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Abstract Excessive intake of manganese (Mn) may cause
neurotoxicity. Sodium para-aminosalicylic acid (PAS-Na)
has been used successfully in the treatment of Mn-induced
neurotoxicity. The y-aminobutyric acid (GABA) is related
with learning and memory abilities. However, the mechanism
of PAS-Na on improving Mn-induced behavioral deficits is
unclear. The current study was aimed to investigate the effects
of PAS-Na on Mn-induced behavioral deficits and the in-
volvement of ultrastructural alterations and y-aminobutyric
acid (GABA) metabolism in the basal ganglia of rats.
Sprague-Dawley rats received daily intraperitoneally injec-
tions of 15 mg/kg MnCl,.4H,0, 5d/week for 4 weeks, follow-
ed by a daily back subcutaneously (sc.) dose of PAS-Na (100
and 200 mg/kg), 5 days/week for another 3 or 6 weeks. Mn
exposure for 4 weeks and then ceased Mn exposure for 3 or
6 weeks impaired spatial learning and memory abilities, and
these effects were long-lasting. Moreover, Mn exposure
caused ultrastructural alterations in the basal ganglia
expressed as swollen neuronal with increasing the electron
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density in the protrusions structure and fuzzed the interval of
neuropil, together with swollen, focal hyperplasia, and hyper-
trophy of astrocytes. Additionally, the results also indicated that
Mn exposure increased Glu/GABA values as by feedback
loops controlling GAT-1, GABA, mRNA and GABA 4 protein
expression through decreasing GABA transporter 1(GAT-1)
and GABA A receptor (GABA ) mRNA expression, and in-
creasing GABA 4 protein expression in the basal ganglia. But
Mn exposure had no effects on GAT-1 protein expression. PAS-
Na treatment for 3 or 6 weeks effectively restored the above-
mentioned adverse effects induced by Mn. In conclusion, these
findings suggest the involvement of GABA metabolism and
ultrastructural alterations of basal ganglia in PAS-Na’s protec-
tive effects on the spatial learning and memory abilities.

Keywords Sodium para-aminosalicylic acid - Manganese -
y-aminobutyric acid (GABA) metabolism - Spatial
learning-memory ability impairment - Ultrastructural
alterations of basal ganglia

Introduction

Manganese (Mn), an essential trace metal element, plays a
crucial role in maintaining normal physiological functions,
especially the neurotransmitters homeostasis [13]. However,
excessive Mn exposure may cause a progressive neurological
damage with extrapyramidal motor disorder called
manganism. Manganism is characterized by variety of psychi-
atric, cognitive, and motor disturbances resembling to those of
Parkinson’s disease [15]. More seriously, chronic excessive
Mn exposure not only occurs in occupational workers but also
happens in environmental Mn pollutions which has obtained
public concern [3].
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After penetrating the blood-brain barrier, Mn is dis-
tributed to different brain regions, especially the basal
ganglia. Mn-induced the effects on basal ganglia have
been concerned as it relates to the movement abnor-
malities [11]. Mn has been shown to interfere with
several neurotransmission systems, especially the dopa-
minergic (DAergic) system [10]. The deregulation of
DA signaling has been concerned as a major focus of
manganism. However, it has recently clear that the al-
terations in the biology of glutamate (Glu)-glutamine
(Gln)/GABA cycle were involved in the etiology of
Mn neurotoxicity [1, 12]. Experimental studies also
showed that the primary brain target of Mn is the y-
aminobutyric acid (GABA) enrichment area, such as
basal ganglia [7]. Autopsy studies showed that nerve
cell loss in the globus pallidus with astrocytosis, but
no significant changes in the substantia nigra [26, 41].
The major inhibitory neurotransmitter, GABA, involves
in projecting neuronal signals in the basal ganglia and
thalamic regions to coordinate the performance of
movement [22]. Moreover, the increasing ratio of the
Glu and GABA may cause the learning and memory
impairment [8]. The emerging evidence suggests that
Mn-induced memory ability deficits may be related
with the interruption of Glu-GIln/GABA cycle which
may also induce unltrastructural alterations and influ-
ences each other. However, it is yet unclear how Mn
interrupts the Glu-GIn/GABA cycle, especially through
GABA transporters.

