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Abstract Lead exposure can cause cognitive dysfunction in
children, thus it still raises important public health concerns in
China and other countries. However, the underlying molecular
mechanisms are still not well defined. In this study, we aimed
to elucidate the mechanisms underlying lead neurotoxicity by
focusing on alterations of synaptic proteins in the mouse hip-
pocampus at the early life. Mother mice and their offspring
were exposed to 0, 0.5, 1.0, and 2.0 g/L lead via drinking
water from the first day of gestation until postnatal day
(PND) 40. Synaptic ultrastructure and expressions of postsyn-
aptic density protein-95 (PSD-95), neuronal nitric oxide syn-
thase (nNOS) and synaptophysin (SYP) at both protein and
gene levels in the hippocampus were analyzed. The results
revealed that developmental lead exposure caused a dimin-
ished postsynaptic density in the hippocampus. Moreover,
the protein levels of PSD-95, nNOS, and SYP decreased sig-
nificantly due to developmental lead exposure. On the other
hand, the messenger RNA (mRNA) levels of PSD-95 and
SYP decreased significantly in PND 40 mice exposed to lead.
Collectively, developmental lead exposure might result in de-
creased protein and gene expressions of both presynaptic and
postsynaptic proteins. Our findings raised a possibility that
alterations of synaptic proteins in the hippocampus induced
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by lead exposure at the early life might serve an important role
for the subsequent intellectual impairments, e.g., deficits in
spatial learning and memory ability at later ages shown in
our recently published paper.
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Introduction

The developing brain is highly susceptible to lead exposure,
and deficits in cognitive function are the principal effects of
lead exposure in children, thus it still raises important public
health concerns in both China and other countries [1]. How-
ever, the underlying molecular mechanisms are still not well
defined. Learning and memory are important aspects of cog-
nitive function, and the synaptic plasticity plays an essential
role in this process [2, 3]. A variety of studies have demon-
strated that lead is a potent non-competitive antagonist of the
N-methyl-D-aspartate receptor NMDAR) due to the chemical
similarity of lead with calcium, and developmental lead expo-
sure could result in decreased gene and protein expression of
NMDAR subunits in the hippocampus that exhibit deficits in
long-term potentiation (LTP) and spatial learning ability
[4-6].

The NMDAR is one of the three main types of glutamater-
gic receptors in the brain and is composed of an obligatory
NRI subunit and accessory subunits. It is targeted to excitato-
ry synapses where it functions in neural plasticity [7]. It is well
documented that NMDAR is linked by the postsynaptic den-
sity protein 95 (PSD-95) with the downstream signaling pro-
teins such as neuronal nitric oxide synthase (nNOS) in the
postsynaptic membranes [8—10]. It was suggested that the
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physical approximation of nNOS to NMDAR subunits per-
mitted via PSD-95 determines the specificity for nNOS to
synthesize NO induced by Ca®* influx through NMDAR [9,
11, 12]. The cumulated data have demonstrated that the asso-
ciation of nNOS with NMDAR, via PSD-95, plays an impor-
tant role in a range of normal neuronal functions including
formation of learning and memory [10, 13]. Thus, the previ-
ous results raised a possibility that NMDAR-mediated nNOS-
NO signaling might be influenced by developmental lead
exposure.

It is well established that NO is produced from L-arginine
in three distinct isoforms of NOS, namely, nNOS, inducible
NOS (iNOS), and endothelial NOS (eNOS). However, nNOS
is the principal form expressed in the brain, and the predom-
inant source of NO in the neurons [14, 15]. Studies have
shown that the enzymatic activity of nNOS is primarily regu-
lated by interaction with Ca®* and calmodulin complex when
intracellular Ca>* increases [16, 17]. Although there are sev-
eral distinct Ca®* pools at the synapse, only Ca®* influx
through the NMDAR efficiently activates nNOS. It has been
reported that reduced PSD-95 expression might block Ca*-
dependent nNOS activation in the brain [18].

As an important gaseous signaling molecule, NO has the
potential to act as an anterograde or retrograde modulator in
the brain and is involved in various cellular functions in the
brain [15, 19, 20]. It exhibits properties ideally suited for a
transcellular messenger since NO is highly soluble and mo-
bile, widely synthesized, and of limited lifetime. It has been
extensively studied that NO functions as a retrograde messen-
ger in the hippocampal LTP. Of which, NO is synthesized in
the postsynaptic membranes in response to Ca**-influx in-
duced by postsynaptic NMDAR activation, travels through
the extracellular space, and acts directly in the presynaptic
neuron to enhance transmitter release during LTP [14, 21].
The major physiological target of NO is the soluble guanylyl
cyclase-coupled receptor. The ensuing accumulation of cyclic
guanosine monophosphate (¢cGMP) may then engage protein
kinases to initiate phosphorylation cascades, leading to synap-
tic vesicle exocytosis and transmitter release at presynaptic
terminals [22].

