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a b s t r a c t

The purpose of the present study was to examine the in vitro effects of low-dose cadmium (Cd) on develop-
ing cortical cells. The cortical cells removed from fetuses (embryonic day 15) were treated with 10 nM of Cd
for 24 h. The effects of Cd on dendritic and synaptic development were immunocytochemically observed
with anti-microtubule associated protein-2 (MAP2) and anti-synapsin I antibodies, respectively. Admin-
istration of Cd suppressed dendritic as well as synaptic development at 10 nM. By two-dimensional gel
eywords:
admium
euron

mmunocytochemistry

electrophoresis and liquid chromatography–tandem mass spectrometric (LC/MS/MS) analysis, we identi-
fied three proteins with different expression after Cd-treatment; dihydropyrimidinase-related protein 2
(DRP-2/CRMP-2), 14-3-3-epsillon and calmodulin (CaM). Though the number of identified proteins was
small, these proteins are known to be involved in neuronal development. The present study demon-
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. Introduction

Cadmium (Cd) is an extremely toxic metal commonly found in
ndustrial workplaces, a food contaminant and cigarettes (Piascik
t al., 1985; Waalkes et al., 1992; Jarup et al., 1998). Cigarette
moking has been shown to double the Cd intake as compared
o non-smokers (Piascik et al., 1985). Furthermore, because Cd is
haracterized by a long biological half-life (Lind et al., 1997) and
low rate of excretion from the body (Jones and Cherian, 1990),
d severely damages several organs including kidney (Nordberg,
984), liver (Koizumi et al., 1996) and testes (Xu et al., 1996;

ones et al., 1997). Due to its high blood–brain barrier perme-
bility (Arvidson and Tjälve, 1986; Choudhuri et al., 1996; Shukla
t al., 1996), Cd is also suggested to affect the nervous system.
tudies of occupational exposure to Cd have shown the neu-

∗ Corresponding author at: Department of Life Sciences, Toyo University, 1-1-1
zumino, Itakura, Oura, Gunma 374-0193, Japan. Tel.: +81 276 82 9213;
ax: +81 276 82 9213.
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ts as well as affected proteins in Cd-treated cortical cells, providing tools
hanisms how low-dose Cd distorts brain development.

© 2008 Elsevier Ireland Ltd. All rights reserved.

obehavioral effects in workers including slowing of visuomotor
unctioning (Viaene et al., 2000). Increases in complaints about
quilibrium alterations and about decreased concentration ability
ere reported to be dose-dependently associated with urinary Cd

evels (Viaene et al., 2000). Parkinsonism (Okuda et al., 1997) and
myotrophic lateral sclerosis (Bar-Sela et al., 2001) were also sug-
ested to have a cause–effect relationship between Cd-exposure.

Besides these suggestive effects of Cd on adults, it has been
roposed that Cd can distort brain development. For example,
aternal smoking has been linked to altered auditory function-

ng and reading ability, impulsive behavior and lower IQ score of
hildren (Marlowe et al., 1985a,b; Pihl and Parkes, 1977). WHO/FAO
2004) noted the potential importance of neurodevelopmental tox-
city of Cd as following; “Developmental neurobehavioural effects,
ncluding decreased locomotor and exploratory activity and cer-
ain electrophysiological changes, have been seen in the absence of

ny overt symptoms of maternal toxicity and appear to be a more
ensitive indicator of toxicity”.

In experimental animals, neurological pathologic effects of
d during development including cerebral bleeding and cerebral
dema were reported in neonatal mouse (Gabbiani et al., 1967;

http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:r-kaneko@toyonet.toyo.ac.jp
dx.doi.org/10.1016/j.tox.2008.08.021
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excitation wavelength of 457 nm and at an emission wavelength of
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ebster and Valois, 1981). Cd exposure in infancy caused hyper-
ctivity and increased aggressiveness in juvenile rats (Smith et al.,
982; Holloway and Thor, 1988). Gestational (60 ppm in drinking
ater or inhalation) and lactational (0.62–2.0 mg/kg subcutaneous

