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ABSTRACT
ROLE OF CALCIUM-BINDING PROTEINS AND VOLTAGE-GATED CALCIUM
CHANNELS IN METHYLMERCURY-INDUCED DISRUPTION OFDIVALENT
CATION HOMEOSTASIS AND SUBSEQUENT CYTOTOXICITY
By

Joshua R. Edwards

Methylmercury (MeHg) is an environmental neurotoxicant that causes selective death of
cerebellar granule neurons. In contrast, adjacent cerebellar Purkinje neurons appear to
remain unharmed despite being exposed to equal or greater amounts of MeHg. Single-
cell microfluorimetry was used to record changes in fluorescence from the Ca** indicator
dye, fura-2, during exposure to MeHg in a variety of cell types including cerebellar
Purkinje and granule neurons. Both Purkinje and granule neurons responded to MeHg
exposure with a similar biphasic increase in fura-2 fluorescence. Purkinje cells had a
significantly delayed time-to-onset of elevations of first and second phase increases of
fura-2 fluorescence compared to granule cells in the 0.5 and 1 pM MeHg treatment
groups. Furthermore, viability assays of Purkinje and granule cells show that Purkinje
cells are more resistant to MeHg-induced neurotoxicity with 97.7% of Purkinje cells
remaining viable after exposure to 3 uM MeHg. In contrast, only 40.6 + 13% of granule

cells were viable after exposure to 3 uM MeHg.

Several differences exist between Purkinje and granule cells such as voltage-gated Ca**
channels (VGCCs), Ca**-binding proteins (CaBPs), glutamate receptors, cell size and

metallothionein expression. The expression of VGCCs and the CaBP calbindin-D28k
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(CB), were examined as possible factors that might contribute to the differential effects of
MeHg-induced neurotoxicity and dysregulation of Ca** homeostasis. Purkinje cells
express CB at very high levels whereas granule cells do not. To determine if the presence
of functional VGCCs influenced MeHg-induced dysregulation of Ca?* homeostasis and
cytotoxicity, the responses of pheochromocytoma (PC12) and PC18 cells to MeHg were
compared. PC18 cells are a sub-clone of PC12 cells that lack functional VGCCs. The
time-to-onset of increases of fura-2 fluorescence was delayed significantly in PC18 cells
as compared to PC12 cells. When L-type VGCCs were inhibited in PC12 cells there was
a resulting delay in MeHg-induced time-to-onset of increases in fura-2 fluorescence and
increased cell viability. Multiple approaches were used to determine how the presence of
CB would alter MeHg-induced cytotoxicity and dysregulation of Ca** homeostasis.
Myenteric plexus neurons grown in culture represent a cell culture system in which
approximately 45% of the neurons present express CB. When exposed to MeHg a greater
portion of viable myenteric plexus neurons expressed CB, whereas non-CB immuno-
positive cells were preferentially lost. PC12 cells transfected with expression plasmids
containing the sequence for CB were more resistant to the neurotoxic effects of MeHg, as
measured by lactate dehydrogenase (LDH) release. In addition, CB-transfected PC12 cell
mean time-to-onset of increases in fura-2 fluorescence tended to be higher compared to
non-transfected PC12 cells. Data presented within this thesis show the differential effects
of MeHg in causing dysregulation of Ca’* homeostasis and subsequent cytotoxicity in
cerebellar granule and Purkinje neurons grown in culture. Furthermore, the selective
expression of CB and VGCCs might be factors that influence the susceptibility of a

particular cell type to the neurotoxic effects of MeHg.
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CHAPTER ONE

BACKGROUND



A. General Introduction

MeHg is a ubiquitous environmental contaminant that causes selective neurotoxicity
(Chang, 1977; Chang et al., 1977; Leyshon-Sorland et al., 1994; Kobayashi et al., 1998;
Takeuchi and Eto, 1999). Recent epidemiological studies have suggested that adverse
human health effects are attributable to sustained low-level exposure to MeHg and Hg**
in Canadian Cree Indians (McKeown-Eyssen and Ruedy, 1983), French Guiana
Amerindians (Frery et al., 2001) and Faroe Islanders (Meyers and Davidson, 1998).
There have also been several well publicized episodes of mass MeHg poisonings in Japan
(Takeuchi et al., 1962) and Iraq (Bakir et al., 1973). In both Japan and Iraq, a consistent
pathological observation of MeHg intoxication was the global loss of granule neurons
from the granule cell layer of the cerebellum (Jacobs et al., 1977; Takeuchi and Eto,
1999). Both animal and human data demonstrate that cerebellar granule cells are one of
the most sensitive neuronal types to the neurotoxic effects of MeHg (Hunter and Russell,
1954; Leyshon and Morgan, 1991; Leyshon-Sorland ef al., 1994; Kobayashi et al., 1998,
Mori et al., 2000). In contrast, adjacent Purkinje cells are relatively unaffected despite
accumulating to equal or greater concentrations of MeHg than cerebellar granule cells

(Leyshon-Sorland e? al., 1994; Mori et al., 2000).