Synaptophysin (SYP) is a synaptic vesicle protein pro-
posed to regulate the endocytosis and exocytosis of neuro-
transmitters and participate in recycling of synaptic vesicles
[23, 24]. Expression of SYP is regarded as a reliable marker of
presynaptic elements and has been used to evaluate synapto-
genesis or synapse loss induced by the exogenous chemical
treatment [24]. In addition, studies have suggested that de-
creased expression of SYP is correlated positively with im-
paired learning and memory capacity in animal models
[25-27].

Taken in aggregate, all the available evidence seems to
suggest that alterations of NMDAR subunits expressions
found in the developing hippocampus of lead-exposed

offspring might be related to changes in some important syn-
aptic proteins, such as PSD-95, nNOS, and SYP. However, to
date, there are no relevant studies specifically addressing al-
terations of these synaptic proteins in the developing brain
induced by lead exposure. We thus undertook this study to
investigate the effects of developmental lead exposure on
these synaptic proteins at protein and gene levels in the hip-
pocampus of mice during developmental stages.

Materials and Methods
Animal Care and Use Statement

All animal studies were approved by the Scientific Research
Committee of China Medical University and have been con-
ducted in accordance with the Chinese National Guidelines
for the Care and Use of Laboratory Animal in animal
experiments.

Animals

Albino mice with body weights ranging from 23 to 27 g were
obtained from the Experimental Animal Centre of China Med-
ical University. Animal room was kept at a temperature of 20
+2 °C with a 12-h light/dark cycle and a relative humidity of
50-60 %. Mice were housed in the sterilized plastic cages with
wood shaving bedding and given food and water ad libitum.

Experimental Procedures

After 1-week adaptation, female mice were mated with
healthy male mice. Gestation was determined by checking
vaginal plug and vaginal smears twice daily. Conception
was estimated by vaginal plug or sperm positive. Twenty-
four pregnant mice were randomly divided into four groups,
six pregnant mice in each group. They were fed separately
(one per cage) and given drinking water containing 0, 0.5,
1.0, or 2.0 g/L lead in lead acetate from the first day of gesta-
tion until the end of lactation. The day of birth was designated
as postnatal day (PND) 1. The pups were weaned and housed
in a colony room on PND 21, and continually drank water
with lead acetate until PND 40. Pregnant mice and their off-
spring in the control group drank distilled water.

During the course of study, the pups were carefully ob-
served for the signs of abnormality, and weighed on PND
10, 20, and 40. Lead addition did not apparently affect the
consumption of drinking water compared to the control group.

On PND 10, 20, and 40, the pups taken one per litter were
decapitated under deep ether anesthesia. The hippocampal
formation was dissected rapidly, and stored at —80 °C for
western blot and real-time reverse transcription polymerase
chain reaction (RT-PCR) analysis. At the same time of
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sacrifice, another six pups from different litters in each group
were randomly selected, three pups for transmission electron
microscopy, and the others were for immunofluorescence
analysis.

Reagents and Laboratory Wares

All reagents used in the present study were analytical grade,
and acids were of specific grade for lead analysis. All glasses
and plastic wares were washed with detergent and acid, and
rinsed with redistilled water to be free of metal leaching. Water
used in this study was doubly distilled.

Analysis Procedures
Brain Lead Levels

About 50 mg of cerebral samples obtained from PND 10, 20,
and 40 mice were wet digested by heating with 1 mL of nitric
acid, and finally diluted to 10 mL with ultrapure water. Brain
lead levels were detected by atomic absorption
spectrophotometry-Graphite Furnace (Hitachi Z-2000, Japan).
Instrumental parameters used for sample analysis were as fol-
lows: drying for 65 s between 85 and 120 °C, charring for 30 s
between 300 and 480 °C, atomization for 3 s at 1850 °C, and
cleaning for 4 s at 2700 °C. Photometry was performed at a
wavelength of 283.3 nm, using a lead hollow cathode lamp
with a current supply of 7.5 mA, taking advantage of Zeeman
background correction. Duplicate determinations were carried
out for each sample and the average was taken as a measure.
Quality control was performed by determination of the refer-
ence samples from the Ministry of Environmental Protection
Key Lab of Environment, PR China. The test results were in
good agreement with the reference values.

