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Abstract

We investigated the effects of lead (Pb) and ascorbic acid co-administration on rat cerebellar development. Prior to mating, rats
were randomly divided into control, Pb, and Pb plus ascorbic acid (PA) groups. Pregnant rats were administered Pb in drinking
water (0.3% Pb acetate), and ascorbic acid (100 mg/kg) via oral intubation until the end of the experiment. Offspring were
sacrificed at postnatal day 21, the age at which the morphology of the cerebellar cortex in developing pups is similar to that of the
adult brain. In the cerebellum, Pb exposure significantly reduced Purkinje cells and ascorbic acid prevented their reduction.
Along with the change of the Purkinje cells, long-term Pb exposure significantly reduced the expression of the synaptic marker
(synaptophysin), y-aminobutyric acid (GABA )-synthesizing enzyme (glutamic acid decarboxylase 67), and axonal myelin basic
protein while ascorbic acid co-treatment attenuated Pb-mediated reduction of these proteins in the cerebellum of pups. However,
glutamatergic N-methyl-D-aspartate receptor subtype 1 (NMDARI), anchoring postsynaptic density protein 95 (PSD95), and
antioxidant superoxide dismutases (SODs) were adversely changed; Pb exposure increased the expression of NMDART1, PSD95,
and SODs while ascorbic acid co-administration attenuated Pb-mediated induction. Although further studies are required about
the neurotoxicity of the Pb exposure, the results presented here suggest that developmental Pb exposure disrupted normal
development of Purkinje cells by increasing glutamatergic and oxidative stress in the cerebellum. Additionally, ascorbic acid
co-treatment is beneficial in attenuating prenatal and postnatal Pb exposure—induced maldevelopment of Purkinje cells in the
developing cerebellum.
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Introduction

Lead (PDb) is a nonessential heavy metal that is widely present
in the environment. Recently, the burden of Pb has been great-
ly decreased by restriction of its use and omission from gaso-
line and paint in developed countries. However, environmen-
tal Pb contamination of air, soil, and water and past wide-
spread use in batteries, water pipelines, Pb-based paints in
old houses, cookware, toys, tobacco, and polyvinyl chloride
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products continue to threaten health in many countries [1]. Pb
can be absorbed in various ways via inhalation of dust, skin
contact, water ingestion, and placental/milk transmission from
Pb-exposed mothers [1, 2]. Compared to the overt toxicity
caused by high-dose Pb, the damage from exposure to low-
dose Pb has been considered detrimental in neurodevelopment
[3]. In addition to the brain, the liver, kidney, bones, and pe-
ripheral nerves are susceptible to Pb exposure [4-6]. Pb-
induced toxicity is age-independent way in humans, but the
highest risk occurs in children. During the developmental pe-
riod, the brain is not protected from exogenous toxic agents
including Pb, as the blood-brain barrier and glial cells are still
immature [7]. Additionally, Pb has been reported to impair the
blood-brain barrier and ingested Pb accumulates in the cere-
bellum, cortex, and hippocampus of the rat brain [8].
Pb-induced toxicity in the immature brain leads to
maldevelopment, cognitive impairment, poor impulse control,
attention deficit, and impaired language acquisition [9]. These
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prominent functional consequences of Pb exposure have
attracted attention to the Pb-induced toxicity in the hippocam-
pus and mesocorticolimbic systems [10—14]. Cory-Schlecta
pointed out that neurotoxicity of Pb is mediated by altering
the neurotransmission in the mesocorticolimbic system [10].
In addition, previous animal studies observed that Pb exposure
during pregnancy is harmful to normal structural development
of'the cerebellar cortex [15, 16]. The age-dependent difference
in Pb-induced toxicity of the cerebellum has been reported.
Contrast to the developing cerebellum, mature cerebellum
which has been reported as being resistant to the Pb-induced
toxicity does not generate new neurons in the adult stage [17,
18]. Thus, the present study focused on the developmental
period to examine the effect of early Pb exposure on the de-
veloping cerebellum at postnatal day (PND) 21, when the
morphology is similar to that of the adult brain [19].

