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Abstract In the present study, we investigated the effects of
ascorbic acid on lead-exposed developing cerebellum. Female
rats were divided into the following three groups: control (dis-
tilled water), lead (0.2% lead acetate), and lead plus ascorbic
acid (100 mg/kg/day, 10% solution). To evaluate the effect of
lead exposure and ascorbic acid treatment accurately on the
cerebellar development for the gestational period, we halted
further treatment with lead and ascorbic acid in the dams after
delivery of the pups. Although the ascorbic acid slightly de-
creased the lead level in pups, lead level was still high in the
group treated with lead plus ascorbic acid group compared
with the control group. The blood lead levels indicated that
the ascorbic acid could facilitate both the excretion and trans-
fer of lead from a dam to its pups via milk. At postnatal day
21, lead exposure significantly reduced the number of
Purkinje cells in the cerebellar cortex of pups. Additionally,
lead treatment induced degenerative changes such as reduc-
tion of glutamic acid decarboxylase (GAD67) and c-kit ex-
pressions are observed in the developing cerebellar cortex. In
the cerebellum of the pups from the lead plus ascorbic acid
group, reduction of the number of Purkinje cells, GAD67
expression, and c-kit immunopositivity were remarkably re-
stored compared with the lead group. Our present results sug-
gested that ascorbic acid treatment to lead-exposed dam
exerted protective effects on the developing cerebellum
against lead-induced neurotoxicity.
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Introduction

The frequent exposure to heavy metals including lead, mercu-
ry, arsenic, and cadmium has become a health-threatening
issue [1]. Among these, lead is easily found in the environ-
ment and is considered dangerous at low doses [2]. In partic-
ular, the wide use of lead in water infrastructures increases the
possibility of contamination of drinking water and chances of
lead exposure [3]. Additionally, lead can be absorbed into the
body via ingestion of lead-contaminated food and inhalation
of'lead particles in the air [4]. In pregnant woman, lead crosses
the placenta and subsequently causes adverse effects such as
abortion, preterm delivery, premature rupture of membranes,
and developmental delays in children [5]. While the efforts to
decrease the lead content in paints, gasoline, batteries, and
insecticides have been successful in decreasing the prevalence
oflead poisoning, low level of lead exposure remains a health-
threatening concern [2].

Lead-induced toxicities are caused by its accumulation in
multiple body organs including hematopoietic, digestive, re-
nal, and reproductive systems [6—9]. Lead is also a potent
neurotoxicant and chronic lead exposure deteriorates the
structure and function of the central nervous system (CNS)
[10]. Compared to the immature brain of children, the adult
brain is resistant to lead-induced neurotoxicity and the lead-
related alterations may be reversed by preventing its accumu-
lation via chelation [11]. However, the developing fetal and
postnatal brains are much more vulnerable to lead-induced
neurotoxicity and the effects are permanent or fatal [10]. In
severe cases, lead intoxication in children resulted in enceph-
alopathy, convulsions, coma, and death [12, 13]. The harmful
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effects of lead on the brain are induced by various mechanisms
including apoptosis, excitotoxicity, and neurotransmitter alter-
ations [10]. In addition to neuronal mitochondria, lead poison-
ing structurally impairs cellular proliferation, neuronal differ-
entiation, neurogenesis and synaptogenesis in the developing
brain [10, 14, 15]. Functionally, exposure to low lead levels
has been associated with behavioral abnormalities, learning
impairment, decreased hearing, and impaired cognitive func-
tions in humans and in experimental animals [14, 15].
Moreover, long-term lead exposure has been associated with
the development of neurodegenerative diseases such as
Parkinson’s disease and Alzheimer’s disease [16, 17].

