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ABSTRACT 

Populations from the Kii peninsula of Japan and 
Guam present a high incidence of amyotrophic 
lateral sclerosis and parkinsonism-dementia 
complex. It is thought that the low levels of cal- 
cium (Ca) and magnesium (Mg) in the drinking 
water are involved in the pathogenesis of these 
diseases. The present study aimed to test the 
hypothesis that catalepsy, a behavioral immo- 
bility and one of the Parkinsonian symptoms, 
may result from functionally impaired dopa- 
minergic neurons in low Ca and Mg (LCa/Mg) fed 
mice. A group of mice fed with an LCa/Mg diet 
for 6 weeks was compared to a control group on 
a standard diet. Cataleptic symptoms such as 
akinesia and rigidity were measured using the 
bar test. The antiparkinsonian drugs dopamine 
(DA) precursor L-3, 4-dihydroxy phenylamine 
(L-DOPA), the selective DA receptor D2 agonist 
bromocriptine and the DA releaser amantadine 
were tested for their effects on the induced 
catalepsy. Mice developped catalepsy after 3 
weeks on the LCa/Mg diet. LCa/Mg diet-induced 
catalepsy was improved by the administration of 
either L-DOPA (50 - 200 mg/kg i.p.) in combina- 
tion with benserazide (25 mg/kg i.p.), bromo- 
criptine (0.25 - 4 mg/kg i.p.) or amantadine (5 - 20 
mg/kg i.p.). These results suggest that catalepsy 
in LCa/Mg mice might result from a hypofunc- 
tion of dopaminergic neurons. Moreover, our 
results support the hypothesis that LCa/Mg in- 
take may be one etiological factor in neurode- 
generative disorders including Parkinson’s dis- 
ease. 
 
Keywords: Calcium; Catalepsy; Dopamine;  
Magnesium 

1. INTRODUCTION 

Parkinson’s disease (PD) is characterized by a loss of 
dopaminergic neurons in the substantia nigra (SN) ac- 
companied by a reduction in striatal dopamine (DA). The 
aetiology of the disease is still unclear, but it is now 
widely accepted that many factors are involved in the 
development of the neuropathology. Certain metals have 
been suggested to play a role as imbalanced levels and 
abnormal deposits were observed in the brain of patients 
with PD [1,2]. Of particular interest is the higher inci- 
dence of PD and amyotrophic lateral selerosis (ALS) 
among primitive Auyu and Jakai people on the southern 
coastal plain of West New Guinea attributed to a marked 
deficiency of Ca and Mg in the soil and water of this 
region [3]. Likewise, a survey in Guam also suggested 
that low Ca, Mg (LCa/Mg) and high aluminum (Al) and 
manganese (Mn) in river, soil and drinking water might 
be responsible for the higher incidence of PD in that re- 
gion [4]. Furthermore, an LCa/Mg diet has been shown 
to accelerate the deposition of Mn and Al in the brain [5]. 
Although numerous studies investigated the role of Mg 
in the etiology of clinical and experimental PD [3,6], 
reports on animal behavior after LCa/Mg feeding are 
scarce. The present study aimed to test the hypothesis 
that catalepsy, a behavioral immobility and one of the 
parkinsonian symptoms, may result from damage to 
DA-ergic neurons in LCa/Mg fed mice. Accordingly, we 
examined the effects of DA-ergic drugs on the catalepsy 
induced by LCa/Mg in mice. 