njection) exposures to Cd decreased locomoter activity (Barański,
986; Barański et al., 1983; Lehotzky et al., 1990) and avoidance
cquisition in rats (Barański, 1983, 1986). Although all these studies
upport the idea that Cd even at low doses disturbs brain develop-
ent, direct neurodevelopmental effects of low-dose Cd and the
echanisms underlying them remain unclear.
Therefore, the purpose of the present study was to examine

he effect of low-dose Cd on the development of neurons, espe-
ially on dendritic and synaptic development, using the in vitro
ystem which we reported in our previous study (Yokosuka et al.,
008). Furthermore, in order to obtain a clue to solve the mecha-
ism of Cd-induced effects, we detected and identified the proteins
hose expressions were changed by Cd, using two-dimensional gel

lectrophoresis (2-DE) and liquid chromatography–tandem mass
pectrometric (LC/MS/MS) analysis.

. Materials and methods

.1. Procedure of cell culture

Pregnant rats (Japan SLC, Hamamatsu, Japan) were fed on NIH-07PLD laboratory
how (Oriental Yeast, Co. Ltd., Japan), received water ad libitum, and housed in a light
nd temperature controlled room (lights on 07:00–19:00 h, temperature at 24 ◦C).
xperimental protocols used in this study were in accordance with ethical proce-
ures following the guidelines for the care and use of laboratory animals issued by
he Japanese Government and the Japanese Pharmacological Society. Primary cul-
ures of dissociated hypothalamic cells were prepared according to the methods
hich we previously reported (Yokosuka et al., 2008). In brief, the cerebral cortical

issue was dissected from 30 embryonic day 15 (ED 15; plug = ED 0) rats. After remov-
ng the surrounding meninges, the tissue specimens were cut into small pieces. The
ortical tissue specimens were pooled and incubated at 37 ◦C for 15 min in 0.5 U/ml
apain (Worthington, USA). After separation from the enzyme solution by sedimen-
ation, the tissue specimens were suspended in a culture medium containing 5%
eat-inactivated donor equine serum (Equitech-Bio), 5% heat-inactivated fetal calf
erum (Equitech-Bio), and 90% Dulbecco’s modified Eagles’s medium (DMEM; Gibco
RL) supplemented with 1 mM sodium pyruvate (Sigma), 1.2 mg/ml NaHCO3 (Wako,

apan), 50 units/ml penicillin G (Meiji Seika, Japan) and 25 �g/ml streptomycin sul-
ate (Meiji Seika, Japan). The cells were then mechanically dissociated by trituration
hrough a plastic pipette. The final cell suspension was plated at a density of 1 × 106

ells/cm2 in FALCON Culture Flasks and 0.1 × 106 cells/cm2 in FALCON Culture-Slides
Becton Dickinson) whose bottoms were coated with 0.1% polyethylenimine (Sigma).
he cell cultures were maintained in 5% CO2 and 95% O2 at 37 ◦C. After culture in the
ormal medium for 3 days, the cells were cultured in the medium supplemented
ith or without 10 nM cadmium chloride for 24 h. We treated cells with 10 nM Cd,

ecause significant suppressions of MAP2- and synapsin I-immunoreactivities were
bserved at 10−6 and 10−8 M Cd, when we checked the effects of Cd on them at 10−6,
0−8, 10−10 and 10−12 M in our preliminary experiments.

. Morphological analysis

For immunocytochemical staining, cultured cells on culture
lides were fixed for 30 min in 4% paraformaldehyde in 100 mM
hosphate buffer (PB) after Cd treatment. Following fixation, the
ells were incubated with 10 mM phosphate-buffered saline (PBS)
ontaining 0.1% saponin (Sigma) and 10% Block Ace (Dai-Nihon
eiyaku, Japan) at room temperature for 15 min to render the
ell membrane permeable and block nonspecific binding. With-
ut washing, cells were incubated with primary antibodies diluted
ith 10% Block Ace in PBS at 4 ◦C overnight. Primary antibodies
sed in this work were as follows: (1) a mouse anti-MAP2 antibody
1:500; Chemicon International) and (2) a rabbit anti-syanpsin I

ntibody (1:500, Chmicon International). After a brief rinse in PBS,
he cells were incubated with biotinylated sheep anti-mouse IgG
ntibody (1:500, Amersham) diluted with 10% Block Ace in PBS at
◦C overnight. The cells were then washed in the same manner
nd incubated for 1 h at room temperature with FITC-conjugated