While the pathological consequences of MeHg exposure have been identified, the
etiology of MeHg neurotoxicity remains unknown. MeHg causes the disruption of Ca®*
homeostasis at low concentrations (sub-pM range), in vitro and in a wide variety of cell

types or preparations, including cerebellar granule cells (Sarafian, 1993; Marty and



Atchison, 1997; Limke and Atchison, 2002), NG108-15 cells (Hare ef al., 1993; Hare and
Atchison, 1995a,b), rat brain synaptosomes (Komulainen and Bondy et al., 1987;
Levesque et al., 1992; Denny et al., 1993), and Purkinje cells (Edwards and Atchison,
2001). As a result of MeHg exposure, the above cell types or preparations have a
multiphasic increase in intracellular Ca>* concentration ([Ca>'];). The initial increase in
Ca®" is in part due to release of Ca** and other non-Ca®* divalent cations from intracellular
sources. This is followed by a second elevation of [Ca®"]; due to entry of Ca*", (Marty and
Atchison, 1997; Edwards and Atchison, 2001; Limke and Atchison, 2002). In correlation
with studies showing that MeHg causes elevations of [Ca®'];,, MeHg also increases the
formation of inositol 1,4,5-trisphosphate (IP;) levels in cerebellar granule cells (Sarafian,
1993). Whole animal studies also support the idea that elevated [Ca®*]; has a role in
organomercurial-mediated cell death. Mori et al. (2000) used the Ca**-sensitive dye,
alizarin red to detect Ca®* deposits in cerebellar slices of rats that were treated by
injection of dimethylmercury. Gross atrophy and accumulations of Ca?* within granule
cells in the granule layer of the cerebellum were evident as early as 19 days after initial
treatment. Adjacent Purkinje cells did not show any sign of cell loss or death, nor did
Purkinje cells accumulate Ca®*; as indicated by a lack of staining for Ca®* deposits (Mori
et al., 2000). Thus, the presence or absence of Ca®* deposits within the cerebellum is

directly correlated with sensitivity or resistance to MeHg neurotoxicity, respectively.

The reason for the apparent differential MeHg-induced neurotoxicity of cerebellar granule

and Purkinje cells is currently unknown. One potential factor is the selective expression



of the calcium-binding protein (CaBP), calbindinD-28, (CB). CB is a CaBP associated
with increased resistance to Ca®*-mediated cell death (Mattson et al., 1991; McMahon et
al., 1998). Purkinje cells express CB at very high levels (0.1-0.2 mM), whereas
cerebellar granule cells do not (Celio, 1990). As such, the focus of my dissertation will
be to determine the relative effectiveness of MeHg to alter Ca?* homeostasis and
subsequent cell death in cerebellar Purkinje and granule neurons. Another specific aim of
my dissertation will be to elucidate the potential role of proteins, such as CB and voltage-
gated calcium channels (VGCCs), that may be contributing factors in MeHg-induced

dysregulation of Ca>* homeostasis and cytotoxicity.

B. MeHg as a Public Health Concern

It is relevant to review the global cycle of the different forms of mercury before
considering sources and the toxicological significance of MeHg present within the
environment. Several forms of mercury persist in the environment. Each species of
mercury varies in toxicity, biological effects, and physical properties such as; charge, size,
lipophilicity, volatility and solid state at room temperature. Hg’ is described as
mercurous, metallic or elemental mercury. Hg’ is the only metal that is liquid at room
temperature, has little tendency to dissolve in water and is volatile. Hg?*, or mercuric
mercury, is the oxidized form of Hg’. Approximately 95% of all mercury in the
atmosphere is in the form of Hg® where it can remain for up to a year where it becomes
slowly oxidized to Hg** primarily through the action of ozone (Morel et al., 1998).

Mercury present in the atmosphere returns to the Earth’s surface in the form of Hg*



dissolved in rain water. This oxidation of Hg® occurs very slowly, and Hg’ can remain in
the atmosphere for up to a year, all the while being distributed globally. Once in the
aquatic environment, mercury is often deposited in aquatic sediments where Hg**, and to
a lesser extent Hg’, can become methylated into a more insidious form, MeHg, through
the action of aquatic bacteria and other microbes (Siciliano and Lean, 2002). It is
generally accepted that sulfate-reducing bacteria located in anoxic waters and aquatic
sediment are the primary converters of Hg’ or Hg** to MeHg, however methylation of
either form of mercury occurs to a lesser extent within oxygenated surface waters as well

(Siciliano and Lean, 2002).

Sources of environmental mercury include: venting of the earth’s crust, industrial waste
effluent and anthropogenic activities such as, gold mining, burning of fossil fuels and
paper production (World Health Organization (WHO), 1989). Natural sources of
environmental mercury may be significant. An estimated 25,000 to 125,000 tons of
mercury is released per year due to degassing of the earth’s crust (WHO, 1989). World
production of Hg’ through mining and smelting was approximately 10,000 tons per year
in 1973 and has increased by 2% every year thereafter (WHO, 1990). Compared to Hg’
or Hg?*, MeHg has greater lipophilicity. As a result, MeHg bioaccumulates within the
food chain as evidenced by the direct correlation between human consumption of
piscivorous fish species and high mercury concentrations found in hair samples (Frery et
al., 2001). However MeHg is still water soluble. The most common route of exposure to

MeHg is the consumption of MeHg-contaminated fish or seafood products (Sherlock et



al., 1982; Takeuchi and Eto, 1999; Frery et al., 2001). Approximately 130 tons of Hg’ is
used per year in French Guiana in the extraction of gold from river sediments, soils or
ground water rocks. Predatory fish species downstream of a gold mining facility located
in French Guiana were found to have significantly elevated tissue mercury levels, with
approximately 95 £ 5% of the total mercury in the form of MeHg (Frery et al., 2001).
Furthermore, individuals who consumed proportionally more predatory fish species had
significantly higher concentrations of mercury within hair samples when compared to
individuals who consumed predominantly herbivorous or non-predatory fish species

(Frery et al., 2001).