Metal chelating materials and phytochemicals have been used
to prevent heavy metal precipitation and subsequent toxicity.
Among these, ascorbic acid, which is a phytochemical, has re-
ceived increasing attention due to its protective effects against
heavy metal intoxication [18-20]. Ascorbic acid, also known as
vitamin C, is an essential nutrient for its role as a cofactor of nu-
merous enzymes and a building block in the biosynthesis of col-
lagen, carnitine, and catecholamines [21]. Ascorbic acid possesses
additional health benefits such as the prevention of scurvy, com-
mon cold, cancer, myocardial infarction, and stroke [22].
Interestingly, we previously demonstrated that ascorbic acid could
effectively ameliorate the detrimental effects of lead-induced his-
topathology and neuronal apoptosis in the hippocampus [18]. Our
previous data also demonstrated that anti-oxidative effect of ascor-
bic acid on lead-exposed hippocampus [ 19]. Lead induces toxicity
by competing with biologically essential elements such as calcium
and zinc [23]. Additionally, Flora and Tandon reported that the
chemical binding of ascorbic acid with lead is one of the important
mechanisms of protection against lead poisoning [24].

However, to date, most studies regarding the effects of lead
poisoning have focused on the hippocampus, and only a few
studies investigated on the cerebellum. Based on the beneficial
effects of ascorbic acid on the hippocampal development [18,
19], we hypothesized thatascorbic acid treatment may ameliorate
the harmful effect of lead on the cerebellar development. Normal
cerebellar development is important for its role in motor control,
integration of proprioceptive information, and cognitive func-
tions [25]. In the developing cerebellum of rats, the two main
neurons move from their primordium to their destination; the
Purkinje cells, which migrate from the neuroepithelium to the
surface of the cerebellum and the granule cells, which originate
from the rhombic lip, form the external granular layer, and mi-
grate to the internal granular layer [26]. The neurotransmitter y-
amino butyric acid (GABA) acts as a trophic factor for the cere-
bellar development by activating GABA 4 receptors, and acts as
an inhibitory synaptic transmitter to regulate the neuronal excit-
atory activity after the developmental period [27]. Lead exposure
is known to exert adverse influences on the GABA neurotrans-
mission [28].

Because there are only few studies on the lead-induced changes
inthe GABAergic signal in the developing cerebellum, the present

study aimed to investigate the effect of lead exposure during the
gestational period with focusing on the GABAergic synapse in the
cerebellum of pups. In addition, ascorbic acid was co-
administrated to evaluate the protective effect against lead-
induced neurodegeneration.

Materials and Methods
Animals and Experimental Treatment

The experiment described here was performed in accordance
with the guidelines provided by the Experimental Animal
Laboratory and approved by the Animal Care and Use
Committee of the Konkuk University School of Veterinary
Medicine (Korea). Sprague-Dawley rats were housed under con-
ditions of constant temperature (22 + 2 °C) and humidity (60%)
with a 12-h light/12-h dark cycle. The animals were mated at 70—
90 days of age. On pregnancy day 0, which was determined by
the presence of sperm in vaginal smears (or vaginal plugs), 11
pregnant rats were chosen and randomly divided into three
groups: control (n = 3), lead (n = 4), and lead + ascorbic acid
(n =4). Control dams were administered tap water and did not
receive lead and/or ascorbic acid treatment. The lead group and
lead + ascorbic acid group were given 0.2% lead acetate (Sigma-
Aldrich, USA) in the drinking water throughout pregnancy.
Among various lead compounds, we selected lead acetate for
its water solubility and high bioavailability [29]. Ascorbic acid
(100 mg/kg, Sigma-Aldrich, USA) dissolved in saline was orally
administered once a day. The present doses of lead acetate and
ascorbic acid were adopted based on previous studies demon-
strating the toxicity and protection in the rat brain [ 18, 19]. Rats in
the control and lead groups were orally provided with same vol-
ume of physiological saline. Twelve pups per group were select-
ed and used for the analysis. Lead and ascorbic acid exposure was
discontinued after birth until postnatal day (PND) 21. The body
weight was measured once a week, and an average value was
calculated. All of the experiments were conducted to minimize
the number of animals used and the suffering caused by the pro-
cedures of the present study.

