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Non-standard abbreviations:

ACSF- artificial cerebrospinal fluid 

CGC- cerebellar granule cell

EGL- external granule cell layer

ethD-1 ethidium homodimer-1

GABA- gamma amino butyric acid

GABAAR- GABA A-type receptor

IGL- internal granule cell layer 

Ca2+
i- intracellular Ca2+

MeHg- methylmercury

ML- molecular layer 

NMDA- N-methyl-d-aspartate

NW- no wash

PC- Purkinje cells 

VGCCs- voltage-gated Ca2+ channels 
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ABSTRACT 

Methylmercury (MeHg) disrupts cerebellar function, especially during development.  Cerebellar

granule cell (CGC) cells, which are particularly susceptible to MeHg, but by unknown

mechanisms, migrate during this process. Transient changes in intracellular Ca2+ (Ca2+
i) are

crucial to proper migration, and MeHg is well known to disrupt CGC Ca2+
i regulation. Acutely

prepared slices of neonatal rat cerebellum, in conjunction with confocal microscopy and fluo-4

epifluorescence were used to track changes induced by MeHg in CGC Ca2+
i regulation in the

external (EGL) and internal granule cell layers (IGL) as well as the molecular layer (ML). 

MeHg caused no cytotoxicity, but did cause a time-dependent increase in fluo-4 fluorescence

that depended on the stage of granule cell development.  CGCs in the EGL were most

susceptible to MeHg-induced increases in fluo-4 fluorescence.  MeHg increased fluorescence in

CGC processes, but only diffusely; Purkinje cells rarely fluoresced in these slices. Neither

muscimol nor bicuculline alone altered baseline fluo-4 fluorescence in any CGC layer, but each

delayed the onset and reduced the magnitude of effect of MeHg on fluo-4 fluorescence in the

EGL and ML.  In the IGL, both muscimol and bicuculline delayed the onset of MeHg-induced

increases in fluo-4 fluorescence, but didn’t affect fluorescence magnitude.  Thus acute exposure

to MeHg causes developmental stage-dependent increases in Ca2+
i in CGCs.  Effects are most

prominent in CGCs during development, or early stages of migration. GABAA receptors

participate in an as yet unclear manner to MeHg-induced Ca2+
i dysregulation of CGCs.
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 INTRODUCTION

Methylmercury (MeHg) is a widespread environmental neurotoxicant known to affect the

cerebellum (Hunter and Russell, 1954, Takeuchi et al., 1962, Bakir et al., 1973). MeHg is

especially toxic to cerebellar granule cells (CGCs), the smallest and most numerous neurons in

the brain. CGCs die following both chronic and acute MeHg poisoning, whereas a higher

percentage of neighboring Purkinje cells (PCs) survive, despite accumulating more MeHg than

do CGCs (Hunter and Russell, 1954, Sakamoto et al., 1998, Edwards et al., 2005, Yuan and

Atchison, 2007).

The developing cerebellum is especially sensitive to neurotoxicity induced by MeHg.

Dysmorphogenesis, with loss of the characteristic “layering” of the cerebellar cortex occurs

following in utero exposure of humans to MeHg (Philbert et al., 2000, for review). Cerebellar

architecture is critically dependent upon migration of CGCs and synaptogenesis.  CGCs undergo

a highly regimented and organized migration pattern in which their precursors divide and

migrate from the external granule cell layer (EGL) along the processes of Bergmann glia,

through the maturing PC dendrites in the molecular layer (ML) and mature in the internal

granule layer (IGL) (Komuro and Rakic, 1998). They undergo distinct patterns of migration

through the layers.  Initially migration is tangential to the EGL, then radial through the ML and

finally into the IGL (Komuro and Rakic, 1998). Human fetuses exposed to MeHg during CGC

migration show the greatest susceptibility to toxicity (Amin-Zaki et al., 1974). Rats and mice are

also susceptible to MeHg during a postnatal period of CGC migration, suggesting it is not the

time before or after birth that determines susceptibility, but rather some mechanism involved in

neuronal migration and survival (Rice and Barone, 2000, Sakamoto et al., 2004).

CGC migration has been studied extensively in isolated acutely prepared slices (Komuro
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and Rakic, 1995), as well as organotypic slice culture (Komuro and Rakic, 1995, Kunimoto and

Suzuki, 1997, Mancini and Atchison, 2007). CGC migration depends on transient increases in

intracellular calcium concentration ([Ca2+]i) (Komuro and Rakic, 1998; Komuro and Kamada,

2005), which, in turn, are modulated by N-type (Cav2.2) voltage-gated Ca2+ channels (VGCCs)

(Komuro and Rakic, 1992), N-methyl-d-aspartate (NMDA) receptors (Komuro and Rakic,

1993), and intracellular signaling pathways (Komuro and Rakic, 1995; Komuro et al., 2015).

When those transient changes in [Ca2+]i are disrupted, migration ceases (Kumada and Komuro,

2004).  Thus interrupting the frequency, or timing of these [Ca2+]i pulses would be expected to

interrupt CGC migration, thereby impairing the ultimate development of cerebellar cortex

layering.

One recurring observation of effects of MeHg on CGCs is that it disrupts regulation of

[Ca2+]i (Marty and Atchison, 1997; 1998; Limke and Atchison, 2002; Limke et al., 2003; 2004,

Yuan and Atchison, 2007). In cerebellar slices from mature rats, acute exposure to MeHg

increases fluo-4 fluorescence and simultaneously stimulates, then inhibits release of both

glutamate and GABA (Yuan and Atchison, 2007).  In addition to  its ability to interact with

GABAARs, MeHg also interacts with several types of VGCC, including Cav2.2 (Shafer and

Atchison, 1991, Sirois and Atchison, 2000, Peng et al., 2002, Hajela et al., 2003).  The lasting

effects of MeHg on CGC [Ca2+]i result from complex interactions with both intracellular Ca2+

pools in the smooth endoplasmic reticulum and mitochondria, as well as with these voltage-

gated Ca2+ channels.  Each of these sources of [Ca2+]i are vital to CGC migration.  Thus

disruption of their normal function could have dire consequences for establishing and sustaining

the pulses of [Ca2+]i shown to be essential for proper migration of CGCs.  Continuous MeHg

treatment delays CGC migration in all layers, suggesting that disruption of Ca2+ oscillations

occurs (Mancini et al., 2010).