2. MATERIALS AND METHODS 

2.1. Animals 

Male ddY mice (Japan SLC, Hamamatsu, Japan) 
weighing 10 g (post-natal days 20 - 21) at the beginning 
of the experiment, were used in this study. The animals 
were housed in plastic cages (31 cm × 21 cm × 13 cm) 
under conditions of constant temperature (23˚C ± 1˚C), 
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humidity (55% ± 5%), and light-dark cycle (light from 9 
to 21 h; dark from 21 to 9 h). The mice had free access to 
food and water throughout the experimental period. They 
were divided into seven different dietary groups for 6 
weeks: 1) low Ca diet (LCa) group (n = 20); 2) control 
group (pair-fed (PF) group for LCa group; n = 20); 3) 
Mg deficient diet (MgD) group (n = 20); 4) control group 
(PF group for MgD group; n = 20); 5) low Ca and Mg 
deficient diet (LCa/Mg) group (n = 110); 6) control 
group (PF group for LCa/Mg group; n = 50); and 7) 
normal control group (n = 60). The latter group had ac- 
cess to a completely normal diet ad libitum (standard 
mineral diet: CLEA Japan, Tokyo, Japan). The PF groups 
were also given the standard diet, with the exception that 
the amount of food was matched to that of their respec- 
tive/paired deficient diet group (1, 2 and 5). The PF 
groups were included to control for the contributing ef-  

 
Table 1. Composition of experimental diets. 

Milk casein 24.5% 

Cornstarch 45.5% 

Corn oil 6.0% 

Caster sugar 10.0% 

Avicel 3.0% 

Cellulose powder 2.0% 

Alpha starch 1.0% 

Vitamin mix 1.0% 

Mineral mix* 7.0% 

*Mineral content (mg/100g) 

 Control Low Ca MgD LCa/Mg

CaCO3 1355.40 0.00 1355.40 0.00 

KH2PO4 1730.00 1730.00 1730.00 1730.00 

NaCl 600.00 600.00 600.00 600.00 

FeC6H5O7·5H2O 190.00 190.00 190.00 190.00 

5ZnO2CO·4H2O 6.00 6.00 6.00 6.00 

CuSO4·5H2O 1.26 1.26 1.26 1.26 

CoCl2·6H2O 0.40 0.40 0.40 0.40 

Ca(IO3)2 1.54 1.54 1.54 1.54 

MnSO4·4H2O 15.40 15.40 15.40 15.40 

CaHPO4·2H2O 1500.00 0.00 1500.00 0.00 

MgSO4·7H2O 800.00 800.00 0.00 0.00 

Na2HPO4 0.00 1240.00 0.00 1240.00 

Cornstarch 800.00 2415.40 1600.00 3215.40 

fects of anorexia. The deficient diet groups 1), 3) and 5) 
were given distilled and deionized milli-Q water to drink. 
All diet ingredients (CLEA Japan, Tokyo, Japan) are 
listed in Table 1. All experiments were performed with 
the approval of the Ethics Committee of Animal Experi- 
ments in Tohoku Pharmaceutical University and accord- 
ing to the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. Efforts were made 
to minimize suffering and to reduce the number of ani- 
mals used. 

2.2. Drugs 

All drugs were purchased from Sigma Chemical Co. 
(St. Louis, MO, USA). Bromocriptine, L-DOPA and 
benserazide were dissolved in 0.5% Tween80. Aman-
tadine was dissolved in saline. Bromocriptine (1, 2, 4 
mg/kg), L-DOPA (100, 200, 400 mg/kg) and amantadine 
(5, 10, 20 mg/kg) were injected 30 min before the cata- 
lepsy test. Benserazide (25 mg/kg) was injected 30 min 
prior to L-DOPA. All drug injections were performed 
intraperitoneally (i.p.). 

2.3. Catalepsy Test 

The bar test was used to measure cataleptic symptoms 
such as akinesia and rigidity. Catalepsy was evaluated by 
placing both forepaws of the mouse on a horizontal bar 
(diameter: 0.2 cm), elevated 5 cm from the floor. The 
degree of catalepsy was assessed by measuring the time 
from placement of the mouse until removal of one of its 
paws (descent latency), with a cut-off time of 180 s. A 
score was assigned to each test based on the duration of 
the cataleptic posture (score 1, between 0 and 29 s; score 
2, between 30 and 59 s; score 3, 60 s or more). 

2.4. Statistical Analysis 

The significance of differences was determined using 
Student’s t-test for two-group comparison. The score for 
the catalepsy test was carried out by Mann-Whitney 
U-test (two-tailed). Analysis of variance (ANOVA) was 
used for multiple comparisons. Post hoc analysis was 
performed using Fisher’s PLSD test. The criterion of 
significance was set at p < 0.05. All results are expressed 
as mean ± standard error of the mean (SEM). 