Many drugs have been used to treat Mn-induced neurotox-
icity, including levodopa and ethylene diamine tetraacetic acid
[28, 34]. However, the treatment of these drugs showed a
limited clinical efficacy [23]. Para-aminosalicylic acid (PAS)
and its salt sodium para-aminosalicylic acid (PAS-Na) have
been used successfully in the treatment of Mn-induced neuro-
toxicity [15, 18]. So we hypothesized that the successful effect
of PAS-Na on manganism might possibly be related to
GABA. Thus, the present study was conducted to investigate
the effects of Mn exposure on spatial learning and memory
dysfunction, unltrastructural of the basal ganglia, and the
GABA system. We also explore whether PAS-Na has protec-
tive effects on the above-mentioned changes.

Materials and Methods

Reagents

Manganese chloride tetrahydrate (MnCl,-4H,0), guarantee
reagent (GR), were purchased from Tianjin Bodi Chemical

Co. Ltd., China; PAS-Na was bought from Liaoning Beiqi
Pharmaceutical Co. Ltd., China. All reagents were of
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analytical grade, the best available pharmaceutical grade or
HPLC grade.

Experimental Animals

A total of 120 male Sprague-Dawley (SD) rats (specific path-
ogen-free, weighing 180.2 + 14.7 g) were bought from the
Experimental Animal Centre of Guangxi Medical
University, Nanning, China [SCXK2009-0003]. The animals
were housed at a climate-controlled animal room (temperature
24 + 1 °C, humidity 55 £ 10 %, and 12 h/12 h light/dark
cycle), and acclimated for 1 week before the experimentation.
Food and water were available ad libitum. All experimental
procedures were conducted according to the National
Institutes of Health Guide for Care and Use of Laboratory
Animals and approved by committee of the care and use of
laboratory animals in Guangxi Medical University, Nanning,
China.

Experimental Design and Treatments

There were 15 rats in each group. The exposure and treatment
lasted 7 weeks or 10 weeks according groups. To induce learn-
ing and memory impairment, rats in the Mn-only treatment
(Mn) group received intraperitoneal (i.p.) injection of 15 mg/
kg MnCl,.4H,0, once a day, 5 days a week for 4 weeks; they
were then ceased Mn exposure and received daily back sub-
cutaneous (s.c.) injection with saline, 5 days per week for
another 3 or 6 weeks.

Rats in PAS-Na treatment (designed as Mn + 100 PAS-Na
and Mn + 200 PAS-Na) groups received the same daily i.p.
injections of 15 mg/kg MnCl,.4H,0 as those in the Mn group.
Following 4 weeks of Mn exposure, exposure ceased and the
rats were received daily back s.c. injection of 100 mg/kg
(Mn + 100 PAS-Na group) or 200 mg/kg (Mn + 200 PAS-
Na group) PAS-Na, 5 days per week for 3 or 6 weeks. Rats in
the normal control (Control) group received i.p. and back s.c.
injection of physiological saline at the same volume equiva-
lent to the Mn group throughout the experiment.

Morris Water Maze Test (MWM)

MWM test was carried out within 24 h after last injection for
six consecutive days as described in the previous study [19,
20]. The MWM consisted of a flat black galvanized metal tank
(2.1 m in diameter and 0.6 m deep) equipped with a platform
2 cm below the surface of the water in the center of the third
quadrant of the pool (temperature 26 + 1 °C). A camera was
mounted above the maze pool and connected to a computer
which was equipped with the MWM analysis software
(Huaibei Zhenghua biological equipment Co., China) to re-
cord the swimming track. On the training days, the rats were
placed on the escape platform for 15 s to familiarize
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themselves with the task. The training trials were carried out
four times per day each rat in a different quadrant for five
consecutive days. The trail was terminated once the rats reach
the escape platform. If the rats failed to find the escape plat-
form within 90 s, the rats were guided to the platform and
placed for 15 s, and the escape latency was recorded as 90 s.
On the sixth day, spatial probe trial was performed without
platform. The cumulative times spent in the original platform
location were recorded during a period of 120 s. The spatial
probe trial was used to measure the memory ability. All tests
were performed in the same time period from 10 AM to 3 PM.