Synaptic Ultrastructure Observation

Mice were anesthetized by ether and then transcardially per-
fused with glutaraldehyde. After perfusion, the mice were de-
capitated and the entire brain was taken and rapidly fixed in
glutaraldehyde. After fixation for 24 h, the hippocampal tis-
sues of PND 10, 20, and 40 mice were quickly dissected and
separated into thin slices. They were fixed immediately with
2.5 % glutaraldehyde at 4 °C overnight. Washed three times in
phosphate-buffered saline (PBS), these slices were fixed in
1 % osmium tetroxide, stained with 2 % aqueous solution of
uranyl acetate, and then dehydrated with different concentra-
tions of ethanol and acetone gradient, finally embedded in
epoxy resin. Ultra-thin sections (70 nm) were cut with ultra-
microtome, collected on copper grids, and then stained with
4 9% uranyl acetate and lead citrate. Synaptic ultrastructure was
viewed under a transmission electron microscope (Hitachi
7650, Japan). The thickness of the postsynaptic density and
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the width of synaptic cleft were measured using an image
analyzing software (NIS-Elements BR 3.2).

Immunofluorescence

Mice were deeply anesthetized with ether, and perfused
through the heart with PBS (pH=7.4) containing 0.02 %
heparin, followed by 4 % paraformaldehyde in PBS. Then,
the brains were quickly removed in a cold plate, washed
in PBS, and fixed overnight in the 4 % paraformaldehyde.
The fixed samples were embedded in paraffin and sec-
tioned into 5 pm thickness when intact structure of hip-
pocampus was observed in the slices. After deparaffinizing
in xylene, the slices were incubated for 30 min with nor-
mal donkey serum (Jackson ImmunoResearch, PA, USA)
to block nonspecific binding of antiserum. Then, the sec-
tions were incubated with rabbit antibody against PSD-95
(1:100, Abcam, MA, USA); goat antibody against nNOS
(1:100, Abcam, MA, USA); and rabbit antibody against
SYP (1:50, Abcam, MA, USA) at 4 °C overnight. On
the following day, donkey anti-rabbit Alexa Fluor 488
(green) and donkey anti-goat Alexa Fluor 594 (red) con-
jugated secondary antibodies (1:100, Abcam, MA, USA),
were added in dark room and incubated for 30 min at
37 °C. Hoechst 33258 (Sigma) was used to stain the
nucleus for 5 min at room temperature. Finally, they were
observed under a fluorescence microscope (Olympus
BX50). Digital images were captured using digital camera
system (Olympus SC35). For negative controls, the prima-
ry antibodies were omitted.

Western Blot Analysis

At each experimental age, the protein expressions of PSD-95,
nNOS, and SYP were analyzed using western blot techniques.
Briefly, the hippocampal tissues of mice were homogenized,
and then the lysates were centrifuged at 4 °C, 12,000xg for
20 min. Protein concentrations were measured with a BCA
protein assay kit (Pierce, IL, USA). An equal amount of pro-
tein (30 pg/lane) were loaded on the 7 % SDS-polyacrylamide
gels and resolved by standard electrophoresis. Subsequently,
the gels were transferred on the polyvinylidene difluoride
(PVDF) filters (Millipore, MA, USA). The filters were incu-
bated with a specific primary antibody against PSD-95
(1:1000, Abcam, MA, USA); nNOS (1:500, Abcam, MA,
USA); SYP (1:500, Abcam, MA, USA); and (-actin
(1:2000, Santa Cruz, CA, USA), and then visualized by
chemiluminescence. For quantization of immunoblot signals,
the band intensity was measured by densitometry using an
image analyzing software (Gel-Pro analyzer v4.0), and nor-
malized to (3-actin level (served as the internal standard) from
the same blot.
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Table 1  The sequence of primer pairs for PCR analysis
Gene Primer (§5'—3") Length
(bp)

PSD-95  Sense ATCCTGTCGGTCAATGGTGTT 259
Antisense  AGTCCTTGGTCTTGTCGTAGTC

nNOS Sense TCAGAAGATGTCCGCACCAA 129
Antisense CTCCTTGTTCACCTCCTCCAG

SYP Sense TGCCAACAAGACGGAGAGT 142
Antisense CGAGGAGGAGTAGTCACCAA

GAPDH  Sense CAATGTGTCCGTCGTGGATCT 124
Antisense GTCCTCAGTGTAGCCCAAGATG

PSD-95 postsynaptic density protein-95, nNOS neuronal nitric oxide syn-
thase, SYP synaptophysin

