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In the brains of patients with fetal Minamata disease (FMD), which
is caused by exposure to methylmercury (MeHg) during develop-
ment, many neurons are hypoplastic, ectopic, and disoriented,
indicating disrupted migration, maturation, and growth. MeHg
affects a myriad of signaling molecules, but little is known about
which signals are primary targets for MeHg-induced deficits in
neuronal development. In this study, using a mouse model of FMD,
we examined how MeHg affects the migration of cerebellar
granule cells during early postnatal development. The cerebellum
is one of the most susceptible brain regions to MeHg exposure,
and profound loss of cerebellar granule cells is detected in the
brains of patients with FMD. We show that MeHg inhibits granule
cell migration by reducing the frequency of somal Ca?* spikes
through alterations in Ca?*, cAMP, and insulin-like growth factor
1 (IGF1) signaling. First, MeHg slows the speed of granule cell
migration in a dose-dependent manner, independent of the mode
of migration. Second, MeHg reduces the frequency of spontane-
ous Ca”* spikes in granule cell somata in a dose-dependent man-
ner. Third, a unique in vivo live-imaging system for cell migration
reveals that reducing the inhibitory effects of MeHg on somal Ca**
spike frequency by stimulating internal Ca®* release and Ca?* influ-
xes, inhibiting cAMP activity, or activating IGF1 receptors amelio-
rates the inhibitory effects of MeHg on granule cell migration.
These results suggest that alteration of Ca®* spike frequency and
Ca?*, cAMP, and IGF1 signaling could be potential therapeutic tar-
gets for infants with MeHg intoxication.

abnormal neuronal migration | congenital methylmercury poisoning

During periods of fetal and early postnatal development, ex-
posure to methylmercury (MeHg) induces congenital intoxi-
cation, leading to the development of characteristic neurological
symptoms, including mental retardation, cerebellar ataxia, and
cerebral palsy (1-3). This medical phenomenon is known as
fetal Minamata disease (FMD). Characteristic neuropathologi-
cal changes in patients with FMD include (i) bilateral cerebral
atrophy and hypoplasia with a decrease in the number of cortical
neurons; (i) underdevelopment of neurons, including small so-
mata and short dendrites; (iii) cerebellar atrophy and hypoplasia
with a reduction of the cerebellar granule cell layer; (iv) hypo-
plasia of the corpus callosum; (v) dysmyelination of white matter;
and (vi) hydrocephalus (4-8). These abnormalities suggest that
MeHg causes multiple deficits in neurons and glia, including
abnormal migration, differentiation, and growth (9, 10). There is
no effective therapy available for FMD patients.

MeHg exposure remains a major public health concern because
of the natural and anthropogenic release of inorganic mercury
into the aquatic environment, where it is biotransformed by algae
and bacteria into MeHg (11, 12). MeHg can pass along the food
chain, leading to humans through consumption of MeHg-con-
taminated fish. Once inside the body of pregnant women, MeHg
readily crosses the placental and blood-brain barriers with
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a direct toxic effect on the fetus (13, 14). The fetus is known to
serve as a “mercury trap” in pregnant women. The concentration
of mercury in the fetal brain is at least twice that of the mother’s
(5). In addition to placental transfer, developing infants can also
be exposed to mercury via breastfeeding (15).

The most susceptible brain region to MeHg-mediated injury is
the cerebellum, with high susceptibility in cerebellar granule cells
and the cerebrum (3, 16, 17). Previous studies demonstrate that
there are large numbers of ectopic cerebellar granule cells in the
brains of FMD patients (1-8), suggesting that cerebellar granule
cells are highly vulnerable to MeHg exposure. The most vul-
nerable period of cerebellar development in humans for MeHg
exposure is during the third trimester (18). The equivalent time
of development in mice is during the first two postnatal weeks
(19). In this study, using a mouse model of FMD, we examined
how MeHg affects the migration of cerebellar granule cells
during early postnatal development. MeHg exposure induces
changes in the activity of a wide range of signaling molecules
(20-23), including elevations of oxidative stress, which often
leads to apoptotic cell death (24, 25). The question of which
signaling molecules play crucial roles in the effects of MeHg on
neuronal cell migration remains to be determined. Using in vitro
and in vivo assays for monitoring cell movement, we revealed
that MeHg inhibits the migration of granule cells in a dose-de-
pendent manner, independent of the mode of migration. The
inhibitory effects of MeHg on granule cell migration are ame-
liorated by increasing somal Ca®* spike frequencies via con-
trolling Ca®*, cAMP, and IGF1 signaling.