6
m
t
k
a
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nti-rabbit IgG antibody (1:100, MBL) and Texas Red-labeled strep-
avidin (1:500, Amersham) diluted with 10% Block Ace in PBS.
inally, after rinsing the cells many times with PBS, coverslips
ere mounted on the slides using an antifade regent (Fluoro-
aurd; Bio-Rad). Stained cells were observed under a confocal

aser scanning microscope system (LSM 510; Zeiss). Stained cells
ere optically sectioned at consecutive intervals of 2 �m in the

-axis and the quantification of stained areas was performed as
reviously described (Yokosuka et al., 2008). Briefly, synapsin I-
nd MAP2-positive areas were measured with computer-assisted
mage analysis system (KS-300, Zeiss). Three two-dimensional
econstruction images were analyzed in each well. Each image
ontained about 20 neurons. The averages were calculated and
ompared between three Cd-treated wells (n = 3) and three control
ells (n = 3). That is, totally nine images for each cell group were

nalyzed.
For cell count, cells on culture slides were fixed with 4%

araformaldehyde as described above, stained with Hoechst 33342
Sigma). Number of cells with normal nuclei was counted in 10
reas of each well. The averages were compared between three
ontrol wells (n = 3) and three Cd-treated wells (n = 3).

. Sample preparation for electrophoresis

For 2-DE and Western blotting, after medium was removed from
ulture flasks, cells were rinsed twice in ice–PBS containing phenyl-
ethylsulfonyl fluoride (PMSF) and lysed in lysis buffer (pH 8.5)

ontaining 5 M urea (GE Healthcare), 2 M thiourea (GE Health-
are), 30 mM 2-amino-2-hydroxymethyl-1,3-propanediol (Tris,
ako Pure Chemical Industries, Japan), 2% 3-[(3-cholamidoproyl)

imethylammonio] propanesulfonate (CHAPS, Dojindo Laborato-
ies, Japan) and 1% dithiothreitol (DTT, Sigma–Aldrich, Germany).
he samples were sonicated 5 × 10 s on ice using an ultra-wave
onicator (Tomy, Japan). Then, the samples were centrifuged at
0,000 × g for 30 min at 4 ◦C. The supernatant was stored at −80 ◦C
ntil gel electrophoresis.

. Two-dimensional gel electrophoresis

Each 100 �g aliquot of either control or Cd-treated protein sam-
les was loaded onto a 24 cm Immobiline Dry-Strips covering the
anges of pH 4.0-7.0 (GE Healthcare) for isoelectric focusing (IEF)
sing the IPGphor isoelectric focusing system (GE Healthcare). After

EF, the strips were equilibrated in the first equilibration solu-
ion (1.5 M Tris–HCl, pH 8.8; 6 M urea, 30% glycerol) (Wako Pure
hemical Industries), 2% sodium dodecyl sulfate (SDS, Wako Pure
hemical Industries), 10 mg/ml DTT (Wako Pure Chemicals) and
ere then equilibrated in the second equilibration solution (the SDS

quilibration buffer containing 25 mg/ml iodoacetamide (Wako
ure Chemical Industries)). The equilibrated strips were placed on
op of 9–18% SDS-polyacrylamide gradient gels and sealed with a
olution of 1% (w/v) agarose (Takara Bio, Japan). The second elec-
rophoresis was carried out using the Ettan DALTsix system (GE
ealthcare).

After electrophoresis, the gels were stained using SYPRO Ruby
tain solution (Molecular Probes, Eugnene, OR, USA), de-stained
n 10% ethanol and 6% acetic acid, according to the protocol rec-
mmended by the manufacturer. The gel was then scanned at an
10 nm. Changed (decreased or increased) spots by cadmium treat-
ent were selected. In addition, two more gels, one for control and

he other for Cd-treated samples, were stained with silver staining
it (GE Healthcare). The gels were dried and stored at 4 ◦C until MS
nalysis.
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ig. 1. Double localization image of MAP2- (red) and synapsin I-immunoreactivities
d-treatment for 24 h. (A) Control cells and (B) 10 nM Cd-treated cells. (For interpr
ersion of the article.)