6
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Among the pathways that control activation of Cav2.2 channels in developing CGCs,

GABAARs play an underappreciated role.  Whereas in mature CGCs, GABAARs are inhibitory,

their activation in immature CGCs leads to Cl- efflux, and thus inward current (Owens et

al.,1996), thereby depolarizing the CGC membrane (Takayama and Inoue, 2004a,b).  This

occurs due to the altered expression of the cation transporters KCC1 and NKCC1, which are

abundantly expressed in immature neurons, whereas KCC2 is not (Mikawa et al., 2002; Yamada

et al., 2004; Takayama and Inoue, 2006). The resulting shift in Cl- gradient results in a

GABAAR-mediated depolarization which could rapidly activate proximal, voltage-gated

channels.

The pattern of GABAAR subunit expression also differs markedly between migrating and

post-migratory CGCs (Takayama and Inoue, 2004a,b). This is especially true for the α subunit

which contains the ligand binding sites, and markedly influences both the GABA sensitivity as

well as the kinetic properties of the receptor. Mature CGCs express a myriad of GABAAR

subunits including the α1, α6, several β subunits, both long and short splice variants of γ3, and

most uniquely, the δ subunit (Laurie et al., 1992).  Conversely, in the migrating and

premigratory state CGCs express the α2 subunit (Takayama and Inoue, 2004a,b). MeHg has

complex interactions with CGC GABAARs. In mature CGCs in slice it initially increases

GABAAR current before ultimately blocking current flow (Yuan and Atchison, 2007). In

neonatal granule cells in culture, MeHg at low concentrations causes a time-dependent block of

GABA-mediated current (Herden et al., 2008). However the effects of MeHg on GABAARs in

migrating, immature neurons have yet to be described.

We sought to test the hypothesis that CGCs at different stages of development react

differentially to MeHg by investigating the acute actions of MeHg on developing CGCs. Slices

7

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 29, 2015 as DOI: 10.1124/jpet.115.226761

 at A
SPE

T
 Journals on D

ecem
ber 24, 2024

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


of brain maintained in oxygenated artificial cerebrospinal fluid (ACSF) permit rapid and

controlled treatment of cells with toxicant, while retaining much of their structure and function.

Because CGCs at different stages of development appear to have differential sensitivities to

MeHg, we sought to determine if there is a difference in response of [Ca2+]i to acutely applied

MeHg. We used the fluorescent indicator fluo4, which labels free divalent cations, to indicate

relative changes in [Ca2+]i. In addition, we tested for the contribution of GABAARs using the

non-specific GABAAR agonist and antagonist muscimol and bicuculline, respectively.

8
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MATERIALS AND METHODS

Chemicals and solutions

Methylmercuric (II) chloride was obtained from Aldrich Chemical (Milwaukee, WI).

Fluo4 (NW, no wash), ethidium homodimer-1 (ethD-1) and probenecid were obtained from

Invitrogen Molecular Probes (Eugene, OR). Muscimol hydrobromide and bicuculline

methobromide were obtained from Sigma Chemical Co. (St. Louis, MO).

Tissue dissections were carried out in a solution containing (in mM): 222.5, sucrose; 2.5,

KCl; 4, MgCl2; 1.25, KH2PO4; 26, NaHCO3; 1, CaCl2; and 25, D-glucose (pH 7.3-7.5 when

oxygenated) at room temperature of 23-25 °C. These low [Na+], low [Ca2+], high [Mg2+] slicing

solutions were used to reduce cellular damage during slicing. Slices were kept in this solution for

no longer than 15 min. Further incubations were performed in ACSF containing (in mM): 125,

NaCl; 2.5, KCl; 1, MgCl2; 1.25, KH2PO4; 26, NaHCO3; 2, CaCl2; and 20, D-glucose (pH 7.3-7.5

when oxygenated). ACSF was supplemented with MeHg from a 10 mM stock solution in

double-distilled water for treatments. All working solutions were prepared within 48 h of use and

oxygenated with 95/5% O2/CO2 at room temperature during treatments. 2X stock of fluo4 was

prepared according to the supplier’s instructions and diluted to a final concentration of 4 μM in

ACSF supplemented with 2.5 μM probenecid to facilitate fluorophore loading (Mehlin et al.,

2003). Stock solutions of 100 mM muscimol and 10 mM bicuculline were prepared in double-

distilled water and stored at -20°C until use. Choice of concentrations of bicuculline and

muscimol was based on previous electrophysiological experiments involving bath application of

100 μM or 10 μM bicuculline in hippocampal or cerebellar slices (Yuan and Atchison 1997,

2003), and optimizations showing a temporary increase in [Ca2+]i from bath application of 100

μM muscimol in slices (Results not shown).
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Acute slice preparation

All animal procedures are in accordance with NIH guidelines for experimental animal

use and were approved by the Michigan State University Institutional Animal Care and Use

Committee. Timed-pregnant, female Sprague-Dawley rats were obtained from Charles River

Laboratories (Cambridge, MA). Pregnant and nursing dams were fed high-fat diets (Purina 7024,

Land O Lakes Purina, Richmond, IN) to improve litter size. All rats were given doubly-distilled

water to drink ad libitum. 