Results

MeHg Inhibits Granule Cell Translocation in the Developing Cerebellum.
After final cell division, granule cells migrate from their origin,
the top of the external granular layer (EGL), to their final des-
tination within the internal granular layer (IGL) (Fig. 14) (26—
28). The use of BrdU, which is incorporated only into pro-
liferating cells (such as granule cell precursors), demonstrates
the chronology of granule cell translocation in early postnatal
mouse cerebella. Postnatal 8-d-old (P8) mice were i.p. injected
with 50 pg/g body weight (bw) BrdU. Two hours after injection,
the BrdU-labeled cells were localized at the top of the EGL,
where granule cell precursors proliferate (Fig. 1B). One day after
injection (P9), the BrdU-labeled cells were detected throughout
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Fig. 1. MeHg inhibits granule cell translocation in the early postnatal
mouse cerebellum. (A) 3D representation of granule cell migration in the
developing cerebellum. (1) Tangential migration in the EGL; (2) turning near
the EGL-ML border; (3) Bergmann glia-associated radial migration in the ML;
(4) stationary state in the PCL; (5) glia-independent radial migration in the
IGL; (6) completion of migration in the IGL. B, Bergmann glia; g, post-
migratory granule cell; gcp, granule cell precursor; P, Purkinje cell. (B) Time
course of granule cell translocation in vivo. At 2 h (P8), 1 d (P9), and 2 d (P10)
after injection of BrdU (50 pg/g bw), the distribution of BrdU-labeled cells
was analyzed in sagittal sections of cerebella. (C) The effects of MeHg on the
translocation of BrdU-labeled cells in the cerebella. Mouse pups were i.p.
injected with three different doses (0.1, 1.0, 5.0 pg/g bw) of MeHg over 4 d
(P6-P9). The control group of mice was injected with only vehicle. At P8, the
pups were i.p. injected with BrdU (50 pg/g bw). At P10, the distribution of
BrdU-labeled cells in sagittal sections of cerebella was examined. (D) Histo-
gram showing the reduction in the number of BrdU-labeled cells in the ML,
PCL, and IGL by MeHg (0.01, 0.05, 0.1, 0.5, 1.0, 3.0, or 5.0 pg/g bw) for 4 d
(P6-P9). Each column represents the average value obtained from at least
10,000 cells. Bars represent SD. **P < 0.01 indicates statistical significance.
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the EGL (Fig. 1B). Two days after injection (P10), >50% of
BrdU-labeled cells left the EGL and translocated their soma
into the molecular layer (ML), Purkinje cell layer (PCL), and
IGL (Fig. 1B).

First, we examined whether MeHg affects this translocation of
granule cells. Mouse pups were i.p. injected with seven different
doses (0.01, 0.05, 0.1, 0.5, 1.0, 3.0, and 5.0 pg/g bw) of MeHg for
four consecutive days (P6-P9). The exposure to these levels of
MeHg did not induce noticeable changes in the activity of
spontaneous movement and did not cause death of the animals.
All pups were i.p. injected with a single dose of BrdU (50 pg/g
bw) during the exposure period, on P8. The analysis of the dis-
tribution of BrdU-labeled cells revealed that MeHg exposure
over P6-P9 reduces the number of BrdU-labeled cells in the ML,
PCL, and IGL of P10 cerebella in a dose-dependent manner
(Fig. 1 C and D). The average number of BrdU-labeled cells in
the ML, PCL, and IGL was reduced by 22% with 0.5 pg/g bw
MeHg, by 27% with 1.0 pg/g bw MeHg, by 35% with 3.0 pg/g bw
MeHg, and by 42% with 5.0 pg/g bw MeHg (Fig. 1D).