The adverse health effects of excessive MeHg exposure have been known for decades.
The first large-scale poisoning due to MeHg was in Minamata Bay, Japan where the
Minamata plant of Chisso Co. Ltd. used mercury sulfate in the production of
acetaldehyde during the mid-1950's (Takeuchi and Eto, 1999). One by-product of the
Chisso factory was the production of organomercurials, predominately MeHg. The
adverse health effects of MeHg were unknown at the time and the organomercurial by-
products were released into adjacent Minamata Bay. Residents of Minamata Bay were
exposed to MeHg through the consumption of contaminated fish and other seafood
products (Takeuchi ez al., 1962). During the entire period of operation of the plant (1932-
1968) the Chisso factory released approximately 500 kg of mercury-containing waste into
the bay (Takeuchi and Eto, 1999). As a result of this mercury discharge, autopsies of 201

people who had lived in MeHg-eontaminated areas were confirmed to have pathological



lesions in the cerebellum as a result of excessive MeHg exposure. By 1996, 2,262
patients in the Minamata Bay area were found to have neurological defects due to

exposure to MeHg (Takeuchi and Eto, 1999).

Another well-known mass MeHg poisoning episode occurred in the early 1970's in Iraq.
In this episode, organomercurials were used to cover grain as a fungicide, and were not
washed off prior to the processing of the grain (Bakir et al., 1973). The contaminated
grain was ground up into flour for the making of bread. During this period, several
hundred Iraqi people suffered acute MeHg toxicity. Based on epidemiological data
obtained from the Iraq outbreak, the current Environmental Protection Agency (EPA)
reference dose for MeHg is 0.1 pg/kg/day (Goyer et al., 2000). The reference dose is the
maximum daily consumption of a substance for a lifetime without any adverse health
effects as a consequence of that exposure. Recent epidemiological studies in the Faroe
Islands and New Zealand where large amounts of predatory fish species are consumed
(Meyers and Davidson, 1998) indicate that the developing nervous system of the fetus is
highly susceptible to even relatively low amounts of maternal MeHg exposure. In the
New Zealand and Faroe Island studies, a direct correlation existed between the MeHg
concentration found in maternal hair samples and lack of cognitive function in their
children (Meyers and Davidson, 1998). Cree Indians located in Northern Quebec, another
population that consumes large amounts of fish, showed a significant correlation between
delayed or abnormal tendon reflex response in children of mothers who were exposed to

MeHg (McKeown-Eyssen and Ruedy, 1983). Furthermore, a study performed on full-




term two week old infants born in the Faroe Islands showed an inverse relationship
between an infant’s functional abilities, reflexes and stability and the cord-whole-blood
mercury concentrations. Cord-whole blood mercury concentrations over 40 pg/L (159
nM) was associated with diminished infant neuronal function (Stewerwald et al., 2000).
The current reference dose for MeHg that is derived from the Iraqi outbreak and may be
lowered based on these recent epidemiological studies that specifically address the ability

of MeHg to disrupt neuronal development.

MeHg readily crosses the blood-brain barrier (Vahter et al., 1994) and other cell
membranes. Most signs and symptoms of MeHg exposure are neurological in origin and
include sensory deficits, affective disorder and an increasingly dysfunctional gait
eventually leading to ataxia (total loss of coordination in gait) (Takeuchi et al., 1962;
Bakir et al., 1973; Chang, 1977; Gerstner and Huff, 1977). One of the first signs of
MeHg neurotoxicity is a slight disturbance in gait and lower limb weakness. Patients
with MeHg poisoning are unable to walk in a coordinated manner and are prone to
frequently stumble and fall (Takeuchi et al., 1979; Takeuchi and Eto, 1999). With time
and additional MeHg exposure, this condition worsens and patients typically become
ataxic. The progression of ataxia is due to worsening damage to the motor pathways,
specifically involving the cerebellum. The time-course for the appearance of ataxia in
MeHg patients is tightly correlated with the loss/dysfunction of granule cells within the
cerebellum (Takeuchi and Eto, 1999). In the Iraqi MeHg outbreak, a total of 17 patients

had blood mercury concentrations of 3 - 4 mg/ml (11.9 - 15.9 uM) all 17 patients were



ataxic prior to death (Bakir ez al., 1973). Visual and hearing defects were not reported in
all patients that had blood mercury concentrations of 3 - 4 mg/ml, indicating that loss of
coordination in gait is a more sensitive indicator to the neurotoxic effects of MeHg. The
half time for clearance of MeHg was assumed to be 70 days in the Bakir et al. (1973)
study; however, other reports have noted a shorter average half time for clearance of 52
days (Sherlock et al., 1984). It should be noted that blood mercury samples from the
Bakir et al. (1973) report were taken an average of 65 days after cessation of MeHg
exposure. Therefore actual peak blood mercury levels would have been higher at the
onset of signs of neurological dysfunction. During acute exposure to MeHg,
approximately 95% of hospitalized patients with signs of ataxia had an estimated body

burden of 200 mg of MeHg (Bakir ez al., 1973).

C. Biology of the Cerebellum

The cerebellum is a region of the brain that influences the motor systems by adjusting the
functioning of motor centers in the brain stem and cortex. Five neuronal cell types make
up the cerebellum. There are four inhibitory neuronal cell types, the Purkinje, stellate,
Golgi and basket cells, and one excitatory type, the granule cell. Of all the neurons in the
human central nervous system (CNS), the cerebellar granule cell is the most abundant
with 1 x 10" cells. In addition, the granule cell is one of the smallest neurons in size with
a soma only 9-10 pm wide. By contrast, the cerebellar Purkinje cell is the one of the least
abundant cell types and is one of the largest in size with a soma 25-30 um wide (Ito,

1984). There are two excitatory inputs into the cerebellum. One excitatory input is the



Figure 1.1 Drawing showing the cytoarchitecture of the cerebellum. The excitatory
mossy fibers that synapse onto granule cells as well as climbing fibers that synapse onto
Purkinje cells in the cerebellum are shown. Note the many parallel fibers that are granule
cell axons form excitatory synapses onto vast Purkinje cell dendrites. Also notice the
apparent size difference between Purkinje and granule cells. Figure 1.1, modified from