. In-gel digestion, mass determination, and protein
dentification

2-DE gel fragment with approximately 1 mm in diameter, cor-
esponding to the protein spots of interest, were picked up and
ashed in double distilled water for 15 min. The gel fragments
ere then de-colored in 200 �l of de-coloring solution (25 mM

mmonium hydrogen carbonate (BioChemical Industries Ltd.), 50%
cetonitorile (Wako Pure Chemical Industries)) at room temper-
ture for 10 min. The gel fragments were re-hydrated in 10 �l of
trypsin solution (50 mM ammonium hydrogen carbonate, 5 mM

alcium chlorides, 0.02 �g/�l trypsin (Promega)) and incubated
t 37 ◦C for 16 h for digestion of the contained proteins with
rypsin. After peptide extraction, the proteolytic peptide mixture
as concentrated to 5 �l by evaporation, added to 35 �l of 2% ace-

onitrile and 0.1% trifluoroacetic acid (TFA), and subjected to an
utosampler (HTC PAL, CTC analysis AG) for nanoscale capillary
iquid chromatography–tandem mass spectrometric (LC/MS/MS)
nalysis. The LC/MS/MS system used was a capillary LC system
MAGIC2002, Michrom BioResources, Inc.) coupled to an in-line
anoelectrospray mass spectrometer (LCQ Advantage, Thermo
innigan) with a silica-coated glass capillary installed (PicoTipTM,
ew Objective, Inc.). For the capillary LC system the sample was

oaded in 5% acetonitrile with 0.1% formic acid. The gradient con-
isted of 6.4% acetonitrile in 5 min and subsequent 6.4–76.8%
cetonitrile in 45 min. The spectra were collected as MS and MS/MS
cans. The MS scan defined the ion composition at an m/z range
f 450–2000, and the MS/MS scan acquired the mass spectrum of
he parental ion upon collision-induced dissociation. The acquired
ollision-induced dissociation spectra were analyzed by direct
nspection using Bioworks browser software. Theoretical masses
f the peptide ion were calculated using Expasy Compute pI/MW
ool (http://kr.expasy.org/tools/pi tool.html).

. Western blot

For Western blot, we extracted proteins from four control
asks (n = 4) and four Cd-treated flasks (n = 4). Then, aliquots

25 �g protein/lane) from control or Cd-treated samples were
lectrophoresed on a 12% SDS-polyacrylamide gel (ATTO, Japan).
roteins on the gels were transferred onto polyvinylidene fluoride
PVDF) membranes (Millipore). After blocking non-specific bind-
ng in Block Ace at 4 ◦C overnight, the membranes were incubated

C
e
t

) captured by confocal microscopy in cultured coritical cells treated with or without
n of the references to color in this figure legend, the reader is referred to the web

ith a monoclonal antibody against calmodulin (1:200, Abcam) at
◦C overnight. After washing with PBS containing 0.1% Tween-20,
embranes were, respectively, incubated with an anti-mouse IgG

ntibody labeled with alkaline phosphatase (Vector, Burlingame,
A, USA) for 2 h at room temperature, and washed repeatedly.

mmunocomplexes were visualized by nitro blue tetrozolium (NTB)
nd 5-bromo-4-chloro-3-indolylphosphate (BC1P). Stained bands
ere quantified by densitometric analysis with NIH Image analysis

oftware.

. Statistical analysis

The unpaired two-tailed Student’s t-test was used, in which sig-
ificance was accepted at p < 0.05.

. Results

.1. Effects of cadmium (Cd) on neuronal development

Cultured cortical cells were immunocytochemically stained
ith anti-synapsin I and anti-MAP2 antibodies. As shown in Fig. 1,
endrites and neuronal somata were stained red by anti-MAP2
ntibody, while synaptic buttons were stained green along den-
rites and around soma by anti-synapsin I antibody. Because of
oexistence of synapsin-I and MAP2, most of neuronal somata were
tained yellow (Fig. 1). The dendritic as well as synaptic develop-
ents were depressed by 10 nM Cd treatment for 24 h (Fig. 1).
AP2- and synapsin I-positive areas were quantified and com-

ared between control and the Cd-treated cells (Fig. 2A and B). The
oth areas were significantly decreased by Cd treatment (p < 0.05
or MAP2-positive area and p < 0.01 for synapsin I-positive area).