The reduction of the number of BrdU-labeled cells in the ML,
PCL, and IGL may be due to increased cell death of granule cells
and granule cell precursors caused by MeHg. A TUNEL assay
indicated that low to moderate levels (0.01-1.0 pg/g bw) of
MeHg do not alter the number of TUNEL™ cells in the EGL,
whereas higher levels (3.0-5.0 pg/g bw) of MeHg increase the
number (Fig. S1).

These results suggest that the reduction of the number of
BrdU-labeled cells in the ML, PCL, and IGL by moderate levels
(0.5-1.0 pg/g bw) of MeHg is due to the inhibition of granule cell
translocation, whereas the reduction of the number by high levels
(3.0-5.0 pg/g bw) of MeHg is due to the inhibition of trans-
location as well as the increase in cell death.

MeHg Slows Granule Cell Migration Independent of the Mode of
Migration. The inhibition of granule cell translocation by MeHg
suggests that it may inhibit granule cell migration. To test this
possibility, we used real-time observation of cell movement and
found that the addition of 10 pM MeHg immediately slowed the
speed of radial migration of a granule cell from 28.3 pm/h to 6.0
pm/h in the ML of a cerebellar slice obtained from P10 mice
(Fig. 2 A and B). These results indicate that MeHg decelerates
the speed of granule cell migration. During the migration toward
their final destination, granule cells exhibit three different modes
of migration: (i) tangential migration in the EGL; (if) Bergmann
glia-associated radial migration in the ML; and (iif) glia-indepen-
dent radial migration in the IGL. The inhibitory effects of MeHg
on granule cell migration may depend on the mode of migration.
To test this possibility, we determined the effects of MeHg on
granule cell migration in the EGL, ML, and IGL. MeHg
inhibited granule cell migration in all three cortical layers in
a dose-dependent manner (Fig. S2). For example, 20 pM MeHg
reduced the speed of granule cell migration in the EGL by 62%),
in the ML by 57%, and in the IGL by 52% (Fig. 2C), suggesting
that MeHg inhibits the migration of granule cells independent of
the mode of migration.

MeHg Reduces the Motility of Granule Cells. The deceleration of
granule cell migration by MeHg may result from a decrease in
granule cell motility or in alterations to the surrounding envi-
ronment, such as cell-cell interactions. To determine this issue,
we examined the effects of MeHg on the migration of isolated
granule cells. Time-lapse recordings of cell movement in micro-
explant cultures of PO-P3 mouse cerebella demonstrated that 10
pM MeHg slows the migration of isolated granule cells (from 56.4
pm/h to 31.6 pm/h in cell-a, and from 45.3 pm/h to 18.6 pm/h in
cell-p) (Fig. 2 D and E). The addition of MeHg at concentrations
ranging from 1.0 to 20.0 pM slowed the movement of isolated
granule cells in a dose-dependent manner (Fig. S3). The average
speed of migration was reduced by 16% with 1.0 pM MeHg,
21% with 5.0 pM MeHg, 27% with 10.0 pM MeHg, and 33% with
20.0 uM MeHg (Fig. 2F). These results suggest that MeHg
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Fig. 2. MeHg slows granule cell migration in vitro. (A) Time-lapse images
showing that 10 uM MeHg inhibits the radial migration of a granule cell in
the ML of a cerebellar slice obtained from a P10 mouse. Asterisks mark the
granule cell soma. Elapsed time is indicated on the bottom of each photo-
graph. (Scale bar: 12 pm.) (B) Sequential changes in the distance traveled
during each 10-min interval by the granule cell shown in A were plotted as
a function of elapsed time before and after the application of 10 uM MeHg.
(C) Inhibition of the speed of granule cell migration in the EGL, ML, and IGL
by MeHg (0.1-20.0 pM). (D) Time-lapse images showing that 10 pM MeHg
slows the migration of isolated granule cells in the microexplant cultures of
P3 mouse cerebella. Black and white asterisks mark the somata of migrating
granule cells. Elapsed time is indicated on the bottom of each photograph.
(Scale bar: 12 pm.) (E) Sequential changes in the distance traveled by two
granule cells (« and p shown in D) during each 5-min interval were plotted as
a function of elapsed time before and after the application of 10 uM MeHg.
(F) Inhibition of the speed of migration in the microexplant cultures by
MeHg (0.1-20.0 pM).