Male and female rat pups (M=24, F=14, postnatal days 8-12) were euthanized by rapid

decapitation. Their brains were rapidly removed. Cerebella were maintained in ice-cold,

oxygenated solution during slicing. Sagittal slices 250 μm thick were cut using a Leica VT100S

vibratome (Leica Microsystems Inc., Bannockburn, IL). After slicing, slices were incubated in

oxygenated ACSF at room temperature for 1 h.

Incubations in ACSF alone were followed by incubations in fluorophores in ACSF, either

for cytotoxicity assays or for time course studies. A live/dead assay consisting of fluo4/ethD-1

was used to determine if the concentrations of MeHg used in time course studies were lethal to

cells in slices during the imaging period. Slices were incubated in ACSF with 1X fluo4 and 4

μM ethD-1 for 2 h (post-incubation control), for 3 h (+1 h ACSF) or for 3 h supplemented with

20 μM MeHg during the final h (+1 h MeHg). Due to time-constraints in imaging, these were not

matched to the 40 min MeHg treatments of the time courses, but were kept to 60 min treatment

and the highest concentration used in time course assays, 20 μM MeHg, to represent the

maximal treatment tested. All other treatments incubated slices in ACSF with 1X fluo4 from 2-8

h as needed. In some cases, multiple slices from the same animal were used on a treatment day,

but no slices from individual animals or animals in the same litter were given the same

treatment.
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Confocal Microscopy

For each treatment, a cerebellar slice was removed from fluorophore incubation and

anchored in a microscope perfusion chamber with gravity-fed oxygenated ACSF flowing at 2-3

ml/min at room temperature, 23-25°C. Slices were visualized under 10X and 40X water

immersion objectives (NA 0.3 and 0.8, respectively) fitted to an upright Leica TSL confocal

scanning microscope (Leica Microsystems Inc., Bannockburn, IL). Magnified regions of the

slices were examined using an argon laser at 488 nm excitation. To reduce the incidence of

photobleaching, laser power was set at less than 30% of maximum. To maximize the number of

cells available for analysis, 40X magnified regions were chosen that contained fluorescent cells

in all cerebellar layers, based on initial visualization at 10X magnification.

Slices incubated for the cytotoxicity assays were sequentially scanned for fluo4 and ethD-1.

Imaging was performed at 488 and 543 nm laser excitation with emission filters for fluo4 (500-

535 nm) and ethD-1 (556-700 nm). For single-label experiments, a wider fluo4 emission could

be sampled, so an emission filter of 500-700 nm was used. Imaging parameters for both

fluorophores were scaled manually to the maximum and minimum saturation limits for pixel

values before taking scans. Images were taken at a 512x512 pixel resolution representing a (300

μm)2 field of view. The full thickness of each post-incubation slice, typically 100-160 μm, was

scanned as a Z-series of images representing an image stack. Between-image depth was set at 3-

5 μm to decrease imaging time and minimize photobleaching while still taking multiple images

of each cell. Imaging of cytotoxicity assays included two regions of each slice, taken at 10X and

40X magnification. For time course experiments, one region of the slice was selected. To

maintain visualization of the same cells through the experiment, framing of the image was

manually reset between time points. 
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Several concentrations of MeHg were tested for effects on [Ca2+]i. In these time course

treatments, two pretreatment time points (-10 and -5 min) established a baseline fluo4 signal,

followed by 40 min of continuous perfusion with a single concentration of either 1, 5, 10 or 20

μM MeHg starting at 0 min. These concentrations are higher than those used for isolated cells in

culture (Herden et al., 2008) due to greater extent of non-specific binding of MeHg in tissue.

They fall between 1 μM MeHg concentrations shown to allow cell survival and migration in rat

cerebellar slice culture for several days (Mancini et al., 2010) and blood concentrations

calculated in acute human exposures in Iraq, up to 19.5 μM (Bakir et al., 1973). Untreated

control slices were used to monitor photobleaching with no MeHg treatment over the same time

period. For all treatments, image stacks were collected every 5 min.

GABAAR function and divalent cation regulation was compared in the presence and

absence of MeHg using muscimol and bicuculline, a nonspecific GABAAR agonist and

antagonist, respectively. As in treatments with MeHg alone, images were collected at two

pretreatment points, -10 and -5 min, and images were collected every 5 min thereafter for 40

min. For combination treatments, continuous perfusion with 20 μM MeHg started at t=0 min and

slices were treated with four 60 sec pulses of either 100 μM muscimol or 10 μM bicuculline in

ACSF. These treatments repeated addition of the same agent 30 sec before the 10, 20, 30 and 40

min time points to allow the perfusate to reach the slice in time for imaging. Bicuculline and

muscimol controls were performed in which these agents were pulsed in the absence of MeHg.

The 20 μM concentration of MeHg was used in combination treatments to allow for treatment

comparison to an increase in [Ca2+]i in all layers.

Image Analysis and Statistics 

Cytotoxicity assay images were processed using Leica Confocal Software Lite (ver. 2.61,

Leica Microsystems Heidelberg, GmbH). Histological layers were visualized and categorized
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into EGL, ML or IGL based on fluo4 staining of CGCs (Fig. 1A). CGCs were identified as

spherical cells up to 10 μm in diameter. The EGL, 10 to 30 μm thick, extended from the pial

edges of the slice to the origin of dendritic processes (Figs. 1, 2). The ML, 60 to 80 μm thick,

contained diffuse fluo4-stained PC dendrites and linear glial processes. CGCs located along the

EGL/ML margin were considered EGL cells. A single layer of PCs divides the ML and IGL, but

since PCs in this treatment do not typically appear to fluoresce with fluo4 treatment, the ML/IGL

boundary was defined as the end of dendrite staining and the start of densely-packed fluorescent

cells. Cells falling on the ML/IGL boundary were excluded from analysis because Purkinje cell

processes and other fluorescent processes frequently overlapped with CGCs there. The IGL

extended 60 to 80 μm from this line before an observable drop in fluo4 staining occurred,

consistent with the edge of cerebellar white matter.

