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INTRODUCTION

Mercury is a hazardous metal, that is ubiquitous in the 
environment.1) One typical mercury compound, methylmer-
cury (MeHg), passes through the blood-brain barrier and dam-
ages the central nervous system (CNS).2) Astrocytes play 
many important roles in the CNS, including maintaining neu-
ronal survival and regulating neurotransmitters.3) For exam-
ple, a majority of the uptake of glutamate (a major excitato-
ry transmitter), which produces neuronal injury,4) in the CNS 
is assumed to be due to its transporters, L-glutamate/L-aspar-
tate transporter (GLAST) and glutamate transporter 1 (GLT-1),  
in glial cells, particularly astrocytes.5) It is well known that 
glutamate uptake into astrocytes is inhibited by MeHg.6,7) In 
addition, MeHg-induced neuronal cell damage is suppressed 
by MK-801, a non-competitive antagonist of the N-methyl-D-
aspartate (NMDA) receptor, particularly in the cerebral cor-
tex.8,9) Therefore, neuronal cell degeneration caused by MeHg 
likely involves both glutamate and astrocyte dysfunction in 
that brain region.

We have examined the influence of mercury compounds 
including MeHg on cell death and morphology in cultured 
astrocytes under several culture conditions. Susceptibility to 
cell death from MeHg is similar in the cerebral hemisphere 
and in cerebellar astrocytes,10) whereas a region-depend-
ent difference is observed in morphological change induced 
by MeHg exposure at 3 μM in astrocytes maintained in a 

serum-free defined medium (SFDM) containing 0.5 mM dibu-
tyryl cyclic AMP (dbcAMP).11) In cerebral hemisphere astro-
cytes, the morphology of almost all astrocytes changed from 
stellate to polygonal within 3 h after MeHg exposure at more 
than 2 μM.12) It has been demonstrated that spreading of corti-
cal astrocytes is induced by lysophosphatidic acid (LPA)13,14) 
and endothelins15) in the presence of cAMP analogs. The fact 
that the glutamate uptake and expression levels of GLAST are 
lower in endothelin-caused polygonal astrocytes than in stel-
late astrocytes in the presence of dbcAMP15) led us to spec-
ulate that dysfunction of astrocytes caused by MeHg-induced 
spreading may enhance glutamate-related neuronal cell dam-
age. However, neither the mechanism nor significance of the 
MeHg-induced astrocyte shape change has been elucidated, 
although the influence of MeHg on astrocyte shape is suggest-
ed to be similar to that of LPA, including stress fiber formation 
and a region-dependent difference.11)

It has been demonstrated that the spreading of astrocytes 
induced by LPA is inhibited by pretreatment with C3 trans-
ferase (a Rho inhibitor), which specifically inhibits the Rho 
subfamily (RhoA, B and C) of small GTP-binding proteins 
by ADP-ribosylation of small GTPases of these proteins.13,14) 
Since these results suggest that LPA-induced shape changes 
in astrocytes are regulated by Rho, the spreading of astrocytes 
caused by MeHg might also be related to this molecule.

In the present study, the effects of C3 transferase or 
Y-27632, an inhibitor of Rho kinase (Rho-associated coiled-
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coil forming kinase, ROCK), a downstream effector of 
Rho,16,17) on MeHg-induced spreading in dbcAMP-stimulated 
astrocytes prepared from the cerebral hemisphere were inves-
tigated to elucidate the mechanism of the shape change. The 
expression levels of total and active RhoA were also deter-
mined in astrocytes under several conditions, including in the 
presence of MeHg.

MATERIALS AND METHODS

Animals   Wistar rats obtained from CLEA Japan Co. 
(Tokyo, Japan) were maintained at 22.5 ± 2.5°C and 55 ± 
10% relative humidity under a 12-h light/dark cycle, and 
were given standard laboratory chow and tap water ad libi-
tum. Pregnant rats were prepared as previously described,10,18) 
and housed individually until birth. The protocol for animal 
experiments was approved by the animal experimentation 
committee of Chiba Institute of Science. All care and exper-
imental procedures were carried out according to the funda-
mental guidelines of the Ministry of Education, Culture, Sports,  
Science and Technology, Japan (Notice No. 71 of 2006).

Cell Culture and Treatment   Astrocyte cultures were pre-
pared from the cerebral hemispheres of newborn rats (with-
in 24 h after birth) as previously described.12) Astrocytes were 
plated on poly-L-lysine (PLL; Sigma, St. Louis, MO, USA)-
coated culture plates (BD Bioscience, Billerica, MA, USA) or 
dishes (BD Bioscience), and maintained with 15% fetal calf 
serum (FCS; Invitrogen Co., Carlsbad, CA, USA)-containing 
medium (FCScM), the composition of which was previously 
described.10-12) Cells on 24-well or 6-well plates or 10 cm dish-
es were used for the experiment using inhibitors or for deter-
mining expression levels of total or active RhoA, respectively.