directly reduces the motility of granule cells. A comparison of
data obtained from the experiments using cerebellar slices and
microexplant cultures indicates that MeHg causes stronger in-
hibitory effects on granule cell migration in the cerebellar slices
than those in the microexplant cultures. The differences suggest
that alterations to the surrounding environment may also play
a role in MeHg-induced deceleration of granule cell migration.

MeHg Reduces Ca”* Spike Frequency of Granule Cells. Our working
hypothesrs was that MeHg slows granule cell migration by al-
tering Ca®* signaling, because it has been shown that MeHg
disrupts intracellular Ca®* homeostasis and reduces N-type Ca**

channel currents in granule cells (20, 29). It has been reported
that granule cell migration is highly sensitive to changes in Ca>*

srgnahng pathways (30, 31) and that the inhibition of N-type
Ca®* channels slows migration (32). Time-lapse imaging of
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intracellular Ca* levels revealed that 10 pM MeHg reduces the
frequency of spontaneous Ca”* spikes 1n a granule cell soma
(Fig. 34). The effects of MeHg on Ca®* spike frequency in
granule cell somata were dose dependent (Fig. 3B). The average
frequency of Ca®* spikes was reduced by 12% with 0.5 pM
MeHg, 19% with 1.0 pM MeHg, 26% with 5.0 pM MeHg, 33%
with 10.0 pM MeHg, and 41% with 20.0 uM MeHg. These results
suggest that MeHg may slow the migration of granule cells by
reducing Ca** s;)ike frequency, because it has been shown that
changes in Ca®" spike frequency correspond linearly with
changes in the speed of granule cell migration (30, 31).

Reducing the Effect of MeHg on Ca?* Spike Frequency Reduces the
Inhibitory Effects of MeHg on Granule Cell Mlgratlon If MeHg
inhibits granule cell migration by reducrng Ca?* spike frequency,
experimental enhancement of Ca** spike frequency may therefore
reduce the inhibitory effect of MeHg on granule cell mlgratron To
test this possibility, we focused on the role of Ca**, cAMP, and
IGF1 signaling because it has been reported that these signaling
pathways are involved in the control of Ca®* spike frequency
(30, 31, 33) and are affected by MeHg exposure (20, 34, 35). We
used 10 pM MeHg, because the application of this amount of
MeHg induces a significant deceleration of the speed of granule
cell migration (Fig. 2 C and F), although prolonged application
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Fig. 3. Reduction of the effects of MeHg on the speed of granule cell mi-
gration by increasing Ca®* spike frequency through controlling Ca%*, cAMP,
and IGF1 signaling pathways. (A) Reduction of the recurrence of spontaneous
Ca?* spikes in granule cell soma by 10 pM MeHg. (B) Histograms showing
a dose-dependent reduction in the frequency of Ca®* spikes in granule cell
somata by MeHg. Each column represents the average frequency of Ca®
spikes obtained from at least 50 migrating cells. Bars represent SD. (C and D)
Changes in the effects of MeHg (10 pM) on (C) Ca®* spike frequency of granule
cells and (D) the speed of migration by caffeine, nicotine, NMDA, Sp-cAMPS,
Rp-cAMPS, forskolin, 9CP-Ade, IGF1, IGF1 + PPP, or PPP. In C and D, each col-
umn represents the average values obtained from at least 50 migrating cells.
Bars represent SD. *P < 0.05 and **P < 0.01 indicate statistical significance.
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affects the viability of granule cells (36). In the case of Ca** sig-
naling, caffeine (stimulator of internal Ca®* release through
ryanodine receptors, 1 mM) or NMDA (agonist of the NMDA-
type glutamate receptors 30 pM) markedly reduced the effect of
MeHg on Ca?* spike frequency of granule cells (Fig. 3C). In
contrast, nicotine (agonist of nicotinic acetylchohne receptors,
1 uM) drd not alter the effect of MeHg on Ca®* spike frequency
(Fig. 3C). In the case of cCAMP signaling, Rp-cAMPS (a com-
petitive cAMP antagonlst 100 uM) reduced the inhibitory effects
of MeHg on Ca** spike frequency, whereas Sp-cAMPS (a com-
petitive cAMP agonist, 20 pM) did not significantly alter the effect
(Fig. 3C). Likewise, 9CP-Ade (adeng 4}71 cyclase inhibitor, 30 pM)
reduced the effect of MeHg on Ca~" spike frequency, whereas
forskolin (adenylyl cyclase stimulator, 30 pM) did not significantly
alter the effect (Fig. 3C). In the case of IGF1 signaling, IGF1 at
concentratrons between 10-200 ng/mL eliminated the effect of
MeHg on Ca** spike frequency in a dose-dependent manner (Fig.
3C). Picropodophyllin (PPP, a specific IGF1 receptor 1nh1b1t0r
10 nM) alone did not alter the effects of MeHg on Ca®* spike
frequency, but it completely blocked the effect of IGF1 on MeHg-
induced reduction of Ca®* spike frequency (Fig. 3C).

