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�We investigated protein profiles of fish brain using 2D-DIGE analysis.
� Accumulation of Hg and the cellular ultrastructure of fish brain were examined.
� The results showed that Hg was significantly accumulated in the fish brain.
� Inorganic Hg caused noticeable damage to the fish brain.
� Multiple proteins and biological processes are involved in Hg neurotoxicity.
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Mercury is a ubiquitous environmental contaminant which exerts neurotoxicity upon animals.
Nevertheless, the molecular mechanisms involved in inorganic mercury neurotoxicity are unknown.
We investigated protein profiles of marine medaka, chronically exposed to mercuric chloride using
two-dimensional difference gel electrophoresis (2D-DIGE) and matrix-assisted laser desorption/ionization
tandem time-of-flight mass spectrometry (MALDI-TOF-TOF MS) analysis. The mercury accumulation and
ultrastructure were also examined in the brain. The results showed that mercury was significantly
accumulated in the treated brain, and subsequently caused a noticeable damage. The comparison of
2D-DIGE protein profiles between the control and treatment revealed that 16 protein spots were remark-
ably altered in abundance, which were further submitted for MALDI-TOF-TOF MS analysis. The identified
proteins indicated that inorganic mercury may cause neurotoxicity through the induction of oxidative
stress, cytoskeletal assembly dysfunction and metabolic disorders. Thus, this study provided a basis for
a better understanding of the molecular mechanisms involved in mercury neurotoxicity.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury is a ubiquitous environmental contaminant found in
ocean and freshwater fish, shellfish, and plants, and it causes a
wide range of adverse effects in humans (Ung et al., 2010). Mercury
pollution originating from anthropogenic activities and industrial-
ization has resulted in several catastrophes in Japan (Kudo et al.,
1998), Iraq (Bakir et al., 1973) and the Amazon basin (Pfeiffer
and Lacerda, 1988). Moreover, many high-risk sites have been
identified in Asia (Li et al., 2009). Mercury pollution has become
a worldwide public health concern.
In the environment, mercury exists in three forms possessing
different bioavailability and toxicity: the metallic element, inor-
ganic salts and organic compounds (Clarkson, 2002; Mousavi
et al., 2011). Among them, methylmercury (MeHg) is considered
to be the most toxic and has extensively been studied. MeHg can
pass through the blood-brain barrier and accumulate in the central
nervous system (CNS) in both humans and fish (Aschner et al.,
2007; Clarkson and Magos, 2006), thus leading to neurological
damage to the brain (Berntssen et al., 2003; Clarkson, 1997;
Zheng et al., 2003). Moreover, MeHg also causes toxicity to the kid-
neys, as well as the CNS, and cardiovascular, gastrointestinal, and
immune systems (Holmes et al., 2009; Virtanen et al., 2007). Sev-
eral molecular and cellular mechanisms of MeHg toxicity have
been postulated. However, so far, little is known concerning the
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molecular mechanisms involved in the neurotoxicity caused by
inorganic mercury, although inorganic mercury species are widely
distributed in the environment (Fitzgerald, 2003; Goldman and
Shannon, 2001). Guzzi and La Porta (2008) report that MeHg is
slowly metabolized to inorganic mercury by the intestinal micro-
flora, and elevated levels of inorganic mercury are found in the
brains of humans, pups and monkeys exposed to MeHg (Davis
et al. 1994; Ishitobi et al., 2010; Vahter et al., 1995). Thus, even
after MeHg exposure, mercury toxicity to organisms might be
ascribed to inorganic mercury attack, due to the conversion of
MeHg to inorganic mercury. Furthermore, infants and children
present a higher absorption rate of inorganic mercury compared
to adults (Goyer and Clarkson, 2001; Walsh, 1982). Overall, it is
very important to explore the molecular mechanisms of inorganic
mercury neurotoxicity in organisms.

Two-dimensional fluorescence difference gel electrophoresis
(2D-DIGE) is a newly developed quantitative proteomic approach,
which directly labels lysine groups on proteins with cyanine CyDye
DIGE Fluor minimal dyes prior to isoelectric focusing, enabling the
labeling of 2–3 samples with different dyes and electrophoresis of
all the samples on the same 2D-DIGE gel (Tannu and Hemby,
2006). 2D-DIGE has facilitated vital advances in the measurement
of protein expression alterations in control and treatment samples.
Recently this approach has been applied to investigate the toxicity
mechanisms of several pollutants in aquatic organisms (Eyckmans
et al., 2012; Roland et al., 2013).