The primary goal of treatment for Pb exposure—
induced toxicity is to induce its excretion. Calcium eth-
ylenediaminetetraacetic acid is an effective chelating
agent that removes Pb and prevents intoxication-
induced damage and accumulation [20]. However, this
chemical chelator has adverse effects including depres-
sion, vomiting, diarrhea, anorexia, and renal toxicity
[21]. Ascorbic acid (vitamin C), an essential nutritional
factor in humans and guinea pig, is useful against the
Pb-induced toxicity by enhancing Pb excretion.
Ascorbic acid exhibits scavenging ability for a wide
range of reactive oxygen species, safety, and its low
cost, making it useful for treatment of Pb poisoning in
the present study. Additionally, ascorbic acid was effec-
tive in detoxifying the gestational Pb exposure—induced
impairment in the cerebellum [16]. However, hitherto,
the effect of Pb exposure during the prenatal and post-
natal period on cerebellar development has not been
clearly determined. Proper development of neurons, syn-
apse formation, and subsequent signal transduction are
required for synaptic plasticity and normal brain func-
tion, as well as control of balance and motor coordina-
tion, memory, and learning of motor skills [22, 23].

Therefore, the present study investigated the neurotoxicity
of Pb exposure and the therapeutic effect of ascorbic acid co-
administration on the developing cerebellum by investigating
the neuronal, synaptic, and axonal development in the imma-
ture cerebellum of rat offspring.

Materials and Methods
Experimental Animals
Female (n=15) and male (n=5) Sprague Dawley rats

(8 weeks old) purchased from Narabiotec Co., Ltd. (Seoul,
Republic of Korea) were housed under conditions of adequate

temperature (23 °C) and humidity (60%), with a 12-h light/12-
h dark cycle. After 1 week of acclimation to a conventional
environment, the animals were used for experiments. Animals
were allowed free access to food (Purina 5008, Purina Korea,
Korea) and tap water. Pregnancy was confirmed when sperm
were detected on vaginal smears, or when vaginal plugs were
present. The day on which this confirmation took place was
designated as day 0. Male and female rats were separated
again and pregnant females were housed singly in each cage
for safe delivery and caring of offspring until the end of the
experiments. Animals were handled and cared for in accor-
dance with the NIH Guide for the Care and Use of Laboratory
Animals, which was issued by the Institute of Laboratory
Animal Resources, USA, 1996. The protocol of the present
study was approved by the Institutional Animal Care and Use
Committee of the Konkuk University (approval number
KU18133).

Pb and Ascorbic Acid Treatment

Female Sprague Dawley rats were randomly divided into
three groups: a control group (n=15), a Pb group (n=15), and
a Pb plus ascorbic acid (PA) group (n =15). Chemically, both
organic and inorganic forms of Pb have health-threatening
effects. Organic Pb accumulates in greater amounts in body
organs than inorganic Pb [24]. Among diverse compounds,
we selected Pb acetate for its long history of use and toxicity,
water solubility, and high bioavailability [25]. While previous
studies reported the toxicity of low dose (0.1%, 0.2%) and
high dose (0.54%, 1%) of Pb, few studies investigated the
effect of a moderate dose (0.3%) of Pb [12, 14-16, 26]. The
doses of ascorbic acid were adopted from previous study [16].
Pb acetate (0.3%; Sigma-Aldrich, USA) was dissolved in dis-
tilled water with glacial acetic acid (0.05%; Junsei Chemical
Co., Tokyo, Japan) to prevent Pb precipitation. Ascorbic acid
(100 mg/kg; Sigma-Aldrich, USA) for oral administration was
freshly prepared in saline daily. To adjust for the effects of
stress during oral intubation, rats in the control and Pb groups
were orally administered the same volume of saline through
intubation. Pb and ascorbic acid treatment was started at
1 week prior to mating day and continued during pregnancy
and delivery of offspring until the end of the experiment at
postnatal day (PND) 21. The body weight of pups was mea-
sured and averaged every Monday morning. At birth, to avoid
the effect of litter size among experimental groups, 6 rat off-
spring per cage (5 cages per group, offspring n = 30 per group)
were randomly selected and the remaining pups were
discarded. Whenever possible, only male pups were kept
within the litters and females were kept only if necessary to
maintain equal litter sizes. Before sacrifice, the sex of every
pup was recorded. The researchers in the present study con-
ducted experimental procedures carefully to minimize suffer-
ing and the number of animals used.
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Atomic Absorption Spectrometry for Blood Pb Level
Analysis