Next, we determrned whether the reduced inhibitory effect of
MeHg on Ca** spike frequency produced by rnanlpulatlng Ca?*
cAMP, and IGF1 signaling results in the reduction in the 1n-
hibitory effect of MeHg on granule cell migration. First, caffeine
and NMDA markedly reduced the inhibitory effects of MeHg on
the speed of migration (Fig. 3D). In contrast, nicotine had little
effect on the effects of MeHg on migration (Fig. 3D). Second,
Rp-cAMPS reduced the inhibitory effect of MeHg on the speed
of migration, whereas Sp-cAMPS did not significantly alter the
effect (Fig. 3D). Similarly, 9CP-Ade reduced the effect of MeHg
on the speed of migration, and forskolin enhanced the effect
(Fig. 3D). Third, IGF1 completely reversed the inhibitory effect
of MeHg on the speed of migration (Fig. 3D). The effects of
IGF1 on MeHg-induced deceleration of migration were elimi-
nated by PPP, but PPP alone did not significantly alter the effects
of MeHg on migration (Fig. 3D). These results indicate that
reducing the inhibitory effect of MeHg on Ca®* spike frequency
reduces the inhibitory effect of MeHg on granule cell migration,
suggesting that alterations in Ca** spike frequency play crucial
roles in the effects of MeHg on granule cell migration.

Inhibition of Granule Cell Translocation by MeHg Is Ameliorated by
Manipulating Ca?*, cAMP, and IGF1 Slgnalmg The present in vitro
studies have indicated that manipulating Ca**, cAMP, and cGMP
signaling pathways might reduce the 1nh1b1t0ry effects of MeHg
on granule cell translocation in the developing cerebellum. To
test this possibility, we i.p. injected four different doses (0.5, 1.0,
3.0, and 5.0 pg/g bw) of MeHg into mouse pups for two con-
secutive days (P8-P9). Immediately after injection of MeHg, the
pups were also injected with caffeine (2 pg/g bw), Rp-cAMPS
(0.4 pg/g bw), 9CP-Ade (0.4 pg/g bw), or IGF1 (5 pL, 100 ng/mL)
into the subarachnoid space between the skull and the surface of
the cerebellum for two consecutive days (P8-P9). At P8, we i.p.
injected BrdU (50 pg/g bw) into all pups. Analysis of the distri-
bution of BrdU-labeled cells revealed that at all levels of MeHg
exposure, caffeine, Rp-cAMPS, or IGF1 reduced the inhibitory
effect of MeHg on the number of BrdU-labeled cells in the ML,
PCL, and IGL of P10 mouse cerebella, whereas 9CP-Ade did not
significantly alter the effects (Fig. 4A—D) These results suggest
that manipulating Ca®>*, cAMP, and IGF-1 signaling pathways
mitigates the inhibitory ‘effects of MeHg on granule cell trans-
location in early postnatal mouse cerebella.