AP2-positive area dropped to less than 80% of the control value
nd syanpsin I-positive area to nearly 25% of it.

Cell numbers were also compared between control cells and Cd-
reated cells. Cell numbers remained constant after Cd-treatment
Fig. 2C).

.2. Protein expression changed by Cd treatment
Next, we examined changes of protein expression in 10 nM
d-treated cells by using 2-DE. After Cd treatment for 24 h, we
lectrophoresed extracted proteins on two-dimensional (2D) gels
hree times and compared protein spots between control cells

http://kr.expasy.org/tools/pi_tool.html
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Fig. 2. Effects of 10 nM Cd on the cortical neurons. (A) MAP2-positive area. (B)
Synapsin I-positive area. (C) Cell numbers. Histograms represent mean (±S.E.M.)
values. Cont, Control cells; Cd, Cd-treated cells. *p < 0.01; **p < 0.001.
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Fig. 3. Representative two-dimensional electrophoresis gel images. (A) The left image s
Cd (10 nM)-treated cells. The protein spots surrounded by circles (arrows) were differen
identified by LC/MS/MS. The pI gradient of the first dimension is shown on the top of th
dimension is shown on the side of the gels. (B) Circles (a–c) in (A) correspond to the respe
ig. 4. Western blot analysis of CaM levels. (A) Immunoreactive bands for CaM at
4 h after Cd-treatment. (B) Densitometry of the immunoreactive bands for CaM.
ata are expressed as a percentage of the control value. Each column represents the
ean ± S.E.M. (n = 4). *p < 0.05. Cont, Control cells; Cd, Cd-treated cells.

nd Cd-treated cells (Fig. 3A). We selected 9 protein spots whose
xpression was increased or decreased by Cd-treatment (1–9 in
ig. 3). These spots were then picked and subjected to the protein
dentification. Among them, we could identify six spots indicated
s arrows in Fig. 3B, whose positions on 2-DE gels were shown
n Fig. 3A (a–c). Among these identified spots, two spots were
ncreased (1 and 2 in Fig. 3B) and four spots were decreased by Cd
reatment (3–6 in Fig. 3B).

Identified proteins of 6 spots are listed in Table 1. Spot number
was identified as dihydropyrimidinase-related protein 2 (DRP-

/CRMP-2/TUC-2), number 2 and 3 spots as 14-3-3 protein epsilon

nd number 4–6 spots as calmodulin (CaM). Immunoblottings
ith anti-CaM antibody showed three bands of CaM with differ-

nt molecular weight (Fig. 4). All these bands were reduced by Cd
reatment, though the decrease was statistically significant only for
he band with the highest MW (p < 0.05) (Fig. 4).

hows a SYPRO Ruby-stained gel of the control cells and the right image is that of
tly expressed after Cd treatment. Among them, the spots in circles (a–c) could be
e gels and the migration of molecular mass markers for SDS-PAGE in the second
ctive areas (a–c) in (B). Cont, Control cells; Cd, Cd-treated cells.
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0. Discussion

0.1. Morphological effects of cadmium on dendrites and synapses

As Silva et al. (2006) represented examples in their review, dis-
ociated primary nerve cell cultures are powerful models that can
e used to evaluate the responses of target cells to toxic substances
t the cellular and molecular levels. In the present study, using the
mmunocytochemical method, we demonstrated the direct neu-
odevelopmental toxicity of Cd on cortical neurons.

