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Region-Dependent Differences in Morphological Changes Induced
by Mercury Compounds and Lysophosphatidic Acid in Cultured

Rat Astrocytes

Tatsumi ADACHI"?, Yusuke KATAMOTOV, Tomomi IWATATEDY,
Yasuhide YANAGISAWAD and Ichiro YASUDAD

Region-dependent differences in morphological changes induced by an increment of cAMP, and an exposure
with either mercury compounds or lysophosphatidic acid (LPA), a Rho activator, were examined in cultured
astrocytes from the cerebral hemisphere and cerebellum of newborn rats. When the cells were maintained in a
serum-containing medium, the morphology was a flat polygonal shape, and prominent actin stress fibers were
observed in astrocytes from both regions. After changing the medium to a serum-free one containing 0.5 mM
dibutyryl cyclic AMP (dbcAMP), the morphology changed to a process-bearing stellate shape together with a
loss of stress fibers in both astrocytes. When methylmercury (MeHg) was exposed to the cells at 3 pM for 3 h
immediately after the medium change, most cerebral hemisphere astrocytes showed a polygonal shape, together
with the formation of stress fibers, whereas only a few cerebellar astrocytes did so. In contrast, inorganic mercu-
ry did not influence the morphology in either astrocyte at that concentration. Moreover, similar to MeHg, LPA
also region-dependently induced spreading of astrocytes, suggesting that Rho proteins might be key molecules
in the MeHg-induced alteration in astrocyte morphology. The present results suggest that morphologies in the
presence of serum and dbcAMP-stimulated stellation are similar in the cerebral hemisphere and in cerebellar
astrocytes in cultures, and that there are marked region-dependent differences in responses to LPA and mercury

compounds, especially MeHg-induced shape changes (spreading) and actin reorganization.

1. INTRODUCTION

Astrocytes play many important roles, such as
maintaining neuronal survival and functions, regulating
neurotransmitters, and contributing axon guidance in the
central nervous system (CNS).""¥ It is well-known that
astrocyte morphology changes during development and
after injury,*» and similar changes can be observed in
cultured astrocytes as described below. Therefore, clari-
fying the mechanism and properties of the regulation and
maintenance of cultured astrocyte morphology would
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help in understanding in vivo alterations. It has been
well-established that the flat polygonal shape of cultured
astrocytes is changed to a process-bearing stellate shape
by the elevation of cellular cAMP levels, accompanied
with an accelerated degree of astrocyte differentiation.
For example, the expression levels of glial fibrillary
acidic protein (GFAP),? a cytoskeletal protein of astro-
cytes, and the activity of glutamine synthetase,” both
of which correlate with the degree of astrocyte differenti-
ation," are increased by stimulation with dibutyryl cyclic
AMP (dbcAMP), which is a non-metabolized analogue
of cAMP. In contrast, the stellate shape in cultured astro-
cytes induced by cAMP is changed to a polygonal one by
lysophosphatidic acid (LPA),”!" thrombin”? and endo-
thelins.!®12!9 It has been demonstrated that these changes
involve the small GTP-binding protein RhoA®!" and cy-
toskeletal elements, such as rapid changes in actin orga-
nization.* 1314 Thus, the significance and mechanism of
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morphological changes in cultured astrocytes have been
well investigated. However, not many reports examined
the shape changes in cultured astrocytes induced by toxic
chemicals, such as heavy metals, although some demon-
strate that tributyltin'® and manganese'®'” stimulate
stellation, and that cadmium and cobalt inhibit cAMP-in-
duced stellation.' Although it has been revealed that
there are brain region-dependent differences in astrocyte
properties, including glutamate uptake activity and the
regulation of its transporters responding to cytokines
and hormones,'*?" only a few reports have demonstrated
region-dependent differences in shape changes.?2223)