Manipulating Ca?*, cAMP, and IGF1 Signaling Reduces the Effects of
MeHg on the Speed of Granule Cell Migration in Vivo. The next
question we addressed was whether manipulating Ca**, cAMP,
and cGMP signaling changes the effects of MeHg on the speed
of granule cell migration in the developing cerebellum. Using
a newly developed in vivo live-imaging system for cell migration,
we monitored the effect of MeHg on the speed of granule cell
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Fig. 4. Reduction of the inhibitory effects of MeHg on granule cell trans-
location in P10 mouse cerebella by caffeine, Rp-cAMPS, 9CP-Ade, and IGF1.
(A-D) Histograms showing the reduction of the effects of MeHg (0.5 pg/g bw
in A, 1.0 ug/g bw in B, 3.0 pg/g bw in C, and 5.0 pg/g bw in D) on the number
of BrdU-labeled cells in the ML, PCL, and IGL by caffeine (2 pg/g bw), Rp-
cAMPS (0.4 pg/g bw), 9CP-Ade (0.4 pg/g bw), or IGF1(5 pL, 100 ng/mL). Each
column represents the average value obtained from at least 10,000 cells.
Bars represent SD.

migration in the mouse cerebellum in a real-time manner. A
small amount of 1,1’-dioctadecyl-3,3,3’,3" tetramethylindocarbo-
cyanine perchlorate (Dil) solution was injected into the EGL of
lobules V, VI, and VII of P10 mouse cerebella (Fig. 54). Two
hours after injection, we observed the migration of Dil-labeled
granule cells in the EGL using confocal microscopy (Fig. 5 B and
(). Time-lapse recordings of cell movement revealed that the
injection of MeHg (10 pL, 20 pM) into the dorsal surface of the
cerebellum slowed the tangential migration of Dil-labeled
granule cell in the EGL (Fig. 5 D-F). Importantly, when caffeine
(2 pg/g bw) and MeHg (10 pL, 20 pM) were simultaneously
injected into the dorsal surface of the cerebellum, the inhibitory
effects of MeHg on the speed of granule cell migration in the
EGL were markedly ameliorated (Fig. 5 G-J). Likewise, the in-
jection of Rp-cAMPS (0.4 pg/g bw), 9CP-Ade (0.4 pg/g bw), or
IGF1 (5 pL, 100 ng/mL) into the dorsal surface of the cerebellum
noticeably reduced the inhibitory effect of MeHg (10 pL, 20 uM)
on the speed of granule cell migration in the EGL (Fig. 5J).
These results suggest that MeHg-induced deceleration of granule
cell migration in the developlng cerebellum can be ameliorated
by manipulating Ca>*, cAMP, and IGF1 signaling.