3. RESULTS 

3.1. Growth Curves and the Mortality Rate 

Mice on standard mineral or experimental diets were 
housed individually for food intake assessment. The 
body weight of the LCa group did not differ from its PF 
group during the entire treatment, but was significantly 
decreased compared with the normal control group (Fig-
ure 1(a)). After 1 week on the diet, LCa mice showed 
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signs of aphagia. The amount of food made available to 
the PF group was reduced accordingly to equal that con- 
sumed by the LCa group (Table 2). In the LCa group, 
death occurred in 1.4% of mice on the 21st day and in 
5.6% on the 35th day, while no deaths occurred in the PF 
group (Table 3). In the MgD group, a profound loss in 
body weight was seen after 17 days of treatment (Figure 
1(b)). MgD mice showed aphagia after 4 days of treat- 
ment which persisted until death (Table 2). In the MgD 
group, death occurred in 1.7% of mice on the 7th day, in 
19.3% on the 14th day, in 54.4% on the 21st day, in 77.2% 
on the 28th day and in 87.7% on the 35th day, while no 
deaths occurred in their PF group (Table 3). As shown on 
the growth curves in Figure 1, despite the LCa/Mg diet, 
the average body weight at the end of the first week had 
steadily increased to about 14 g, similarly to that ob- 
served with mice from the PF group. LCa/Mg mice 
showed aphagia from the second week onwards (Table 
2). Accordingly, the weight of these mice started to pla- 
teau and to differ significantly from the PF group, which 
continued to increase (Figure 1(c)). In the LCa/Mg 
group, death occurred in 3.3% on the 21st day, in 6.6% on 
the 28th day and in 8.3% on the 35th - 42nd days, while no 
deaths occurred in the PF group (Table 3). 

3.2. Influence of Ca and/or Mg Deficiency on  
Catalepsy Test 

Mice on the LCa diet did not show any signs of cata- 
lepsy even after 5 weeks (Figure 2(a)). Catalepsy was 
not observed either in any of the PF groups. In contrast, 
mice on the MgD diet showed a significant increase in 
their descent latency from the bar on the second week 
but were not further evaluated due to their high death 
rate (Figure 2(b)). On the other hand, a significant in- 
crease in the duration of catalepsy was observed from the 
3rd to the 6th week in mice fed with the LCa/Mg diet 
(Figure 2(c)). 

3.3. Effects of Antiparkinsonian Drugs on  
Catalepsy in LCa/Mg Mice 

The antiparkinsonian drugs bromocriptine (DA recap- 
tor D2 agonist), L-DOPA (precursor of DA), and aman- 
tadine (DA releaser) were tested on the 6th week in cata- 
leptic LCa/Mg mice. The catalepsy scores significantly 
improved and peaked by 1 hr after bromocriptine injec- 
tion (1 - 4 mg/kg) (Figure 3) or 0.5 hr after L-DOPA (50 
- 200 mg/kg) (Figure 4) or amantadine injections (10 - 
20 mg/kg) (Figure 5) before returning to control levels. 

Table 2. Effect of LCa, MgD and LCa/Mg on food intake in mice. 

Group/day Day 1 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42 

Normal diet (n = 20) 1.24 g 3.22 g 3.84 g 4.43 g 4.21 g 4.33 g - 

LCa (n = 20) 1.18 g 2.54 g 2.74 g 2.93 g 2.63 g 2.54 g - 

        

Normal diet (n = 20) 1.742 g 3.45 g 3.95 g 4.26 g - - - 

MgD (n = 20) 1.74 g 2.27 g 2.98 g 2.96 g - - - 

     - - - 

Normal diet (n = 20) 1.24 g 3.22 g 3.84 g 4.43 g 4.22 g 4.32 g 4.26 g 

LCa/Mg (n = 20) 1.5 g 1.95 g 2.84 g 2.37 g 2.56 g 2.50 g 2.44 g 

 
Table 3. Influence of LCa, MgD and LCa/Mg on the death rate during the first 35 days on the diet. 

