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INTRODUCTION

Lead is the most ubiquitous toxic metal and is
detectable in practically all phases of the inert
environment and in all biological systems. Lead
is used for the production of batteries, pigments,
solder, plastics, cable sheathing, ammunition,
and a variety of other extruded products
(Fischbein, 1998). Environmental sources include
lead-based indoor paint in old dwelling, lead in
contaminated drinking water, lead in air from
combustion of lead-containing industrial emis-
sion, hand-to-mouth activities of young children
living in polluted environments, lead-glazed pot-
tery and, less commonly, lead dust brought
home by industrial workers on their clothes and
shoes (Goyer, 1996).

Lead is the major environmental and occupa-
tional health hazard affecting several organ sys-
tems. Among these, the nervous system is most
vulnerable (Nehru & lyer, 1994). Children are
considered a particularly sensitive risk group for
lead because, on a body weight basis, their
dietary intake, absorption and total retention is
markedly higher than adults. In addition, the
blood brain barrier in young children is not yet
fully developed and their specific behavioral
characteristics, such as hand-to-mouth and play-
ground activities, put them into higher risk
group (Winneke & Kramer, 1997). The most
critical or sensitive effects in infants and chil-
dren are involved in the nervous system (Goyer,
1996).

The toxic effects of lead on the CNS have been
known for many years and range from acute
encephalopathy when humans or experimental
animals are exposed to high levels of the lead
(Byers & Lord, 1943; Pentschew, 1965), to sub-
tle changes in behavior and cognition associated
with low-level exposures (Needleman et al,
1990). Experimental evidences indicate that
chronic exposure to low-level lead in children
during development, results in the impairment
of learning and memory function (Bellinger et
al, 1987; McMichael et al, 1988).

The hippocampus plays a pivotal role in learn-

ing and memory, and is markedly developed in
postnatal period, thus it is main target in lead-
induced neurotoxicity in children. However, the
mechanism of lead-induced neurotoxicity remains
unexplained.

The great importance of neurodevelopmental
status for lead-induced neurotoxicity has been
demonstrated by the experiments concerning the
effect of lead on N-methyl-D-aspartate (NMDA)
receptor-mediated function (Alkondon et al,
1990; Ujihara & Albuquerque, 1992). NMDA
receptor has also been shown to participate in
the induction of long-term potentiation in the
hippocampus, a cellular phenomenon thought to
be involved in some forms of learning and mem-
ory (Madison et al, 1991).

Functional NMDA receptors are heteromeric
complexes containing NR1 and NR2 (NR2A-
NR2D) subunits (Dingledine et al, 1999), with
the NR2 subunit determining many functional
properties of NMDA receptors in heterologous
systems (Cull-Candy et al, 2001). In the fore-
brain structures including cortex and hippocam-
pus, expression of NR2B mRNA was much high-
er than in cerebellum and remained relatively
constant over time (Zhong et al, 1994). In addi-
tion, neonatal rats, levels of NR2B mRNA were
much higher than levels of NR2A mRNA, but
these subunits were expressed at similar levels
in adults. This suggests that in neonatal rats
most NMDA receptors maybe composed of NR1
and NR2B subunits, whereas in adult animals
NMDA receptors may be composed of NR1 and
NR2A or NR1 and NR2B subunits. More com-
plex pattern of expression including multiple
NR2 subunits may also exist (Sheng et al,
1994).

Therefore, lead-induced changes in hippocam-
pal NMDA receptor subunit mRNA expression
may lead to abnormality of natural NMDA stoi-
chiometry and interfere with the physiological
function of the NMDA receptor in the develop-
ment of defined neuronal connections (Zhang et
al, 2002).

The present study investigated the expression,
at the mRNA level with in situ hybridization, of
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NR2A and NR2B subunits in vivo postnatal 14
and 22 days following chronic lead exposure in
gestation 0 day. In addition, this study exam-
ined the effects of lead in vitro hippocampal
cells to understand the differential cytotoxicity
depending on the neuronal development.