Discussion

In this study, we examined the effects of MeHg on the migration of
cerebellar granule cells, because pathological examination of the
brains of FMD patients suggests that MeHg impairs neuronal cell
migration (9, 10). The present study indicates that MeHg 1nh1b1ts
granule cell migration by reducrng the frequency of somal Ca?*
spikes through alterations in Ca®>*, cAMP, and IGF1 signaling.
In this study, exposure to >0.5 pg/g bw MeHg at P6-P9 resulted
in inhibition of granule cell translocation in P10 mouse cerebella.
It has been reported that the total Hg in the brains of MeHg ex-
posed patients in the Minamata Bay area in Japan was 10-15 pg/g
(7), and that the application of 10 pg/g bw per day MeHg during
early postnatal periods results in increases in total Hg levels to
20 pg/g in rat brains at P10 (37). The levels of MeHg (0.01-5.0 pug/g
bw per day) used in this in vivo study may be considered to be
within low to middle levels for MeHg poisoning, but may be higher
than those estimated from the ingestion or inhalation of MeHg,
which occurs during normal daily life (38). The half-life of excre-
tion of MeHg is ~70 d in humans and ~8 d in mice (39). After
demethylation of MeHg takes place in the brain, inorganic
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Fig. 5. Reduction of the inhibitory effects of MeHg on the speed of granule
cell migration in vivo by caffeine, Rp-cAMPS, 9CP-Ade, and IGF1. (A and B)
Procedure for Dil injection into the EGL of the cerebellum (A) and moni-
toring granule cell migration in vivo using confocal microscopy (B). (C)
Photograph showing the dorsal surface of a P10 mouse cerebellum. (Scale
bar: 1,100 pm.) (D) Time-lapse images showing that MeHg (10 pL, 20 uM)
slowed the tangential migration of a Dil-labeled granule cell in the EGL of
the P10 mouse cerebellum. In D and G, asterisks and arrowheads mark the
granule cell somata and the tip of the leading processes. Elapsed time (in
min) is indicated on the bottom-left corner of each photograph. (Scale bars:
D, 15 um; G, 16 um). (E and F) Sequential changes in (E) the distance traveled
during each 30 min interval and (F) the total distance traveled by the
granule cell shown in D were plotted as a function of elapsed time before
and after the application of MeHg (10 uL, 20 pM). (G) Time-lapse images
showing that caffeine (2 pg/g bw) reduces the effects of MeHg (10 pL, 20 pM)
on the speed of granule cell migration in the EGL of the P10 mouse cere-
bellum. (H and /) Sequential changes in (H) the distance traveled during each
30 min interval and (/) the total distance traveled by the granule cell shown
in G were plotted as a function of elapsed time before and after the ap-
plication of MeHg (10 pL, 20 pM) and caffeine (2 pg/g bw). (J) Reduction of
the effects of MeHg (10 puL, 20 uM) on the speed of granule cell migration in
the EGL of P10 mouse cerebella by caffeine (2 pg/g bw), Rp-cAMPS (0.4 pg/g
bw), 9CP-Ade (0.4 pg/g bw), and IGF1 (5 pL, 100 ng/mL). Each column rep-
resents the average values obtained from at least 40 migrating cells. Bars
represent SD.

mercury has a very long half-life (39). The present results may
provide a template for estimating the effects of MeHg on neuronal
cell migration in the developing brain. Because the excretion of
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mercury (specifically, inorganic mercury) is very slow, it is rea-
sonable to speculate that chronic exposure to MeHg during
a prolonged period of fetal and postnatal development results in
deficits in granule cell migration even at considerably lower doses.
The lowest chronic exposure of MeHg needed to produce adverse
effects on neuronal cell migration is still unknown.

The present study indicates that Ca?* spike frequency is one
of the prrmary targets of MeHg- 1nduced 1nh1b1t10n of granule cell
migration. Ca** spikes (or transient Ca** elevations) are known
to play an essential role in maintaining the movement of cells
ranging from ﬁbroblasts to immature neurons (30, 31, 40) The
inhibition of Ca* spikes by buffering of intracellular Ca levels
reduces or inhibits cell movement (41). There are several pos-
sible explanations for how MeHg causes the inhibition of granule
cell migration through reducrng Ca?* spike frequency. First,
it has been reported that Ca®* spikes play a critical role in or-
ganizing the assembly and disassembly of cytoskeletal compo-
nents, which 1s essential for cell movement (42). Therefore,
changes in Ca®* spike frequency by MeHg may inhibit granule
cell migration by disrupting the assembly and dlsassembly of
cytoskeletal components. Second, the inhibition of Ca>" spikes
by MeHg may interfere in the formation of focal adhesion by
altering the activity of phosphorylated focal adhesion kinase,
leading to the impairment of granule cell adhesion to the sur-
rounding tissues. Third, it has been shown that at their final
phase of m1gratron in the absence of external signals, granule
cells reduce Ca** spike frequency and stop the recurrence of Ca**
spikes immediately before termination of movement (31). These
results suggest that MeHg may turn on an internal switch, which
is respons1ble for the termination of granule cell migration, by
reducing Ca** spike frequency.