Transmission Electron Microscopy (TEM)

Rat were anaesthetized with chloral hydrate (i.p. 300 mg/kg)
within 24 h after the last injection, and perfused transcardially
with 150 ml 0.9 % NaCl, followed by 250 ml fixative solution
(contains 2 % paraformaldehyde and 2.5 % glutaraldehyde in
0.1 M sodium phosphate buffer, pH = 7.2-7.4) at room tem-
perature. After perfusion, the basal ganglia was rapidly dis-
sected and immersed in the same fixative solution at 4 °C for
overnight. The basal ganglia was sliced into 1-mm-thick cor-
onal slices and immersed in the fresh fixative (1 % glutaral-
dehyde in 0.1 M PB) overnight at 4 °C, and then postfixed
with 1 % osmium tetroxide and 0.01 % postassium dichro-
mate in the same fixed solution overnight at 4 °C. The tissues
were dehydrated in a graded aqueous solutions of acetone
from 50 to 90 % (each for 10 min), and then 100 % acetone
(three times, 10 min/time). After dehydration, the tissues were
infiltrated in epoxy resin and pure acetone mixture (v:v = 1:1)
for 2 h at room temperature. Each slice was placed on an Aclar
film (Honeywell International Inc., Morristown, New Jersey,
USA), covered with a capsule containing pure epoxy resin for
48 h at 60 °C. Slices in blocks were then coded. All further
analyses were carried out with the investigator blinded to the
experimental status of the tissue. The sections of the selected
areas were cut and collected in a 200-mesh copper grid, coun-
ter stained with with uranyl acetate and lead citrate and exam-
ined by using transmission electron microscope (TEM
H-500H-7650, Hitachi, Tokyo, Japan) on morphological
change of neuron, astrocyte, and neuropil.

Determination of Glu and GABA Ratio

The basal ganglia tissues were homogenized with ten volumes
of ice cold homogenization buffer and centrifuged at 3000g
for 15 min. Apart from determination of total protein concen-
tration, supernatant samples were prepared for high perfor-
mance liquid chromatography (HPLC) analysis. The samples
were precipitated by using 0.4 mol/L perchlorate and derived
by using derivatization reagent according to the previous
study [19, 20] with minor modifications. The mobile phase
“A”: 0.5 mol/L phosphate buffer solution was mixed with

0.8 % (v:v) THF (pH = 5.8). The mobile phase “B”: carbinol
was mixed with 25 % (v:v) acetonitrile. The gradient elution
was as follows: 0~6 min B%: 25~25 %, 6.01~8 min B%:
25~42 %, 8.01~11 min B%: 42~42 %, 11.01~14 min B%:
42~50 %, 14.01~18 min B%: 75 %, 18.01 min: finished.
The detection wavelength: Aex = 340 nm, Aem = 455 nm.
The flow rate: 1 ml/min, the injection volume: 20 ul, column
temperature was 30 °C. The entire chromatography process
took 20 min. Ratio of Glu and GABA (Glu/GABA
values) = Glu levels/GABA levels.

Real-Time Polymerase Chain Reaction (RT-PCR)
Analysis

Total RNA was extracted from the basal ganglia samples by
using Trizol (Tiangen Biochemical Technology co., China).
The reverse transcription of total RNA was carried out by
using iScript II Reverse Transcription Supermix (Bio-Rad
Laboratories, Mississauga, Canada). The primers were syn-
thesized by Shanghai Invitrogen Co., China and the sequence
was listed as follows: 5-GGCTTGACTTCTTTCGGGTT
CTA-3' (forward primer) and 5-GGCTTGACTTCTTT
CGGGTTCTA-3' (reverse primer) for GABA,; 5'-CTCT
CCCCTCTGGGCTATCC-3' (forward primer) and 5'-GAAT
TCACGGCGATTGCG-3' (reverse primer) for GAT-1 and 5'-
GTTCAACGGCACAGTCAAGG-3' (forward primer) and
5'-CGCCAGTAGACTCCACGACA-3' (reverse primer) for
GAPDH.