It is well-known that methylmercury (MeHg) and
mercury vapor pass through the blood-brain barrier and
damage the CNS.?*?> It has been suggested that, in the
case of an intoxication by mercury compounds, an astro-
cyte dysfunction may indirectly reinforce the neurotoxic-
ity, since mercury compounds inhibit the uptake of gluta-
mate (a major excitatory transmitter), which can induce
neuronal cell damage,?*?® into the astrocytes.?**” How-
ever, there is scant information about the shape changes
induced by MeHg and mercuric ion (Hg?") in cultured
astrocytes. We earlier revealed that the morphology of
cerebellar astrocytes transiently changes to a stellate
shape after serum elimination, and that although 3 pM
of MeHg could alter it to a polygonal shape, Hg*" could
not do so, at least at the same concentration.’”’ However,
the stellation after serum elimination was transient in
cerebellar astrocytes, and also brain region-dependent,
because no stellation was observed in the cerebral
hemisphere astrocytes.’” Therefore, the effects of both
mercury compounds on astrocyte morphology, such as
spreading, must be studied under conditions in which the
morphology of both astrocytes continue to be stellate, to
clarify whether the responses are mercury compound-
and region-dependent in cultured astrocytes.

In the present study, astrocytes prepared from the
cerebral hemisphere and cerebellum were maintained
in a 15% serum-containing medium or in a serum-free
medium containing dbcAMP with or without an
exposure to MeHg or Hg?*, and the alterations in cell
morphology and actin organization were investigated. In
addition, to determine the reasons for the region-depen-
dent difference in the changes in astrocyte morphology
induced by mercury compounds, the spreading effect of
LPA (a Rho activator) on stellate astrocytes stimulated
by dbcAMP was also examined in astrocytes from both
regions.

2. MATERIALS AND METHODS
2.1 Animals

Wistar rats obtained from CLEA Japan Co. (Osaka,
Japan) were maintained at 23.5 = 1.5°C and 55 + 10%
relative humidity under a 12-h light cycle, and given
standard laboratory chow and tap water ad libitum.
Pregnant rats were prepared as previously described,?!?
and housed individually until birth. The animals received
humane care throughout the experiments according to
the Guidelines of the National Institute for Minamata
Disease (NIMD) and those of the Chiba Institute of Sci-
ence.

2.2 Cell Culture

Astrocyte cultures were prepared from the cerebral
hemisphere and cerebellum of newborn rats (within 24 h
after birth) as previously described,’” with minor modifi-
cations. In brief, cells were obtained from the respective
regions by treatment with 0.1% trypsin at 37°C for 10
min, and grown in Basal Medium Eagle's with Earl's
salts supplemented with 15% fetal calf serum (FCS; In-
vitrogen Co., Carlsbad, CA, U.S.A.), 0.1% L-glutamine,
0.6% D-glucose, antibiotics (Penicillin-Streptomycin; In-
vitrogen Co.), and an antimycotic (Fungizon; Invitrogen
Co.) in culture flasks (25 cm?; BD Bioscience; Billerica,
MA, U.S.A.) at 37°C in 6% COz2 in a humidified atmo-
sphere. After cells reached confluence, culture flasks
were vigorously shaken by hand to remove small cells
on the protoplasmic cell layer. Monolayer cells, almost
all of which were GFAP-positive astrocytes (see Fig. 1),
were trypsinized and re-suspended with the fresh 15%
FCS-containing medium. Cells were then plated on po-
ly-L-lysine (PLL; Sigma, St. Louis, MO, U.S.A.)-coated
glass coverslips (13 mm in diameter) or culture plates
(BD Bioscience).

2.3 Treatment of Mercury Compounds and LPA

In some astrocyte cultures, after reaching 85-95%
confluence, the 15% FCS-containing medium was
changed to a serum-free defined medium (SFDM), the
composition of which was previously described,’!:3¥
containing 0.5 mM dbcAMP (Sigma). Immediately or 3
h after the medium change, some cultures were exposed
to methylmercuric chloride (Tokyo Chemical Industry
Co., Tokyo, Japan) or mercuric chloride (Wako Pure
Chemical Industry, Osaka, Japan) at a final concentration
of 1 or 3 uM, according to the method previously de-
scribed.?V Other cultures were added to LPA, a Rho acti-
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vator, at concentrations of 1 or 10 pM. Control cultures
were added to solvent alone.