Kandel et al., (2000).
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mossy fibers that originate in spinal cord and brain stem nuclei, which synapse directly
onto granule cell dendrites. The axons of granule cells bifurcate to form parallel fibers
and synapse directly onto multiple Purkinje and Golgi cell dendrites (Kandel et al., 2000).
Approximately one million parallel fibers provide excitatory input onto a single Purkinje
neuron. The second of the two cerebellar excitatory inputs are the aptly named climbing
fibers originating from the inferior olivary nucleus. These excitatory fibers, synapse
directly onto the Purkinje cell soma and appear to climb up the Purkinje cell and make
multiple synapses on the soma and dendrite of the Purkinje cell. In rat, as many as 26,000
excitatory synaptic junctions are estimated to form between a single climbing fiber and a
Purkinje cell (Ito, 2001). Excitation of climbing fibers causes complex spike formation in
Purkinje cells, while parallel fibers cause simple spikes (Ito, 1984). The sole output of
the cerebellar cortex is the inhibitory Purkinje cell axon that penetrates the white matter
and subsequently acts on the deep nuclei and vestibular nuclei (Kandel et al., 2000). As a

consequence, normal cerebellar function ultimately depends upon Purkinje cell output.

In comparing Purkinje cells to cerebellar granule cells, several differences become
apparent that might contribute to the overall sensitivity to MeHg neurotoxicity. Purkinje
neurons express P-, N- and L-type VGCCs with approximately 90% of Ca** current due
to the P-type channel during depolarization (Mintz, 1992). In contrast, cerebellar granule
cells grown in culture express L-, N-, P-/Q- and R-type VGCCs (Randall and Tsien,
1995). Purkinje and granule cells express both ryanodine and IP;receptors. In Purkinje

cells, IP, receptors are localized primarily in the dendrites and ryanodine
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Table 1.1 Comparison of cerebellar Purkinje and granule cell biology.
Footnotes
A mGluR1 subunits included in type I metabotrophic receptors with 4 splice variants (a-
d).
Purkinje neurons express mGluR1 at very high levels compared to other CNS neurons.
B Purkinje cells predominately express o, with some immunoreactivity for o, in
adult rats. n 2.5 yr old aged rats this distribution changes such that &, becomes more
evident.
C Purkinje cells predominately express type I IP, receptors at a concentration several fold
higher than total IP, receptors in granule cells.
D RyRp is present in 1 week old chick Purkinje neurons, then gradually disappears.
E o, GABA, receptor subunit is expressed in immature Purkinje cells and «, subunit is

expressed in immature granule cells during development.
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Property Purkinje Cell Granule Cell Reference
Soma size 25-30', 50-80 pm? 5-8 ym' 'Ito, 1984

2Kandel et al., 2000
Density (human) 1.5x107 1x10" cells Ito, 1984
Type of GABA glutamate, nitric oxide | Kandel et al., 2000
neurotransmitter Ito, 2001
released
AMPA/kainate GluR1, GluR2, GluR3 GluR2 Keinanen et al., 1990
receptors
Metabotropic glutamate | mGluR14 mGluR4 Berthele, 1998

receptor subytpes

NMDA receptors Not functional NR2A, NR2C and Didier er al., 1997
NR2B subunits
VGCCs (subunits) P-, L- and N-type' ®® P-/Q-, R-, L- and N- 1) Mintz et al., 1992

B2, y2, y4 type? 2) Randall and Tsien,
1995
IP, receptors IP,R1, IP,R3€ IP,R1, IP,R3 Sharp et al., 1999
Ryanodine receptors RyRa, RyRB® RyRp Kuwajima et al., 1992
Phospholipase C PLC-B,, PLC-B, PLC- | PLCB,, PLC-, Tanaka and Kondo,
Y2 1994
Muscarinic receptor MI1, M2, M4 M2, M3 Tayebati et al., 2001
subtypes
GABA, receptor ofF O, O Takayama and Inoue,
subunits 2004
Protein kinase G Present Not present Feil, 2003
Excitatory amino acid EAAT-1 EAAT-3 Danbolt, 2001
transporters (EAAT)
Calmodulin-dependent | CaMKIla CaMKIIB Wallaas et al., 1988
protein kinase (CaMK)
Guanylyl cyclase Present Not present Wassef and Sotelo,

1984

CaBPs

Parvalbumin, CB'

Calretinin®

1) Celio, 1990
2) Bastianelli, 2003
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receptors within the soma (Khodakhah and Armstrong, 1997). IP, and ryanodine
receptors share a common, functional Ca®* pool in both cell types. Purkinje cells express
the CaBPs, CB and parvalbumin (Gruol, 1983; Furuya et al., 1998; Kobayashi et al.,
1998). In contrast, granule cells lack these CaBPs, but express calretinin (Bastianelli,

2003).

D. Ca* Mediated Cell Death

Ca’ is an important second messenger molecule that is essential for normal cell function;
however, prolonged elevations of [Ca®"); can lead to cell injury and/or cell death. The
following are general events that can result from prolonged and elevated [Ca?*]; that can
ultimately lead to cell death 1) disruption of cell membrane integrity 2) depletion of ATP
3) activation of catabolic enzymes 4) promotion of free radical formation. These Ca*'-

mediated events may act synergistically to cause cell death.

Elevated [Ca®']; promotes the dissociation of the microfilament, actin from the plasma
membrane anchoring proteins, o-actinin and fodrin. This represents a mechanism by
which the cell membrane may become compromised as a result of high [Ca**],. With an
approximately 10,000 fold difference in free cytosolic [Ca**] and [Ca®*],, about 25% of all
ATP production in a neuron is devoted to maintaining that ion gradient. Elevated and
prolonged [Ca®']; activates Ca**-ATPases located in the SER and outer cell membranes
and eventually can deplete energy stores. Furthermore, ATP producing mitochondria can

act as a buffer for Ca®*; but at the cost of the mitochondrial membrane potential. The ion
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gradients found within the mitochondria are necessary for the generation of ATP through
the oxidative phsophorylation process. Therefore, when Ca®* enters the mitochondria

oxidative phosphorylation and ultimately ATP generation is compromised (Nicotera et

al., 1992).