For cytotoxicity assays, regions of interest were delineated around each visible layer in

40X magnification image stacks, divided by visible boundaries denoted above (Fig 1).

Histograms were taken for each layer region of interest, with the threshold for positive staining

set at 10% of maximum pixel intensity. From each histogram, the sum of all pixels positive for

ethD-1 was divided by the layer’s total pixel area to produce ethD-1 pixel intensities, expressed

as a percent. Each layer’s pixel intensities from two 40X image stacks per slice were averaged to

produce mean pixel intensities per animal, and then averaged per treatment. With only one

confocal platform to image slices, the +1 h MeHg-treated slices and the +1 h ACSF-treated

slices had to come from different animals, so an n of 1 represents all treatments from the same

litter.

For time courses, image stacks were processed using ImageJ (Rasband, 2011,

imagej.nih.gov/ij/). Background was subtracted from each image using the “Subtract
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Background Tool” with a 50 pixel rolling-ball radius. Resulting images were divided into time

points and projected to two dimensional images by summing the pixels in the z-dimension.

These summed image series were aligned over time using the “StackReg” plugin (Thévenaz et

al., 1998) and cropped to eliminate unused space, typically removing 10-12 pixels in each

dimension. CGCs were chosen from all three layers, using the “elliptical brush tool” to select

approximately 10 μm circles around distinguishable CGCs. Mean pixel intensities (Ft) from

these CGCs as circular regions of interest were collected using the “Multi Measure” plugin

(Rasband et al., 2006). Cells were classified into two categories. Cells that visibly lysed, visibly

detached from the tissue, or lost fluo4 fluorescence between time points and did not recover

were tallied as extinguished, as they either lost cell membrane integrity or detached from the

tissue between time points. Significant fluorescence loss typical for extinguishing events was

determined by finding negative change in fluorescence between time points (ΔF) significantly

greater than the mean change of the cells in the same layer (P<0.05). Typical extinguishing

events displayed >10% fluorescence loss, and were checked visually in the original images

before discarding. All non-extinguishing mean pixel intensities were tracked for the time course.

Pixel intensities were normalized to the average of two pretreatment intensities (F/F0). Cell

density (cells/(100 μm)2) was determined from total cell counts, live and extinguished, corrected

for layer areas using additional polygonal regions of interest in ImageJ. Tallies for extinguished

cells were compared to total cells counted in each layer.

For cytotoxicity assays, cell densities and extinguished cell counts, paired mean comparisons

were made in GraphPad Prism (v4.03, GraphPad Software, Inc., La Jolla, CA). For Ca2+ time

course experiments, overall effects and interactions were determined using IBM SPSS Statistics

(SPSS) (IBM, Somers, NY). Assays were analyzed using repeated measures ANOVA with

layers and time as within-subjects factors (Steel and Torrie, 1960). Because of different numbers
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of replicates in different groups (n=3 to 6), adjusted means were used for statistical comparisons.

No treatment group included sufficient separate replicates of males and females to compare the

two groups. Additionally, each treatment group was assessed separately for significant changes

in F/F0 over time and between layers. Post-hoc comparisons were made in SPSS for time and

layer comparisons and GraphPad Prism for treatment comparisons. Bonferroni corrections were

used for multiple treatment comparisons. All effects, interactions and comparisons were

considered significant for P<0.05.
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RESULTS

Visualization of layers and cytotoxicity

Fluo4 labeled mainly small (5-10 μm diameter), round somata matching the size and

shape of CGCs (Fig. 1, 2). Larger cells were not typically labeled visibly with fluo4, similar to

what was seen previously (Yuan and Atchison, 2007). Some processes were visible and were

used to delineate boundaries of the ML (Fig. 1A). These processes include linear structures

consistent with Bergmann glia and branching structures consistent with PC dendrites.

Occasionally, cells visible at the boundary between the IGL and ML reacted fluorescently during

treatment, usually around the addition of MeHg. These cells may be Bergmann glia or other 

interneurons present in this region that can be loaded with application of fluo4 (Hoogland et al.,

2011). They were sufficiently different in shape and size so as not to be confused with CGCs.

Fluo4-labeled CGCs were located in all three layers of the cerebellum. In the EGL, CGCs were

concentrated at the pial surface and inner folds of lobes, but additional CGCs were located at the

boundary between the EGL and ML. Most fluo4-labeled CGCs were situated in the IGL, evenly

distributed throughout the slice thickness (Fig. 1). Comparatively few fluo4-labeled CGCs were

located in the ML.

EthD-1 did not stain any fluo4-labeled cells, indicating that only viable cells accumulated

the Ca2+ indicator fluo4 (Fig. 1A). In the absence of MeHg, EthD-1 intensity was 15.8% in the

IGL, 13.8% in the ML and 16.1% in the EGL at the post-incubation time point matching the start

of time course imaging, so ethidium staining was similar in all three layers (Fig. 1B). This

presumably reflects cell damage due to slicing and the incubation process. Slices imaged after

one additional h of untreated incubation, corresponding to the end of a time course treatment,

were not different in ethD-1 mean pixel intensity, indicating there is not a significant change in

slice viability within the time frame used. In slices incubated for 3 h in fluorophore plus 20 μM
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MeHg for 1 h, roughly corresponding to slices incubated in MeHg for a time course series, there

was an increase in ethD-1 staining in the EGL when compared to untreated slices after 3 h of

incubation, but it was not different from ethD-1 staining with one additional h of fluorophore

incubation. Thus MeHg appears to exacerbate cell death induced by slicing in the EGL, but does

not increase the incidence of cell death over slicing alone for the short incubation times used in

these experiments.