After the cells reached 85-95% confluence, the FCScM 
was changed to a 0.5 mM dbcAMP (Sigma)-containing 
SFDM (DcSFDM). The composition of SFDM was previously 
described.10) Some cultures were pretreated with cell permea-
ble C3 transferase (Rho Inhibitor I; Cytoskeleton Inc., Denver, 
CO, USA) or Y-27632 (Calbiochem, San Diego, CA, USA), 
both of which dissolved in distilled water, for 3.5 h or 2 h, 
0.5 h or 2 h after the medium change, respectively. Final con-
centrations of C3 transferase and Y-27632 were 1 μg/ml and 
10 μM, respectively. Four hours after the medium change to 
DcSFDM, astrocytes were exposed to methylmercuric chlo-
ride (Tokyo Chemical Industry Co., Tokyo, Japan) at final con-
centrations of 2 or 3 µM or solvent (ethanol) alone, according 
to the method previously described.10) Three hours or 30 min 
after their exposures, cells were fixed with 1% glutaraldehyde 
or lysed with applicable solutions, respectively.

Western Blotting and Immunoprecipitation Analy-
sis for RhoA   Western blot analysis of total RhoA was per-
formed according to the modified method used for glial fibril-
lary acidic protein (GFAP) described previously.18) Briefly, 
the cell lysates in Laemmli’s buffer heated at 65°C for 15 min 
were subjected to sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE), and resolved proteins were elec-
trophoretically transferred onto nitrocellulose blotting mem-
branes (GE Healthcare, Chicago, IL, USA). The membranes 
were blocked in Ca2+, Mg2+-free phosphate-buffered saline 
[PBS (-)] containing 4% bovine serum albumin (BSA; Sigma) 
and 0.05% Triton X-100, and probed with antibodies against 
RhoA (1:500; Cytoskeleton Inc.) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (1:500; Chemicon Interna-

tional Inc., Temecula, CA, USA). Detection was performed 
using the ECL Western blot detection system (Amersham,  
Buckinghamshire, UK). Band intensities were analyzed by 
densitometry using Multi Gauge (ver. 3.0) software (Fujifilm, 
Tokyo, Japan). The expression of total RhoA was normal-
ized to that of GAPDH. For analysis of active RhoA, immu-
noprecipitation analysis for GTP-bound RhoA was performed 
using the Rho activation assay biochem kit (Cytoskeleton Inc.) 
according to the assay protocol in the instruction manual.

Statistical Analysis   Significant differences between indi-
vidual means were determined by one-way analysis of vari-
ance (ANOVA) followed by Duncan’s new multiple range test. 
Differences were considered significant at p < 0.05.

RESULTS AND DISCUSSION

Considering the similarity in the influence of MeHg and 
LPA on astrocyte morphology,11) the spreading of astro-
cytes induced by MeHg as well as LPA may also be related 
to Rho. To elucidate the involvement of Rho in the MeHg-
induced spreading of astrocytes, the effect of C3 transferase 
(a Rho inhibitor) was investigated. In the absence of C3 trans-
ferase, the astrocyte shape changed from stellate to polygo-
nal after exposure to MeHg at 2-3 µM for 3 h, although the 
stellate shape was maintained after exposure to solvent alone  
(Fig. 1), as previously described.12) In the absence of MeHg 
exposure, astrocyte shape was stellate regardless of the pres-
ence or absence of the inhibitor (Fig. 1). It was seen that 
pretreatment with C3 transferase could completely inhib-

Fig. 1.   Effect of C3 Transferase on MeHg-Induced Morphological Changes 
in Cultured Astrocytes

Cells on 24-well plates were maintained in DcSFDM for 4 h with or without 
pretreatment with C3 transferase (1 µg/ml, 3.5 h), and then were exposed to MeHg  
(2-3 µM) or ethanol for 3 h. Bar = 50 µm.
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it the spreading of astrocytes induced by MeHg at both doses 
( Fig. 1 ). Therefore, Rho definitely plays critical roles in 
MeHg-induced shape changes. To determine whether Rho 
was activated by MeHg exposure before the shape changed to 
polygonal in astrocytes maintained in DcSFDM, the expres-
sion levels of total and active RhoA were examined under 