In our study, marine medaka (Oryzias melastigma) were chroni-
cally exposed to different mercuric chloride (HgCl2) concentrations
(1 or 10 lg L�1) for 60 d, and the protein profiles of the brains of
exposed and non-exposed medaka were analyzed using 2D-DIGE,
and the differentially expressed protein spots were identified using
matrix-assisted laser desorption/ionization tandem time-of-flight
mass spectrometry (MALDI-TOF-TOF MS) analysis. In addition, the
mercury content as well as cellular ultrastructural changes in the
brain were also investigated. This study aimed to elucidate the
mode-of-action of inorganic mercury neurotoxicity, and to identify
potential protein biomarker candidates for aquatic environmental
monitoring.

2. Materials and methods

2.1. Medaka exposure experiment

Medaka (O. melastigma) were acclimatized in aerated seawater
tanks for 15 d prior to the experiment at a water temperature of
25 �C under a 12 h light/dark cycle, and fed twice a day, 9:00 am
and 3:00 pm, with commercial artemia dry bait. Then, fish (weigh-
ing 0.5 ± 0.05 g) were randomly assigned to three experimental
groups for exposure to two mercury treatments, 1 and 10 lg L�1,
and non-exposure. Each treatment included two groups with 40 fish.
The experiments were carried out in glass tanks (44 � 30 � 28 cm3)
with 30 L filtered seawater water and lasted for 60 d under the same
conditions as during acclimation described above. Each day half of
the aged water was renewed with fresh seawater containing 1 or
10 lg L�1 HgCl2, or none. No mortality was found in the control
and 1 lg L�1-treated groups, but 5% were observed to be dead in
the 10 lg L�1 treatment. At the end of exposure, the brains of 24
medaka (12 fish per tank) were dissected and pooled. Then the
pooled tissues were randomly divided into three parts, and sub-
jected to proteomic analysis, representing three independent repli-
cates. For the mercury accumulation analysis, the brains of another
36 medaka (18 fish per tank) were collected and divided into three
parts, concomitantly producing three replicates for each treatment.
The remaining carcasses were fixed in 2.5% glutaraldehyde for cell
ultrastructure analysis. It should be noted that the medaka used in
this study were mixed-sex adult fish with the same age of six
months. All seawater used was filtered through 0.45 lm acetate
fiber membranes, with the background concentration of total-mer-
cury (T-Hg) being 0.0051 lg L�1. The seawater characteristics were
described as follows: dissolved oxygen, 6.2–6.7 mg L�1; salinity,
29–30 PSU; and pH, 8.0–8.1.

2.2. Mercury concentration analysis

T-Hg concentrations in the medaka brain were measured using
the EPA 7474 method, with a few modifications. After freeze-dry-
ing for 2 d, the tissues were digested in 70% nitric acid in a heating
block at 80 �C overnight. In the hydrochloride/bromate/bromide
mixture (Sigma–Aldrich), mercury was oxidized with stannous
chloride (Wako) and analyzed using cold vapor atomic fluores-
cence spectrometry (CVAFS, Brooks Rand Model III). Standard ref-
erence materials (Mussel Homogenate IAEA 142 and Tuna Fish
Flesh homogenate IAEA 436) were concurrently digested and mea-
sured for T-Hg, and the recoveries were >90% in the standards. The
T-Hg content of the medaka brains was measured as ng g�1 dry
weight (DW), and the data were expressed as mean values ± stan-
dard deviation (SD).

2.3. Ultrastructure analysis

For ultrastructure analysis, fish brains were fixed in 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) for 3 h at 4 �C.
The fixed brains were washed three times using 0.1 M phosphate
buffer (pH 7.3) at 20 min intervals with periodic agitation, then
further fixed in 1% osmium tetroxide for 2 h at 4 �C, followed by
a phosphate buffer wash three times at 20 min intervals. After
dehydration in alcohol, brains were embedded in Epon-Araldite.
Ultra-thin sections (50–80 nm) were moved onto titanium grids,
stained with uranyl acetate and lead citrate and observed using a
JEM 2100 Transmission Electron Microscope. Image analysis was
conducted using the ImageJ 1.36 program (NIH, Washington, DC).