At PND21, pups (n =30 per group) and dams (n =5 per
group) were anesthetized using 1.5 g/kg urethane (Sigma-
Aldrich; Merck KGaA). Blood samples were collected from
the heart for analysis of Pb levels using an atomic absorption
spectrophotometer (PerkinElmer Zeeman 5100; Norwalk, CT,
USA) and an HGA-600 graphite furnace with Zeeman back-
ground correction. The absorption wavelength was 283.3 nm
and the 7 of the calibration curve was above 0.995.

Nissl Staining and Immunohistochemistry

For histological studies, the pups (n=15 per group)
were anesthetized using 1.5 g/kg urethane (Sigma-
Aldrich; Merck KGaA) at PND21 and perfused
transcardially with heparinized phosphate-buffered saline
(PBS; 0.1 M, pH 7.4), followed by 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.4). The cerebella
were removed and post-fixed in the same fixative over-
night at 4 °C. Cerebellar tissues (n=15 per group) were
embedded in paraffin blocks and midsagittal sections of
the vermis were cut into 5-um slices at multiple levels.
Three slides per pup were selected for each stain, and a
total of 45 paraffin sections per group were used in the
histological analysis. Nissl staining was conducted using
routine procedures. Briefly, immunohistochemistry for
marker proteins was conducted as follows.
Deparaffinized sections were subjected to antigen re-
trieval using citrate buffer (pH 6.0). The sections were
then sequentially treated with 0.3% hydrogen peroxide
(H,O,) to quench endogenous peroxidase activity, and
with 10% normal horse serum for blocking. Next, the
sections were incubated overnight at 4 °C in antibodies
to synaptophysin (1:500; Abcam, Cambridge, UK), post-
synaptic density protein 95 (PSD95, 1:500; Abcam), N-
methyl-D-aspartate receptor (NMDARI1, 1:500;
Millipore, Billerica, MA, USA), myelin basic protein
(MBP, 1:500; Millipore), or GAD67 (1:500; Stressgen,
USA). Subsequently, sections were exposed to biotinyl-
ated IgG (1:200; Vector, Burlingame, CA, USA) and
streptavidin peroxidase complex (1:200; Vector). They
were then visualized by reaction with 3,3'-diaminoben-
zidine tetrachloride (DAB; Sigma) in 0.1 M Tris-HCI
buffer (pH 7.2) and mounted on gelatin-coated slides.
The sections were finally dehydrated and mounted on
a toluene-based mounting medium (Richard-Allan
Scientific, Thermo Scientific).

All histopathological analyses described above were per-
formed by an investigator blinded to the rat treatment. The
quantification method of the present study was modified from
the recent study [27]. The numbers of Purkinje cells in the
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cerebellum were counted in micrographs obtained at x 100
magnification of Purkinje cell layer using arbitrary line probe
of the DP2-BSW software (Olympus, Tokyo, Japan). The ob-
servations were carried out in the second, fifth, and eighth
lobules of the sagittal section of the cerebellar vermis.