2.4 Immunofluorescence and Phalloidin Staining

Filamentous (F)-actin and GFAP expression patterns
were examined using tetramethylrhodamine B isothiocy-
anate (TRITC)-conjugated phalloidin (Sigma) and
antibody against GFAP (DakoCytomation; Carpinteria,
CA, U.S.A)), respectively. Cells on glass coverslips were
washed with Ca*", Mg**-free phosphate-buffered saline
[PBS(-)], and then fixed with 4% formaldehyde followed
by permeation using 0.2% Triton X-100 in PBS (-).
They were washed with PBS (-) and incubated with
TRITC-conjugated phalloidin (100 ng/ml) for 30 min at
room temperature. After washing with PBS (-), the cells
were incubated with anti-GFAP (1:500) for 90 min at
room temperature. They were then washed with PBS (-)
containing 0.1% bovine serum albumin (BSA; Sigma),
and incubated with anti-rabbit IgG fluorescein isothiocy-
anate (FITC)-conjugate (1:200) for 60 min at room
temperature. After the cells were washed with PBS (-)
containing 0.1% BSA, nuclei were counterstained
using 4',6-diamidino-2-phenylindole (DAPI; Sigma).
TRITC-conjugated phalloidin were diluted in PBS (-),
and the others in PBS (-) containing 10% horse serum
(Sigma) and 1% BSA. The cells were washed and then
mounted using PermaFluor Aqueous Mountant (Immu-
non Shandon; Pittsburgh, PA, U.S.A.). Stained samples
were observed and photographed under a Nikon fluores-
cence microscope Eclipse E800.

2.5 Mercury Analysis

Cells on 6-well plates were rinsed 3 times with PBS (-)
and then lysed in 0.1% sodium dodecyl sulfate (SDS) in
PBS (-). The content of total mercury in each cell lysate
was measured by an oxygen combustion-gold amalgama-
tion method*¥ using a Rigaku Mercury Analyzer MA-2
(Nippon Instruments Co., Tokyo, Japan). Whole protein
content was measured using a Bio-Rad DC Protein
Assay kit (Bio-Rad Laboratories, Hercules, CA, U.S.A.).

2.6 Cell Viability Analysis

Cells on 24-well plates were fixed with glutaralde-
hyde (1% as a final concentration), and viable cell num-
bers were assessed as previously described.’? In brief,
fixed cells were stained with 0.1% crystal violet in 0.2
M 2-[N-morpholino]ethanesulfonic acid (pH 6.8) for
20 min. The dye incorporated into the cells was eluted
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into 10% acetic acid, and the absorbance at 595 nm was
determined spectrophotometrically.

2.7 Statistical Analysis

Significant differences between individual means
were determined by one-way analysis of variance
(ANOVA) followed by Duncan's new multiple range
test or by Student's #-test. Differences were considered
significant at p < 0.05.

3. RESULTS
3.1 Astrocyte Morphology and Stress Fiber Forma-
tion After Exposures of Mercury Compounds

The morphology (Figs. 1, 2), GFAP expression (Fig.
1), actin stress fiber formation (Fig. 1), and nuclei (Fig.
1) in cultured astrocytes from the cerebral hemisphere
and cerebellum were examined under several conditions.
Astrocytes from both regions showed a flat polygonal
shape with prominent stress fibers when they were main-
tained in the 15% FCS-containing medium (Fig. 1A).
When the medium was changed to a SFDM containing
0.5 mM dbcAMP, the morphology of both astrocytes
changed to a process-bearing stellate shape within 1 h
(Fig. 2A). In addition to the shape change, stress fibers
disappeared and nuclei sizes became smaller by at least
3 h after the medium change (Fig. 1B). When MeHg (3 uM)
was exposed to the cells for 1-2 h immediately after the
medium change, the morphology of astrocytes from
both regions showed a stellate shape as observed in the
absence of MeHg (Fig. 2A). However, 3 h after MeHg
exposure, the morphology of most cerebral hemisphere
astrocytes showed a polygonal shape, whereas only a
few cerebellar astrocytes did so (Fig. 1C). It should be
noted that almost all cells that showed a polygonal shape
caused by MeHg exposure were accompanied by the
formation of stress fibers and larger nuclei, regardless of
the brain regions (Fig. 1C). Therefore, astrocyte shapes
closely correlated not only with actin organization but
also nuclei size, suggesting that both might be used as
markers of changes in astrocyte morphology. Neither
exposure to MeHg at 1 uM for 3 h nor to Hg*', even at
3 uM for 5 h, affected the shape in astrocytes from both
regions (Fig. 2A). To see more clearly the spreading
effect of MeHg on astrocyte morphology, an exposure
with MeHg was performed 3 h after the medium change,
at which time almost all cells showed a stellate shape
(Fig. 1B). As expected, there was a region-dependent
difference in the spread of astrocyte morphology induced
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(a) Phase contrast (b) GFAP (¢c) F-actin (d) DAPI