The cellular mechanisms by which MeHg reduces Ca®* spike
frequency may be complex. MeHg may smultaneously alter
multiple upstream- and downstream-targets of Ca”* signaling,
including the activity of voltage-dependent Ca?* channels and
internal Ca** stores (20 29). Furthermore MeHg may alter the
expression levels of Ca** channels and Ca** signaling molecules.
It has been shown that MeHg alters the ontogeny of s yecrﬁc
isoforms of protein kinase C (downstream target of Ca™* sig-
naling) and its regional activity (43). At present, we cannot rule
out the role of other ions and ion channels in the MeHg-induced
reduction of Ca®* spike frequenc1es because it has been shown
that MeHg affects the activity of Na K*, and Cl~ channels (21,
44, 45), which are able to alter Ca** srgnahng We also cannot
exclude the possibility that changes in steady-state Ca®" levels
play a role in MeHg 1nduced inhibition of granule cell migration
through altering Ca®* spike frequency.

MeHg exposure affects the growth of the liver (39), which is
the primary organ for the production of IGF1 (46). It may be
possible that MeHg inhibits granule cell migration by decreasing
endogenous IGF1 levels through the inhibition of liver growth.
The relationship between MeHg exposure, IGF1 levels in the
brain, and IGF1 production in the liver needs to be examined in
the future. IGF1 receptors exist at the cell surface as homo-
dimers composed of two identical o/f-monomers or as hetero-
dimers composed of two different receptor monomers (46). To
date, little is known about which type of IGF1 receptors are
expressed in migrating granule cells.

The present study demonstrates that deficits in granule cell
migration produced by short periods of MeHg exposure are
rescued by increasing Ca®* spike frequency through the control
of Ca**, cAMP, and IGF1 signaling. Although the question of
whether the manipulation of these signaling pathways also amel-
iorates the adverse effects of chronic MeHg exposure on migra-
tion and differentiation of granule cells remarns to be answered,
the present study sheds light on the role of Ca®* spike frequency
and Ca**, cAMP, and IGF1 signaling in searching for potential
therapeutlc treatments for infants with MeHg intoxication.

Materials and Methods
Details of materials and methods used are presented in S/ Materials and Methods.
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Animal. Early postnatal CD-1 mice (both sexes) were used in this study. All
animal procedures were approved by the Internal Animal Care and Use
Committee of the Cleveland Clinic Foundation and the University of Rouen.

Measurement of Granule Cell Translocation Using BrdU. P8 mice were i.p.
injected with BrdU (50 pug/g bw). At 2 h, 1d, and 2 d after BrdU injection, the
distribution of BrdU-labeled cells was detected by an anti-BrdU monoclonal
antibody (BrdU labeling and Detection Kit I; Boehringer Mannheim).

Observation of Granule Cell Migration in Cerebellar Slices. Cerebella of P10
mice were sectioned into 150-um-thick slices. To label granule cells, slices
were incubated for 4 min in 2 uM CellTracker Green CMFDA (Invitrogen).
Using a confocal microscope, images of CellTracker Green CMFDA-labeled
granule cells were collected for up to 4 h.

Observation of Granule Cell Migration in Microexplant Cultures. Small pieces of
P0-P3 mouse cerebella were placed on 35-mm glass-bottom dishes coated
with poly-L-lysine (100 pg/mL)/laminin (20 pg/mL). Each dish was put in a CO,
incubator. One day after plating, using a confocal microscope, the trans-
mitted images of migrating granule cells at 488 nm were collected.
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Ca?* Measurement in Migrating Granule Cells. One day after plating small
pieces of PO-P3 mouse cerebella, granule cells were incubated for 30 min with
1 pM Oregon Green 488 BAPTA-1 (Invitrogen). Using a confocal microscope,
granule cells loaded with Oregon Green 488 BAPTA-1 were illuminated with
a 488-nm light, and fluorescence images at 530 + 15 nm were collected.

Real-Time Observation of Granule Cell Migration in Vivo. At P10, deep anes-
thesia was induced by i.p. injection of urethane (1 pg/g bw). A small volume
of Dil solution was injected into the EGL of the cerebellum. Two hours after
Dil injection, the mice were transferred to the stage of a confocal micro-
scope, and images of Dil-labeled granule cells in the EGL were collected.

Detection of Apoptotic Cell Death. The apoptotic cell death was determined
by TUNEL assay kit (Roche Diagnostics).

Statistical Analysis. Statistical comparisons were made using the Student
t test.
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