Measurement of Cerebellar Weight
and Immunoblotting

To detect synaptophysin, NMDARI1, PSD95, GADG67,
and MBP protein expression in the cerebellum, the
brains of PND21 pups (n=15 per group) were immedi-
ately dissected. The cerebella were weighed and the
samples were frozen until use. The cerebellar tissues
were homogenized in lysis buffer, centrifuged at
15,000g, and the supernatant was separated. Proteins
were quantified using the Thermo Pierce® BCA protein
assay kit (Thermo Fisher Scientific, Rockford, IL,
USA). Aliquots containing 40 pg of total protein were
boiled in loading buffer containing 150 mM Tris
(pH 6.8), 3 mM dithiothreitol, 6% SDS, 0.3%
bromophenol blue, and 30% glycerol. The aliquots were
then loaded onto a 10% sodium dodecyl sulfate-
polyacrylamide gel and proteins were separated. After
electrophoresis, the gels were transferred to
polyvinylidene fluoride membranes (Roche, Penzberg,
Germany). The membranes were blocked by incubation
in 5% skimmed milk in Tris-buffered saline (TBS;
pH 7.4) for 1 h. Next, they were incubated overnight
at 4 °C with primary antibody against either
synaptophysin (rabbit, 1:5000, Abcam), PSD95 (rabbit,
1:2000, Abcam), NMDARI1 (rabbit, 1:1000, Millipore),
GAD67 (1:1000, Stressgen), MBP (rabbit, 1:3000,
Millipore), Cu,Zn-SOD (rabbit, 1:1000, Santa Cruz,
CA, USA), or Mn-SOD (goat, 1:1000, Santa Cruz).
The blots were washed three times in TBS containing
0.1% Tween-20, and then incubated with a horseradish
peroxidase—conjugated secondary antibody (1:2000).
Bands were visualized using SuperSignal® West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific,
Rockford, IL, USA). After several rounds of blotting,
the relative optical density (ROD) of each band was
measured using NIH Image] software.

Statistical Analysis

Data are expressed as means = standard errors of the mean for
each group, and the significance of the differences between
these mean values was determined using one-way analysis of
variance (ANOVA) followed by Tukey’s test for multiple
comparisons. All analyses were carried out using GraphPad
Prism 5.01 software (GraphPad Software, Inc., La Jolla, CA,
USA). P values < 0.05 were considered significant.
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Results

Body Weight, Brain Weight, Cerebellar Weight,
and Blood Lead Levels

In the present study, there were no signs of Pb-induced toxic-
ity on reproductivity of dams and external developmental fea-
tures of pups during the experiment. The average number of
pups (CTL 12.4, Pb 9.2, PA 10.2), sex ratio (?:& = CTL 6:4,
Pb 5:5, PA 5:5), and opening of both eyes in pups (PNDI13
and/or PND14) were not significantly affected by Pb exposure
and ascorbic acid treatment. In addition, 0.3% Pb acetate (ap-
proximately 0.34 g/kg per body weight) exposure during preg-
nancy and lactation affected body weight gain, brain weight,
and cerebellar weight in pups at PND21. A prominent de-
crease in brain and cerebellar weight were observed in the
Pb-exposed pups while ascorbic acid treatment attenuated
Pb-induced reduction. Atomic absorption spectrometry dem-
onstrated that exposure increased the blood Pb level in dams
and pups by the end of experiment, and ascorbic acid reduced
the increase in blood levels with statistical significance only in
dams (Fig. 1).

Effects of Pb and Ascorbic Acid on Purkinje Cells
in the Developing Cerebellum

To determine the effect of Pb and ascorbic acid on the cere-
bellum, we performed histopathologic analysis with Nissl
staining. At PND21, Pb exposure significantly reduced the
number of Purkinje cells in the cerebellum, while no changes
were detected in the granule cell layer. Among the remaining
Purkinje cells, degenerating pyknotic cells were detected in
the Pb group. Ascorbic acid co-administration ameliorated
the reduction of Purkinje cells in the cerebellum (Fig. 2).