Western Blotting

Proteins (30 pg) were separated in 12% SDS-PAGE
gels and transferred onto PVDF membranes. After
blocking nonspecific sites in T-TBS buffer (containing
5 % nonfat dry milk) at room temperature for 40 min,
the membranes were incubated overnight at 4 °C with
the following primary antibodies: anti-GABAA(1:800,
Abcam ab48341, USA, anti-GAT-1(1:800, Abcam
ab426), anti-GAPDH(1:5000, Boster, China), respec-
tively. And then, the membranes were incubated with
HRP-conjugated goat anti-rabbit IgG (1:7500, Boster,
China) at room temperature for 1 h. After detection
with the enhanced chemiluminescence system (Bio-
RadLaboratories-segrate, Milan, Italy), the results were
analyzed using Image J software (NIH, Bethesda, MD).

Statistical Analysis

The data was presented as mean + standard deviation.
All statistical analyses were performed by SPSS soft-
ware version 16 for windows. The repeated measures
ANOVA with independent variances time and different
treatment was used to analyze the escape latency and
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Fig. 1 PAS-Na protected Mn-induced learning impairment via restored
the increase of escape latency and swimming distance in rats. The average
escape latency and swimming distance in the 7-week period (a, b), in the
10-week period (¢, d). The experimental procedures were conducted as in
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Material and Methods. Rats were given four times per day and data

represent as

mean =+ SD. n = 10 per group. P or *'P < 0.05 or 0.01:

significant as compared to control at the same periods; “P or P < 0.05 or
0.01: significant as compared to Mn-exposed group at the same periods

Table 1 PAS-Na restored Mn-induced memory impairment in rats
Group The first Probe Swimming Platform quadrant Platform quadrant
across time times speed time/total time distance/total distance
(s) (cm/s)
Observation for 7 weeks
Control 12.65 £4.80 4.86+£2.27 10.74 £1.52 0.49 +£0.10 0.49 +£0.10
Mn 21.35 £ 7.04% 3.60+1.43 10.35 +1.08 0.39 +£0.08* 0.39 £ 0.08*
Mn + 100 PAS-Na 12.07 +3.99" 4.90 +2.47 10.54 +1.16 0.51 +0.09% 0.51 +0.09%
Mn + 200 PAS-Na 17.57 £6.21 430+ 1.77 10.95 +1.62 0.39 +£0.08 0.39 +0.08
F 5.554 0.869 0.327 4932 4.932
P 0.000 0.467 0.805 0.007 0.007
Observation for 10 weeks
Control 8.30 £ 4.09 5.90+2.13 11.60 +1.72 0.44 £0.10 0.44 +0.10
Mn 21.27 £5.61%* 5.10£2.33 10.67 +1.26 0.43+0.12 0.43+0.12
Mn + 100 PAS-Na 15.60 + 6.51% 5.92 £2.06 10.74 £ 0.92 0.44 £ 0.09 0.44 £ 0.09
Mn + 200 PAS-Na 11.31 +4.56" 5.85+2.79 1034 £1.42 0.45 +£0.08 0.45 +£0.08
F 11.651 0.005 1.732 0.116 0.116
P 0.000 1.000 0.175 0.950 0.950

Data represent as the mean = SD. » = 10 number of animals per group

#P < 0.05, **P < 0.01 significant as compared to control; * P < 0.05, * P < 0.01 significant as compared to the Mn group
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swimming distance, and Tukey’s post hoc test was also
used for analyzing between-group differences among
multiple sets of data. One-way ANOVA and Dunnett’s
multiple comparison post hoc tests were used for the
data of other indexes analysis. TEM analysis was de-
scriptive only and aimed to identify the possible differ-
ence among the different treatment at the ultrastructural
level. Results were considered statistically significant at
p value <0.05.