Fig. 1 Morphology, GFAP Expression, F-actin Organization and Nuclei of Cultured Astro-
cytes Prepared from Cerebral Hemisphere (CH) or Cerebellum (CB)

(A) Astrocytes maintained in a 15% FCS-containing medium. (B) Astrocytes maintained in
a SFDM containing 0.5 mM dbcAMP for 3 h. (C) Astrocytes exposed to MeHg at 3 uM for 3
h immediately after changing a 15% FCS-containing medium to a SFDM containing 0.5 mM
dbcAMP. Bar=25 pm.
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Fig. 2 Time-Dependent Changes in Cell Morphology after Exposure to Mercury Compounds
in Cultured Astrocytes Prepared from Cerebral Hemisphere or Cerebellum

Mercury compounds were exposed at 0-3 pM immediately (A) or 3 h (B) after changing the
15% FCS-containing medium to a SFDM containing 0.5 mM dbcAMP. Bar=50 pm.
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Fig. 3 Mercury Accumulation after Exposure to Mercury Compounds in Cultured Astrocytes
Prepared from Cerebral Hemisphere or Cerebellum

Cultures were exposed to mercury compounds at 3 pM for 3 h immediately after changing
the 15% FCS-containing medium to a SFDM containing 0.5 mM dbcAMP. Values represent
the mean + S.D. obtained from three determinations. Values with different letters (a, b) are

significantly different (p < 0.05).

by the exposure of MeHg at 3 uM for 3 h (Fig. 2B), as
was observed in the cells exposed to MeHg immediately
after the medium change (Fig. 2A). This and the fact that
astrocyte morphology was stellate 1-2 h after MeHg ex-
posure performed immediately after the medium change
to a SFDM containing dbcAMP (Fig. 1A) suggest that
MeHg causes an alteration to a polygonal shape rather
than an inhibition of stellation by dbc AMP stimulation.

Accumulations of the respective mercury compounds
in astrocyte cultures exposed to them were examined
to clarify the relationship between shape changes and
mercury content in the cells. When astrocyte cultures
were exposed to MeHg or Hg?* at 3 uM for 3 h immedi-
ately after the medium change, mercury accumulation
was more than 30 times higher in MeHg-treated than
in Hg?'-treated astrocyte cultures from the respective re-
gions (Fig. 3). However, mercury accumulation was sim-
ilar in the cerebral hemisphere and cerebellar astrocytes,
regardless of whether exposed to MeHg or Hg** (Fig. 3).

Viable cell numbers were not influenced by the 3
h-exposures of either mercury compound at 3 uM, com-
pared to those in the respective control cultures exposed
to solvent alone, regardless of the elapsed time from the
medium change to their exposures (data not shown).
Similar results were previously observed in the absence
of dbcAMP.3"