Effect of Pb and Ascorbic Acid on Presynaptic
Synaptophysin

Synaptophysin is expressed in presynaptic vesicular mem-
branes. Synaptophysin was detected in the molecular layer
and granule cell layer in the cerebellar cortex. The immuno-
blot results showed that the protein expression level of pre-
synaptic synaptophysin was decreased by Pb exposure with
statistical significance, while Pb and ascorbic co-
administration increased its level compared to that in the Pb
group. Additionally, synaptophysin immunoreactivity showed
a change in the pattern of immunobloting in the cerebellum
(Figs. 2 and 5).

Effect of Pb and Ascorbic Acid on NMDAR1 and PSD95

Postsynaptic NMDART1 and PSD95 showed similar patterns
of changes in the cerebellum. NMDARI1 translocation to the

postsynaptic membrane is important for glutamatergic neuro-
nal signal transduction. As immuonostaining results,
NMDARI! immunoreactivity was observed in Purkinje cells
and some cells in the molecular layer. The reduction of
NMDAR I-immunoreactive Purkinje cells did not parallel
the change in the protein expressional level in the cerebellum.
Its expression was increased by long-term Pb exposure and
ascorbic acid co-administration ameliorated Pb-induced in-
creases of the NMDARI in the cerebellum.

PSD95 was mainly detected in the Purkinje cell bodies and
dendritic branches while it was also detected in cells and fibers
in the molecular and granule cell layer of the cerebellum. In
the cerebellum, the expression pattern was consistent to the
NMDARI by showing a Pb-induced increase of PSD95 and
ascorbic acid—mediated amelioration of induction of PSD95
by Pb. Abnormal increases of NMDARI1 and PSD95 in the
cerebellum suggest that the long-term Pb exposure during
gestation and lactation periods mediated excitotoxicity in the
developing brain and ascorbic acid co-treatment reduced Pb-
mediated toxicity in the brain (Figs. 3 and 5).

Effect of Pb and Ascorbic Acid on y-Aminobutyric
Acid-Synthesizing Enzyme (GAD67)

Cerebellar Purkinje cells are the only efferent neurons that
mainly act as inhibitory regulators in the cerebellum [28]. y-
Aminobutyric Acid (GABA)-synthesizing GAD67 was de-
tected in the somata, dendrites, and axonal projections of the
Purkinje cells. GAD67 was also detected in the molecular
layer of the cerebellum, where the GABAergic interneurons
including the basket cells and stellate cells are located and
dendrites of Purkinje cells are extended. After long-term ex-
posure to Pb, the number of GAD67-immunoreactive
Purkinje cells was prominently reduced and the dendritic
branching of the Purkinje cells was poorly developed.
However, ascorbic acid treatment restored the Pb-induced re-
duction and impairment of GAD67-immunoreactive Purkinje
cells in the cerebellar cortex. The protein expression level of
GADG67 in the whole cerebellum was also decreased by Pb
exposure and ascorbic acid co-treatment upregulated GAD67
(Figs. 4 and 5).

Effect of Pb and Ascorbic Acid on Axonal Fibers
and MBP

MBP is the main component protein of the myelin sheath of
nerve fibers [29]. In the cerebellum, MBP was detected in the
myelinated fibers of white matter tracts. After Pb exposure,
the MBP immunoreactivity was decreased in the cerebellum.
Howeyver, ascorbic acid co-administration ameliorated the re-
duction of MBP. Accordingly, the protein expression level of
MBP was similar to that shown by staining by demonstrating
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Fig. 1 Experimental design of the study (a). Body weight of pups (n =15
per group) during lactation and brain and cerebellar weight of pups at
PND21 in the control (CTL), lead (Pb), and lead plus ascorbic acid (PA)

Pb-induced reduction and ascorbic acid—induced amelioration
(Figs. 4 and 5).