Results

PAS-Na Treatment Improved Mn-Induced Memory
and Learning Impairment

In order to assess the spatial learning and memory abil-
ity, MWM test was performed. The training test was
used for assessing learning abilities. Mn exposure for
4 weeks and ceased Mn exposure for 3 weeks increased
the escaping latency and swimming distance on the fifth
day (»p < 0.05, Fig. la, b). These neurotoxic effects
were long-lasting, because ceased Mn exposure for
6 weeks did not improve the Mn neurotoxicity but de-
teriorated learning abilities as early as the fourth day
(» < 0.05 or 0.01, Fig. Ic, d). In contrast, treatment
with 200 mg/kg PAS-Na for 3 weeks significantly de-
creased the escaping latency and swimming distance on
the fifth day (»p < 0.05, Fig. la, b). The effects were
more obviously that both 100 and 200 mg/kg treatment
with PAS-Na for 6 weeks restored Mn-induced neuro-
toxicity via decreasing escaping latency and swimming
distance (p < 0.05 or 0.01, Fig. lc, d).

The spatial probe trial was used for accessing the
memory abilities. Mn exposure for 4 weeks and ceased
Mn exposure for 3 or 6 weeks increased the times of
first cross (p < 0.01, Table 1) Mn exposure and ceased
Mn exposure for 3 weeks decreased the ratio of plat-
form quadrant time and distance (p < 0.05, Table 1).
Treatment with 100 mg/kg PAS-Na for 3 weeks restored
Mn-induced above-mentioned changes (p < 0.05 or
0.01, Table 1). Both 100 and 200 mg/kg PAS-Na treat-
ment for 6 weeks significantly restored Mn-induced in-
creasing of the first cross time.

PAS-Na Treatment Restored Mn-Induced Changes
in Neurons, Astrocytes, and Neuropil Ultrastructural
in the Basal Ganglia

The neuronal ultrastructural in the control group did not
show any pathological changes (Fig. 2a). The nucleolus
was clear and contained integrated nuclear membrane;
the chromatin was well distributed and contained

abundant rough endoplasmic reticulum and mitochon-
dria. After Mn exposure for 4 weeks and ceased Mn
exposure for 3 (Fig. 2b) or 6 (Fig. 2c¢) weeks, the neu-
ronal ultrastructure was obviously abnormal as exhibited
by the shrinkage and swelling nucleus, collapsed nucle-
olus, intense chromatin condensation, nuclear membrane
disruption, swollen and degranulated rough endoplasmic
reticulum and less cytoplasmic organelles. In contrast,

Fig. 2 PAS-Na restored the changes of neuronal ultrastructural in the
basal ganglia induced by Mn (scale bars represent 125 nm,
magnification x10,000). a Normal neuronal ultrastructural in the basal
ganglia. The nucleolus was obvious (black arrow) and contained
integrated nuclear membrane (black cross-arrow); the chromatin was
well distributed and contained abundant rough endoplasmic reticulum
(white arrow-heads) and mitochondria (black arrow-heads). b, ¢
Neuronal ultrastructural in basal ganglia of Mn group of 7- and 10-
week period, respectively. The neuronal ultrastructure was obviously ab-
normal as exhibited by the shrinkage (b) and swelling nucleus (¢), nucle-
olus collapsed (white cross-arrows), intense chromatin condensation
(black arrow-heads), an apparent loss of nuclear membrane integrity
(black arrows), swollen and degranulated rough endoplasmic reticulum
(white arrow-heads), swollen mitochondria (black arrow-heads) and
presence of lysosomes (white arrow). d, e Mn + 100 PAS-Na and
Mn + 200 PAS-Na (treatment for 3 weeks). f, g Mn + 100 PAS-Na and
Mn + 200 PAS-Na (treatment for 6 weeks). PAS-Na treatment restored
Mn-induced above-mentioned changes in neuronal ultrastructure, espe-
cially 200 mg/kg PAS-Na treatment for 3 (e) and 6 (g) weeks
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PAS-Na treatment for 3 (Fig. 2d, e) or 6 weeks (Fig. 2f,
g) reduced the above-mentioned impairment, especially
200 mg/kg PAS-Na treatment for 3 (e) and 6 (g) weeks.

