DOI: 

10.1111/j.1471-4159. 1981.tb01642.x

[31] Normandin L, Panisset M, Zayed J. Manganese neurotoxicity: Behavioral, pathological, 

and biochemical effects following various routes of exposure. Reviews on Environmental 
Health. 2002;17:189-217. DOI: 10.1515/REVEH.2002.17.3.189

[32] Gwiazda RH, Lee D, Sheridan J, Smith DR. Low cumulative manganese exposure 

affects striatal GABA but not dopamine. Neurotoxicology. 2002;23:69-76. DOI: 10.1016/

S0161-813X(02)00002-5

[33] Donaldson J, McGregor D, LaBella F. Manganese neurotoxicity: A model for free radi-
cal mediated neurodegeneration? Canadian Journal of Physiology and Pharmacology. 

1982;60:1398-1405. DOI: 10.1139/y82-208

[34] Sloot WN, Korf J, Koster JF, de Wit LE, Gramsbergen JB. Manganese-induced hydroxyl 
radical formation in rat striatum is not attenuated by dopamine depletion or iron chela-

tion in vivo. Experimental Neurology. 1996;138:236-245. DOI: 10.1006/exnr.1996.0062

[35] Segura-Aguilar J, Lind C. On the mechanism of the Mn3+-induced neurotoxicity of 

dopamine: Prevention of quinone-derived oxygen toxicity by DT diaphorase and 

superoxide dismutase. Chemico-Biological Interactions. 1989;72:309-324. DOI: 10.1016/ 

0009-2797(89)90006-9

[36] Yokel RA. Manganese flux across the blood–brain barrier. Neuromolecular Medicine. 
2009;11:297-310. DOI: 10.1007/s12017-009-8101-2

[37] Takeda A. Manganese action in brain function. Brain Research Reviews. 2003;41:79-87. 

DOI: 10.1016/S0165-0173(02)00234-5

[38] Au C, Benedetto A, Aschner M. Manganese transport in eukaryotes: The role of DMT1. 
Neurotoxicology. 2008;29:569-576. DOI: 10.1016/j.neuro.2008.04.022

[39] Hazell AS. Astrocytes and manganese neurotoxicity. Neurochemistry International. 

2002;41:271-277. DOI: 10.1016/S01970186(02)00013X

[40] Archibald FS, Tyree C. Manganese poisoning and the attack of trivalent manganese 
upon catecholamines. Archives of Biochemistry and Biophysics. 1987;256:638-650. DOI: 

10.1016/0003-9861(87)90621-7

[41] Ali SF, Duhart HM, Newport GD, Lipe GW, Slikker W. Manganese-induced reactive oxy-

gen species: Comparison between Mn+2 and Mn+3. Neurodegeneration. 1995;4:329-334.  

DOI: 10.1016/1055-8330(95)90023-3

Dopamine - Health and Disease78



[42] Chen JY, Tsao GC, Zhao Q, Zheng W. Differential cytotoxicity of Mn(II) and Mn(III): 
Special reference to mitochondrial [Fe-S] containing enzymes. Toxicology and Applied 
Pharmacology. 2001;175:160-168. DOI: 10.1006/taap.2001.9245

[43] HaMai D, Bondy SC. Oxidative basis of manganese neurotoxicity. Annals of the 

New York Academy of Sciences. 2004;1012:129-141. DOI: 10.1196/annals.1306.010

[44] Whishaw IQ, Pellis SM, Gorny BP, Pellis VC. The impairments in reaching and the 

movements of compensation in rats with motor cortex lesions: An endpoint, video-

recording, and movement notation analysis. Behavioural Brain Research. 1991;42:77-91. 

DOI: 10.1016/S0166-4328(05)80042-7

[45] Farr TD, Whishaw IQ. Quantitative and qualitative impairments in skilled reaching in 
the mouse (Mus musculus) after a focal motor cortex stroke. Stroke. 2002;33:1869-1875. 

DOI: 10.1161/01.STR.0000020714.48349.4E

[46] Luong TN, Carlisle HJ, Southwell A, Patterson PH. Assessment of motor balance and 
coordination in mice using the balance beam. Journal of Visualized Experiments. 