Effect of Pb and Ascorbic Acid on Cu,Zn-SOD
and Mn-SOD

The protein expression levels of antioxidant Cu,Zn-SOD and
Mn-SOD were compared. Long-term Pb exposure significant-
ly increased their levels in the whole cerebellum from the Pb
group while ascorbic acid treatment reduced Pb-mediated in-
duction of these endogenous antioxidants. Mitochondrial Mn-
SOD was prominently reduced by ascorbic acid treatment;
however, cytoplasmic Cu,Zn-SOD was still higher than that
of the CTL group (Fig. 5).

Discussion

The developing cerebellum is susceptible to Pb intoxication
during neurogensis, migration, and maturation, and the effect
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groups (b). Blood lead level (¢) of dams and pups at day 21 after delivery
(*P <0.05, compared with the CTL group; *P < 0.05, compared with the
Pb group). The bars indicate means + SE

is persistent from the fetal to early postnatal period when these
processes are vulnerable to the influence of external sources of
stress [23, 30]. Unaltered generation and maturation of neu-
rons and subsequent synapse formation are key steps in brain
development. In our study, we investigated the effect of pre-
natal and postnatal Pb exposure and ascorbic acid co-
administration on the developing cerebellum.

In advance, Pb exposure showed significant effects on sev-
eral physiological parameters in pups; the weight of the body,
brain, and cerebellum was reduced by Pb exposure while
ascorbic acid treatment ameliorated the Pb-induced weight
reduction. The blood Pb level was significantly increased by
Pb exposure while ascorbic acid treatment reduced the blood
Pb level in the dams and pups. Compared to the dams, blood
Pb level in the pups did not show statistical significance.
Ascorbic acid-mediated excretion of the maternal Pb can be
transferred to offspring via placental and milk transmission
[31]. This uncoupling effect of ascorbic acid between dams
and pups is associated with the excretion of Pb along with
ascorbic acid which increases their levels in the milk [32,
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Fig. 2 Nissl stain (a—¢) and immunohistochemistry for synaptophysin in
the cerebellum (d—f) in pups at PND21 from the CTL, Pb, and PA groups.
GCL, granule cell layer; ML, molecular layer; PL, Purkinje cell layer.
Bar=25 um. g The number of Purkinje cells in the cerebellar cortex is

33]. Lihm et al. also reported that ascorbic acid treatment was
effective in excreting Pb by urine and stool [34]. As previous
studies reported [16, 35], gestational ascorbic acid co-
administration is effective in lowering the blood Pb level,
however, the present exposure to a higher Pb concentration
(0.3% solution) for a longer period significantly increased the
blood Pb level in both the dams and pups.

Nissl staining showed that Pb exposure during gestation
and lactation significantly impaired the development of
Purkinje cells by causing significant reduction of their number
and degenerating changes including pyknosis and
vacuolization. Similar to the finding of a protective effect of
ascorbic acid against Pb exposure in the present study, others
reported that Pb exposure is harmful to a normal cerebellar
development and ascorbic acid treatment was effective in
preventing the detrimental effects of Pb, mercury, and cadmi-
um on brain development [16, 35-40]. Vitamin B, allicin, o
tocopherol, and garlic extract also exhibited protective effects
against Pb-induced maldevelopment of Purkinje cells [37, 38].