MATERIALS AND METHODS

1. Animal experimental procedure:

Adult female Sprauge-Dawley rats were indi-
vidually housed in plastic cages with bedding at
(22t 20) under a light/dark cycle of (12L/12D).
The method of lead exposure in the present
study was that animal exposed 750 ppm lead
acetate in drinking water. Pregnant rats were
randomly assigned to exposure groups containing
either 0 or 750 ppm lead acetate. Food intake
was allowed ad libitum. Treatment started from
the beginning of gestation and continued after
parturition, which was carefully verified. The
litter size was culled to 8 to 10 pups. The date
of birth was considered to be Day 0 (zero). Pups
were weaned at 21 days of age and were
weighed. Pups were euthanized by decapitation
of three to five different litters at each age
group at postnatal day 7, 14 or 22, only one ani-
mal per litter is used . The brains were careful-
ly removed from the skull, placed on an ice-
chilled plate, rinsed with ice cold sterile saline
and fixed in the 4% paraformaldehyde for 12
hr. The brains were stored at -700 until used
for in situ hybridization studies. Prior to wean-
ing, all pups from a litter were euthanized at a
particular age. The brains were paraffin-embed-
ded and serial coronal sections 7 mm thick were
obtained.

2. Plasmids and in vitro transcription:

The cDNA fragments containing c-terminals of
NR2A (aa; 893-1101) and NR2B (aa; 1167-1482
including 84 base pair 3-end untranslating
region) which were subcloned into a PCR 2.1
were Kindly provided by Dr. Moon (Dongguk
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University, Korea). The plasmids containing
fragments of NR subunits cDNAs were lin-
earized at BamH 0O and Hind O . The ribo probe
were generated with T7 (antisense) or Sp6
(sense) polymerase using an in vitro transcrip-
tion kit (Bohringer Mannheim, Germany) in the
presence of digoxigenin-labeled UTP according to
manufacturéss instructions.

3. In situ hybridization:

Paraffin wax was removed with xylene and
the sections were rehydrated with ethanol (99%,
95%, 90%, 80% and 70% in order). After wash-
ng with 0.1% diethylpyrocarbonate (DEPC)
water, the sections were dipped consecutively in
0.05 mol/L Tris-HCI (pH 7.4) for 2 min, 0.2 N
HCI for 10 min and 0.1% DEPC water for 5 min
at room temperature. Then, they were pretreat-
ed with 10 O/mL proteinase K at 37 O for 30
min. After washing with 0.1% DEPC water, the
sections were fixed with 0.4% paraformaldehyde
in 0.1 mol/L phosphate buffered solution (PBS)
for 10 min at 4 0. Prehybridization was per-
formed at 50 O for 3 hr in a buffer containing 4
x SSC, 10% dextran sulfate, 50% formamide, 2
mmol/L EDTA, 1 x Denhart solution, and 500
O/mL herring sperm DNA.

Hybridization was done overnight at 50 O in a
prehybridization buffer supplemented with 1—5
O /mL digoxigenin-labelled anti-sense probe.
After removal of the hybridization buffer, the
sections were consecutively washed twice at 42 [
for 15 min in 2 x SSC, at 42 O for 10 min in
0.2 x SSC, and room temperature for 5 min in
0.1 x SSC. After rinsing in solution 00100
mmol/L Tris (pH 7.5), 150 mmol/L NaCl¥or 5
min at room temperature, they were treated
with solution 0 (1% BSA in solution 0) for 1 h
at room temperature, and then incubated with
alkaline phosphatase conjugated digoxigenin
antibody (1:500 in solution O0). After rinsing
again with solution 0 at room temperature for
15 min, the sections were treated with solution
00100 mmol/L Tris (pH 9.5), 100 mmol/L
NacCl, 50 mmol/L MgCl20 Detection of digoxi-
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genin-labelled RNA-MmRNA hybrid was accom-
plished with nitro blue tetrazolium and 5-bromo-
4-chloro-3-indolyl phosphate. After color reac-
tion, the sections were rinsed with 10 mmol/L
Tris-HCI (pH 8.0), 1 mmol/L EDTA and with
crystal mount.