2011;49:236. DOI: 10.3791/2376

[47] Avila-Costa MR, Montiel Flores E, Colin-Barenque L, Ordoñez JL, Gutiérrez AL, Niño-
Cabrera HG, Mussali-Galante P, Fortoul TI. Nigrostriatal modifications after vana-

dium inhalation: An immunocytochemical and cytological approach. Neurochemical 

Research. 2004;29:1365-1369. DOI: 10.1023/B:NERE.0000026398.86113.7d

[48] Bukhatwa S, Iravani MM, Zeng B-Y, Cooper JD, Rose S, Jenner P. An immunohisto-

chemical and stereological analysis of PSI-induced nigral neuronal degeneration in the 

rat. Journal of Neurochemistry. 2009;109:52-59. DOI: 10.1111/j.1471-4159.2009.05956.x

[49] Iravani MM, Kashefi K, Mander P, Rose S, Jenner P. Involvement of inducible nitric oxide 
synthase in inflammation-induced dopaminergic neurodegeneration. Neuroscience. 
2002;110:49-58. DOI: 10.1016/S0306-4522(01)00562-0

[50] Paxinos G, Watson C. The Rat Brain Atlas in Stereotaxic Coordinates. 6th ed. San Diego, 

USA: Elsevier Academic Press; 2005. ISBN: 9780080475158

[51] Paxinos G, Franklin K. The Mouse Brain Atlas in Stereotaxic Coordinates. 4th ed. San 

Diego, USA: Elsevier Academic Press; 2004. ISBN: 9780124157545

[52] Jan C, François C, Tandé D, Yelnik J, Tremblay L, Agid Y, Hirsch E. Dopaminergic inner-

vation of the pallidum in the normal state, in MPTP-treated monkeys and in parkinso-

nian patients. The European Journal of Neuroscience. 2000;12:4525-4535. DOI: 10.1111/ 

j.1460-9568.2000.01351.x

[53] Lex B, Hauber W. The role of dopamine in the prelimbic cortex and the dorsomedial 

striatum in instrumental conditioning. Cerebral Cortex. 2010;20:873-883. DOI: 10.1093/

cercor/bhp151

[54] Fortoul TI, Salgado RC, Moncada SG, Sánchez IG, López IE, Espejel G, Calderón NL, 
Saldivar L. Ultrastructural findings in the murine nonciliated bronchiolar cells (NCBC) 
after subacute inhalation of lead acetate. Acta Veterinaria. 1999;68:51-55. DOI: 10.2754/

avb199968010051

Manganese Inhalation Induces Dopaminergic Cell Loss: Relevance to Parkinson’s Disease
http://dx.doi.org/10.5772/intechopen.79473

79



[55] Martínez-Fong D, Rosales MG, Góngora-Alfaro J, Hernández S, Aceves J. NMDA receptor 
mediates dopamine release in the striatum of unanesthetized rats as measured by brain 

microdialysis. Brain Research. 1992;595:309-315. DOI: 10.1016/0006-8993(92)91065-M

[56] Bradford MM. A rapid and sensitive method for the quantitation of microgram quanti-

ties of protein utilizing the principle of protein-dye binding. Analytical Biochemistry. 

1976;72:248-254. DOI: 10.1016/0003-2697(76)90527-3

[57] Metz GAS, Farr T, Ballermann M, Whishaw IQ. Chronic levodopa therapy does not 
improve skilled reach accuracy or reach range on a pasta matrix reaching task in 

6-OHDA dopamine-depleted (hemi-Parkinson analogue) rats. The European Journal of 

Neuroscience. 2001;14:27-37. DOI: 10.1046/j.0953-816x.2001.01615.x

[58] Whishaw IQ, Suchowersky O, Davis L, Sarna J, Metz GA, Pellis SM. Impairment of pro-

nation, supination, and body coordination in reach-to-grasp tasks in human Parkinson’s 

disease (PD) reveals homology to deficits in animal models. Behavioural Brain Research. 
2002;133:165-176. DOI: 10.1016/S0166-4328(01)00479-X

[59] Castiello U, Bennett K, Bonfiglioli C, Lim S, Peppard FR. The reach-to-grasp movement 
in Parkinson’s disease: Response to a simultaneous perturbation of object position and 

object size. Experimental Brain Research. 1999;125:453-462. DOI: 10.1007/s002210050703