(g S TR

VRGN S T O e
. & (]

expressed as a percentage of the value in the CTL group (n=15 per
group; *P < 0.05, compared with the CTL group; *P <0.05, compared
with the Pb group). The bars indicate the means = SEM

To evaluate the effect of Pb and ascorbic acid on Purkinje
cell-related structures in the cerebellum, we conducted immu-
nostaining and immunoblotting. During brain development,
newly generated neurons are connected to each other by syn-
apse formation and these processes increase the volume of the
brain. In the developing cerebellum of rats, neurogenesis takes
place during the fetal and early postnatal periods. During the
maturation process, synaptogenesis and axonal myelination
continue as the subsequent event in the neuronal development.
In the present study, presynaptic synaptophysin was signifi-
cantly reduced in the cerebellum at PND21 by Pb exposure
during gestation and lactation. Ascorbic acid increased the
protein expression level of synaptophysin in the cerebellum
in the PA group. In contrast to synaptophysin, postsynaptic
NMDARI was significantly increased in the cerebellum with
Pb exposure, while ascorbic acid treatment prevented Pb-
induced changes in the cerebellum. Similarly, a previous study
reported that developmental Pb exposure upregulated the
mRNA level of NMDART1 in the cerebellum and
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Fig. 3 Immunohistochemistry for NMDARI1 (a—c) and PSD95 (d—f) in
the cerebellum of pups at PND21 from the CTL, Pb, and PA groups. Note
that numbers of NMDAR 1 -positive or PSD95-positive Purkinje cells are
significantly reduced in the Pb group and ascorbic acid treatment amelio-
rated these reductions in the PA group. However, the protein expression
level of NMDAR1 and PSD95 was increased by Pb treatment and ascor-
bic acid administration prominently ameliorated Pb-mediated induction

hippocampus [41]. Along with the NMDARI1, we focused on
the expression change of PSD95 which serves as a scaffolding
protein that facilitates the assembly and glutamate-mediated
signal transduction of NMDAR in the neuron [42]. Long-term
Pb treatment prominently increased PSD95 expression and
ascorbic acid treatment ameliorated Pb-mediated induction.
In the present study, compared to the reduction of the
NMDARI- and PSD95-immunoreactive Purkinje cells, pro-
tein expression levels of the NMDARI and PSD95 were in-
creased. We suggest that one of the reasons for this inconsis-
tency is that some cells in the molecular layer and granule cell
layer which were immunoreactive against NMDAR1 and
PSDO95 increased in the cerebellum after long-term Pb expo-
sure. The present study also indicates the need of further stud-
ies for a clearer understanding of the effect of Pb on
NMDARI and PSD95 in the brain such as the difference in
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PA

in the cerebellum (Fig. 5). GCL, granule cell layer; ML, molecular layer;
PL, Purkinje cell layer. Bar = 25 pm. e The number of NMDAR 1 -positive
or PSD95-positive Purkinje cells is expressed as a percentage of the value
in the CTL group in the cerebellar cortex (n=15 per group; *P <0.05,
compared with the CTL group; *P < 0.05, compared with the Pb group).
The bars indicate the means + SEM

the protein expressional level of individual cells and the pat-
tern of change in the synaptic and non-synaptic portions of
NMDAR.

Contrary to the Pb-induced upregulation of glutamatergic
NMDARI, the inhibitory GABA-synthesizing GAD67 was
significantly decreased by Pb exposure and the Pb-induced
reduction was attenuated by ascorbic acid co-administration
in the cerebellum. The GAD67 enzyme was detected in the
somata and dendrites of Purkinje cells and in the molecular
layer of the cerebellum. The number of GAD67-
immunoreactive Purkinje cells in the Pb group was lowest,
while ascorbic acid co-treatment with Pb attenuated the reduc-
tion of GAD67-immunoreactive Purkinje cells in the cerebel-
lum. Similarly, Bernocchi et al. also reported that platinum
compounds negatively affect cerebellar development by re-
ducing the GAD67 expression [43]. Along with the change
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Fig. 4 Immunohistochemistry for GAD67 (a—¢) and MBP (d—f) in the
cerebellum of pups at PND21 from the CTL, Pb, and PA groups. Note
that numbers of GAD67-positive Purkinje cells are significantly reduced
in the Pb group and ascorbic acid treatment ameliorated these reductions
in the PA group. MBP-positive myelinated fibers were detected in the
granule cell layer in the gray matter (GM-GCL) and white matter (WM).

in the GABA-synthesizing enzyme, Minnema and
Michaelson previously reported that Pb can impair the release
of GABA in the brain [44]. Based on these results, the disrup-
tion of the balance between excitation and inhibition might be
associated with maldevelopment of the cerebellum.