4. Semi-quantitative Measurments :

To measure the intensity of mMRNA hybridiza-
tion signal, a scanning densitometer (Scion
image software version 1.59, USA) was used
after background subtraction. We analyzed
hybridized sections at the level of -2.56 mm
from the bregma, according to the atlas of
Paxinos and Watson (1986). In the hippocampus,
the identification of the CAl region was con-
firmed in HE stained sections. Hybridization
results were categorized by 2 successive similar
features. Positive hybridization signal of slides
were calculated at five portions from each hip-
pocampal regions.

5. Primary hippocampal neuronal cell cul-
ture:

Primary neuronal cultures were prepared from
fetal hippocampi. Dissected hippocampal tissue
was digested with trypsin (1 mg/mL) for 10 min
at 37 0 and mechanically dissociated by tritura-
tion through a 25-gauge sterile needle in
Neurobasal medium (Life Technologies, Paisley,
UK) containing 10% fetal bovine serum
(HyClone Laboratories, UT, USA). Cells were
collected by centrifugation and resuspended in
Neurobasal medium containing 10% foetal bovine
serum supplemented with L-glutamine (0.5
mmol/L) and gentamicin (10 g/mL). Cell viabili-
ty was assessed by trypan blue exclusion (gener-
ally 98%). Cells were plated at a density of 5 x
104 cells/well in poly-D-lysine-coated 24-well
plates (Biocoat, Becton Dickinson Ltd, NJ, USA)
and maintained under a humidified atmosphere,
at 37 0/5% CO2. After 24 hr, the medium was
replaced with Neurobasal medium containing B-
27 growth supplement (Life Technologies,

Paisley, UK), L-glutamine (0.5 mmol/L), gen-
tamicin (10 g/mL) and cytosine arabinoside (5
mol/L) to allow for optimal neuronal growth and
to prevent proliferation of non-neuronal cells.
Cells were maintained for a further 21 days
prior to treatment. Immunohistochemical and
morphological analyses with an anti-glial fibril-
lary acidic protein (GFAP, Sigma Chemicals,
UK) antibody or anti-neurone-specific enolase
(NSE) antibody indicate that this method of
hippocampal cell culture generates an NSE-posi-
tive and GFAP-negative neuronal culture com-
prised largely of pyramidal cell-like, bipolar and
stellate neurones. Less than 2% of cells are
GFAP-positive. The cells were stable for at least
3 weeks after plating and their viability was not
affected by treatment.

6. Measurement of cell death:

Neuronal cell death was assessed by morpho-
logical examination of cells using phase-contrast
microscopy and quantified by measuring lactate
dehydrogenase (LDH) released by damaged or
destroyed cells into the bathing medium 16—24 h
after Lead and/or NMDA treatments, otherwise
indicated somewhere else. Basal LDH levels were
determined and substracted from the levels in
experimental conditions to yield the LDH signal
specific to experimemntal injuries. Absorbance
was measured at 570 nm.

7. Statistical analysis:

Data are expressed as the mean + SEM and
analyzed for statistical significance using
Wilcoxon rank sum test or Kruskal-Wallis test.
P value of <0.05 was considered significant.

RESUODS

1. NR2A and NR2B mRNA expression in the

hippocampus after in vivo developmental

lead exposure

During postnatal days from day 7 to 22, the
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expression of NR2A, NR2B subunit mRNAs
could be observed in three subfields of the hip-
pocampus, i.e., CAl, CA3 and dentate gyrus
(DG).

In the CAl, CA3 and DG subfields of the hip-
pocampus, NR2A mRNA levels were lowest at 7
days of age and increased to peak at 22 days of
age in control animals. Developmental Pb expo-
sure resulted in significant decreases in NR2A
mMRNA levels in the CAl subfield of the hip-
pocampus at 14 days of age. At 22 days of age,
significant decreases in NR2A mRNA levels were
observed in the CA1, CA3 and DG subfields in
Pb-exposed rats(Fig. 1).