Acute MeHg slice treatment

Relative pixel fluo4 fluorescence intensity (F/F0), a measure of changes to [Ca2+]i, was

unaltered over 40 min in slices in the absence MeHg treatment. Changes in mean F/F0 in cells

did not exceed 5% between any two consecutive time points. Thus, none of the observed effects

were due to photobleaching of fluo4 during confocal imaging (Figs. 2, 3). 

Effects of MeHg on [Ca2+]i in CGCs were dependent upon concentration and differed by

histological layer. In all treatments with MeHg, the greatest effect on fluorescence occurred in

the EGL, and decreased in magnitude in the deeper layers (Fig. 4). In slices treated with MeHg,

all regions appeared to increase in fluorescence over the treatment period, including the

processes distributed through the ML (Fig. 2).

After a 40 min exposure to 20 μM MeHg, fluo4 F/F0 was significantly increased in CGCs

in all three layers, with a significantly larger effect in the EGL compared to deeper laminae

(Figs. 2, 3). This MeHg concentration increased mean F/F0 up to 263% of baseline in the EGL,

186% in the ML and 173% in the IGL.  At 10 μM MeHg, CGC F/F0 increased to 192% baseline

in the EGL, 142% in the ML and 164% in the IGL. In the EGL and ML, 20 μM MeHg increased

F/F0 significantly more than 10 μM MeHg. Perfusion with 1 or 5 μM MeHg produced no

increases in F/F0 compared to untreated control in any layer over this interval of recording. The
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largest changes in fluorescence occurred before the 20 min time point. They included a 43%

increase in fluorescence relative to F0 in the EGL between 10 and 15 min time points when

treated with 20 μM MeHg.

Calculating fluorescent changes relies heavily on the number of cells being tracked, and

it appeared that MeHg treatment increased the number of cells that were visible during

treatment. This was reflected in the density of cells that could be counted in layers. In untreated

slices, 37 ± 2 CGCs per (100 μm)2 were visualized in the IGL over the full course of treatment, 5

± 1 in the ML and 16 ± 2 in the EGL (Fig. 4). Regardless of treatment, cells in the IGL were

more densely distributed than in the other two histological layers. There was an increase in the

density of CGCs visible in slices treated with 10 or 20 μM MeHg, most notably in the EGL,

where visible CGCs increased to a density of 63 ± 7 per (100 μm)2 (Fig. 4). Many of the cells

tracked in these MeHg treatments were not initially visible at pretreatment time points, but could

be tracked due to the registration of images. While increased cell count in MeHg treatments

meant comparative difficulty tracking of CGCs in low and no-MeHg treatments with low

baseline fluorescence, with the careful setup of the slices there were always enough visible

CGCs for tracking in all slices and layers. 

Some CGCs appeared to extinguish fluorescence during 50 min of imaging. Considerable

effort was made to track and exclude these CGCs from the remaining population trend lines, as a

drop in fluorescence in enough cells could diminish the measured effect of increasing

fluorescence. These CGCs lost fluorescence suddenly as compared to other cells in their layer

and such outliers were thus excluded from fluorescence intensity measurements. These outliers

made up 17.7% of total CGCs (Fig. 5), indicating a substantial number of extinguishing cells.

These extinguished cells were occasionally accompanied by visible lysis or detachment from

surrounding tissue, but evidence of these mechanisms is lost between imaging time points for
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most of the extinguished cells. This number matches well with the percentages of dead cells

from the previous cytotoxicity assay, so this percent of cell loss indicates a baseline rate of cell

loss during experiments due to imaging and perfusion of buffer over the slices.

Muscimol and bicuculline treatment with MeHg

Both the muscimol (100 μM) and bicuculline (10 μM) delayed the onset and partially

reduced the magnitude of effect of MeHg on fluo4 fluorescence in CGCs over time (Figs. 6, 9). 

However neither agent prevented the increases caused by MeHg.  Moreover, the effects of

GABAAR modulation were developmental layer-dependent. For example, in the presence of

muscimol, MeHg treatment increased F/F0 up to 208% of baseline in the EGL, 148% of baseline

in the ML and 141% of baseline in the IGL. The magnitudes of these increases were

significantly (p< 0.05) less than those produced by MeHg alone in each layer by the end of

treatment (Fig. 6). Similarly bicuculline pulses combined with MeHg resulted in increases of

F/F0 to 211% of baseline in the EGL, 149% of baseline in the ML, and 157% of baseline in the

IGL; for the EGL and ML, these increases in fluorescence were significantly less than those

caused by MeHg alone (Fig. 6). In the IGL, where MeHg alone was less effective in stimulating

fluo4 fluorescence, bicuculline did not significantly reduce the increase in F/F0 caused by MeHg,

but did delay its onset from 15 to 35 min of MeHg treatment, similar to its effect in other layers. 

Neither muscimol nor bicuculline alone altered fluo4 fluorescence over the duration of

treatments (p > 0.05).