3.2 Astrocyte Morphology After LPA Exposure

We then investigated the influence of LPA, a Rho
activator, on the morphology of astrocytes from both re-
gions, to examine the involvement of RhoA in MeHg-in-
duced spreading of the astrocyte shapes, since that mole-
cule has been demonstrated to be pivotal in determining
astrocyte morphology.’!V Since spreading of astrocyte
morphology induced by LPA at a concentration of 10
UM occurred more rapidly (Fig. 4) than that induced
by MeHg, exposure to LPA was performed 3 h after
the medium change in all experiments. In cerebral hemi-
sphere astrocytes, morphology started to spread within
10 min, and the morphology of almost all cells showed a
polygonal shape within 30 min after LPA exposure at 10
uM (Fig. 4). In addition, when the cerebral hemisphere
astrocytes were added to LPA at a lower concentration
(1 uM), morphology started to spread within 20 min, and
the morphology of many cells showed a polygonal shape
within 30 min (Fig. 4). In contrast, the morphology of
many cells remained stellate in cerebellar astrocytes
30 min after the LPA exposure at both concentrations
(Fig. 4). Thus, similar to MeHg, LPA easily altered
the morphology from stellate to polygonal in cerebral
hemisphere astrocytes, whereas it only slightly affected
the morphology in cerebellar astrocytes. A similar
region-dependent difference has been reported in the
spreading of astrocytes induced by not only LPA?® but
also another Rho activator, glutamate.?”
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Fig. 4 Time-Dependent Changes in Cell Morphology after Exposure to LPA in Cultured

Astrocytes Prepared from Cerebral Hemisphere or Cerebellum
LPA was exposed 1 or 10 pM 3 h after changing the 15% FCS-containing medium to a

SFDM containing 0.5 mM dbcAMP. Bar=50 pm.

4. DISCUSSION

In the present study, there were marked region-depen-
dent differences in responses, including morphological
changes induced by MeHg in cultured astrocytes.
Astrocytes from the cerebral hemisphere and cerebellum
similarly showed a flat polygonal shape in the presence
of serum, and a process-bearing stellate shape after
changing the 15% FCS-containing medium to a SFDM
containing dbcAMP, respectively (Figs. 1A, B, 2A).
Three hour-exposure to MeHg at a concentration of 3
uM altered the shape of most cerebral hemisphere astro-
cytes from stellate stimulated by dbcAMP to polygonal,
but only a few in cerebellar astrocytes, regardless of the
elapsed time from the medium change to its exposure
(Figs. 1C, 2B). It has been revealed that changes in astro-
cyte morphology are related to the organization of actin,

and that RhoA, a small GTP-binding protein, is a key
molecule for determining changes in morphology and in
actin organization in cultured astrocytes. For example, a
stellate shape in cultured astrocytes induced by cAMP is
changed to a polygonal one by LPA, a Rho activator,”!'"
cAMP-induced stellation is accompanied by a loss of
actin stress fibers,!"!* and LPA-induced spreading is
accompanied by actin reorganization.”'" In addition,
pretreatment of C3 transferase, which inactivates Rho
proteins, inhibits LPA-induced spreading and actin reor-
ganization in cultured astrocytes.”'V In the present study,
when cerebral hemisphere astrocytes were maintained
in the SFDM containing 0.5 mM dbcAMP with 3 uM
of MeHg for 3 h, transient stellation was followed by
changing to a polygonal shape along with the formation
of stress fibers (Fig. 1C). Considering the similarity in
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effects of LPA''*) and MeHg (Figs. 1C, 2B) on astrocyte
morphology and actin organization, RhoA might be a
key molecule in MeHg-induced shape changes, at least
in the cerebral astrocytes. If MeHg-induced spreading
of astrocytes occurs through activation of RhoA, LPA
should also region-dependently affect the shape. Indeed,
we found that LPA, as well as MeHg (Figs. 1C, 2B),
change the morphology from a stellate shape to a polyg-
onal one in most cerebral hemisphere astrocytes, but in
few cerebellar astrocytes (Fig. 4). A similar result has
been reported that glutamate, another Rho activator, re-
gion-dependently alters the shape of astrocytes.?” There-
fore, at least in the cerebral hemisphere astrocytes, the
MeHg-induced spreading might occur through activation
of RhoA. However, further study of the mechanism
in MeHg-induced astrocyte morphological changes is
necessary, including a probe into the cellular level of
whole and active RhoA, to confirm the contribution of
this molecule to those changes. In addition to the mecha-
nism in MeHg-induced astrocyte shape change, the fact
that Rho activators, LPA ¥ (Fig. 4) and glutamate,*” re-
gion-dependently spread astrocyte morphologies, strong-
ly suggests that either Rho activation or downstream reg-
ulation of signal transduction might be different between
the cerebral hemisphere and cerebellar astrocytes.