In control animals, the expression of NR2B
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MRNA in the CAl, CA3 and DG subfields of the
hippocampus was highest after birth and were
stable as the animals aged. No significant effect
of developmental Pb exposure on NR2B mRNA
expression was observed the CAl subfield of the
hippocampus at 14 days of age, but developmen-
tal Pb exposure on NR2B mRNA expression was
significantly decreased in the CA1l, CA3 and
DG subfield of the hippocampus at 22 days of
age(Fig. 2).

2. The morphological changes of hippocam-
pal cells after in vitro lead or NMDA

exposure
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Fig. 1. Developmental regional expression of NR2A subunit mRNA levels in the hippocampus of normal postnatal days 7 (7D), 14
(14D), 22 (22D) (A) and lead intoxicated rats (L1) (B) in this study. Each value isthe mean + SEM of three to five different
litters at each age group, only one animal per litter is used. DG: dentate gyrus; *: P<0.05 relative to normal 7D; *-* P<0.05

relatively to normal 14D, 22D respectively
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Fig. 2. Developmental regional expression of NR2B subunit mRNA levels in the hippocampus of normal postnatal days 7(7D),
14(14D), 22(22D)(A) and lead intoxicated rats(L1)(B) in this study. Each value isthe mean + SEM of three to five different
litters at each age group, only one animal per litter is used. DG: dentate gyrus; *, T : P<0.05 relative to normal 14D, 22D

respectively.
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In the control, individual cells made up pyra-
midal-like neurons days in vitro 5 (DIV 5) and
synapses of neurons are stronger DIV 13 than
DIV 5. In the Pb 50 pmol treated cultures, indi-
vidual cells degenerated with loss of their
process and making halo inside of the cells in
the DIV 5, however, there was not clearly dif-
ferent from that seen in control at DIV 13. In
the NMDA 300 pmol/L for 30 min treated cul-
tures, there was not clearly different from that
seen in control at DIV 5, but there was cellular

degeneration in the neurons DIV 13 (Fig. 3).

3. Cytotoxicity of hippocampal cells after in
vitro Lead or NMDA exposure:

LDH leakage was employed as indices of in
vitro development of hippocampal neuronal cell
death. Assays were performed at 24 hr after Pb
treatments. At the concentration of 50 pmol/L
Pb, significant LDH release of hippocampal neu-
rons were induced in the DIV 5, but not in the
DIV 13(p<0.05)(Fig. 4).

In Figure 5, the effects of NMDA and Pb dur-
ing developmental stage were experimented on
leakage of LDH from cultured hippocampal cells.
Assay was performed 24 hr after Pb 10 ymol/L
and/or NMDA 300 pmol/L treatment for 30 min.
In contrast to Pb-induced LDH releases, NMDA-

induced LDH releases in DIV 13 was higher than
in DIV 5 (P<0.05). At concentration of 10 ymol/L
Pb, LDH release of hippocampal neurons were
not significantly induced in the DIV 5 and 13.
Combined treatment of Pb and NMDA also
showed similar result as NMDA only treatment.
This result implies that the LDH was released
solely from the NMDA in the DIV 13.

DISCUSSION

The genes encoding the NMDA receptor have
been cloned and two subunit families, NR1 and
NR2, have been characterized in the rat brain
(Moriyoshi et al, 1991; Monyer et al, 1992). All
NMDA receptors appear to function as het-
eromeric assemblies composed of multiple NR1
subunits in combination with at least one type
of NR2 (Stuart, 2001). The changes in the pro-
tein expression of the major subunits of the
NMDA receptor occur during the aging process
and these subunit alterations may explain some
of the changes that are seen in NMDA receptor
functions during aging (Magnusson et al, 2002).
A gradual replacement NR2B by NR2A during
postnatal development has been implicated in
the spreading of NMDAR-EPSC decay - a phe-
nomenon often linked with the ability of neu-
ronal circuits to exhibit experience-dependent