When examining the effects of GABAAR modulation on fluorescence cell density, a

somewhat different pattern was seen. Again, neither agent alone altered the number of cells

which experienced spontaneous fluorescence, but whereas the agonist reduced the fluorescence
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cell density in response to MeHg, bicuculline was ineffective (Figs. 7, 10). Bicuculline did not

change extinguished cell counts from controls (Fig. 8). Furthermore the effects of muscimol on

levels of extinguished cell counts was again layer-dependent, however in this case muscimol was

only effective in quenching the effects of MeHg in the ML and IGL (Fig. 11). 
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DISCUSSION

The present study was designed to begin to examine the relationship between the

developmental stage of CGCs and susceptibility to MeHg-induced dysregulation of intracellular

divalent cation regulation.  Moreover, because GABAARs exhibit both high sensitivity to MeHg

(Yuan et al., 2005; Herden et al., 2008), and developmental stage-dependence (Takayama and

Inoue, 2004a), we examined the prospective role which these crucial receptors might play in the

response to MeHg. The results show that 1) MeHg application triggers rapid and sustained

increases in CGC [Ca2+]i during development, 2) these changes are variable based on the

developmental stage of the CGCs in slices, and 3) the disruption of [Ca2+]i is regulated in part by

activity of GABAARs. The concentrations of MeHg used did not decrease cell viability during

the time of exposure compared to slicing alone, as indicated by the cytotoxicity assay, though the

large increases in [Ca2+]i could affect viability at later time points. These MeHg concentrations

are consistent with those which increase release of both excitatory and inhibitory transmitters in

mature rodent cerebellar slices (Yuan and Atchison, 2003, 2007). Slice culture allowed for

conditions similar to cell culture and a basic concentration/response assessment for this tissue

and treatment. Both 10 and 20 μM MeHg caused intense increases in fluorescence while 5 and 1

μM did not in the time course studied. Importantly, we showed differences in response between

CGCs at different developmental stages of migration. The basic disruption of [Ca2+]i shown here

is consistent with previous measurements showing these increases are an initial mechanism of

MeHg toxicity in CGCs (Marty and Atchison, 1998, Limke et al., 2003, Edwards et al., 2005).

We further showed that modulators of GABAARs are capable of altering increases in [Ca2+]i

rapidly as well, effectively decreasing and delaying the MeHg-induced increases.

Increases in [Ca2+]i are a consistent effect of MeHg, being seen in single neurons in

21

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 29, 2015 as DOI: 10.1124/jpet.115.226761

 at A
SPE

T
 Journals on D

ecem
ber 24, 2024

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


culture (Hare et al., 1993; Marty and Atchison, 1997; Bemis and Seegal, 2000; Limke and

Atchison, 2001; Edwards et al., 2005), acutely exposed cerebellar slices (Yuan and Atchison,

2007), synaptosomes (Denny et al., 1993; Dreiem and Seegal, 2007), and even in mice treated

chronically with MeHg (Johnson et al., 2011).  Moreover, this effect occurs early in exposure,

requiring neither extended exposure, nor high MeHg concentrations, as pharmacokinetic barriers

to MeHg absorption and distribution are negated in vitro.  In these in vitro systems, the kinetic

profile of this Ca2+ response has been studied in considerable detail (Hare et al., 1993; Hare and

Atchison, 1995a,b; Marty and Atchison, 1997; Limke and Atchison, 2001; Limke et al., 2003,

2004; Edwards et al., 2005). It comprises a multiphasic response with temporally distinct phases

which reflect initially release of Ca2+
i from internal stores in mitochondria and endoplasmic

reticulum (Hare et al., 1993; Hare and Atchison, 1995a,; Marty and Atchison, 1997; Limke and

Atchison, 2001; Limke et al., 2003, 2004), and subsequent entry of Ca2+ through pathways

controlled by VGCCs (Hare and Atchison, 1995b; Marty and Atchison, 1997), glutamate

receptors (Ramanathan and Atchison, 2011, Johnson et al., 2011), and cholinergic nicotinic

(unpublished observations) and muscarinic (Limke et al., 2004) receptors.  We now extend that

observation, most importantly to GABAA receptors. 

Effects of MeHg on CGCs during migration can clearly be attenuated by GABAAR

modulation, indicating that the receptor can be affected in any stage of development, and

supporting a role for GABAARs in immediate mechanisms of MeHg toxicity. GABAAR

modulation by either agent does not abolish the effects of MeHg, indicating there are likely other

mechanisms occurring simultaneously. This is not surprising as other effects, such as those on

VGCCs and muscarinic receptors, are also likely to occur rapidly (Sirois and Atchison, 2000;

Limke et al., 2004; Roda et al., 2008). Moreover, muscimol appears to be acting similarly to

bicuculline over the longer time courses, in that both reduce the effect of MeHg on [Ca2+]i.
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Multiple mechanisms could be responsible for a similar action of muscimol and

bicuculline. If both are acting as competitive antagonists to MeHg, then both would appear to

decrease the effect of MeHg, but the two agents act at slightly different sites and the muscimol

site activates even if MeHg is bound (Fonfría et al., 2001). Those binding studies assumed an

incubation with the agents first. In this study MeHg is applied first, so competition might be

different. The reduction in effect by both an agonist and an antagonist could also be due to the

nature of most agonists, in that the initial pulse increases conductance transiently, but is followed

by lingering desensitization, so we only observe the effects of overall antagonism. Whatever the

mechanism, there are a few subtle differences in this study between bicuculline and muscimol.

First, the combination of bicuculline and MeHg was indistinguishable from MeHg alone in

causing changes in visible density of fluorescent cells, whereas the combination with muscimol

decreased this density in the EGL but increased it in the IGL. Second, the combination of MeHg

and muscimol pulses increased cytotoxicity as measured by extinguished cells in this study

where bicuculline did not. If muscimol transiently increases [Ca2+]i that is not detectable by these

imaging parameters, it is possible that it contributes to MeHg cytotoxicity despite lowering the

observed  overall [Ca2+]i in most cells. 