Cd has long been used in the physiological studies to block
a2+-activated K+ channels (Schwindt et al., 1988). In those studies,
ultured neurons or neuroblastomas were usually treated with Cd2+

t about 200 �M for a short period. There are only a few reports
n direct prolonged effects of Cd on neurons. Miura et al. (2000)
howed a growth inhibitory effect of Cd on axons at concentra-
ions higher than 5 �M. Chow and Cheng (2003) investigated the

echanisms of Cd-induced toxicity in zebrafish, revealing defects
f axonogenisis after the exposure of Cd (100 �M) during the gas-
rulation period. López et al. (2003) examined toxic effects of Cd on
ortical neurons in vitro, showing 10 �M Cd modified the neuronal
orphology after a 6 h-treatment in serum-free medium and com-

lete disappearance of the axons at 24 h. They also demonstrated
lear drop of cell viability at 10 �M (López et al., 2003) or 50 �M
d (López et al., 2006) in the presence of serum. The present paper

s the first work revealing that even 10 nM Cd induced suppressive
ffects on dendritic and synaptic development.

0.2. Protein expression changed by cadmium

We identified three proteins whose expressions were changed
y 10 nM Cd treatment (Table 1). Interestingly, all of the identified
roteins were those related to neuronal development, as described
elow.

0.2.1. Dihydropyrimidinase-related protein 2
DRP-2/CRMP-2/TUC-2)

A protein spot (number 1 spot) identified as DRP-2 was increased
n Cd-treated cells. DRP-2 is also known as collapsin response medi-
tor protein 2 (CRMP-2) and is a member of the TOAD/Ulip/CRMP
TUC) family of cytosolic phosphoproteins. This protein family is
nvolved in neuronal development (reviewed by Quinn et al., 1999;
rimura et al., 2004) and abundantly expressed in the developing
rain. DRP-2 is the best studied member of this family. DRP-2 pro-
otes microtubule formation by binding to tubulin heterodimers

Fukata et al., 2002). Phosphorylation of DRP-2 by Rho kinase
eletes its ability to bind to tubulin dimers and microtubules and
hus inactivates its ability to promote microtubule assembly dur-
ng growth cone collapse (Fukata et al., 2002; Arimura et al., 2000,

005). DRP-2 is also a brain-specific substrate of glycogen syn-
hase kinase-3 (GSK3) (Cole et al., 2004; Yoshimura et al., 2005)
nd cyclin-dependent kinase 5 (Cdk5) (Cole et al., 2006). Mutation
f the GSK3 phosphorylation sites on DRP-2 to Ala residues has
een shown to reduce DRP-2-induced axon elongation (Yoshimura

e
w
C
p
f

able 1
dentified protein spots showing different expression after Cd treatment

pot number Identified protein names Acce

Dihydropyrimidinase-related protein 2 (DRP-2) P479
14-3-3 protein epsillon (14-3-3E) P622
14-3-3 protein epsilon (14-3-3E) P622
Calmodulin (CaM) P621
Calmodulin (CaM) P621
Calmodulin (CaM) P621
logy 253 (2008) 110–116

t al., 2005). Some studies showed that DRP-2 is important for mod-
lating synaptic vulnerability (Lubec et al., 1999; Weitzdoerfer et
l., 2001; Wishart et al., 2007). All these accumulating works indi-
ate the importance of DRP-2 in axonal and/or synaptic formations
uring neuronal development.

0.2.2. 14-3-3-Epsilon
Number 3 spot was decreased in Cd-treated cells, while protein

umber 2 spot was increased by Cd. Because both spots (spots 2
nd 3) were identified as 14-3-3-epsilon, this observed acidic shift
ay represent Cd-induced modification of the protein, though the

ature of this modification remained to be elucidated.
The 14-3-3 protein is a highly conserved family of multifunc-

ional proteins which are primarily found in high levels in neurons
ut have also been shown to be expressed in a wide range of other
ells. These proteins comprising seven isoforms (�: beta, �: gamma,
: epsilon, �: zeta, �: eta, �: tau, and 	: sigma) have now been rec-
gnized to have a variety of functions in isoform specific fashion
for review, see Mhawech, 2005; Aitken, 2006). Through binding
lient proteins, multiple effects specific to the client protein can be
xerted in enzymatic activity, subcellular localization and protein
omplex formation. By mediating these effects in a diverse array
f clients, 14-3-3 controls various events including signal trans-
uction, metabolism, development and apoptosis in many organs