Quantitative Real-Time RT-PCR

Total RNA was extracted from the hippocampal tissues of
mice using TRIzol Reagent (Invitrogen, CA, USA). First
strand of complementary DNA (cDNA) was synthesized from
the total RNA using the PrimeScript RT reagent Kit (Takara,
Tokyo, Japan) and the random primers of PSD-95, nNOS,
SYP, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (as the housekeeping gene). Thereafter, the cDNA
was served as templates for real-time PCR amplification using

Fig. 1 Changes in the
hippocampal synaptic
ultrastructure of PND 10 mice
induced by developmental lead
exposure. PND postnatal day,
PSD postsynaptic density, SC
synaptic cleft, and SV synaptic
vesicle. The representative
photomicrographs were from
three independent experiments
and captured with a Hitachi 7650
transmission electron microscope
(%30,000). Scale bar=0.5 pm. a
Control group; b 0.5, ¢ 1.0, and d
2.0 g/L lead-exposed group

the SYBR Premix Ex Taq II (Takara, Tokyo, Japan) and ABI
7500 real-time PCR System (Applied Biosystems, CA, USA).
To amplify a fragment of PSD-95, nNOS, SYP, and GAPDH,
the following primer pairs detailed in Table 1 were used. Am-
plification was conducted for 40 cycles of 5 s at 95 °C and 34 s
at 60 °C. Results were analyzed using the comparative Ct
method. RNA abundance were expressed as 2728 for the
target messenger RNA (mRNA) relative to those of the
GAPDH gene (as the internal control), and presented as fold
change versus contralateral control samples.

Statistical Analysis

All values were expressed as means=+standard deviation (SD),
and analyzed using the SPSS for Windows, version 16.0
(SPSS Inc, IL, USA). Significant difference was evaluated
by analysis of variance test (one-way ANOVA). Post hoc tests
were analyzed by Student-Newman-Keuls test (SNK). The
level of statistical significance was defined as p<0.05.

Results

Our previously published paper has reported that the body
weight of mice in both control and lead-exposed groups
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Fig. 2 Changes in the
hippocampal synaptic
ultrastructure of PND 20 mice
induced by developmental lead
exposure. PND postnatal day,
PSD postsynaptic density, SC
synaptic cleft, and SV synaptic
vesicle. The representative
photomicrographs were from
three independent experiments
and captured with a Hitachi 7650
transmission electron microscope
(%30,000). Scale bar=0.5 um. a
Control group; b 0.5, ¢ 1.0, and d
2.0 g/L lead-exposed group

Fig. 3 Changes in the
hippocampal synaptic
ultrastructure of PND 40 mice
induced by developmental lead
exposure. PND postnatal day,
PSD postsynaptic density, SC
synaptic cleft, and SV synaptic
vesicle. The representative
photomicrographs were from
three independent experiments
and captured with a Hitachi 7650
transmission electron microscope
(%30,000). Scale bar=0.5 pm. a
Control group; b 0.5, ¢ 1.0, and d
2.0 g/L lead-exposed group
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increased along with development. There was no significant
difference among groups except for PND 40 mice in 2.0 g/L
lead-exposed group (decrease to 87.4 % of the control group,
p<0.05). Furthermore, none of the lead-exposed mice showed
any neurological, gastroenterology, or other symptoms of lead
poisoning. On the other hand, brain lead levels increased in a
dose-dependent manner, of which, brain lead levels in 1.0 and
2.0 g/L lead-exposed group and in PND 40 mice of 0.5 g/L.
lead-exposed group increased significantly. In addition, brain
lead levels in 2.0 g/L lead-exposed group were also signifi-
cantly higher than those in 0.5 and 1.0 g/L lead-exposed
groups at the same age.

The spatial learning ability tested by place trail in Morris
water maze could be significantly impaired by 0.5 g/L lead
exposure (the escape latency increased to 138.1 % of the con-
trol group from the second training day, p<0.05).

Changes in Synaptic Ultrastructure of the Hippocampus
Induced by Developmental Lead Exposure

The representative photomicrographs shown in Figs. 1, 2, and
3 illustrated the synaptic ultrastructure in the hippocampus of
PND 10, 20, and 40 mice, respectively. As shown in these
photomicrographs, the presynaptic and postsynaptic mem-
branes and synaptic clefts were clearly visible, and the post-
synaptic densities were abundant in the postsynaptic mem-
brane of hippocampus in the control group at different devel-
opmental stages. However, the hippocampal postsynaptic
densities in the lead-exposed groups decreased obviously as
compared to the control group at the same age. Furthermore,
as shown in Table 2, the thickness of postsynaptic densities in
1.0 and 2.0 g/L lead-exposed groups and those of PND 40
mice in 0.5 g/L lead-exposed group were significantly thinner
than in the control group at the same age. In addition, those in
1.0 and 2.0 g/L lead-exposed groups were also significantly
thinner than in 0.5 g/L lead-exposed group at the same age.
But as illustrated in Figs. 1, 2, and 3 and in Table 3, the width