The differences in effectiveness of muscimol and bicuculline as a function of

developmental layer were not sufficiently large as compared to MeHg to suggest that one type of

agent is more effective in one layer than another. As the surface expression of receptor subunits

such as α6, α2, γ and δ changes over development (Beattie and Siegel, 1993; Zheng et al., 2003),

the agents either function similarly regardless of the expression profiles of the CGCs, or specific

reactions are lost in the variability of the populations. It would be possible to treat slices with

more specific GABAAR modulators, such as those targeting the α6 or δ subunit, but the
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variability of the receptors (Nusser et al., 1998) and the population of CGCs would complicate

interpretation of these results.

A tightly regulated amount of free [Ca2+]i, is critical to driving migration and maturation

of CGCs (Komuro and Rakic, 1992, Kumada and Komuro, 2004). As with all neurons, a

sustained increase or inability to buffer [Ca2+]i can lead to activation of cell death pathways,

including caspases, cytoskeletal breakdown and opening of the mitochondrial transition pore

(Fonfría et al., 2002, Limke and Atchison, 2002, Limke et al., 2003, Roda et al., 2008). Critical

cycling of increased [Ca2+]i in CGC migration is another potential susceptibility to MeHg.

Continuous increases in [Ca2+]i from the addition of caffeine or thimerosal, another mercury-

based compound, disrupt migration of CGCs (Kumada and Komuro 2004, Komuro and Kumada

2005). Normal physiological changes in [Ca2+]i, as would be seen using electrophysiological

current recordings are small, transient, and occur too rapidly to be captured by this confocal

microscopy setup. Even a temporary increase in [Ca2+]i could have profound effects on cell

survival.

In these MeHg treatments, the [Ca2+]i levels in CGCs increased dramatically, but [Ca2+]i

in PCs and other cells present in the slices did not label to any significant degree. This difference

in cell body labeling reflects cell susceptibility and underscores the importance of [Ca2+]i in

studying MeHg toxicity. Since the largest [Ca2+]i changes in CGCs for many treatments were at

the end of recording, the concentration may continue to rise and may eventually fall before cell

death, as has been seen in previous studies (Yuan and Atchison, 2007). This may occur even for

those levels of MeHg which did not reach significance in these experiments. Extending the

treatment and monitoring might allow such increases to be seen, but could be complicated by the

slow export of fluo4 or the continued extinguishing of fluorescence by dead or dying cells.

Clinical manifestations of MeHg poisoning and the susceptibility of human fetuses point
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strongly to the migration of CGCs in the cerebellum as being a particularly sensitive target for

MeHg toxicity. We categorized CGCs into those that were still dividing, those that were

migrating and those that had reached their destination based on their location within the

cerebellum. In MeHg treatments, fluorescence changes were distinct in the different layers; the

more mature CGCs in the ML and IGL reacted less to MeHg than did migrating CGCs as

indicated by changes in their F/F0. Regardless of the mechanisms, this indicates that immature

CGCs experience a larger sustained increase in [Ca2+]i as an early exposure event than more

mature cells.

Even if early free Ca2+ is sequestered, lasting disruption of cell signaling is possible.

Precise signaling is particularly important for the migration of CGCs; fewer CGCs reaching their

target layer and maturing means fewer circuits made. The CGC and PC circuit is the major

internal cerebellar neuronal circuit; since many CGCs normally synapse on PCs, their signal can

be integrated over a population of the cells. If the population of CGCs is reduced, there is both a

larger load placed on any individual CGC as well as poorer integration of signal. This can have

lasting consequences long after the initial exposure, including motor coordination and motor

memory deficits related to the overall function of the cerebellum. Since MeHg is persistent in

brain tissue, if it is present in the brain during development it may continue to be toxic beyond

the most susceptible developmental period. 

While some exploration of the mechanisms of acute MeHg toxicity focuses on various

VGCCs or reactive oxygen species production, the results presented here indicate additional

acute effects via GABAARs on [Ca2+]i. An identical pattern of action of bicuculline and

muscimol on migration and Ca2+ regulation has been described for the neocortex (Heck et al.,

2007). Thus the effects seen with the agonist and antagonist in combination with MeHg are not
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unique. GABA is the major inhibitory neurotransmitter in the central nervous system, and has

several roles in cerebellar circuitry, so evidence of the involvement of GABAARs in the toxicity

of MeHg must be taken into account in the study of the toxicant. The results presented here

support initial electrophysiological findings (Yuan and Atchison, 2003, 2007), binding studies

(Corda, et al., 1981, Fonfría, et al., 2001), and other toxicological studies (Basu, et al., 2010) in

indicating a role here for GABAARs and might explain known cellular and developmental

susceptibilities to MeHg. Though this work focuses on only acute effects over less than 1 h of

MeHg treatment, GABAARs respond to stressors with changes in surface expression (Mhatre et

al., 1993; Saliba et al., 2009), indicating that acute effects could trigger longer-term effects as

well. Whether the effects of MeHg on GABAARs are acute or chronic, the sensitive migration

and maturation of CGCs is affected, potentially contributing to the susceptibility of these cells at

a crucial point in development.
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FIGURE LEGENDS

Figure 1. A Representative pseudocolor fluorescent image of an acutely-isolated cerebellar slice

from PND9 rat showing modified fluo4/ethD-1 live/dead cytotoxicity assay, post-incubation

control. Images are from internal folds of the developing cerebellum. Images show maximum

fluo4 and ethD-1 fluorescence values by pixel. Approximate pial surface of an inner fold is

indicated by a white line and other boundaries are indicated by dashed lines. EthD-1 (red), an

indicator of dead cells, and Fluo4AM (green), an indicator of relative intracellular calcium

concentration, do not colocalize. Scale bar represents 30 μm. B Representative image from

separate slice from the same cerebellum after one additional h in ACSF supplemented with 20

μM MeHg. C. EthD-1 mean pixel staining (% pixels ± SEM) comparison of layers post-

incubation in fluo4 and ethD-1 (n=5), with an additional 1 h incubation in ACSF (n=3) or with

an additional 1 h incubation in 20 μM MeHg ACSF (n=3) Abbreviations: EGL, external granule

layer; ML, molecular layer; IGL, internal granule layer.