There are three major groups of catabolic enzymes that are activated by Ca®* that are
involved in cell death; these are: proteases, phospholipases and endonucleases. Calpains
are a type of Ca**-activated cysteine protease that are nonlysosomal, located within the
cytosol and likely degrade cytoskeletal elements (Orrenius et al., 2003). Phospholipase C
and phospholipase A, are examples of Ca®*-activated enzymes, however Ca’>* may also
indirectly activate these proteins in a calmodulin-dependent manner. Prolonged
activation of phospholipase A, can lead to cell membrane breakdown. Ca®" activated
endonuclease acts to cleave deoxyribonucleic acid (DNA) at internucleosomal linker
regions in fragments of multiples of approximately 200 base pairs (Nicotera et al., 1992).
This would lead to irreversible damage as a result of Ca** overload. In addition,
topoisomerase II may become locked in a form that cleaves but does not relegate DNA.
Dehydrogenase enzymes located in the citric acid cycle are also activated by Ca’*, causing
increased hydrogen output to the electron transport chain (Orrenius et al., 2003). Asa
consequence to the compromised mitochondrial membrane potential described above, and
greater flux of electrons along the electron transport chain, there is greater production of
the oxygen free radical, superoxide O,". Furthermore, the proteins responsible for

scavenging free radicals, such as glutathione reductase, may be degraded by the activity
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of Ca**-dependent proteases. Therefore, the cell would have an impaired ability to defend

against free radical damage.

Ca’*-mediated cell death has been best studied following glutamate excitotoxicity. There
is a direct correlation with increasing concentrations of “*Ca®* uptake after glutamate
exposure and cell death in cerebellar granule cells in culture (Eimerl and Schramm,
1994). After 15 min exposure to 300 uM NMDA, approximately 50% of granule cells
died. Furthermore, if [Ca®"); is buffered with the cell permeant Ca®* chelator BAPTA-
AM, there is a significant decrease in [Ca®*), after glutamate (1 mM) exposure in the
neuroblastoma cell line CHP 100 (Clementi ef al. 1996). Therefore, it appears the
enhanced ability of a cell to buffer excess [Ca*'], leaves the cell less vulnerable to the

cytotoxic effects of elevations of [Ca®']..

E. Ca* Binding Proteins

CaBPs belong to the EF-hand family of proteins and contain multiple, highly conserved
EF-hand structural motifs. Each motif binds one Ca?* with high affinity (K, = 10%-10""°
M) and consists of two « helices separated by 12 amino acids containing side chain
oxygens that are necessary for orienting Ca?* (Christakos et al., 2000). Examples of
proteins belonging to the EF-hand family of CaBPs include the following: calmodulin,
parvalbumin, troponin C, calretinin, calcineurin, calpain, myosin light chain kinase, CB
and calbindin-D9,. Calbindin-D9; is localized primarily in epithelial cells located in

mammalian intestine while CB is more ubiquitous. Within the CNS several neuronal cell
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types express CB. CB is also found in non-neuronal tissue such as: intestine (Arnold et
al., 1976; Feher, 1983; Shimura and Wasserman, 1984; Christakos et al., 1989; Zhou and
Galligan, 2000), kidney (Delrome et al., 1983; Rhoten et al., 1985) and bone (Balmain et
al., 1986). CB has also been found in neurons innervating cerebral blood vessels
(Shimizu et al., 2000). The expression of CB in cells outside the central nervous system
is highly induced by the hormonally active form of vitamin D, 1,25 dihydroxyvitamin D,
(Norman et al., 1982; Theofan et al., 1987). CB expression within rat CNS was not
induced by 1,25 dihydroxyvitamin D, as measured by Northern blot analysis (Christakos
et al., 1989). The difference between vitamin D expression of CB in neuronal and non-
neuronal tissue is presumably due to the inability of 1,25 dihydroxyvitamin D; to cross

the blood brain barrier.

CB, and other CaBPs, are selectively expressed in specific neurons within the CNS such
as cerebellar Purkinje, hippocampal CA1 pyramidal and dentate gyrus neurons (Celio,
1990). As such, CaBPs have proven to be useful tools as neuroanatomical markers.
Structurally, CB is composed of 261 amino acid residues and has a molecular weight of
approximately 28,000 daltons (based on migration on sodium dodecy] sulfate
polyacrylamide gels) (Minghetti et al., 1988). CB has six EF-hand domains; however
only four are functional and bind Ca**. In cerebellar Purkinje neurons, expression of CB
is high at 0.1 - 0.2 mM (Celio 1990). Purkinje cells express CB when they first appear
during development at embryonic days 14-16 in rats. In contrast, cerebellar granule cells

do not express CB. In adults, Purkinje cell function, as indicated by "H]-GABA uptake

18



assay, 1s disrupted when CB levels are decreased after CB anti-sense treatment (Vig et al.,
1999). These data suggest that CB serves a vital role in cerebellar Purkinje neurons.
Unlike calmodulin, the specific function of CaBPs, such as CB and parvalbumin, is
unknown. However, there is some evidence which suggests that CB alters VGCC
functioning. In the GH, cell line, CB-transfected cells have reduced Ca®" current density
while Na® and K" current density were unchanged (Lledo et al., 1992). In addition, GH,
cells transfected with CB had greater Ca®* current decay as measured by comparing peak
Ca® current minus end current during a 500 ms voltage step from -40 mV to +10 mV.
This would indicate a greater degree of inactivation of VGCC in CB containing cells
compared to non-transfected cells (Lledo et al., 1992). Parvalbumin and CB do not
undergo conformational changes when Ca*" is bound. However, based on the Ca®*
binding ability of these proteins alone, CB can potentially alter or influence Ca*'-

mediated cell signals.