Table 2 Changes in the thickness of postsynaptic density in the
hippocampus of mice induced by developmental lead exposure

Group PND 10 PND 20 PND 40
Control 38.6+4.7 427+14 43.6+4.3
0.5 g/L lead 37.3£35 40.9+3.9 38.5+3.7*
1.0 g/L lead 28.5+£3.2%* 32.8+4.4%* 3224324
2.0 g/L lead 26.3+2.8%* 30.8+2.4%* 29.6+3.5%%

Data were expressed as mean+SD (nm), n=6; Significant difference was
defined as p<0.05

PND postnatal day
*ys control group

#vs 0.5 g/L lead-exposed group

Table 3  Changes in the width of synaptic cleft in the hippocampus of
mice induced by developmental lead exposure

Group PND 10 PND 20 PND 40
Control 20.3£2.0 20.2+2.5 21.1x1.6
0.5 g/L lead 19.4+1.8 20.0+1.5 21.6+£2.8
1.0 g/L lead 20.1+3.0 21.1+1.3 21.6+3.7
2.0 g/L lead 20.5+3.9 21.743.3 23.5+£39

PND postnatal day. Data were expressed as mean+SD (nm), n=6. Sig-
nificant difference was defined as p<0.05

of synaptic cleft in hippocampus of lead-exposed groups did
not differ significantly with the control group at the same age.

Changes in Protein and mRNA Expression of PSD-95
Induced by Developmental Lead Exposure

Effects of developmental lead exposure on PSD-95 expression
at protein and gene levels in the hippocampus at different

PSD-95 nNOS

a..
b...
d...

Fig.4 Changes of immunofluorescence staining for PSD-95 (green) and
nNOS (red) in the hippocampal CAl region of PND 10 mice induced by
developmental lead exposure. PND postnatal day, PSD-95 postsynaptic
density protein-95, and nNOS neuronal nitric oxide synthase. The
representative photomicrographs were from three independent
experiments and captured with Olympus BX50 microscope (x400).
Scale bar=50 um. a Control group; b 0.5, ¢ 1.0, and d 2.0 g/L lead-
exposed group
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developmental stages were summarized in Figs. 4, 5, 6, and 7.
The photomicrographs shown in Figs. 4, 5, and 6, illus-
trated the double immunofluorescence staining on
coexpression of PSD-95 with nNOS in the hippocampal
CALl region of mice at the early developmental stages. It
was disclosed that both PSD-95 and nNOS were positive-
ly stained in the cytoplasm of pyramidal layer neurons
and overlapped with each other well. Of which the immu-
noreactivities to PSD-95 decreased obviously in 2.0 g/L
lead-exposed group as compared to each control group.
Consistent with the results of immunofluorescence stain-
ing, the protein levels of PSD-95 in 2.0 g/L lead-
exposed group decreased significantly compared to the
control group and the other lead-exposed groups at the
same age (Fig. 7b). Likewise, the mRNA levels of PSD-
95 in PND 10 and 20 mice of 2.0 g/L lead-exposed group
decreased significantly as compared to the control and the
other lead-exposed groups at the same age (Fig. 7c). In
addition, levels of PSD-95 mRNA in PND 40 mice of

PSD-95

nNOS

Fig.5 Changes of immunofluorescence staining for PSD-95 (green) and
nNOS (red) in the hippocampal CAl region of PND 20 mice induced by
developmental lead exposure. PND postnatal day, PSD-95 postsynaptic
density protein-95, and nNOS neuronal nitric oxide synthase. The
representative photomicrographs listed above were from three
independent experiments and captured with Olympus BX50 microscope
(%400). Scale bar=50 um. a Control group; b 0.5, ¢ 1.0, and d 2.0 g/L
lead-exposed group

Merge
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Fig. 6 Changes of immunofluorescence staining for PSD-95 (green) and
nNOS (red) in the hippocampal CA1 region of PND 40 mice induced by
developmental lead exposure. PND postnatal day, PSD-95 postsynaptic
density protein-95, and nNOS neuronal nitric oxide synthase. The
representative photomicrographs were from three independent
experiments and captured with Olympus BX50 microscope (x400).
Scale bar=50 yum. a Control group; b 0.5, ¢ 1.0, and d 2.0 g/L lead-
exposed group

Q

o

(2}

o

lead-exposed groups decreased significantly compared to
the control group, but the differences among the lead-
exposed groups were not significant (Fig. 7c¢).