MBP is required in the process of myelination of nerve
fibers. MBP is an abundant myelin protein and it is a marker
of oligodendrocytes, which form the myelin sheath around
axons [29]. In this study, we confirmed that Pb exposure im-
paired MBP-immunoreactive fibers in the white matter in the
cerebellum and reduced the expression of MBP while ascorbic
acid attenuated Pb-induced loss. These are supported by an
important study which demonstrated that Pb exposure causes
hypomyelination in the rat brain [45]. Recent study also sug-
gested that Pb induced disturbance of oligodendrocyte differ-
entiation by inhibiting sodium/calcium exchanger [46].
Similar to the present protection effect of myelination in the

GCL, granule cell layer; ML, molecular layer; PL, Purkinje cell layer.
Bar=25 pm. g The number of GAD67-positive Purkinje cells is
expressed as a percentage of the value in the CTL group in the cerebellar
cortex (n=15 per group; *P <0.05, compared with the CTL group;
#P <0.05, compared with the Pb group). The bars indicate the means +
SEM

cerebellum, ascorbic acid promoted myelination in in vitro
cell cultures [47]. Additionally, we speculated that the reduc-
tion of efferent neuronal cells and axonal degeneration is
linked with the reduction of MBP in the Pb-exposed
cerebellum.

Oxidative stress is the primary mechanism of the Pb neu-
rotoxicity. In response to the Pb-induced cellular oxidative
stress, endogenous antioxidants including cytoplasmic
Cu,Zn-SOD and mitochondrial Mn-SOD are increased in the
cerebellum. This result suggests that long-term Pb-exposed
cerebella are under the oxidative stress and Pb may continu-
ously generate reactive oxygen species [48]. Cellular organ-
elles in cytoplasm and mitochondria are the target of the Pb-
induced toxicity and we previously observed that Pb-induced
apoptotic cell death and mitochondrial pore-inducing Bax pro-
teins were increased by Pb exposure [35, 49]. The subsequent
reduction of Cu,Zn-SOD and Mn-SOD by ascorbic acid co-
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Fig. 5 Representative immunoblot for synaptophysin, NMDARI,
PSD95, GAD67, MBP, Cu,Zn-SOD, and Mn-SOD in the cerebellum
(a) of pups at PND21 from the CTL, Pb, and PA groups. b Relative
optical density (ROD) of immunoblot bands is demonstrated as a

administration indicates that anti-oxidative property of ascor-
bic acid reduced the need of endogenous antioxidants
induction.

Conclusion

Overall, this study demonstrated that Pb administration
is toxic to the developing cerebellum by reducing

@ Springer

Pb PA cTL Pb PA

percentage of the value in the CTL group (n =15 per group; *P <0.05,
compared with the CTL group; *P < 0.05, compared with the Pb group).
The bars indicate the means + SEM

Purkinje cells, synaptophysin, GABA-synthesizing
GADG67, and MBP, while glutamatergic NMDARI, scaf-
folding protein PSD95, and endogenous SODs were in-
duced by Pb exposure. Along with the previously re-
ported amelioration from Pb-induced apoptotic death
[35], the present ascorbic acid treatment defended the
cerebellum from excitotoxic glutamatergic activation
and oxidative stresses. Although more future studies
are required to clearly understand the mechanism of
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the Pb-induced neurotoxicity, the results presented here
highlight Pb-induced developmental neurotoxicity and
the potential protective effect of ascorbic acid in the
cerebellum in the offspring of mothers who are contin-
uously exposed to Pb during gestation and lactation.
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