It has been demonstrated that MK-801, a non-compet-
itive antagonist of N-methyl-D-aspartate (NMDA) recep-
tor, suppressed MeHg-induced neuronal damage, partic-
ularly in the cerebral cortex but not in the cerebellum.?®
The protective effect of MK-801 is also reported against
MeHg-induced damage in cultures of cortical neurons.’®
These results suggest that the mechanism of MeHg neu-
rotoxicity might differ between the two regions, includ-
ing the involvement of glutamate. In the present study,
most cerebral hemisphere astrocytes altered to a polygo-
nal shape from a stellate shape, whereas few cerebellar
astrocytes did so after exposure to MeHg at 3 uM for
3 h (Figs. 1C, 2B). It has been reported that polygonal
astrocytes induced by endothelins suppress glutamate
uptake,’” expression levels of its transporters,’” and the
activity of glutamine synthetase!? compared to stellate
astrocytes. Therefore, regulation in extracellular levels
of glutamate, including uptake into astrocytes and metab-
olism into glutamine, might have been disordered in
polygonal astrocytes compared to in stellate astrocytes.
If so, contributions of glutamate in MeHg intoxication
would be greater in cerebrum than in cerebellum, due
to the difference in astrocyte morphology after MeHg

exposure at 3 pM (Figs. 1C, 2B). Thus, our findings with
regard to a region-dependent difference in the spread
of astrocytes might lead to an understanding of the
varying involvement of glutamate in neuronal cell death
induced by MeHg. This hypothesis is consistent with the
results in the study®® using MK-801. Thus, the regional
heterogeneity in astrocyte morphological changes might
account for the brain region-dependent difference in the
protective effect of MK-801 against MeHg toxicity.

In the present study, there were variations in the
responsiveness, such as shape changes, in response to
mercury compounds, not only between brain regions but
also between MeHg and Hg?', especially at 3 uM, and
between the concentrations of MeHg exposed (1 and 3
uM), at least in the cerebral hemisphere astrocytes (Figs.
1C, 2A). MeHg-induced spreading of the shape occurred
more easily in cerebral hemisphere astrocytes than in
cerebellar astrocytes (Fig. 1C), although the accumulated
mercury level after MeHg exposure at 3 uM for 3 h
was similar in the astrocytes from both regions (Fig. 3).
These results suggest that the region-dependent differ-
ence in the spreading effect of MeHg are not caused by
the variation in accumulated mercury levels. Therefore,
the responsiveness to MeHg, including shape changes,
would be markedly different among the brain's regional
origins of cultured astrocytes. In contrast to MeHg, Hg?*
at that concentration did not influence the morphology in
cultured astrocytes from either region (Fig. 2A). Mercury
accumulation was markedly lower in Hg*'-treated than
in MeHg-treated astrocyte cultures from the respective
regions (Fig. 3). In addition, treatment with the lower
concentration (1 uM) of MeHg did not affect the shape
for at least 3 h. Therefore, neither Hg?* treatment at 3
UM nor MeHg treatment at 1 uM would reach a mercury
level high enough to induce a shape change within the
first few hours. Another possibility is that the nature of
MeHg's effect might be different from that of Hg?".

In conclusion, although morphology and actin
organization are similar in the presence of serum and
after dbcAMP stimulation in cerebral hemisphere and in
cerebellar astrocytes, there are marked region-dependent
differences in the MeHg-induced alterations despite sim-
ilar mercury accumulations. In addition, LPA-induced
spreading of astrocyte morphology is also region-de-
pendently observed, suggesting that MeHg may affect
astrocyte morphology through the Rho-dependent signal
pathway. It is also suggested that responses to MeHg and
to Hg?" are different at the same exposure concentration
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(3 uM), especially in cerebral hemisphere astrocytes.

Acknowledgment

Lysophosphatidic Acid in Cultured Rat Astrocytes

REFERENCES

D

The authors are grateful to Ms. Rieko Ochiai (NIMD)

for her technical assistance.

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

Manthorpe M, Pettmann B, Varon S: “Modulation of as-
troglial cell output of neuronotrophic and neurite promot-
ing factors”, The Biochemical Pathology of Astrocytes.
Norenberg MD, Hertz L, Schousboe A, eds. Alan R. Liss,
New York, 41-58, 1988.