Changes in Protein and mRNA Expression of nNOS
Induced by Developmental Lead Exposure

Effects of developmental lead exposure on nNOS ex-
pression at protein and gene levels in the hippocampus
at different developmental stages were summarized in
Figs. 4, 5, 6, and 8. As shown in Figs. 4, 5, and 6,
the immunoreactivities to nNOS decreased obviously in
1.0 and 2.0 g/L lead-exposed groups compared to each
control group. Consistent with the results of immunoflu-
orescence staining, the protein levels of nNOS in 1.0
and 2.0 g/L lead-exposed groups, and those of PND
40 mice in 0.5 g/L lead-exposed group decreased sig-
nificantly as compared to each control group (Fig. 8b).
Moreover, those of PND 20 and 40 mice in 2.0 g/L
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Fig. 7 Changes in the expression of PSD-95 induced by developmental
lead exposure. PND postnatal day and PSD-95 postsynaptic density
protein-95. Mice were sacrificed on PND 10, 20, and 40, and their
hippocampal tissues were immediately dissected out. Total proteins
(30 pg/lane) in the hippocampus were collected and separated by SDS-
PAGE; lastly they were transferred to PVDF membranes and
immunoblotted for PSD-95. a Western blot analysis. Images were the
representative results of six separate experiments for each group. b

lead-exposed group were also significantly lower than in
the 0.5 and 1.0 g/L lead-exposed groups at the same
age (Fig. 8b). However, mRNA levels of nNOS in the
lead-exposed groups did not differ significantly with
each control group during the early developmental
stages (Fig. 8c).

Changes in Protein and mRNA Expression of SYP
Induced by Developmental Lead Exposure

Effects of developmental lead exposure on SYP expres-
sion at protein and gene levels in the hippocampus at
different developmental stages were summarized in
Figs. 9 and 10. The photomicrographs shown in
Fig. 9, illustrated the immunofluorescence staining of
SYP in the pyramidal layer neurons of hippocampal
CA1 region at different developmental stages. Of which,

0 0.5 1.0 2.0 g/Llead

g/Llead
C Ocontrol 0.5 g/L lead

12 ; O10gLlead @2.0 g/L lead
-
= _—ra e *#+
J | =% —
i« EE E
3 = | B =

0.4 =7 = =7
4 =¢ | =¢
2 | =7 — =7
z 02 =¢ — =¢
E E780 = =

0 -+

PND 10 PND 20 PND 40

Densitometric analysis of western blots. The relative intensity in
arbitrary units compared to (3-actin. ¢ Quantitation of mRNA by real-
time RT-PCR. Gene expression were normalized to GAPDH and
presented as fold change versus the control group. Data were given as
mean+SD, n=6. Significant difference was defined as p<0.05 *vs
control group, *vs 0.5 g/L lead-exposed group, and *vs 1.0 g/L lead-
exposed group

the immunoreactivities to SYP in the lead-exposed
groups decreased gradually in a dose-dependent manner
at the early developmental stages. Consistent with the
results of immunofluorescence staining, except for
PND 10 mice in 0.5 g/L lead-exposed group, the pro-
tein levels of SYP in the lead-exposed groups were
significantly lower than those in the control group at
the same age (Fig. 10b). In addition, those in 2.0 g/L
lead-exposed group decreased significantly compared to
both 0.5 and 1.0 g/L lead-exposed groups at the same
age (Fig. 10b). On the other hand, mRNA levels of
SYP in hippocampus of PND 40 mice in the lead-
exposed groups decreased significantly as compared to
the control group (Fig. 10c). Furthermore, those of PND
10 and 20 mice subjected with lead exposure exhibited
no statistical differences compared to each control group
(Fig. 10c).