2.4. Proteomic analysis

2.4.1. Protein extraction
Frozen fish brains were suspended in 1 mL of 10% w/v trichloro-

acetic acid (TCA)/acetone for 1 h at 4 �C. After centrifugation at
18000 g for 30 min at 4 �C, the pellets were recovered and subse-
quently homogenized in 1.0 mL of 20% TCA/acetone (w/v) lysis buf-
fer using an ultrasonic disrupter. The supernatant was removed by
centrifugation at 18000 g for 30 min at 4 �C, and the pellet was
washed twice with 80% acetone (v/v) and twice with ice-cold ace-
tone. The pellet was recovered by centrifugation at 18000 g for
30 min at 4 �C each time. Residual acetone was removed in a
SpeedVac for about 5 min. The pellet was dissolved in 120 lL rehy-
dration buffer containing 30 mM Tris, 7 M urea, 2 M thiourea, and
4% CHAPS (Bio-Rad, USA). The solution was centrifuged at 20000 g
for 30 min at 10 �C and the supernatant was collected for 2D-DIGE
analysis. Protein concentrations were quantified using the 2-D
Quant kit (GE Healthcare).

2.4.2. CyDye labeling
The proteins were labeled with CyDyes for performing 2D-DIGE.

Prior to protein labeling, the pH of the samples was checked with a
pH indicator strip and, if necessary, the pH was adjusted to 8.5
using 50 mM NaOH. An internal standard was prepared by making
a mixture with equal amounts of all the samples used in this exper-
iment. The protein samples were labeled with Cy3 or Cy5 cyanine
dye and the internal standard with Cy2 dye, by adding 400 pmol of
CyDye per 50 lg protein. The labeling reaction was performed for
30 min on ice in the dark. Afterward, the reaction was quenched



1128 Y. Wang et al. / Chemosphere 119 (2015) 1126–1133
with the addition of 1 lL 10 mM L-lysine (Sigma, USA) followed by
incubation for 10 min on ice in the dark.

2.4.3. 2D-DIGE analysis
After labeling, the samples were combined according to the

dye-swapping scheme, as shown in Table 1. The combined mix-
tures containing 150 lg protein were brought up to a final volume
of 450 lL with 1 � rehydration buffer, after which 0.5% IPG buffer
4-7 (GE healthcare, USA) was added and they were thoroughly
mixed. The labeled samples were then applied to the strips on an
Ettan IPGphor III Isoelectric Focusing System (GE Healthcare,
USA). Isoelectric focusing was conducted for a total of 60 kV-h
using the following conditions: 40 V for 5 h, 100 V for 6 h, gradient
to 500 V in 30 min, gradient to 1000 V in 30 min, gradient to
2000 V in 1 h, gradient to 10000 V in 1 h, and finally 10000 V for
6 h. After the first dimension was run, each strip was equilibrated
with about 10 mL equilibration buffer containing 50 mM Tris (pH
8.8), 6 M urea, 30% glycerol, 2% SDS, 1% DTT and a trace amount
of bromophenol blue, for 17 min. The strip was then placed in fresh
equilibration buffer containing 2.5% iodoacetamide (instead of
DTT) for another 17 min. Subsequently an 11.5% SDS-PAGE second
dimension was performed. Electrophoresis was carried out at
10 mA gel�1 for 15 min, followed by a 6 h run at 200 V until the
bromophenol blue front reached the edge of the gels. The protein
spot patterns of the three different dyes were acquired using an
Ettan DIGE Imager laser scanner (GE Healthcare) at the excita-
tion/emission wavelength of 488/520 nm (Cy2), 532/670 nm
(Cy3), and 633/670 nm (Cy5). The exposure time of the laser was
chosen in such a way that the protein spots had no saturated sig-
nal. After imaging for CyDye, the gels were further subjected to sil-
ver staining.

2.4.4. Data analysis
Image analysis was performed with the aid of the DeCyder ver-

sion 6.5 suite (GE Healthcare, USA). First, protein spot detection
and quantification compared with the internal standard as a vol-
ume ratio was performed with the Differential In-gel Analysis
module. Second, protein spots on different gels were matched,
and statistical analysis was carried out with the Biological Varia-
tion Analysis module. The one-way ANOVA test (P < 0.05) was used
to pick out the significant differentially expressed protein spots
among the groups. When the spots were selected to be significant,
they were carefully checked for correct matching throughout all
the gels and were included in the pick list. The fold changes of
treatment/control were calculated based on their differences in
standardized abundance.