Figure 2. 40X grayscale examples of cerebellar slices before (-10) and after (40 min) treatment

with MeHg.  Images show projection of maximum fluo4 fluorescence by pixel. A. Fluorescence

does not change over the course of imaging in control slices. B. MeHg increased fluorescence in

all layers, with the signal from many cells saturating the detector. Scale bars are 60 μm in all

images. Surfaces and boundaries are indicated as with Figure 1. White arrows indicate examples

of cells with extinguished fluorescence by the end of treatment.
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Figure 3. Relative fluo4 fluorescence intensity (F/F0) in CGCs by histological layer in slices

from neonatal rat cerebellum exposed to concentrations of MeHg continuously for 30 min.

Control MeHg concentrations did not change fluorescence significantly. Continuous perfusion of

ACSF with 0 μM (B, n=5), 1 μM (?, n=3), 5 μM (>, n=5), 10 μM (—, n=6) or 20 M MeHg (C,

n=4) were compared in A, the EGL, B, the ML, and C, the IGL. Significant differences are

indicated from untreated control (*) and between 20 μM and 10 μM treatments (#) at the same

time point. Intensity values are expressed in arbitrary units (mean ± SEM).

Figure 4. Cell density per (100 μm)2 for CGCs monitored for fluo4 fluorescence intensity, in

each layer (EGL, ML and IGL), for tissue treated with different concentrations of MeHg.

Fluorescent CGCs were more dense in the EGL and IGL layers than in the ML. At higher MeHg

concentrations, fluorescent CGCs in the EGL were more dense than in IGL, but at lower

concentrations, density was higher in the IGL. Within the EGL, fluorescent cell density

increased significantly with greater concentrations of continuous MeHg treatment, non-

overlapping letters are significantly different comparisons (P<0.05) Paired comparisons were

made between each concentration of MeHg by layer. Significantly different pairs within each

layer are indicated by different letters (P<0.05). N for each treatment is the same as in Figure 3.

Figure 5. Fluorescent cell loss “extinguished” counts from slices during treatment with several

concentrations of MeHg over 30 min. Cells extinguished when they lost significant fluo4

fluorescence between time points. Fluo4 fluorescence loss was occasionally associated with

visible lysis of cells, so presumably all fluorescence loss is associated with cell death.
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Comparisons were made between each concentration of MeHg and untreated control, no

comparisons were significantly different (P>0.05).

Figure 6. Effect of bicuculline and MeHg on relative fluo4 fluorescence intensity (F/F0) of

CGCs by histological layer. Untreated controls (B, n=5) and 20 M MeHg alone (C, n=5) are the

same as in Figure 3. Bicuculline pulses (arrows, 10 M) with 20 μM MeHg (#, n=4) were

compared to bicuculline alone (G, n=3) and MeHg alone. Significant difference are indicated

from bicuculline control (*) and from MeHg alone (#) at that time point, P<0.05. Intensity values

are expressed in arbitrary units (mean ± SEM).

Figure 7. Cell density (per (100 μm)2) for CGCs monitored for fluo4 fluorescence intensity, in

each layer (EGL, ML and IGL) and density for the total tissue, for tissue treated with or without

MeHg (20 μM) and with or without bicuculline (10 μM). CGCs were more densely distributed in

the EGL and IGL layers than in the ML. Paired comparisons were made between MeHg-treated

and untreated for each layer. Significantly different pairs within each layer are indicated by

different letters (P<0.05) Values are mean ± SEM, for the same n as described in Figure 6.

Figure 8. Percentage of “extinguished” cells in experiments comparing MeHg and bicuculline

treatment. Comparisons were made between 20 and 0 μM MeHg treatments, between bicuculline

alone and 0 μM MeHg, between bicuculline alone and bicuculline combined with 20 μM MeHg,

and between bicuculline combined with MeHg or MeHg alone. Values are mean ± SEM, for the

41

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 29, 2015 as DOI: 10.1124/jpet.115.226761

 at A
SPE

T
 Journals on D

ecem
ber 24, 2024

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


same n as described in Figure 6.

Figure 9. Effect of muscimol and MeHg on relative fluo4 fluorescence intensity (F/F0) of CGCs

by histological layer. Untreated controls (B, n=5) and 20 M MeHg alone (C, n=5) are the same as

in Figure 3. Muscimol pulses (arrows, 100 M) with 20 μM MeHg (#, n=4) were compared to

muscimol alone (G, n=3) and MeHg alone. Significant difference are indicated from muscimol

control (*) and from MeHg alone (#) at that time point, P<0.05. Intensity values are expressed in

arbitrary units.

Figure 10. Cell density (per 100 μm2) for CGCs monitored for fluo4 fluorescence intensity, in

each layer (EGL, ML and IGL) and density for the total tissue, for tissue treated with 20 μM

MeHg or untreated and with muscimol (100 μM) or without. CGCs were more densely

distributed in the EGL and IGL layers than in the ML. Paired comparisons were made between

each concentration of MeHg by layer. Significantly different pairs within each layer are

indicated by different letters (P<0.05). Values are mean ± SEM with n the same as described in

Figure 9.

Figure 11. Percentage of “extinguished” cells in experiments comparing MeHg and muscimol

treatment. Comparisons were made between 20 and 0 μM MeHg treatments, between muscimol

alone and 0 μM MeHg, between muscimol alone and muscimol combined with 20 μM MeHg,

and between muscimol combined with MeHg and 20 μM alone. Significantly different pairs

within each layer are indicated by non-overlapping letters (P<0.05) Values are mean ± SEM with

n the same as described in Fig. 9.
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