Group/day Day 1 Day 7 Day 14 Day 21 Day 28 Day 35 

PF (n = 70) 0% 0% 0% 0% 0% 0% 

LCa (n = 70) 0% 0% 0% 1.4% 1.4% 5.7% 

       

PF (n = 60) 0% 0% 0% 0% 0% 0% 

MgD (n = 57) 0% 1.7% 19.3% 54.4% 77.2% 87.7% 

       

PF (n = 60) 0% 0% 0% 0% 0% 0% 

LCa/Mg (n = 60) 0% 0% 0% 3.3% 6.6% 8.3% 
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(a)                                     (b)                                      (c) 

Figure 1. Growth Curves for LCa (a), MgD (b) and LCa/Mg (c) diet groups. Vertical bars represent standard errors of the mean 
(S.E.M.). *: p < 0.05; **: p < 0.01 compared with PF groups. 
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Figure 2. Effects of LCa (a), MgD (b) and LCa/Mg (c) diet on catalepsy in mice. Vertical bar represent S.E.M. *: p < 0.05; **: p < 
0.01 compared with PF groups. 

 

 
Figure 3. The inhibitory effect of bromocriptine on catalepsy 
induced after 6 weeks of LCa/Mg diet in mice. Catalepsy score 
on peak time of effect (1 hr after bromocriptine i.p. injection). 
Vertical bar represent S.E.M. (n = 10 per group). *: p < 0.05; **: 
p < 0.01 vs vehicle. 

4. DISCUSSION 

The present study showed that LCa, MgD and LCa/ 
Mg diets led to a decrease in the daily food intake in 
mice and, accordingly, to their markedly reduced growth. 
The growth curves and food intake were similar between 
these groups. The mortality rate was more pronounced 
however in the MgD group than in the LCa and LCa/Mg 
groups. Under normal physiological conditions, volt- 
age-dependent Mg blockade limits free radical genera- 
tion promoted by increases in cytosolic Ca levels, and is  

 

Figure 4. The inhibitory effect of combined L-DOPA and ben-
serazide on catalepsy induced after 6 weeks of LCa/Mg diet in 
mice. Catalepsy score on peak time of effect (30 min after 
L-DOPA in combination with benserazide i.p. injection). Verti-
cal bar represent S.E.M. (n = 10 per group). *: p < 0.05; **: p < 
0.01 vs vehicle. 
 
thus neuroprotective [1,7]. In support, Oyanagi et al. 
reported that the degree of neuron loss in the SN, and the 
decrease in body weight were more evident in the MgD 
group than in the LCa/Mg group [6]. These findings 
suggest that an MgD diet is more hazardous to neuron 
and other cells than an LCa or LCa/Mg diet. 

Both the MgD and LCa/Mg groups, but not the LCa 
group, showed a prolonged duration of catalepsy as com- 
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Figure 5. The inhibitory effect of amantadine on catalepsy 
induced after 6 weeks of LCa/Mg diet in mice. Catalepsy score 
on peak time of effect (30 min after amantadine i.p. injection). 
Vertical bar represent S.E.M. (n = 10 per group). *: p < 0.05; **: 
p < 0.01 vs vehicle. 
 
pared to their PF group on the bar test. The result sug-
gests that the deficiency in Mg may be responsible for 
the appearance of catalepsy. It is well known that re-
duced DA activity causes Parkinsonian symptoms such 
as rigidity and akinesia in human. This state manifests 
itself as catalepsy in rodents. The high mortality ob- 
served in mice on the MgD diet makes it difficult to 
study the mechanisms leading to catalepsy using this 
paradigm. Moreover, it was reported that in this model 
mice showed a more complex state than a simple Mg 
deficiency that could be reversed with a mere oral Mg 
supplement [3]. Therefore, we have focused on the 
LCa/Mg group to investigate potential causes of cata- 
lepsy. The duration of catalepsy was previously shown to 
increase with the degeneration of the nigrostriatal DA- 
ergic neuron pathway [8,9]. Here, the cataleptic behav- 
ior observed in LCa/Mg mice was transiently inhibited in 
a dose-dependent fashion by the administration of the 
antiparkinsonian drugs bromocriptine, L-DOPA or aman- 
tadine. Together, these results suggest that the LCa/Mg 
diet-induced catalepsy may be due to hypo-dopaminergic 
function. We propose three hypothetical mechanisms by 
which LCa/Mg diet feeding may lead to DA-ergic hypo- 
function. 