Vernadakis A: Glia-neuron intercommunications and syn-
aptic plasticity. Prog. Neurobiol., 49, 185-214, 1996.
Kirchhoff F, Dringen R, Giaume C: Pathways of
neuron-astrocyte interactions and their possible role in
neuroprotection. Eur. Arch. Psychiatry Clin. Neurosci.,
251, 159-169, 2001.

Fedoroff S: “Prenatal ontogenesis of astrocytes”, Astro-
cytes: Development, Morphology, and Regional Special-
ization of Astrocytes, Vol. 1. Fedoroff S, Vernadakis A,
eds. Academic Press, Orlando, FL, 35-74, 1986.

Ridet JL, Malhotra SK, Privat A, Gage FH: Reactive astro-
cytes: cellular and molecular cues to biological function.
Trends Neurosci., 20, 570-577, 1997.

Le Prince G, Fages C, Rolland B, Nunez Z, Tardy M:
DBCcAMP effect on the expression of GFAP and of its
encoding mRNA in astroglial primary cultures. Glia, 4,
322-326, 1991.

Nelson RB, Siman R: Thrombin and its inhibitors regulate
morphological and biochemical differentiation of astro-
cytes in vitro. Dev. Brain Res., 54, 93-104, 1990.

Hertz L, Bock E, Schousboe A: GFA content, glutamate
uptake and activity of glutamate metabolizing enzymes in
differentiating mouse astrocytes in primary cultures. Dev.
Neurosci., 1,226-238, 1978.

Suidan HS, Nobes CD, Hall A, Monard D: Astrocyte
spreading in response to thrombin and lysophosphatidic
acid is dependent on the Rho GTPase. Glia, 21, 244-252,
1997.

Ramakers GJA, Moolenaar WH: Regulation of astrocyte
morphology by RhoA and lysophosphatidic acid. Exp.
Cell Res., 245, 252-262, 1998.

Manning Jr TJ, Rosenfeld SS, Sontheimer H: Lysophos-
phatidic acid stimulates actomyosin contraction in astro-
cytes. J. Neurosci. Res., 53, 343-352, 1998.

Hama H, Sakurai T, Kasuya Y, Fujiki M, Masaki M, Goto
K: Action of endothelin-1 on rat astrocytes through the
ETB receptor. Biochem. Biophys. Res. Commun., 186,
355-362, 1992.

Koyama Y, Baba A: Endothelin-induced protein tyrosine
phosphorylation of cultured astrocytes: its relationship to
cytoskeletal actin organization. Glia, 26, 324-332, 1999.
Goldman J E, Abramson B: Cyclic AMP-induced shape



15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

Tatsumi ADACHI, Yusuke KATAMOTO, Tomomi IWATATE,Yasuhide YANAGISAWA and Ichiro YASUDA

changes of astrocytes are accompanied by rapid depolym-
erization of actin. Brain Res., 528, 189-196, 1990.
Mizuhashi S, Ikegaya Y, Nishiyama N, Matsuki N:
Cortical astrocytes exposed to tributyltin undergo morpho-
logical changes in vitro. Jpn. J. Pharmacol., 84, 339-346,
2000.

Liao SL, Chen CJ: Manganese stimulates stellation of cul-
tured rat cortical astrocytes. NeuroReport, 12, 3877-3881,
2001.

Chen CJ, Liao SL, Huang YS, Chiang AN: RhoA inactiva-
tion is crucial to manganese-induced astrocyte stellation.
Biochem. Biophys. Res. Commun., 326, 873-879, 2005.
MacVicar BA: Morphological differentiation of cultured
astrocytes is blocked by cadmium or cobalt. Brain Res.,
420, 175-177, 1987.

Schluter K, Figiel M, Rozyczka J, Engele J: CNS
region-specific regulation of glial glutamate transporter
expression. Eur. J. Neurosci., 16, 836-842, 2002.

Han BC, Koh SB, Lee EY, Seong YH: Regional difference
of glutamate-induced swelling in cultured rat brain astro-
cytes. Life Sci., 76, 573-583, 2004.