Blood Lead Level Analysis

At PND 21, animals (n = 12) were anesthetized with ketamine
(50 mg/kg) and xylazine (1 mg/kg) and blood was collected from
the abdominal aorta. The measurement of the blood lead level
was carried out by an atomic absorption spectrophotometer
(Perkin Elmer Zeeman 5100, Norwalk, USA) using an HGA-
600 graphite furnace with Zeeman background correction.
Blood samples were diluted using deionized water. The absorp-
tion wavelength was 283.3 nm. The #* of the calibration curve
was at least above 0.995.
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Cresyl Violet Staining and Immunohistochemical Analysis

At PND 21, the pups (n = 12) were anesthetized with ketamine
(50 mg/kg) and xylazine (1 mg/kg). Subsequently, pups were
perfused transcardially with heparinized phosphate-buffered sa-
line (PBS, 0.1 M, pH 7.4) followed by 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). The cerebellum was removed
and post-fixed in the same fixative overnight at4 °C. Brains were
cut into 5 um thick sagittal sections using a microtome (Leica,
Wetzlar, Germany). The first three sections in each series of 10
were mounted on gelatin-coated slides. For the cresyl violet stain-
ing, the deparaffinized paraffin sections were stained in filtered
cresyl violet solution and processed further according to routine
procedures. Immunohistochemistry was conducted under the
same conditions. For antigen retrieval, sections were placed in
400-mL jars filled with citrate buffer (pH 6.0) and heated in the
microwave oven (three heating cycles of 5 min each). After
cooling to room temperature, the slides were washed in PBS
and sequentially treated with 0.3% hydrogen peroxide (H,O,)
in PBS for 30 min and subsequently in 5% normal horse serum in
PBS for 30 min. The primary antibodies used here are glutamic
acid decarboxylase 67 (GAD67) (1:500, Stressgen, USA), and c-
kit (1:100, Santa Cruz, USA). Subsequently, they were exposed
to biotinylated anti-IgG (1:500, Vector, Burlingame, CA) and
streptavidin peroxidase complex (1:500, Vector). They were then
visualized by a reaction to 3,3'-diaminobenzidine tetrachloride
(Sigma) in 0.1 M Tris-HCl buffer (pH 7.2); several sections were
counterstained with hematoxylin. For the double staining, sec-
tions stained with GAD67 and c-kit antibodies were incubated
again with calbindin-28kd (1:1000, Sigma-Aldrich, USA) anti-
body using a different chromogenic substrate. The SG substrate
kit (Vector) was used and the reaction was stopped after a blue-
gray staining developed. Following dehydration, the sections
were mounted in toluene-based-mounting medium (Richard-
Allan Scientific, Thermo Scientific).

Quantitative Analysis

All histopathological analyses described below were per-
formed by an investigator blinded to the treatment allocation.
The numbers of Purkinje, GAD67/calbindin, and c-kit/
calbindin-immunopositive cells were counted in micrographs
obtained at x100 magnification. The observations were car-
ried out in the three lobules (2nd, 5th, and 8th lobules) from a
sagittal section of the cerebellar vermis. Results were recorded
in Microsoft office Excel spreadsheets.

Statistical Analysis
Values were expressed as the means + standard error of the
mean (SEM) for rats in each group, and significance levels of

the differences between the mean values were determined by
one-way analysis of variance (ANOVA) followed by Turkey’s
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multiple test for multiple comparisons using GraphPad Prism
5.01 software (GraphPad Software, Inc., La Jolla CA, USA).
Values of P < 0.05 were considered to be statistically
significant.

Results
Body Weights and Blood Lead Levels

There was no significant difference in body weight gain be-
tween the control and experimental groups throughout all the
time points, i.e., PND 0, 7, 14, and 21. The blood lead level
measurements using atomic absorption spectrometry indicat-
ed a significant increase in both lead-exposed groups, regard-
less of ascorbic acid administration, compared with controls.
Additionally, co-administration of ascorbic acid with lead in
dams resulted in a significant decrease in blood lead level in
dams and a marginal decrease in the pups, respectively. These
results suggested that treatment with ascorbic acid may have
resulted in the excretion of lead from the dams, which may
have been subsequently transferred to the suckling offspring
through the milk. However, compared to our previous studies
[14, 15], the termination of lead exposure from delivery did
not result in significant blood lead level changes among pups
in all experimental groups (Fig. 1).

Degenerative Effect of Lead on Purkinje Cells
in the Developing Cerebellum

As evidenced by the microscopic cell count results, the num-
ber of Purkinje cells in the group that was treated with lead and
ascorbic acid was significantly higher than that in the group
that was treated with lead and their shape was more circular. In
both the lead and lead + ascorbic acid groups, the relative
number of Purkinje cells in the cerebellum was 78.32 and
94.48% of that in the control group, respectively (Fig. 2).