Signs of normal neuropil showed clearly visible syn-
aptic cleft and presynaptic vesicles (Fig. 3a). Mn expo-
sure for 4 weeks and ceased Mn exposure for 3
(Fig. 3b) or 6 (Fig. 3c) weeks increased the electron
density in the protrusions structure and fuzzed interval
of neuropil. PAS-Na treatment for 3 or 6 weeks reduced
the impairment (Fig. 3d-g).

The astrocytic ultrastructural in the control groups
showed a dense and homogeneous cytoplasm and well-
distributed chromatin and integrated nuclear membrane
(Fig. 4a). After Mn exposure for 4 weeks and ceased

Fig. 3 PAS-Na restored the ultrastructural changes of neuropil in the
basal ganglia induced by Mn (scale bars represent 125 nm,
magnification x10,000). a The normal neuropil. The normal neuropil
showed clearly visible synaptic cleft and presynaptic vesicles. b
Neuropil in the Mn group of 7-week period. ¢ Neuropil in the Mn group
of 10-week period. Mn exposure increased the electron density in the
protrusions structure and fuzzed interval of neuropil. d, e Neuropil in
Mn + 100 PAS-Na and Mn + 200 PAS-Na group of 7-week period. f, g
Neuropil in Mn + 100 PAS-Na and Mn + 200 PAS-Na group of 10-week
period. PAS-Na treatment for 3 or 6 weeks reduced the impairment
(Fig. 3d—g)
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Mn exposure for 3 (Fig. 4b) or 6 (Fig. 4c) weeks, the
astrocytic ultrastructural was obviously abnormal as vi-
sualized by apparent loss of nuclear membrane integrity,
focal hyperplasia, and hypertrophy accompanied with
increasing cell volume and cytoplasm. The cytoplasm
contained more free ribosomes, mitochondria, and lyso-
somes than those of the control. Additionally, higher
electronic density, irregular nucleus, chromatin conden-
sation were also been found in the Mn-treated astrocytes
(Fig. 4b, c). However, PAS-Na treatment for 3 or
6 weeks improved Mn-induced above-mentioned

Fig.4 PAS-Narevert the changes of astrocytic ultrastructural in the basal
ganglia induced by Mn (scale bars represent 125 nm, magnification
x10,000). a The normal astrocytic ultrastructural. The normal astrocytic
ultrastructural showed integrated nuclear membrane (black arrow), and
the chromatin was well distributed. b, ¢ The Mn group in 7- and 10-week
period, respectively. The astrocytic ultrastructural of the Mn groups were
obviously abnormal as visualized by an apparent focal hyperplasia (b),
loss of nuclear membrane integrity (black arrows), accompanied with
intense chromatin condensation (black arrow-heads). d, e Mn + 100
PAS-Na and Mn + 200 PAS-Na groups in 7-week period. f, g Mn +
100 PAS-Na and Mn + 200 PAS-Na groups in 10-week period. PAS-Na
treatment for 3 or 6 weeks improved above-mentioned changes of astro-
cytic ultrastructural induced by Mn, especially 200 mg/kg PAS-Na treat-
ment for 3 (e) and 6 (g) weeks
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changes in astrocytes (Fig. 4d—g), especially 200 mg/kg
PAS-Na treatment for 3 (Fig. 4e) and 6 (Fig. 4g) weeks.

PAS-Na Treatment Restored Mn-Induced the Increase
of Glu/GABA Values

Mn exposure for 4 weeks and ceased Mn exposure for
3 weeks increased Glu/GABA values (Fig. Sa,
p < 0.01). However, Mn exposure for 4 weeks and
ceased Mn exposure for 6 weeks did not alter the
Glu/GABA values (Fig. 5b, p > 0.05). In contrast, treat-
ment with 200 mg/kg PAS-Na for 3 weeks restored the
alteration of Glu/GABA values induced by Mn (Fig. 5a,
p < 0.01).