Zschocke J, Bayatti N, Clement AM, Witan H, Figiel M,
Engele J, Behl C: Differential promotion of glutamate
transporter expression and function by glucocorticoids in
astrocytes from various brain regions. J. Biol. Chem., 280,
34924-34932, 2005.

Won CK, Oh YS: cAMP-induced stellation in primary
astrocyte cultures with regional heterogeneity. Brain Res.,
887, 250-258, 2000.

Pinto SS, Gottfried C, Mendez A, Gongalves D, Karl J,
Gongalves CA, Wofchuk S, Rodnight R: Immunocontent
and secretion of S100B in astrocyte cultures from different
brain regions in relation to morphology. FEBS Lett., 486,
203-207, 2000.

World Health Organization (WHO): Environmental Health
Criteria 101, Methylmercury, WHO, Geneva, 1990.

WHO: Environmental Health Criteria 118, Inorganic
Mercury, WHO, Geneva, 1991.

Choi DW, Maulucci-Gedde M, Kriegstem AR: Glutamate
neurotoxicity in cortical cell culture. J. Neurosci., 7,
357-368, 1987.

Dessi F, Charriaut-Marlangue C, Khrestchatisky M,
Ben-Ari Y: Glutamate-induced neuronal death is not a pro-
grammed cell death in cerebellar culture. J. Neurochem.,
60, 1953-1955, 1993.

Cheung NS, Pascoe CJ, Giardina SF, John CA, Beart PM:
Micromolar L-glutamate induces extensive apoptosis in

an apoptotic-necrotic continuum of insult-dependent, exci-

29)

30)

31)

32)

33)

34)

35)

36)

37)

totoxic injury in cultured cortical neurones. Neuropharma-
cology, 37, 1419-1429, 1998.

Brookes N, Kristt DA: Inhibition of amino acid transport
and protein synthesis by HgCl> and methylmercury in
astrocytes: selectivity and reversibility. J. Neurochem., 53,
1228-1237, 1989.

Aschner M, Eberle NB, Miller K, Kimelberg HK:
Interactions of methylmercury with rat primary astrocyte
cultures: inhibition of rubidium and glutamate uptake and
induction of swelling. Brain Res., 530, 245-250, 1990.
Adachi T, Kunimoto M: Acute cytotoxic effects of
mercuric compounds in cultured astrocytes prepared from
cerebral hemisphere and cerebellum of newborn rats. Biol.
Pharm. Bull., 28, 2308-2311, 2005; corrected in Biol.
Pharm. Bull., 33, 930, 2010.

Adachi T, Takanaga H, Sakurai Y, Ishido M, Kunimoto
M, Asou H: Influence of cell density and thyroid hormone
on glial cell development in primary cultures of embryonic
rat cerebral hemisphere. J. Neurosci. Res., 79, 608-615,
2002.

Adachi T, Satoh M, Pramanik R, Kuroda S, Ishido
M, Kunimoto M: Region-dependent differences and
alterations of protective thiol compound levels in cultured
astrocytes and brain tissues. Biol. Pharm. Bull., 29,
1466-1469, 2006.

Jacobs MB, Yamaguchi S, Goldwater LJ, Gilbert H:
Determination of mercury in blood. Am. Ind. Hyg. Assoc.,
21, 475-480, 1960.

Miyamoto K, Nakanishi H, Moriguchi S, Fukuyama N,
Eto K, Murao K, Wakamiya J, Arimura K, Osame M:
Involvement of enhanced sensitivity of N-methyl-D-aspar-
tate receptors in vulnerability of developing cortical
neurons to methylmercury neurotoxicity. Brain Res., 901,
252-258,2001.

Park ST, Lim KT, Chung YT, Kim SU: Methylmer-
cury-induced neurotoxicity in cerebral neuron culture is
blocked by antioxidants and NMDA receptor antagonists.
Neurotoxicology, 17, 37-45, 1996.

Matuura S, Ikegaya Y, Yamada MK, Nishiyama N, Matsu-
ki N: Endothelin downregulates the glutamate transporter
GLAST in cAMP-differentiated astrocytes in vitro. Glia,
37, 178-182, 2002