Immunolocalization of GABA Synthesizing Enzyme
(GADG67)

GABAergic Purkinje cells and glutamatergic granule cells are
primary neurons in the cerebellar cortex. GABAergic inter-
neurons such as the basket cells and stellate cells reside in
the molecular layer and they synapse with the Purkinje cells.
Other GABAergic interneurons include the Golgi and Lugaro
cells, which are located in the granular layer of the cerebellar
cortex. We investigated the expression of GAD67 which syn-
thesizes GABA from glutamate in the cerebellum. The expres-
sion of GAD67 was observed in the axonal projections of the
Purkinje cells in the granule cell layer of the cerebellum. The
GADG67 immunoreactivity was strongly detected in the
somata regions of the Purkinje cells. GAD67-positive signals
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were also detected in the molecular layer of the cerebellum,
where the dendrites and spines of Purkinje cells extend.
Furthermore, GAD67 was colocalized with calbindin in the
somata of the Purkinje cells. In addition, GAD67 expression
was the lowest in the Purkinje cells of rats in the lead group. In
contrast, treatment with ascorbic acid ameliorated the lead-
induced reduction in GAD67 immunoreactivity in the cere-
bellar cortex, as observed in the lead + ascorbic acid group

(Fig. 3).
Immunolocalizaton of c-Kit
c-Kit is a receptor tyrosine kinase, which is expressed in var-

ious stem cells and is involved in their maintenance [30]. c-Kit
is expressed both in the peripheral nervous system and in the

CNS [31, 32] and is functionally important for neuronal mi-
gration and axonal extension in the cerebral cortex [31]. In the
present study, the c-kit expression was mainly restricted to the
cytoplasmic membrane of the Purkinje cells. To a lesser ex-
tent, c-kit was also detected in the molecular and granule cell
layers of the cerebellum. As evidenced by the c-kit and
calbindin colabeling analysis in the cerebellum of PND 21
pups, c-kit was located in the periphery of the soma and den-
dritic tree of the Purkinje cells. Similar to our present results,
Manova et al. reported the c-kit expression in the pinceau
structures, which are generated by basket cells by entwining
the soma and the initial segment of the Purkinje cells axons. c-
Kit has been reported to be also expressed in the other inter-
neurons including stellate cells and Golgi cells in the cerebel-
lar cortex [33]. Based on these results, we suggest that these c-
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Fig.2 Cresyl violet staining of the cerebellum of pups at PND 21 from in
the control, lead, and lead + ascorbic acid groups. Bar = 20 um. Mean
number of Purkinje cells was decreased in the lead group, while ascorbic
acid treatment ameliorated this reduction in the cerebellar cortex (n = 12
per group; *P < 0.05, control group versus lead group, *P < 0.05, lead
group versus lead + ascorbic acid group). The bars indicate the means +
SEM

kit immunoreactive structures might be the parts of basket
cells and stellate cells that in turn synapse with soma and
dendrites of Purkinje cells, in a respective way. In addition,
lead-induced reduction of c-kit expression was restored by
ascorbic treatment in the lead + ascorbic acid group (Fig. 4).

Discussion

Maternal lead exposure deteriorates the embryonic and fetal
development. Particularly, the brain is susceptible to low-dose
lead-induced toxicity with ensuing mental retardation, mem-
ory and learning deficits, and abnormal behaviors [34]. Lead
exposure during in childhood indicated persistent effects such
as neurobehavioral deficits [35]. Developmentally, the imma-
ture postnatal cerebellum is more susceptible to the deleterious
effects of environmental factors [10, 12, 13]. The relatively
simple cytoarchitecture of the cerebellum had merits in a de-
velopmental study of cell specification, patterning, migration,
and synapse formation [36]. Moreover, the cerebellum exerts
vital functions such as motor coordination, motor learning,
and cognitive functions [25]. Given the importance of the
cerebellum, the present study aimed to investigate the effect
of maternal lead exposure during gestation to the cerebellar
development of pups.