PAS-Na Treatment for 6 Weeks Reverted the Decrease
of GAT-1 mRNA Expression but No GABA, mRNA
Expression Induced by Mn

Mnexposure for4 weeks and ceased Mn exposure for 3 weeks
did not alter the GABA 4 and GAT-1 mRNA expression
(Fig. 6a, p > 0.05). However, Mn exposure for 4 weeks and
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Fig. 5 PAS-Na treatment restored Mn-induced the increase of Glu/
GABA values. n = 6 per group. ~ P<0.01: significant as compared to
control; #P<0.01: significant as compared to the Mn group

ceased Mn exposure for 6 weeks decreased GABA 4 and
GAT-1 mRNA expression to 61.5 and 57.1 % of the control,
respectively (Fig. 6b, p < 0.05). Treatment with PAS-Na for
6weeksrevertedthe GAT-1mRNA expressionlevels(95.6and
96.3 % of the control, respectively, Fig. 6b, p <0.05), but no
effects onthe GABA , mRNA expression (Fig. 6b, p>0.05).

Mn Exposure Increased GABA, Protein Expression
but No Effects on GAT-1

Mn exposure for 4 weeks and ceased Mn exposure for 3 weeks
increased the GABA 4 protein expression to ~190 % levels of
the control (Fig. 7a, p < 0.05), but Mn exposure for 4 weeks
and ceased Mn exposure for 6 weeks did not alter the GABA 5
protein expression (Fig. 7b, p > 0.05). And treatment with
PAS-Na for 3 weeks had not effects on Mn-induced the alter-
ation of GABA 4 protein expression (Fig. 7a, p > 0.05). We did
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Fig. 6 PAS-Na reverted Mn-induced mRNA expression of GAT-1, but
no effects on GABA, in the basal ganglia. n = 6 per group. *P < 0.05:
significant as compared to control; P < 0.05: significant as compared to
the Mn group
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not find Mn has no significant effects on GAT-1 protein ex-
pression (Fig. 7, p > 0.05).

Discussions

A large body of evidences which were confirmed by meta-
analyses [27, 32] showed that prolonged occupational Mn
exposure even at a low level may cause motor deficits. Even
after the Mn exposure ends, these damages may persist and
progress worse [14]. More seriously, studies on children have
shown that both neuromotor and cognitive abnormalities [16,
33] were associated with excessive Mn exposure in airborne
particles [25] and deposited dust [24]. Morris water maze
(MWM) test has been universally used to assess the spatial
learning and memory ability. Hence, we used MWM to test
the spatial learning and memory ability of the experimental
animals. Our results showed that Mn exposure for 4 weeks
and ceased Mn exposure for 3 weeks significantly damaged
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the spatial learning and memory ability indicated as increase
of' the escaping latency and swimming distance in the training
test (Fig. la, b) and the first cross times in the spatial probe
trial on the rats (Table 1). The neurotoxic effects were long-
lasting, because 6-week period of no Mn exposure did not
improve the Mn-induced neurotoxicity but deteriorated learn-
ing abilities as early as the fourth day (Fig. 1c, d).
Ultrastructural changes in the brain have been confirmed to
be a common brain pathological response in the neurodegen-
erative diseases, including Alzheimer’s disease, PD, and
manganism [29, 39]. The earliest study showed that Mn ex-
posure induced ultrastructural changes in caudate nucleus
such as swollen rough endoplasmatic reticulum [4]. It was
corroborated by recently study which reported that Mn expo-
sure produced ultrastructural changes in the caudate nucleus
of mice expressed as neuronal and glial edema, myelin disar-
rangement, and swollen mitochondria. Our previous study
showed that low levels of Mn exposure decreased the dendrit-
ic branching of primary cultured hippocampus neurons [40].
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More importantly, Mn-induced injuries in the basal ganglia
were related with Mn-induced the cognitive deficits and neu-
ropsychological [11]. The above-mentioned evidences sug-
gest that excessive Mn exposure can alter the basal ganglia
unlrastructural and destroy memory ability [26, 31, 41]. The
present study found that Mn-exposure for 4 weeks and ceased
Mn exposure for 3 or 6 weeks induced ultrastructural alter-
ation in the basal ganglia exhibited as neuronal shrinkage and
swollen, nucleolus collapsed, irregular nucleus with higher
electron density, intense chromatin condensation, increased
the electron density in the protrusions structure and fuzzed
interval of neuropil, swollen, focal hyperplasia, and hypertro-
phy in astrocytes (Fig. 7). Unfortunately, we have not shown
the correlation between the behavior deficit and the ultrastruc-
tural alterations in the basal ganglia induced by Mn. But the
involvement of injuries of the basal ganglia in Mn-induced
cognitive deficits is confirmed in the present study.