[60] Jackson GM, Jackson SR, Hindle JV. The control of bimanual reach-to-grasp movements 

in hemiparkinsonian patients. Experimental Brain Research. 2000;132:390-398. DOI: 

10.1007/s002210000354

[61] MacLellan CL, Gyawali S, Colbourne F. Skilled reaching impairments follow intrastriatal 
hemorrhagic stroke in rats. Behavioural Brain Research. 2006;175:82-89. DOI: 10.1016/j.

bbr.2006.08.001

[62] Fernagut PO, Diguet E, Labattu B, Tison F. A simple method to measure stride length 
as an index of nigrostriatal dysfunction in mice. Journal of Neuroscience Methods. 

2002;113:123-130. DOI: 10.1016/S0165-0270(01)00485-X

[63] Brouillet EP, Shinobu L, McGarvey U, Hochberg F, Beal MF. Manganese injection into the 
rat striatum produces excitotoxic lesions by impairing energy metabolism. Experimental 

Neurology. 1993;120:89-94. DOI: 10.1006/exnr.1993.1042

[64] Díaz-Véliz G, Mora S, Gómez P, Dossi MT, Montiel J, Arriagada C, Aboitiz F, Segura-
Aguilar J. Behavioral effects of manganese injected in the rat substantia nigra are 
potentiated by dicumarol, a DT-diaphorase inhibitor. Pharmacology, Biochemistry, and 

Behavior. 2004;77:245-251. DOI: 10.1016/j.pbb.2003.10.016

[65] Guilarte TR, Chen M-K, McGlothan JL, Verina T, Wong DF, Zhou Y, Alexander M, Rohde 
CA, Syversen T, Decamp E, et al. Nigrostriatal dopamine system dysfunction and subtle 

motor deficits in manganese-exposed non-human primates. Experimental Neurology. 
2006;202:381-390. DOI: 10.1016/j.expneurol.2006.06.015

[66] Struve MF, McManus BE, Wong BA, Dorman DC. Basal ganglia neurotransmitter con-

centrations in rhesus monkeys following subchronic manganese sulfate inhalation. 

American Journal of Industrial Medicine. 2007;50:772-778. DOI: 10.1002/ajim.20489

Dopamine - Health and Disease80



[67] Aschner M. The transport of manganese across the blood-brain barrier. Neurotoxicology. 

2006;27:311-314. DOI: 10.1016/j.neuro.2005.09.002

[68] Reaney SH, Bench G, Smith DR. Brain accumulation and toxicity of Mn(II) and Mn(III) 

exposures. Toxicological Sciences. 2006;93:114-124. DOI: 10.1093/toxsci/kfl028

[69] Stokes AH, Hastings TG, Vrana KE. Cytotoxic and genotoxic potential of dopamine. Journal 
of Neuroscience Research. 1999;55:659-665. DOI: 10.1002/(SICI)1097-4547(19990315)55: 

6<659::AID-JNR1>3.0.CO;2-C

[70] Graham DG. Catecholamine toxicity: A proposal for the molecular pathogenesis of man-

ganese neurotoxicity and Parkinson’s disease. Neurotoxicology. 1984;5:83-95

[71] Hussain SM, Javorina AK, Schrand AM, Duhart HM, Ali SF, Schlager JJ. The interaction 
of manganese nanoparticles with PC-12 cells induces dopamine depletion. Toxicological 

Sciences. 2006;92:456-463. DOI: 10.1093/toxsci/kfl020

[72] Desole MS, Esposito G, Migheli R, Sircana S, Delogu MR, Fresu L, Miele M, de Natale 
G, Miele E. Glutathione deficiency potentiates manganese toxicity in rat striatum and 
brainstem and in PC12 cells. Pharmacological Research. 1997;36:285-292. DOI: 10.1006/

phrs.1997.0197

[73] Morello M, Canini A, Mattioli P, Sorge RP, Alimonti A, Bocca B, Forte G, Martorana A, 
Bernardi G, Sancesario G. Sub-cellular localization of manganese in the basal ganglia 

of normal and manganese-treated rats: An electron spectroscopy imaging and elec-

tron energy-loss spectroscopy study. Neurotoxicology. 2008;29:60-72. DOI: 10.1016/j.