Fig. 3. Photomlcrograph of hlppocampal neurona cells DIV 5 (A, B, C) and 13 (D, E, F) of normal controls (A, D), 50 pmol/L Pb
exposed (B, E), and 300 pmol/L NMDA for 30 min treated (C, F) rats (x 20). Micrographs are taken 20 h after Pb or NMDA
treatments and are representative of 4 separate experiments. DIV: daysin vitro.
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synaptic plasticity (Constantine-Paton & Cline,
1998). NMDA receptor dependent long term
potentiation in the CAl region and DG of the
hippocampus have been shown to be impaired by
developmental lead exposure (Altmann et al,
1994; Gilbert et al, 1996).

In this study, we examined the developmental
expression of NMDA receptor NR2A and NR2B
subunit mMRNAs in the hippocampal subfields
(CA1/CA3/DG) of rats chronically exposed to low
levels of Pb. NR2A mRNA subunit expression
increased as a function of age in the CA1 and
CA3 subfields, but NR2B mRNA not decreased
as the animal aged. These findings are consis-
tent with those obtained previously study
(Guilarte & McGlothan, 1998; Zhang et al,
2002). Exposure of Pb during development
resulted in significant decreases in NR2A sub-
unit mMRNA expression in the rat hippocampus.
Lead-induced changes in NR2A mRNA level
during postnatal period may lead to changes in
the levels or types of NMDA receptors which
may alter normal hippocampal physiology and
the formation of synapses. Disruptions of those
process by Pb during early brain development
may lead to long-lasting changes in hippocampal
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Fig. 4. Effects of various concentration of lead acetate on leak-
age of LDH from cultured hippocampal cells at DIV 5
and 13. LDH levels were expressed as percentage of
control release of LDH; n = 4 and determined from the
bathing media. Assay were performed at 20 h after lead
acetate treatment. DIV: days in vitro; *: P<0.05 signifi-
cant different between DIV 5 and 13.
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synaptic plasticity (Nihei et al, 2000).
Additionally, decrease of NR2A-containing
NMDA receptors which are mediate shorter
duration EPSP than the NR2B-containing
NMDA receptors following lead exposure might
be decrease the detection of temporal precise sig-
naling which are closely associated with the
exactness of the signal
Omelchenko et al (1996) have also shown that
the sensitivity of NMDA receptor inhibition by
lead is dependent on the subunit combination
and receptor assemblies composed of NR1/2A
subunits appear to be the most sensitive to inhi-
bition by lead. However, This study can not
experiment about effect of lead of NMDA recep-
tor subunits combination. The further evalua-
tion of effects of lead on NMDA receptor sub-

transmission.

units combination will be needed. Because many
of the physiological and pharmacological proper-
ties of NMDA receptors depend on specific sub-
units (Williams, 1993; Williams et al, 1994), it
is possible that lead exposure results in alter-
ations of the expression of NMDA receptor sub-
units significantly influence on the synaptic sig-
nal transmission.

In the CNS, lead toxicity is more common in
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Fig. 5. Effects of NMDA (300 pmol/L) for 30 min and lead
acetate (Pb, 10 pmol/L) on leakage of LDH from cul-
tured hippocampal cellsat DIV 5 and 13. LDH levels
are expressed as percentage of control release of LDH;
n = 4. Assay are performed at 24 h after lead acetate
and/or NMDA treatment. DIV: days in vitro; *: P<0.05
significant different between DIV 5 and 13.
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children than adults and may produce either
overt symptoms of acute encephalopathy such as
ataxia, headache, convulsions, and coma or less-
er deficits including learning disorders and
hyperactive behavior (Blackman, 1937;
Needleman et al, 1990). In children, lead blood
level as low as 1.3 to 13 pmol/L, may affect
CNS development, leading to mental retarda-
tion, impaired visual motor coordination and
permanent cognitive deficits (Goldstein, 1992).
Because plasma lead gains ready access to the
extracellular environment of nerve and glial
cells, it is suggested that the concentration of
lead in the extracellular space of the CNS is
comparable to that of plasma (Cory-Slechta,
1988). Some experimental studies, using rodents
and primates, have confirmed significant inter-
action between the exposure timing of lead and
the nature and persistence of neurotoxic effects
(Cory-Slechta et al, 1983; Cory- Slechta, 1988;
Shigeta et al, 1989). In this study, LDH leakage
in immature cells was more significantly higher
than mature cells at a concentration of 50 p
mol/L lead. In addition, our findings showed
that there was lead-induced cellular degenera-
tion in immature hippocampal cells after expo-
sure to lead is more toxic than that of the
mature hippocampal cells. These results suggest
that lead-induced cytotoxicity is different
between the immature and mature hippocampal
cell and partly depends on the developmental
stage of neuronal cells.