We evaluated the effect of lead exposure on the body weight
gain and the blood lead level in dams and pups. There were no
significant differences among all experimental groups in the
body weight of pups. Following lead exposure to the dam, the
blood lead level was increased in pups in the lead group and lead +
ascorbic acid groups; blood lead level was highest in the lead
group. Consistent with previous studies, treatment of pregnant
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dams with ascorbic acid increased the blood lead level in the pups
[18, 19, 37]. However, the relatively high blood lead level in the
pups of the lead + ascorbic acid group indicated the possible
transfer of the accumulated lead from mother to offspring via
milk. Compared to the pups, the blood lead level of dams was
significantly lowered by the ascorbic acid treatment. According
to a previous study in dairy cows, ascorbic acid treatment de-
creased the blood lead level by enhancing the lead secretion in
milk [38]. Chemically, ascorbic acid can bind to lead [24] and
hence the coadministration of lead and ascorbic acid decreased
lead absorption [39]. Additionally, even though we did not eval-
uate the level of lead in the developing embryos and fetuses, lead
was reported to be transferred via placenta, while its serum level
reached equilibrium between dam and fetus 24 h after lead poi-
soning [40]. Therefore, we can suggest that gestational exposure
to lead and ascorbic acid differentially affected the lead exposure
level in the embryo and fetus in utero. Compared to the low lead
dose (0.2%) used in the present study, gestational exposure to
high lead dose (0.54%, 1%) caused abnormal fetal development,
teratogenicity, and lethality [41].

Subsequently, we investigated the structural changes in the
cerebellum by focusing on the Purkinje cells for the reason that
they are the only output from the cerebellar cortex and are in-
volved the regulation of the cerebellar function [42]. Low-dose
lead in the drinking water impaired the normal development of
the cerebellum owing to a reduction in the number of Purkinje
cells and their dendritic branches. In particular, in the cerebel-
lum, all Purkinje cells are formed at prenatal stages (around
embryonic days E13-E16) and the outgrowth and dendritic
trees of Purkinje cells occur during the first three postnatal
weeks [43]. The reduced number of Purkinje cells suggested
that lead exposure in a pregnant dam is transferred across the
placenta [43] and hence it affected the formation of Purkinje
cells in the cerebellum of pups. Based on the impaired dendritic
arbor of the Purkinje cells and the high concentration level of
lead in the pups, we suggest that the effect of lead persisted even
though lead exposure was terminated at birth. Additionally, the
detained migration of Purkinje cells was observed in the granu-
lar cell layer of the cerebellum in the lead-exposed pups.
Remarkably, ascorbic acid treatment ameliorated on the devel-
opment of Purkinje cells by enhancing their numbers, the com-
plexity of their dendritic branches, and their migration to the
Purkinje cell layer in the cerebellum. Although we did not eval-
uate the functional consequence ofthe impaired development of
Purkinje cells in the cerebellum, previous studies reported that
dysfunctional Purkinje cells were highly correlated with impair-
ments in motor coordination in cerebellar ataxia[42]. Cerebellar
ataxia from lead-induced encephalopathy is more frequent in
children than in adults [44]. In children, cerebellar encephalop-
athy develops due to their susceptibility to lead-induced disrup-
tion of the blood-brain barrier [45]. Additionally, the immature
brain is much more susceptible to lead-induced neurotoxicity
due to the lack of lead sequestering capacity of astrocytes [11].
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Fig. 3 Immunolocalization of Control

GADG67 in the cerebellum of pups

at PND 21 from in the control,

lead, and lead + ascorbic acid

groups. Double staining results »

for GAD67 and calbindin (C, F,

and I). GADG67 expressions are

colocalized in calbindin

immunoreactive somata of a

Purkinje cells. C; Cell marked by Lead

arrow is magnified and the

magnified image shows calbindin

staining (asterisks) and

colocalization of GAD67 and

calbindin are stained dark blue.