several conditions. The expression levels of total RhoA were 
similar regardless of the culture medium and the presence or 
absence of MeHg ( Fig. 2A and B ). In contrast, the expres-
sion level of GTP-bound active RhoA in astrocytes exposed 
to MeHg at 2 or 3 µM for 30 min was markedly higher than 
that in astrocytes exposed to solvent alone, although no dif-
ference was observed in the expression level between astro-
cytes exposed to MeHg at either dose ( Fig. 2C and D ). In 
addition, the active RhoA levels in MeHg-exposed astrocytes, 
which showed a stellate shape (data not shown), at both dos-
es were similar to the level in astrocytes maintained in FCScM 
that had a polygonal shape (data not shown), which were used 
as a positive control ( Fig. 2C and D ). Thus, RhoA activation 
caused by MeHg exposure at 2-3 µM was observed before 
spreading in astrocytes.   

   It is well-established that Rho kinase is a downstream eff ec-
tor of Rho. 16 , 17)  To estimate the signal transduction after RhoA 
activation, and perhaps other Rho proteins, by MeHg expo-
sure, the eff ect of Y-27632 (a Rho kinase inhibitor) on MeHg-
induced spreading of astrocytes was investigated. The results 
for astrocyte shape in the absence of Y-27632 ( Fig. 3 ) were 
similar to those in the absence of C3 transferase ( Fig. 1 ), 
and astrocyte shape remained stellate with pretreatment with 
Y-27632 in the absence of MeHg exposure ( Fig. 3 ). In con-
trast to C3 transferase, pretreatment with Y-27632 inhibit-
ed the astrocyte spreading induced by MeHg exposure at 
2 µM but not at 3 µM ( Fig. 3 ). These results suggest that Rho 
kinase would play important roles in MeHg-induced shape 
changes, at least at a lower dose, whereas other Rho eff ectors 

Fig. 2.       Influence of MeHg on Expression Levels of RhoA in Cultured 
Astrocytes. 

 Some cells were maintained in FCScM. Other cells were maintained in DcSFDM 
for 4 h, and then exposed to MeHg (2-3 µM) or ethanol for 30 min.   A: Representative 
Western blot data of total RhoA and GAPDH.   B: Percentages of the expression levels 
of total RhoA in relation to GAPDH in ethanol-exposed control cells. Values represent 
the mean ± S.D. obtained from 4-5 independent experiments. No signifi cant diff erence 
is observed among the 4 groups.   C: Representative Western blot data of active RhoA.  
 D: Percentages of the expression levels of active RhoA in ethanol-exposed control 
cells. Values represent the mean ± S.D. obtained from 3-4 independent experiments. 
Values with diff erent letters (a, b) are signifi cantly diff erent ( p  < 0.05).  

Fig. 3.       Eff ect of Y-27632 on MeHg-Induced Morphological Changes in 
Cultured Astrocytes. 

 Cells on 24-well plates were maintained in DcSFDM for 4 h with or without pre-
treatment with Y-27632 (10 μM, 2 h), and then were exposed to MeHg (2-3 µM) or 
ethanol for 3 h. Bar = 50 µm.  
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might be related to that change at least at higher doses. Thus, 
the mechanism for MeHg-induced shape change has been part-
ly revealed in this study. However, further study is needed to 
completely clarify the mechanism, including involvement of 
Rho effectors other than Rho kinase.

A relationship between morphology, which is regulated by 
Rho and related proteins such as Rho kinase, and glutamate 
transporters has been reported in astrocytes. Endothelin-1, 
which can activate Rho,19) downregulates GLAST and sup-
presses glutamate uptake, without influencing the polygonal 
shape and stress fibers, in dbcAMP-stimulated astrocytes.15) 
Fasudil (a Rho kinase inhibitor), which causes a shape change 
to stellate the same as Y-27632, increases the expression of 
GLAST and GLT-1 on cell surfaces and the uptake of D-aspar-
tate, with the loss of stress fibers in astrocytes.20) MeHg has 
also been demonstrated to suppress the expression of both glu-
tamate transporters, and to increase the glutamate level, in rat 
cerebral cortex.21) In the present study, MeHg is revealed to 
influence Rho, and to cause a change in shape to polygonal in 
dbcAMP-stimulated astrocytes. If the spreading of astrocytes 
induced by MeHg is accompanied with downregulation of 
glutamate transporters, as observed in astrocytes treated with 
endothelin-1,15) Rho and related proteins in astrocytes may be 
involved in the excitotoxicity caused by MeHg.

In conclusion, the stellate shape of dbcAMP-stimulated cer-
ebral hemisphere astrocytes changes to a polygonal shape with 
MeHg exposure at 2-3 µM through a Rho-dependent signaling 
pathway. In addition, Rho kinase is, at least partly, related to 
the shape change in the downstream signal transduction.
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