CB might function as a neuroprotectant. In patients with Parkinson’s Disease there was
no significant loss of neurons in the substantia nigra pars compacta which stain positive
for CB. However there was a significant loss of melanin-containing, non-CB immuno-
positive cells in Parkinson’s Disease patients compared to control patients (Yamada et
al.,1990). Similar findings of enhanced neuron viability from Parkinson’s Disease
patients and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys
correlated with positive CB immuno-reactivity (German et al., 1993). In vivo studies

involving other neurodegenerative disorders, such as Alzheimer’s disease and
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Amyotrophic Lateral Sclerosis (Shaw and Eggett, 2000), have also shown that neurons
immunopositive for CB are less susceptible to neurodegeneration. The etiology of these
neurological disorders is unknown, however dysregulation of Ca’* homeostasis has been

implicated in Amyotrophic Lateral Sclerosis (Shaw and Eggett 2000).

CB expression may be up-regulated during prolonged elevations of [Ca’], Presumably
this occurs as a compensatory mechanism in response to elevations of [Ca®*]. CB was
up-regulated in the hippocampus after focal stimulation of the perforant pathway
(Lowenstein et al. 1991). After three and six hours of stimulation, both Northern blot
analysis as well as in situ hybridization revealed significant increases in CB expression in
the hippocampus. In addition, when isolated rat cerebellar slices were perifused with the
selective glutamate agonist kainic acid, CB immunoreactivity increased (Batini et al.

1993). These data support the notion that one function of CB is to buffer excess [Ca*‘];.

Mattson et al. (1991) reported that hippocampal neurons which express CB in culture
were less susceptible to glutamate (500 pM) excitotoxicity and exposure to the Ca®*
ionophore A23187 (1 uM). In comparison, neurons immuno-negative for CB did not
buffer the increased [Ca®*],. In PC12 cells, 1 puM A23187 has been shown to increase
[Ca?]; five to ten times more than baseline, (Vyas et al. 1994). The most convincing data
that CB acts to buffer cytotoxic [Ca®*], comes from the transfection of CB into naive
cells. PC12 cells transfected with CB had a significantly greater cell viability (as

measured by LDH release) 6, 9 and 24 hr after glutamate (10 mM) exposure (McMahon
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et al. 1998). Furthermore, CB-transfected PC12 cells were more resistant to 1-methyl-4-
phenylpyridinium (MPP") and serum withdrawal, processes that elevate [Ca**].. Similar
observations have been made in the human embryonic kidney cell line (HEK293) co-
transfected with NMDA (NR1 and NR2 subunits) receptors and CB (Rintoul et al.,
2001). CB-transfected HEK293 cells had decreased amplitude of fura-2 fluorescence

during application of 2.5 pM A23187 compared to control cells.

F. Ca** Homeostasis and Neurons

Maintaining Ca?* homeostasis is essential to all cells, especially to neurons, due to the
dependence on Ca®, entry in action potential formation and release of synaptic vesicles at
axon terminals. Free, unbound [Ca®'); is maintained at approximately 100-200 nM
despite [Ca®*,] of approximately 1-2 mM (Kass and Orrenius, 1999). This difference in
intracellular and extracellular Ca>* concentrations creates a large chemical driving force.
In addition, an inward electrical driving force for Ca®" is present due to the relatively
negative intracellular environment in comparison to the extracellular fluid. Taken
together, there exists a very strong electro-chemical driving force for Ca’* to enter cells.
Cells have evolved multiple systems to buffer excess [Ca®*], and regulate tightly the entry
of Ca’", as a consequence of the need to maintain Ca?* homeostasis in the face of such a

large electro-chemical driving force.

There are a variety of cellular processes that mediate Ca®* entry into neurons including:

VGCCs, Ca?* induced Ca?* entry (CICE), Na* - Ca** exchanger, Ca®* ATPases and pump
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and receptors for neurotransmitters such as glutamate, seretonin, adenosine and
acetylcholine. Glutamate is a ubiquitous neurotransmitter acting on three types of
glutamate receptors that are classified according to their selective agonists and
mechanism of action (Ozawa et al., 1998). N-methyl-D-aspartate (NMDA) receptors
bind the selective glutamate agonist NMDA with high affinity. NMDA receptors are
ionotrophic receptors that allow Ca’* and Na* direct entry into the cell when the receptor
is activated. In a resting state NMDA receptors have Mg®* present in the pore of the
receptor causing block of cation current. Only once there is binding of glutamate and a
depolarization to remove the Mg”* block, do Ca?* and Na* enter the cell through the
NMDA receptor operated channel. Amino-3-hydroxy-5-isoxazole-4-propionic acid
(AMPA) and kainate receptors selectively bind AMPA and kainate, respectively to cause
Na’ entry and consequent membrane depolarization and activation of nearby VGCCs
(Lerma et al., 2001). This process allows for the indirect entry of Ca**,. However, direct
entry of Ca**, may occur through AMPA receptors if the GluR2 subunit is not present

(Brorson et al., 1999).