1) It is well established that Ca and Mg are essential 
for synaptic transmission and of central importance to 
the biochemistry of the cell and its energy metabolism in 
particular. These elements are also cofactors for the tyro- 
sine hydroxylase activity that is essential for DA synthe- 
sis [10]. Mg was shown to prevent the death of DA-ergic 
neurons induced by 1-methyl-4-phenylpyridinium (MPP+) 
in the experimental model of PD [11,12]. Thus, a chronic 
LCa/Mg diet may alter DA production in the SN, its re- 
lease in the striatum and lead to motor dysfunction such 
as catalepsy.  

2) It has been reported that an accumulation of pollut- 
ant metals such as Mn and Al is caused by some meta- 

bolic changes due to a lack of protective factors (e.g. 
LCa/Mg) [5]. In this respect, a reduction in blood Ca 
levels was shown to enhance Al absorption [13]. The 
accumulation of Al in the central nervous system can 
play a critical role in its degeneration by inducing neu- 
rofibrillary tangle formation and cell death [14,15]. In- 
terestingly, in a recent study subjects with Parkinsonism 
and arthritis showed high levels of Mn and Al accumu- 
lated in their brain [16]. Chronic Mn exposure shows 
many pathological features in common with PD [17,18]. 
DA deficiency was shown to occur in chronic Mn poi- 
soning in squirrel monkeys and rabbits [19,20]. It is note- 
worthy that some pathological neurological symptoms 
observed after long-term Mn intoxication can be dimin- 
ished by L-DOPA treatment [21]. Mn neurotoxicity has 
shown selectivity for DA neurons [22]. Recently, it was 
demonstrated that Mn augments the neurotoxic effect of 6- 
hydroxydopamine, a treatment used to model PD in ani- 
mals [23]. Together, these results suggest that LCa/Mg in 
mice may lead to an indirect accumulation of Mn and Al 
in the brain with subsequent degeneration of DA neuron.  

3) Mg decreases the excitotoxic activity of N-methyl- 
D-aspartate (NMDA) [24]. The NMDA receptors are 
thought to be responsible for this excitotoxicity and the 
subsequent downstream events like neuroinflammation 
and apoptosis, and thus have been implicated in many 
important human pathologies ranging from ALS to Alz- 
heimer’s disease, PD, depression, epilepsy, trauma and 
schizophrenia [25]. Mg’s neuroprotective effect is medi- 
ated via a reduction in the presynaptic release of the 
neurotransmitter glutamate [26] or blockade of NMDA 
receptors [27]. In a variety of experimental models of PD, 
many NMDA receptor blockers have shown anticatalep- 
tic activity, including dizocilpine, phencyclidine, me- 
mantine, and others [28-31]. In this study, the admini- 
stration of amantadine, a DA releaser and a non-selective 
NMDA receptor antagonist, also improved the catalepsy 
in LCa/Mg mice. Thus, this ameliorating effect may be 
due not only to the drug’s induction of DA release but 
also to its NMDA receptor antagonist properties. These 
results suggest that the LCa/Mg-induced catalepsy may 
be caused by DA-ergic hypofunction via a supersensitiv- 
ity of NMDA receptors. Further experiments are needed 
to examine how LCa/Mg can lead to the degeneration of 
SN DA-ergic neurons. 

In conclusion, these results suggested that catalepsy in 
LCa/Mg mice might result from a hypofunction of do- 
paminergic neurons. Moreover, the present study demon- 
strated that a chronic deficiency in environmental factors, 
such as dietary Ca and Mg, may contribute to the devel- 
opment of neurodegenerative disorders such as PD. 
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