In this study, this level of lead exposure was
comparable to those prevalent in pediatric popu-
lation. And the developmental blood level of lead
in animals exposed to 750 ppm in the diet were
20—30 O0/dL range in earlier time points (7 and
14 days), but at 21 days of age doubling in
blood levels of lead was measured following by
return to 20—30 O /dL at 28 and 35 days of age.
They suggested that finding may be associated
with a decrease in the intestinal absorption of
the ingested lead in the older animals. Brain
lead level were highest at 7 and 14 days of age
followed by a steady decrease at the aged ani-
mals because of the maturation of the blood-

brain barrier limiting the amount of lead enter-
ing the brain. Therefore the lead exposure pro-
tocol used in the present study could not com-
promise the amount of loss and the nutritional
status of the rats.

NMDA induced age-dependent hippocampal cell
toxicity was shown in Figure 4 and 5. There was
different cellular degeneration and LDH leakage
between the lead or NMDA-induced mature and
immature hippocampal cells. The toxic effects on
immature hippocampal cells to lead were more
potent than that of the mature cells whereas
mature hippocampal cells were more susceptible
to NMDA exposure compared with that of the
immature hippocampal cells. These results sug-
gest that the toxic effects in hippocampal cells
after lead exposure depend on the neuronal
development, which are closely associated with
the composition and properties of the NMDA..

In summmary, this study demonstrates that
chronic Pb exposure during brain development
alters the levels of specific NMDA receptor sub-
unit MRNA in the rat hippocampus. It is sug-
gested that possibility that the altered composi-
tion and function of NMDA receptor after
chronic lead exposure during development can
affect the normal synaptic signal transmission
which are partly attributed by the neuronal
maturation.

SUMMARY

Objectives: The purpose of the present study
was to examine the differential effects of lead
(Pb) exposure on the expression of specific
NMDA receptor subunit mRNAs on the hip-
pocampal cells depending on the neuronal devel-
opmental stage.

Methods: Expression of the NR2A and NR2B
subunits of the NMDA receptors mRNA on the
hippocampal neurons was measured by in situ
hybridization in the control and Pb treated
groups. Pb-treated and NMDA cytotoxicity was
assessed by morphological examination and LDH
measurements.

Results: Hippocampal NR2A subunit mRNA
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expression was gradually increased with increas-
ing age, and was significantly decreased after
Pb exposure. The expression of NR2B subunit
mMRNA was not changed during development in
the rat hippocampus and the developmental
effect of Pb exposure on NR2B expression was
minimal. These results indicate that chronic Pb
exposure may decrease the levels of NR2A-con-
taining NMDA receptors and may thereby alter
normal synaptic signal transmission. Pb or
NMDA-induced cytotoxicity in vitro differed sig-
nificantly between the immature and the
mature hippocampal cells.

Conclusions: This study demonstrates that
chronic Pb exposure during brain development
alters the levels of specific NMDA receptor sub-
unit mMRNA in the rat hippocampus. These
results suggest that chronic Pb exposure may
attenuate the precise neuronal synaptic trans-
mission through the differential alteration of the
composition of the NMDA receptor subunit on
the hippocampus depending on neuronal develop-
mental stage.
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