Bar =20 pm. Mean number of

GADG67 and calbindin

immunoreacitve synapse in the d

cerebellar cortex (n = 12 per - 5
group; *P < 0.05, control group Lead+Ascorbic acid
versus lead group, *P < 0.05, lead
group versus lead + ascorbic acid
group). The bars indicate the
means + SEM

In this study, we focused on the GABergic signaling in the
cerebellum because of its importance in normal development. In
the cerebellar cortex, Purkinje, stellate, basket, and Golgi cells
release GABA. We investigated the effect of lead poisoning and
the protective effect of ascorbic acid on the morphology of the
inhibitory synapses between Purkinje cells and interneurons. The
GABA synthesizing GAD67 enzyme was detected in the somata
and dendrites of Purkinje cells and in the molecular layer of the
cerebellum. The expression of GAD67 in the lead group was the
lowest, while ascorbic acid treatment restored the immunoreac-
tivity of GADG67 in the cerebellum. Similarly, Bernocchi et al.
demonstrated that cerebellar insults by cisplatin in the developing
periods resulted in a reduction of GAD67 expression and struc-
tural deterioration of Purkinje cells [46]. Based on these results,
we suggest that the reduction of the GABA synthesizing enzyme
level is highly correlated with changes in the Purkinje cells. In
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addition, c-kit, which is tyrosine kinase receptor and it has been
reported to be related to the development of synaptic connection
[47], was abundantly expressed in the molecular layer, periphery
of somata of Purkinje cells and pinceau structures. Pinceau is
formed via synapses between the axonal terminals of basket cells
and the initial segments of the axons of Purkinje cells.
Functionally, this synapse negatively regulates firing of an action
potential in inhibitory Purkinje cells with consequent activation
[33]. Inthe present study, c-kit showed the same pattern of change
with GABAergic signals in the cerebellar cortex. Along with the
reduction of pinceau structures, lead exposure reduced the ex-
pression of c-kit in the molecular layer of the cerebellum. We
assumed that the reduction of c-kit immunoreactive inhibitory
synapse was correlated with the reduction in the number of
Purkinje cells. Indeed, upregulation of c-kit in the cerebellar in-
hibitory synapse of a kainic acid-induced seizure model was
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Fig. 4 Immunolocalization of c-
kit in the cerebellum of pups at
PND 21 from in the control, lead,
and lead + ascorbic acid groups.
Double staining results for c-kit
and calbindin (C, F, and I).
Calbindin immunoreactive
somata of Purkinje cells
(asterisks) are stained blue
whereas c-kit immunoreactive
pinceaus are stained brown
(arrows). Bar = 20 um. Mean
number of c-kit and calbindin
immunoreactive synapse in the
cerebellar cortex (n = 12 per
group; *P < 0.05, control group
versus lead group, *P < 0.05, lead
group versus lead + ascorbic acid
group). The bars indicate the
means + SEM

highly correlated with the expression of stem cell factor in the
axonal process of Purkinje cells [48]. In particular, ascorbic acid-
induced restoration of c-kit immunoreactivity in the periphery of
the Purkinje cells suggested that the GABAergic synapse was
protected against lead-induced developmental defects.

In the present study, we did not further investigate the underly-
ing molecular mechanisms and functional consequences of the
effects of lead and ascorbic acid treatment on the GABAergic
synapses in the cerebellum. It is known that the GABAergic sys-
temand glutamatergic systems interact with each other and that the
regulatory glutamate-glutamine (GABA) cycle develops at post-
natal age of 3—4 weeks [49]. Therefore, future studies addressing
whether the present reduction of the GABAergic synapse is related
to the glutamatergic synapse in the cerebellum are warranted.
Yeganeh-Doost et al. reported that alterations in the glutamatergic
N-methyl-D-aspartate receptor complex lead to dysfunction of
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GABAergic signaling and subsequent decrease in the inhibitory
action in the cerebellum [50]. Gestational exposure to lead acetate
impaired K*-stimulated hippocampal glutamate and GABA re-
lease [51]. The neuromodulatory role of ascorbic acid has been
linked with its protective effect against glutamate-induced neuro-
nal damage by removing extracellular glutamate [52].

Conclusion

Our present results indicated that co-administration of ascor-
bic acid with lead was effective in ameliorating the detrimental
effects of lead intoxication in the developing cerebellum. In
particular, the ascorbic acid protected the Purkinje cells from
degeneration and spared more abundant GABAergic signals
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in the cerebellar cortex as a result of more synapses in the
periphery of Purkinje cells.
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