Historically, studies on the effects of Mn have concerned
with the effects on DAergic system damage because of its
relation with movement abnormalities. However, emerging
studies provide significant evidences of Mn effects on
GABA-ergic system which is more primary affected by Mn
than the DAergic systerm [10, 12]. Moreover, it is well known
that GABA and Glu are involved in the regulation of move-
ment performance, and the alterations of GABA and Glu in
the basal ganglia are associated with movement deficits [22,
36]. But the effects of Mn exposure on these two key neuro-
transmitter involved remain controversial [12, 19-21, 37, 44].
Although the studies on the alteration of Mn-induced
GABAergic system were in contradiction, the GABA level
changes in basal ganglia are well recognized to be related with
Mn-induced neurotoxicity [9, 35]. Additionally, Mn also al-
tered GAT-1, GABA, and GABAg protein expression [2, 5].
DAergic nuclei and GABAergic nuclei may reciprocally af-
fect each other [2]. The present results showed that Mn expo-
sure for 4 weeks and ceased Mn exposure for 3 weeks in-
creased the ratio of Glu and GABA, while after ceased Mn
exposure for longer times (6 weeks) restored these changes.
Moreover, t Mn exposure for 4 weeks and ceased Mn expo-
sure for 3 weeks increased GABA 5 protein expression, but no
effects on the GABA, mRNA, GAT-1 mRNA and protein
expression. However, Mn exposure for 4 weeks and ceased
Mn exposure for 6 weeks decreased both GAT-1 and GABA 5
mRNA expression levels, but no effects on the protein expres-
sion. Unfortunately, we did not observe similar changes on
Mn-induced alteration of GABA, and GAT-1 mRNA in the
protein level. The reason of why the results of mRNA and
protein expression were not consistent may be due to that
we used different samples to determine the mRNA and protein
expression which was similar to the results of the previous
studies [2].

PAS-Na, an anti-berculosis drug, has been firstly con-
firmed to be efficient on promoting Mn excrete [38].

More importantly, our labs found that PAS-Na has clinical
effects on manganism treatment with good long-lasting
prognosis [15, 18]. However, how PAS-Na makes a ther-
apeutic effect in the treatment of manganism is unclear.
Among various therapeutic mechanisms of PAS-Na treat-
ment on Mn-induced neurotoxicology, Glu excitotoxicity
has also been considered [6, 17, 19, 20, 42, 43]. The
present study found that PAS-Na restored Mn-induced
spatial learning and memory ability impairment, and
higher and more prolonged PAS-Na treatments were more
effects. We also found that PAS-Na treatment reduced
Mn-induced long-lasting ultrastructural alterations in neu-
ron, astrocytes, and neuropil of the basal ganglia.
Furthermore, our study showed that PAS-Na treatment
for 3 weeks restored Mn increased the ratio of Glu and
GABA, but no effects on the GABA 4 protein expression.
PAS-Na treatment for 6 weeks significantly reversed Mn-
induced alteration of GAT-1 mRNA expression levels, but
no effects on GABA, mRNA expression levels. These
results confirmed our previous study which showed that
PAS-Na (200 mg/kg) treatment for 6 weeks or PAS-Na
(100 or 200 mg/kg) restored Glu, Gln, and Gly levels of
the Mn-exposed rats to the normal levels [30].

In conclusion, our data show that Mn exposure caused
the long-lasting spatial learning and memory abilities im-
pairment. Moreover, Mn exposure produced ultrastructur-
al alterations in the basal ganglia. The results also indicate
that Mn exposure increased the Glu/GABA values by
feedback loops controlling GAT-1 and GABA, mRNA,
GABA , protein expression. PAS-Na treatment effectively
restored the above-mentioned adverse effects induced by
Mn. These findings suggest the involvement of GABA
metabolism and ultrastructural alterations of basal ganglia
in PAS-Na’s protective effects on the spatial learning and
memory abilities.
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