@ Springer



6794

Mol Neurobiol (2016) 53:6786—6798

a
PND 10

nNOS

B-actin

PND 20

| e
(160KDa) \_f.l - '

L D e e @ T o o T

PND 40

nNOS

B-actin

3xp) D D D

0 0.5 1.0 2.0
057 Ocontrol 0.5 g/L lead
B81.0 g/L lead @2.0 g/L lead
4
8 0.
7z
=
s
z 03 .
£
S
E 02 - # *
2
E ot
£ 0.1 -
0 : : :

PND 10 PND 20 PND 40

Fig. 8 Changes in the expression of nNOS induced by developmental
lead exposure. PND postnatal day and nNOS neuronal nitric oxide
synthase. Mice were sacrificed on PND 10, 20, and 40, and their
hippocampal tissues were immediately dissected out. Total proteins
(30 pg/lane) in the hippocampus were collected and separated by SDS-
PAGE; lastly they were transferred to PVDF membranes and
immunoblotted for nNOS. a Western blot analysis. Images were the
representative results of six separate experiments for each group. b

Discussion

Although considerable researches have been devoted to
the understanding of how developmental lead exposure
influences the expressions of NMDAR subunits, few
studies have addressed how the changes of NMDAR
subunits expressions correlate with the other synaptic
proteins in both presynaptic and postsynaptic mem-
branes. In the recently published paper, we have dem-
onstrated that developmental lead exposure could inhibit
the expressions of NMDAR subunits in the hippocam-
pus, and furthermore contribute to deficits in learning
and memory ability in mice [6]. In this study, we char-
acterized the alterations of some important synaptic pro-
teins, such as PSD-95, nNOS, and SYP in the hippo-
campus of mice subjected to developmental lead
exposure.
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The observation of synaptic ultrastructure in this study
strongly indicated that the synaptic morphology in the hip-
pocampus of lead-exposed mice were abnormal. Alterations
in the synaptic morphology can cause synaptic dysfunction
and leads to abnormality in synaptic transmission efficien-
cy. The changes of synapses in structure and function in
response to the stimuli are referred to as synaptic plasticity
[28], which may occur at several levels, including alter-
ations in postsynaptic proteins and receptors, postsynaptic
dendrites, and presynaptic function [29, 30]. It has been
reported that the thickness of postsynaptic density is an
important morphological indicator of synaptic plasticity
and closely correlated with the synaptic transmission effi-
ciency [31]. Thus, it was speculated that the morphological
changes of postsynaptic density observed in this study
might result from the decreased expression of postsynaptic
proteins and receptors, such as PSD-95 and NMDAR
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PND 10

PND 20

Fig. 9 Changes of immunofluorescence staining for SYP (green) in the
hippocampal CA1 region of mice induced by developmental lead
exposure. PND postnatal day and SYP synaptophysin. The
representative photomicrographs were from three independent
experiments and captured with Olympus BX50 microscope (x400).
Scale bar=50 um. a Control group; b 0.5, ¢ 1.0, and d 2.0 g/L lead-
exposed group

subunits, and contribute to deficit in learning and memory
ability of lead-exposed mice.

Furthermore, results of this study also disclosed that the
protein expressions of PSD-95, nNOS, and SYP could be
suppressed by developmental lead exposure. Of which, the
changes of SYP were the most sensitive to lead exposure,
and nNOS were more sensitive than PSD-95. On the other
hand, especially in the PND 40 mice, the mRNA expression
of PSD-95 and SYP in the hippocampus could be downregu-
lated by lead exposure, which suggested that lead effects on
PSD-95 expression were at the transcriptional level. Whereas,
lead effects on nNOS and SYP expression were mainly at the
translational level.

An increasing body of evidence suggested that PSD-
95 is the major component of the postsynaptic density
and appears to be important for molecular organization
of postsynaptic complex in neurons [32-34]. Studies on
synaptic development in cultured neurons indicated that
PSD-95 clusters at synapses before other postsynaptic

proteins [35, 36], suggesting that PSD-95 may play a
primary role in organizing and localizing proteins to the
postsynaptic density. It is well established that PSD-95
consists of five protein interaction domains, via these
domains, PSD-95 links the NMDAR subunits with the
signaling proteins and assembles them into a macromo-
lecular complex [10, 12]. In this study, although devel-
opmental lead exposure could downregulate PSD-95 ex-
pression at the transcriptional level, the changes of PSD-
95 at both protein and gene levels are not sensitive to
lead effects, which were induced only by the high levels
of lead exposure. Thus, it was speculated that the lead
effects on nNOS expression might not be related to the
changes of PSD-95. One possible mechanism underlying
lead-induced downregulation of PSD-95 might be due to
the inhibitory effects of lead on NMDAR function,
which may reduce Ca”" influx via NMDAR channels,
subsequently influence Ca?*/calmodulin-dependent sig-
naling pathways, and finally hamper the activation of
transcription factors that regulate PSD-95 gene expres-
sion. Consistent with our findings, studies performed by
Guilarte and McGlothan [4] have shown that decreased
mRNA levels of NR1 and NR2A subunits of NMDAR in
the hippocampus were associated with deficits in spatial
learning ability in the rats exposed to environmentally
relevant levels of lead; however, absence of changes in
PSD-95 gene expression was presented in the same ani-
mals. Moreover, results of an in vitro study reported by
Neal et al. [37] have shown that PSD-95 puncta density
did not change during lead exposure, although their data
suggested that lead exposure could reduce the levels of
NR2A-NMDAR due to arrest or delay, the critical devel-
opmental switch from NR2B- to NR2A-NMDAR during
synaptogenesis [5, 37, 38].