2.4.5. Silver staining
Silver staining was performed following the method of Wang

et al. (2010). Briefly, the gel was fixed for 2 h initially in a fixation
solution containing 40% (v/v) ethanol and 10% (v/v) acetic acid. It
was then sensitized in a solution containing 30% (v/v) ethanol,
0.2% (w/v) sodium thiosulphate, 6.8% (w/v) sodium acetate and
Table 1
Experimental design for the 2D-DIGE proteome profiling.

Gel Cy2 Cy3 Cy5

1 Internal standard Control 1 Low treatment 1
2 Internal standard High treatment 1 Control 2
3 Internal standard Low treatment 2 Control 3
4 Internal standard Control 4 High treatment 2
5 Internal standard Low treatment 3 High treatment 3

Note: At least three replicate samples for each group (control, 1 and 10 lg L�1

mercury treatments) were used and labeled with Cy3 or Cy5. Each gel contained an
internal standard and two samples. The 1 and 10 lg L�1 mercury treatments were
assigned as low and high treatments respectively.
0.125% (v/v) glutaraldehyde, followed by three Milli-Q water
washes (5 min each time). Then the gel was stained for 20 min in
0.25% (w/v) silver nitrate with 0.015% (v/v) formaldehyde and
washed twice with Milli-Q water (0.5 min each time). The gel was
developed in 2.5% (w/v) sodium carbonate containing 0.0074% (v/
v) formaldehyde. The reaction was stopped with 1.5% (w/v) ethyl-
enediaminetetraacetic acid, disodium salt.

2.4.6. Mass spectrometric analysis
The altered protein spots were manually excised from 2-DE

gels. The gel pieces were washed with buffer containing 25 mM
ammonium bicarbonate in 50% acetonitrile (ACN), destained with
30 mM potassium ferricyanide and 100 mM sodium thiosulfate,
and washed again with 25 mM ammonium bicarbonate in 50%
ACN. After dehydration with 100% ACN, the dry gel pieces were
digested by adding 10.0 ng lL�1 trypsin (Promega, Madison, WI)
in 10 mM ammonium bicarbonate overnight at 37 �C. For MALDI-
TOF/TOF MS analysis, 1 lL of the digest mixture was mixed on-tar-
get with 0.5 lL of 100 mM a-cyano-4-hydroxy-cinnamic acid in
50% ACN and 0.1% trifluoroacetic acid on the target plate before
being dried and analyzed with a MALDI-TOF/TOF mass spectrome-
ter (5800 Proteomics Analyzer, Applied Biosystems, Foster City,
CA). MALDI-TOF MS and TOF-TOF tandem MS were performed
and data were acquired in the positive MS reflector mode with a
scan range from 900 to 4000 Da, and five monoisotopic precursors
(S/N > 200) were selected for MS/MS analysis. For interpretation of
the mass spectra, a combination of peptide mass fingerprints and
peptide fragmentation patterns was used for protein identification
in an NCBI nonredundant database using the Mascot search engine
(http://www.matrixscience.com). All mass values were considered
monoisotopic, and the mass tolerance was set at 75 ppm. One
missed cleavage site was allowed for trypsin digestion; cysteine
carbamidomethylation was assumed as a fixed modification, and
methionine was assumed to be partially oxidized. Results with
C.I.% (Confidence Interval%) values greater than 95% were consid-
ered to be a positive identification. The identified proteins were
then matched to specific processes or functions by searching Gene
Ontology (http://www.geneontology.org/).

2.5. Statistical tests

All measurements were replicated at least three times and the
data were expressed as mean values ± standard deviation (SD). Sta-
tistical analysis was carried out using a one-way ANOVA or an
independent-samples t-test to evaluate whether the means were
significantly different among the groups. Significant differences
were indicated at P < 0.05. Prior to one-way ANOVA, data were
log transformed to meet ANOVA assumptions of normality and
variance homoscedasticity.

3. Results

3.1. Mercury accumulation in the medaka brain

After exposure to HgCl2 for 60 d, the medaka brain was subjected
to T-Hg content analysis. T-Hg concentration in the brain of unex-
posed medaka was 163.8 ± 13.2 ng g�1 DW. However, the presence
of HgCl2 significantly enhanced mercury accumulation in the mer-
cury-exposed medaka brains (Fig. 1; P < 0.001), i.e. the T-Hg con-
tents reached 8582.9 ± 168.7 and 12329.4 ± 287.9 ng g�1 DW in
the medaka brains exposed to 1 and 10 lg L�1 HgCl2, respectively.