In electrically excitable cells such as neurons, Ca**, entry into cells occurs primarily,
although not exclusively, through VGCCs. Therefore VGCCs are essential to normal
neuronal functioning. Disruption of their function by neurotoxicants can have severe
consequences for neurons. There are currently six known types of VGCCs: T-, L-, P-, Q-,
N- and R-. Each channel type is unique in its gating kinetics, Ca** conductance, voltage

threshold for activation and pharmacology. VGCCs are comprised of the pore-forming «,

22



subunit, as well as a,, 6, B and y subunits (Catterall, 1991). The «, subunit contains four
transmembrane domains. Each domain has six a-helical transmembrane segments (S1 -
S6). VGCC type is dictated by the subtype of the o, (175 kD) subunit; for example, R-,
P-/Q- and N-type VGCCs have a-, o-,, and a- 5 subunits, respectively (Carerall,
1991). Since the current classification scheme is considerably more complex today, an
alternative nomenclature has been proposed. L-type VGCC family includes four
members Ca, 1.1, Ca, 1.2, Ca,1.3 and Cay 1.4 corresponding to - g, &-,c, &-, and a-p,
respectively. Each VGCC subtype has differential rates of inactivation, binding affinity
for specific VGCC antagonists and localization within specific types of tissue (Klugbauer
et al., 2002). Specifically, Ca, 1.1 is expressed primarily in striated skeletal muscle tissue
Cay 1.2 is present in cardiac and smooth muscle, pancreas, adrenal gland and brain tissue.
Ca, 1.3 is present primarily in the brain, but also in pancreas, kidney, ovary and cochlea.
In accordance with the new L-type VGCC nomenclature, N-, P/Q- and R-type VGCC are
named Ca, 2.2, Ca,2.1 and Ca, 2.3, respectively (Doering and Zamponi, 2003). Lastly,
the T-subtype VGCCs which contain -, &-,; and «-,, subunits have been replaced by
Ca,3.1, Ca,3.2 and Ca,3.3, respectively. The ., and & VGCC subunits are linked
together by a disulfide bond to form a transmembrane glycoprotein complex. The
hydrophilic B subunit is disposed intracellularly and binds to the intracellular loop
connecting the I and II domains of the o, subunit. Furthermore, the B subunit is
important in transport of newly formed VGCCs to the outer cellular membrane and may
influence VGCC kinetics of Ca,2.2 (Dolphin, 2003). Presently, there are 4 known

subtypes of B subunit, with splice variants for some types. Immunocytochemistry as well

23



as in situ hybridization studies, demonstrate 8, protein and mRNA levels are low in all
areas of the brain with the exception of cerebellar Purkinje cells, where it is highly
expressed. In contrast, B, is expressed in both cerebellar Purkinje and granule neurons
(Ludwig er al., 1997). The significance of the differential expression of B subunits in
Purkinje neurons is as yet unknown. The «, and 6 subunits are encoded by the same
gene. There are 8 putative members of the transmembrane protein VGCC vy subunit
family (Black, 2003). The 2y, 3y and 4y subunits are associated with «-,, and a- 4
VGCC subunits as well as the GluR1 subunit of the AMPA receptor (Black, 2003). The
Y subunit may function to alter the activity of VGCCs. For example, when the 2y subunit
was co-expressed with a-;, B,, &, VGCC subunits in HEK293 cells there was a
significant negative shift in the steady-state inactivation curve in the presence of Ca®".
The effect was opposite with a positive shift in the steady-state inactivation curve when
Ba®* was the charge carrier (Klugbauer et al., 2000). Thus, the 2y subunit may be

involved in Ca?*-induced inactivation of VGCCs.

An example of L-type VGCC antagonists are the dihydropyridines, which selectively bind
to the o, subunit and alter the gating kinetics of L-type channels (Doering and Zamponi,
2003). Dihydropyridines bind to two separate regions located in the S5 and S6 regions of
the transmembrane domains III and IV of a,; (Ca, 1.1) subunit. However, certain
dihydropyridines irreversibly blocked Ca®* current in a,; (Ca,3.1) transiently transfected
HEK293 cells (Kumar et al., 2002). The funnel web spider (Agelenopsis aptera) toxin,

Aga IVA, and marine cone snail (Conus geographus), w-Conotoxin GVIA, inhibit the
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functioning of P- and N-type VGCCs, respectively. It is currently thought that Aga IVA
binds to the a-;, subunit to alter the gating kinetics of the channel such that a larger

change in membrane potential is required for channel activation.

Other regulators of [Ca®*]; are mitochondria and the smooth endoplasmic reticulum
(SER). Receptors for IP, and ryanodine are located on the surface of the SER. There are
three different types of IP, receptors and each has various numbers of distinct splice
variants. Most cells express all three types of IP, receptors, with the exception of
cerebellar Purkinje cells which express type I almost exclusively (Patel et al., 1999). The
IP, receptor is made up of three domains which include an IP, binding domain, a
regulatory domain that can be phosphorylated, and a pore-forming domain through which
Ca®* passes (Patel et al., 1999). The SER is a high-affinity, low-capacity Ca** buffering
system, while the mitochondria represent a low-affinity, high-capacity Ca®* buffering
system. The SER is a dynamic organelle in terms of Ca®* homeostasis; the SER has the
ability to buffer excess elevations of [Ca®']; via a Ca?* ATPase as well as release Ca*";
into the cytosol from IP, and ryanodine receptors. In contrast, the mitochondria are
primarily a Ca®* sink and do not release cytotoxic concentrations of Ca*" into the cytosol
under normal conditions. During adverse conditions, such as anoxia or excess Ca**
accumulation within the mitochondrial matrix, release of mitochondrial Ca** may occur
via an opening of the mitochondrial permeability transition pore (MTP) (Dubinsky and
Rothman, 1991). Opening of the MTP and subsequent elevation of [Ca®"), is associated

with cell death (Schinder et al. 1996).
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G. Cellular Aspects of MeHg Neurotoxicity