Further, since NMDAR-mediated Ca®* signaling is one of
the most potent activators of nNOS, alteration in expression of
NMDAR subunits might result in abnormal expression and
activity of nNOS in the hippocampus of lead-exposed ani-
mals. Consistent with this hypothesis, our findings suggested
that nNOS protein levels in the hippocampus were lowered
obviously by developmental lead exposure, which was further
supported by the studies reported by other researchers
[39—41]. Taken together, our present and previous studies
demonstrated that by decreasing the expressions of NMDAR
subunits, developmental lead exposure might modify
NMDAR-mediated Ca®* signaling at the postsynaptic mem-
branes, which is likely to alter the localization and activation
of nNOS; furthermore affecting NO production and NO-
c¢GMP signaling transmission in the presynaptic membranes.
The candidate molecule mechanism of these changes might
result from the competition of lead with Ca”* at the calmodu-
lin binding sites.
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Fig. 10 Changes in the a
expression of SYP induced by
developmental lead exposure.
PND postnatal day and SYP
synaptophysin. Mice were
sacrificed on PND 10, 20, and 40,
and their hippocampal tissues
were immediately dissected out.
Total proteins (30 pg/lane) in the
hippocampus were collected and
separated by SDS-PAGE; lastly, PND 40
they were transferred to PVDF SYP
membranes and immunoblotted
for SYP. a Western blot analysis.
Images were the representative
results of six separate experiments
for each group. b Densitometric
analysis of western blots. The 0
relative intensity in arbitrary units

compared to (3-actin. ¢ b
Quantitation of mRNA by real- 12
time RT-PCR. Gene expression

were normalized to GAPDH and 1-
presented as fold change vs the
control group. Data were given as
mean+SD, n=6. Significant
difference was defined as p<0.05
#ys control group, *vs 0.5 g/L
lead-exposed group, *vs 1.0 g/L
lead-exposed group

PND 10

B-actin

p-actin

Relative intensity of SYP

It has been reported that NO-cGMP signaling in the
presynaptic membranes is associated with enhanced neu-
rotransmitter release, increased release volume, and in-
creased SYP expression at glutamatergic synapses in
both animal and cell culture models [22, 42—44]. Study
reported by Neal et al. [38, 45] showed that protein
levels of SYP and vesicular neurotransmitter release in
lead-exposed neurons were decreased compared to the
control; however, this loss of SYP protein could be
recovered by the exogenous NO, suggesting that SYP
expression is linked to NO-cGMP signaling, and lead
exposure might inhibit NO production. Therefore, alter-
ation in SYP protein expression might be a result of
inhibition of NMDAR-dependent NO signaling, and
may be responsible for the impaired vesicular release
in lead-exposed neurons [38]. However, NMDARs me-
diate multiple trans-synaptic pathways besides NO-
mediated signaling and these alternated pathways may
also be implicated in the effects of lead on SYP protein
expression. Studies reported by Neal et al. [38]
disclosed that effects of lead exposure on both synaptic
protein expressions and vesicular release could be re-
covered after treatment with exogenous brain-derived
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neurotrophic factor (BDNF) in vitro. Their results sug-
gested that dysfunction of the BDNF-mediated pathway
may also play an important role in the effects of lead
exposure on synaptic development and function. Thus,
changes of NO-cGMP signaling might only contribute
to the part reason for decreased protein levels of SYP,
which may explain why SYP protein expression was
more sensitive to lead effects than nNOS.

In summary, our results provided an experimental ev-
idence for the characteristics of PSD-95, nNOS, and
SYP expressions associated with developmental lead ex-
posure, which raised a possibility that lead exposure
during synaptogenesis may result in changes in both
presynaptic and postsynaptic protein levels. However,
the detailed mechanism through which lead exposure
affects the synaptic protein levels remains to be ex-
plored. Since alterations in the specific localization and
expression of these proteins in the hippocampus can
influence the properties of synaptic transmission and
even cause the deficit in the learning and memory abil-
ity, a better understanding of the changes of these syn-
aptic proteins may promote to elucidate the mechanism
underlying lead-induced cognitive deficits in children.
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