3.2. Effects of HgCl2 on cellular ultrastructure in the medaka brain

The ultrastructure of medaka brain chronically exposed to HgCl2

is shown in Fig. 2. The results showed that the neurocyte of
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unexposed medaka contained few cisternae in the cell. Meanwhile,
the well-shaped organelles were evenly distributed in the cellular
cytoplasm (Fig. 2A). Numerous ribosomes as well as mitochondria
were found in the cells. However, after 60 d exposure, widespread
cisternae were observed in the cytoplasm, with dilation or even
vesiculation, especially in the medaka brain exposed to 10 lg L�1

HgCl2. Ridge disappearance and swelling of the mitochondria were
also observed in the treatment. In the control, myelinated nerve
fibers were tightly packed, slender and uniform-shaped (Fig. 2B).
However, the arrangement of the myelinated nerve fiber in the
A 

B 

Fig. 2. Transmission electron micrographs of brain cells of the medaka Oryzias melastigma
and 10 lg L�1). (A) Mitochondria (black arrow) and cisternae (white arrow). (B) Myelina
mercury exposed medaka brain became loose and a large number
of separated nodes of Ranvier directly induced discontinuation of
the nerve fibers.

3.3. 2D-DIGE analysis of differential protein expression

In total, nine samples were obtained in this study (three biolog-
ical replicates per group). After being labeled with Cy3 or Cy5, the
samples were run in five gels together with an internal standard
labeled with Cy2 (Table 1). The internal standard represented an
average of all the samples which were compared, and was used
as a normalization standard across all gels. A representative 2D-
DIGE image is shown in Fig. 3. More than 600 protein spots could
be matched with all the images. Among them, a total of 16 signif-
icantly differentially expressed protein spots were detected with a
one-way ANOVA test (P < 0.5 with differences of P1.5 in expres-
sion). Among them, eight protein spots were significantly up-regu-
lated in the mercury exposed medaka, while the other eight were
down-regulated.

3.4. Identification of the differentially expressed proteins in the
medaka brain

All the differentially expressed protein spots were submitted for
identification using MALDI-TOF-TOF MS analysis and searched in
the NCBI medaka database. Meanwhile, the protein spots which
could not identified from the medaka fish database were searched
against the NCBI fish database. Consequently, 11 protein spots were
successfully identified with C.I.% values higher than 95% (Table 2).
Of them, four oxidative stress proteins including glutathione
S-transferase (GST, spot 5), peroxiredoxin-1 (spots 3 and 6), and
peroxiredoxin-1-like (spot 4) were up-regulated after mercury
exposure. Three proteins involved in metabolism were markedly
down-regulated under mercury treatment, and these were vacuolar
after 60 d exposure to different mercury chloride (HgCl2) concentrations (control, 1
ted nerve fiber.
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ATP synthase catalytic subunit A (spot 8), cytosolic nonspecific
dipeptidase-like (spot 7) and glutamate carboxypeptidase-like pro-
tein (spot 9). Interestingly, four proteins were concerned with cyto-
skeletal assembly. Namely, beta-actin (spot 1), actin, cytoplasmic 1
(spot 10), and si:dkeyp-113d7.4 (spot 15) were consistently
depressed under mercury treatment; however, myosin light chain
2 (spot 2) was increased in expression.