neuro.2007.09.001

[74] Andersen ME, Gearhart JM, Clewell HJ. Pharmacokinetic data needs to support risk 

assessments for inhaled and ingested manganese. Neurotoxicology. 1999;20:161-171

[75] Roels H, Meiers G, Delos M, Ortega I, Lauwerys R, Buchet PJ, Lison D. Influence of the 
route of administration and the chemical form (MnCl

2
, MnO

2
) on the absorption and 

cerebral distribution of manganese in rats. Archives of Toxicology. 1997;71:223-230. DOI: 

10.1007/s002040050380

[76] Anderson JG, Cooney PT, Erikson KM. Inhibition of DAT function attenuates manganese 
accumulation in the globus pallidus. Environmental Toxicology and Pharmacology. 

2007;23:179-184. DOI: 10.1016/j.etap.2006.08.006

[77] Erikson KM, John CE, Jones SR, Aschner M. Manganese accumulation in striatum of 
mice exposed to toxic doses is dependent upon a functional dopamine transporter. 

Environmental Toxicology and Pharmacology. 2005;20:390-394. DOI: 10.1016/j.etap. 

2005.03.009

[78] Haber SN, Ryoo H, Cox C, Lu W. Subsets of midbrain dopaminergic neurons in mon-

keys are distinguished by different levels of mRNA for the dopamine transporter: 
Comparison with the mRNA for the D2 receptor, tyrosine hydroxylase and calbindin  

immunoreactivity. The Journal of Comparative Neurology. 1995;362:400-410. DOI: 10.1002/ 

cne.903620308

Manganese Inhalation Induces Dopaminergic Cell Loss: Relevance to Parkinson’s Disease
http://dx.doi.org/10.5772/intechopen.79473

81



[79] Decker DE, Althaus JS, Buxser SE, VonVoigtlander PF, Ruppel PL. Competitive irrevers-

ible inhibition of dopamine uptake by 6-hydroxydopamine. Research Communications 

in Chemical Pathology and Pharmacology. 1993;79:195-208

[80] Blanchard V, Raisman-Vozari R, Vyas S, Michel PP, Javoy-Agid F, Uhl G, Agid 
Y. Differential expression of tyrosine hydroxylase and membrane dopamine transporter 
genes in subpopulations of dopaminergic neurons of the rat mesencephalon. Molecular 

Brain Research. 1994;22:29-38. DOI: 10.1016/0169-328X(94)90029-9

[81] Ciliax BJ, Drash GW, Staley JK, Haber S, Mobley CJ, Miller GW, Mufson EJ, Mash 
DC, Levey AI. Immunocytochemical localization of the dopamine transporter in 

human brain. The Journal of Comparative Neurology. 1999;409:38-56. DOI: 10.1002/

(SICI)1096-861(19990621)409:1<38::AID-CNE4>3.0.CO;2-1

[82] Vezér T, Kurunczi A, Náray M, Papp A, Nagymajtényi L. Behavioral effects of sub-

chronic inorganic manganese exposure in rats. American Journal of Industrial Medicine. 

2007;50:841-852. DOI: 10.1002/ajim.20485

[83] Barzilai A, Melamed E. Molecular mechanisms of selective dopaminergic neuronal death 

in Parkinson’s disease. Trends in Molecular Medicine. 2003;9:126-132. DOI: 10.1016/

S1471-4914(03)00020-0

[84] Dauer W, Przedborski S. Parkinson’s disease: Mechanisms and models. Neuron. 

2003;39:889-909. DOI: 10.1016/S0896-6273(03)00568-3

[85] Kopin IJ, Markey SP. MPTP toxicity: Implications for research in Parkinson’s disease. 
Annual Review of Neuroscience. 1988;11:81-96. DOI: 10.1146/annurev.ne.11.030188. 