ncluding the brain (Martin et al., 1994; Skoulakis and Davis, 1998;
axter et al., 2002; Berg et al., 2003; Gao et al., 2005; Umahara et al.,
007). 14-3-3 proteins are regulated to bind client proteins through
posttranslational modification like phosphorylation (Muslin et

l., 1996; Yaffe et al., 1997). The acidic shift of the 14-3-3, which
as revealed in the present study, suggests its functional changes

nduced by Cd.
14-3-3-Epsilon, one of isoforms of 14-3-3, is expressed through-

ut the brain (Baxter et al., 2002). Since one of the functions of
4-3-3-epsilon is to modulate receptors including TGF-beta recep-
or, the insulin receptor (IRS) and IGF-1 receptor (Craparo et al.,
997; Ogihara et al., 1997; McGonigle et al., 2002; Oriente et al.,
005), important roles of 14-3-3 epsilon in neuronal develop-
ent are suggested. Characterization of the subcellular localization

f 14-3-3-epsilon has shown that the epsilon isoform binds to
he synaptic plasma membrane and the synaptosomal membrane
Martin et al., 1994). Taken together, it can be speculated that 14-3-3
psilon is involved in synaptogenesis and/or synaptic transmissions
nd Cd possibly affects them through phosphorylation of 14-3-3
psilon.

0.2.3. Calmodulin (CaM)
Three protein spots (spot number 4–6) decreased by Cd treat-

ent were identified as CaM. Cd is known to bind intracellular
roteins such as troponin C and CaM (Chao et al., 1990; Akiyama

t al., 1990). CaM is a major Ca2+-binding protein in the brain
here it modulates numerous Ca2+-dependent enzymes including
a2+/CaM-dependent kinases (CaMKs) and CaM-dependent phos-
hodiesterase (PDE). These enzymes participate in relevant cellular
unctions (reviewed by Burgoyne, 2007; Sharma et al., 2006).

ssion number MW (predicted) pI (predicted) Cd

42 62.24 5.95 (+)
60 29.15 4.63 (+)
60 29.15 4.63 (−)
61 16.70 4.09 (−)
61 16.70 4.09 (−)
61 16.70 4.09 (−)
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aMKs are especially well known to regulate important neuronal
unctions including neurotransmitter synthesis, neurotransmit-
er release, cell morphology, and synaptic plasticity (reviewed by
amauchi, 2005). Through these functions, CaMKs play a pivotal
ole during neuronal development (reviewed by Nakanishi and
kazawa, 2006).

There are however only a few studies showing effects of Cd
n CaM. Chronic exposure of cadmium (Cd) to rats (6 mg/kg body
eight/day) led to a significant accumulation of Cd in brain and

ther organs (Vig et al., 1991) and CaM isolated from brains of
d exposed rats showed a decreased ability to stimulate CaM-
ependent phosphodiesterase (PDE) as compared to that purified
rom unexposed animals. Liu and Templeton (2007) showed that
oncentrations of 3–20 �M Cd2+ markedly increased phospho-
aMK-II in cultured mesangial cells. Though CaM mRNA was not

isted in genes induced or suppressed by Cd in mammalian cells
Beyersmann and Hechtenberg, 1997), a significant decrease in CaM

RNA quantity after 2 days of exposure (80 mg/kg Cd) as well as
fter 14 h of exposure to 800 mg/kg Cd was observed in redworms,
isenia fetida (Brulle et al., 2007). In the present study, we showed
significant decrease in CaM protein after 10 nM treatment of Cd.
ue to various and important functions of CaM in neurons, this
nding will contribute to elucidate mechanisms of neurodevelop-
ental toxicity of Cd.
In summary, 10 nM Cd depressed dendritic and synaptic devel-

pment in cortical neurons. This is the first study demonstrating
lear low-dose effects of Cd on neuronal development. Although
uture precise studies must be performed to obtain interpretations
egarding high sensitivity of the cells to Cd toxicity, it may be one
nswer that no induction of metallothionein was detected in the
resent study after Cd (10 nM)-treatment. In this study, three pro-
eins (DRP 2, 14-3-3-epsilon and CaM), all of which are known
o function in neuronal development, were identified as proteins
ffected by Cd. This study will provide useful clues for elucidating
echanisms underlying neurodevelopmental toxicity of Cd.
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