4. Discussion

Most studies are devoted to the nephrotoxicity of inorganic
mercury in various aquatic organisms because inorganic mercury
is mostly accumulated in the kidney (Goering et al., 2000; Rana,
2008; Risher and De Rosa, 2007; Zalups, 2000). However, the pres-
ent study showed that high concentrations of mercury could be
accumulated in the brain after mercury exposure, which is in line
with previous studies that mercury evidently accumulates in the
brain under mercury chloride treatment (Agarwal and Behari,
2007; Danscher et al., 1990; Hahn et al., 1990; Monteiro et al.,
2010; Nylander and Weiner 1991; Yasutake et al., 2004). In our
study, mercury treatment caused noticeable damage to the
medaka brain, i.e. the ridge disappearance and swelling of the
mitochondria, as well as the discontinuation of the nerve fiber into
a large number of separated nodes of Ranvier being observed in the
treated brain. Similarly, a study shows that nerves display disorga-
nized disposition of axons and mainly disruption and dissociation
of myelin sheaths in the brain of Trichomycterus brasiliensis after
exposure to inorganic mercury (Oliveira Ribeiro et al., 1996). Obvi-
ous ultrastructural changes are also observed in the brain cortex of
rats due to inorganic mercury toxicity (Gajkowska et al., 1992).
Taken together, our study demonstrated that the brain is an
important target organ of inorganic mercury and the exposure of
inorganic mercury might cause neurotoxicity to medaka.
Inorganic mercury has a great affinity for the SH groups of
endogenous biomolecules, reaching into the cells and tissues
attached to thiol-containing proteins and low-molecular-weight
thiols (Perottoni et al., 2004), and hence affecting the expression
of various proteins (Agarwal and Behari, 2007). Proteomic analysis
showed that inorganic mercury caused a significant alteration of
protein profiles in medaka brain, and the proteins involved in oxi-
dative stress, cytoskeletal assembly and macromolecular metabo-
lism were significantly affected by HgCl2 toxicity.

Peroxiredoxins play an important role in the removal of reactive
oxygen species (ROS), thus minimizing their deleterious effects
(Radyuk et al., 2001). GST plays a critical role in the defense against
oxidative stress induced by cell injury (Sheehan et al., 1991), since
it catalyzes the conjugation of glutathione with a variety of electro-
philic compounds, including products resulting from oxidative
damage in biological membranes and macromolecules (Beckett
and Hayes, 1993; Carmagnol et al., 1981; Guemouri et al., 1991).
There is evidence that in the presence of hydroxide, GST may play
a role as glutathione reductase to increase reduced glutathione
content, hence reducing the cell damage generated by the ROS
(Marrs, 1996). Moreover, brain GST is mainly found in the glial
compartment and in neurons (Cammer et al., 1989; Johnson
et al., 1993). The above proteins provide a major intracellular
defense against mercury-induced neurotoxicity (James et al.,
2005). Consequently, the upregulation of peroxiredoxin-1, perox-
iredoxin-1-like and GST in the brain might effectively cooperate
to fight against excess ROS production caused by mercury toxicity,
considering that the brain is especially vulnerable to free radical-
induced damage because of its high oxygen consumption, abun-
dant lipid content, and a limited amount of antioxidant capacity
(Hasan et al., 2011). Previous studies also demonstrate that antiox-
idant systems have significantly been affected by MeHg exposure,
being attributed to mercury-induced ROS overproduction (Gatti
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et al., 2004; Ni et al., 2010). Overall, inorganic mercury toxicity
resulted in ROS overproduction and concomitant oxidative stress
in the brain, indicating that inorganic mercury caused neurotox-
icity mainly through oxidative stress in the brain.

In our study, three proteins associated with metabolism in fish
brain: vacuolar ATP synthase catalytic subunit A, glutamate car-
boxypeptidase-like protein 1 and cytosolic nonspecific dipepti-
dase-like were identified. Vacuolar ATP synthase catalytic subunit
A was down-regulated in mercury-exposed medaka brain, high-
lighting that mercury might inhibit the enzymes responsible for
ATP synthesis in the mitochondria and subsequently lead to mito-
chondrial dysfunction. The brain is an energy-demanding organ
where the processes related to signaling, especially propagation
of the action potential, require the largest proportion of brain
energy utilization (Siegel et al., 2006). Therefore, a decreased ATP
level might undermine the ability of the brain cells to meet their
energy requirements, and concomitantly to induce cell death and
brain injury. Glutamate is the major excitatory neurotransmitter
and plays key roles in development, learning, memory and response
to injury (Featherstone, 2010). However, a high concentration of
glutamate at the synaptic cleft acts as a toxin, inducing neuronal
injury and death (Meldrum, 2000; Ozawa et al., 1998). Here, the
down-regulation of glutamate carboxypeptidase-like protein 1
indicated that the hydrolysis of glutamate peptide bond was dis-
turbed by mercury attack. In other words, inorganic mercury might
enhance glutamate release, lead to elevated extracellular glutamate
levels, and subsequently increase the influx of Ca2+ into postsynap-
tic neurons, finally producing several toxic events, e.g. dysfunction
of calcium-dependent homeostatic mechanisms (Johnston, 2005),
activation of cell death pathways and dysfunction of mitochondria
(Hidalgo and Donoso, 2008). Glutamate dyshomeostasis has severe
adverse effects on brain function. It is postulated that the dysho-
meostasis of glutamate might be one of the upstream mechanism
in mitochondrial dysfunction. Moreover, our results were consis-
tent with the previous studies showing that MeHg exposure
increases extracellular glutamate levels (Brookes and Kristt, 1989;
Aschner et al., 2000; Porciuncula et al., 2003), and there might be
some similarity between organic and inorganic mercury
neurotoxicity.