000501

[86] Giovanni A, Sieber BA, Heikkila RE, Sonsalla PK. Studies on species sensitivity to the 
dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Part 1: Syste-

mic administration. The Journal of Pharmacology and Experimental Therapeutics. 1994; 

270:1000-1007

[87] Giovanni A, Sonsalla P, Heikkla R. Studies on species sensitivity to the dopaminergic 

neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Part 2: Central administra-

tion of 1-methyl-4-phenylpyridinium. The Journal of Pharmacology and Experimental 

Therapeutics. 1994;270:1008-1014

[88] Schober A. Classic toxin-induced animal models of Parkinson’s disease: 6-OHDA and 

MPTP. Cell and Tissue Research. 2004;318:215-224. DOI: 10.1007/s00441-004-0938-y

[89] Schmidt N, Ferger B. Neurochemical findings in the MPTP model of Parkinson’s disease. 
Journal of Neural Transmission. 2001;108:1263-1282. DOI: 10.1007/s007020100004

[90] Taylor JR, Elsworth JD, Roth RH, Sladek JR, Redmond DE. Severe long-term 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine-induced parkinsonism in the vervet monkey 

(Cercopithecus aethiops sabaeus). Neuroscience. 1997;81:745-755. DOI: 10.1016/S0306- 

4522(97)00214-5

Dopamine - Health and Disease82



[91] Sedelis M, Schwarting RKW, Huston JP. Behavioral phenotyping of the MPTP mouse 
model of Parkinson’s disease. Behavioural Brain Research. 2001;125:109-125. DOI: 

10.1016/S0166-4328(01)00309-6

[92] Brownell A-L, Canales K, Chen YI, Jenkins BG, Owen C, Livni E, Yu M, Cicchetti F, 
Sanchez-Pernaute R, Isacson O. Mapping of brain function after MPTP-induced neuro-

toxicity in a primate Parkinson’s disease model. NeuroImage. 2003;20:1064-1075. DOI: 

10.1016/S1053-8119(03)00348-3

[93] Fox JG, Bennett BT. Chapter 1—Laboratory Animal Medicine: Historical Perspectives. 
In: Anderson LC, Otto G, Pritchett-Corning KR, Whary MT, Fox JG, editors. Labora tory 
Animal Medicine. 3th ed. Boston: Academic Press. 2015. pp. 1-21. DOI: 10.1016/B978-0- 

12-409527-4.00001-8

[94] Cenci MA, Whishaw IQ, Schallert T. Animal models of neurological deficits: How rel-
evant is the rat? Nature Reviews. Neuroscience. 2002;3:574-579. DOI: 10.1038/nrn877

[95] Cunningham LA, Su C. Astrocyte delivery of glial cell line-derived neurotrophic factor 

in a mouse model of Parkinson’s disease. Experimental Neurology. 2002;174:230-242. 

DOI: 10.1006/exnr.2002.7877

[96] Lundblad M, Picconi B, Lindgren H, Cenci MA. A model of L-DOPA-induced dyski-

nesia in 6-hydroxydopamine lesioned mice: Relation to motor and cellular parameters 

of nigrostriatal function. Neurobiology of Disease. 2004;16:110-123. DOI: 10.1016/j.

nbd.2004.01.007

[97] Archer T, Palomo T, McArthur R, Fredriksson A. Effects of acute administration of DA 
agonists on locomotor activity: MPTP versus neonatal intracerebroventricular 6-OHDA 

treatment. Neurotoxicity Research. 2003;5:95-109. DOI: 10.1007/BF03033375

[98] Cenci MA, Lundblad M. Ratings of L-DOPA-induced dyskinesia in the unilateral 

6-OHDA lesion model of Parkinson’s disease in rats and mice. Current Protocols in 

Neuroscience. 2007; Chapter 9, Unitas 9 25. DOI: 10.1002/0471142301.ns0925s41

[99] Iancu R, Mohapel P, Brundin P, Paul G. Behavioral characterization of a unilateral 

6-OHDA-lesion model of Parkinson’s disease in mice. Behavioural Brain Research. 

2005;162:1-10. DOI: 10.1016/j.bbr.2005.02.023

[100] Garcia-Aranda JA, Wapnir RA, Lifshitz F. In vivo intestinal absorption of manganese in 
the rat. The Journal of Nutrition. 1983;113:2601-2607. DOI: 10.1093/jn/113.12.2601

Manganese Inhalation Induces Dopaminergic Cell Loss: Relevance to Parkinson’s Disease
http://dx.doi.org/10.5772/intechopen.79473

83