Cytoskeletal structure takes an important role in the nervous
system, since neurons exhibit characteristic cell shapes closely con-
nected to their function and development, hence cytoskeletal dis-
ruptions being frequent hallmarks of neuropathology and
neurodegenerative conditions (Brown and Bridgman, 2004; Siegel
et al., 2006). Four proteins involved in cytoskeletal assembly were
significantly affected by mercury. Actin is one of the highly con-
served and most abundant proteins in the nervous system and
forms a framework in neuronal cells, which plays roles in various
types of cell motility, axonal morphogenesis, collateral branching,
branch retraction, and axonal regeneration (Ishikawa and
Kohama, 2007; Letourneau, 2009). Notably, actin is redox-sensitive
and also actin-glutathionylation frequently occurred under condi-
tions of oxidative stress (Dalle-Donne et al., 2003; Sakai et al.,
2012). The down-regulation of beta-actin and actin cytoplasmic 1
highlighted an increased cell damage in the brain due to mercury
attack, which might be exemplified by our ultrastructure analysis.
Myosin (another important modulator of the cytoskeleton) has
been recognized as a group of motor proteins that generate
mechanical force by hydrolyzing ATP and interacting with actin fil-
aments, and the power thus obtained is used in a wide variety of
cellular functions in the developing nervous system, including neu-
ronal migration, process outgrowth and growth cone motility, as
well as other aspects of morphological changes of dendritic spines,
axonal transport, vesicle transport and synaptic sensory functions
(Brown and Bridgman, 2004; Ishikawa and Kohama, 2007). The
up-regulation of myosin light chain 2 in the brain might be a



Fig. 4. The proposed scheme illustrating cellular events in brain tissue of medaka fish resulting from inorganic mercury toxicity.
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compensatory reaction to instability of the actin cytoskeleton due
to mercury toxicity. Moreover, it is suggested that myosin light
chain 2 is not only a component of each myosin molecule (Collins
et al., 1986), but also a member of the superfamily of Ca2+-binding
proteins (Moncrief et al., 1990), hinting an importance of calcium
homeostasis in inorganic mercury neurotoxicity.

5. Conclusions

This study aimed to investigate, for the first time, the proteome
of medaka brain exposed to inorganic mercury and to provide new
insights into the molecular mechanism concerning inorganic mer-
cury-induced neurotoxicity. The results showed that mercury was
able to accumulate in the brain, and caused damage to the cellular
ultrastructure of the medaka brain. Proteomic analysis demon-
strated that proteins involved in oxidative stress, cytoskeletal dis-
ruptions and energy metabolism dysregulation were significantly
affected by inorganic mercury, suggesting that inorganic mercury
resulted in the neurotoxicity mainly through oxidative stress, cyto-
skeletal assembly dysfunction and metabolic disorders in the
medaka brain (Fig. 4). It seems that inorganic mercury neurotox-
icity is complex and diverse, and that multiple proteins and biolog-
ical processes are involved. We noticed that the proteomic response
in this study showed some similarity with that in the medaka brain
acutely exposed to HgCl2 in our previous work (Wang et al., 2011),
i.e. the major cellular processes affected by inorganic mercury tox-
icity were similar in terms of their general functional categories
(e.g. cytoskeletonal assembly, oxidative stress, and energy metabo-
lism). However, most of the individual proteins were different,
highlighting that the toxic mechanisms caused by acute or chronic
mercury attack were different. It should also be noted that several
protein spots were definitely identified as the same protein (i.e.
spots 3 and 6 for peroxiredoxin-1), and these proteins are likely
to be protein isoforms. Protein isoforms can arise from alternative
mRNA splicing and various post-translational modifications, such
as cleavage, phosphorylation, acetylation, and glycosylation.
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