While the pathological consequences of MeHg exposure have been identified, the cellular
mechanism(s) of MeHg neurotoxicity remains unknown. It is likely that multiple
mechanisms are involved in MeHg cytotoxicity, due in part to the fact that MeHg has
high affinity for —SH groups and to the ubiquitous nature of —SH groups present within
cells (Hughes, 1957). MeHg has been shown to alter many neuronal processes including:
protein phosphorylation (Verity et al.,1977), neurotransmitter release (Juang, 1976;
Atchison and Narahashi, 1982; Atchison, 1986; Atchison, 1987; Yuan and Atchison,
1999), dysregulation of divalent cation homeostasis (Komulainen and Bondy, 1987; Hare
et al., 1993; Hare and Atchison 1995a, b; Sarafian, 1993; Atchison and Marty, 1997,
Limke and Atchison, 2002; Limke et al., 2004), glutamate transport in glial cells
(Aschner et al., 1993), neuron migration during development (Kunimoto and Suzuki,
1997), neurite outgrowth (Heidemann et al. 2001), oxygen consumption in isolated brain
slice (Fox et al., 1975), uptake of both GABA and choline (Kusky and McGeer, 1989;

Levesque et al., 1992) and neuronal excitability (Yuan and Atchison, 1999).

Although MeHg causes multiple cellular effects, the focus of my thesis will be on the
ability of MeHg to disrupt divalent cation homeostasis. Early studies demonstrated that
MeHg altered Ca** homeostasis monitored miniature end plate potential (MEPP)
frequency from isolated neuromuscular junctions. MeHg caused an increase in MEPP
frequency then a decrease in MEPP frequency in a concentration, and time-dependent

manner. However mean peak frequency was not dependent upon the concentration of
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MeHg (Atchison and Narahashi, 1982). These effects were not reversed with wash of
non-MeHg buffer. Only high concentrations of Ca?*, (4 mM) and 4-aminopyridine
reversed the MeHg-induced effects of MEPP frequency at the neuromuscular junction
(Traxinger and Atchison, 1987). MEPP frequency increased when MeHg was present in
a Ca”-free buffer. Furthermore, activation of VGCCs with either Bay K 8644 (Atchison,
1987) or depolarizing KCl solutions (Atchison, 1986) hastened time-to-onset of increases
in MEPP frequency in Ca**-free buffer. Because MEPP frequency is a Ca** .-dependent
process this indicated that MeHg caused release of Ca®* from intracellular stores. Both
the SER (Hare and Atchison, 1995a) and mitochondria (Levesque and Atchison, 1991;
Levesque et al., 1992; Limke and Atchison 2002) have been identified as potential

sources of Ca*"; release during MeHg exposure.

There is much evidence that MeHg interacts with mitochondria to disrupt Ca*"
homeostasis. In rat brain synaptosomes, the presence of ruthenium red, an inhibitor of the
mitochondrial Ca?* influx uniporter, decreased MeHg-mediated release of
[*H]acetylcholine. However MeHg did not appear to bind to the same target within the
mitochondria as did ruthenium red (Leveseque and Atchison, 1991; Leveseque et al.,
1992). Furthermore, MeHg decreased the respiratory rates and “*Ca®* uptake of isolated
mitochondria in a process that was influenced by the presence of ATP (Levesque and
Atchison, 1991). MeHg had differential effects in the presence of specific inhibitors of
mitochondrial function. Specifically, the MeHg-induced elevation of MEPP frequency

was not attenuated when mitochondrial proton ionophores or K* ionophores were present,
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but pretreatment with ruthenium red did attenuate MeHg-mediated elevations of MEPP
frequency at the rat neuromuscular junction (Levesque and Atchison, 1987). Thus, MeHg
disrupts mitochondrial function in a process related to the mitochondrial Ca** uniporter,

but MeHg does not act on the same target as that of ruthenium red.

The MTP is a mega pore that opens in the inner membrane of mitochondria to allow Ca**
release and dissipation of the proton gradient (Dubinsky and Rothman, 1991). When the
MTP was inhibited by cyclosporin A, there was a delay in the time-to-onset of MeHg-
induced elevation of fura-2 fluorescence and elevated cell viability from exposure to 0.2
pM MeHg in cerebellar granule cells (Limke and Atchsion, 2002). This would further
add to the argument that MeHg acts to disrupt Ca** homeostasis by causing mitochondrial

dysfunction.

While considerable evidence indicates that mitochondria may contribute to the release of
Ca®*, MeHg may also cause the release of Ca**; from other intracellular sources. MeHg
may act to release Ca®* from intracellular sources such as the SER. In the NG108-15 cell
line, the application of bradykinin results in the elevation of IP, and subsequent elevation
of [Ca?*]; (Hare and Atchison, 1995b). When MeHg was applied to NG108-15 cells in a
Ca*'-free extracellular buffer, following acute exposure to bradykinin, there was no
additional increase in fura-2 fluorescence. Furthermore, application of bradykinin after
MeHg exposure had no effect on fura-2 fluorescence in NG108-15 cells (Hare and

Atchison, 1995b). Thus, MeHg apparently causes the release of Ca*’; from similar
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intracellular sources of Ca®* that are sensitive to bradykinin in NG108-15 cells. In
cerebellar granule cells, inhibition of muscarinic receptors with atropine, or
desensitization of muscarinic receptors with chronic application of the muscarinic
receptor agonist, bethanecol resulted in a delay in the time-to-onset of MeHg-induced
dysregulation of Ca’* homeostasis (Limke ef al., 2004). Furthermore, down regulation or
inhibition of muscarinic receptors resulted in greater cerebellar granule cell viability after
MeHg exposure (Limke ef al., 2004). Granule cells express types II and III muscarinic
receptors. The type III muscarinic receptor is coupled to phospholipase C, an enzyme that
generates IP,. The M3 specific antagonist, DAMP, delayed MeHg-induced dysregulation
of Ca** homeostasis. In correlation with this, MeHg caused elevated levels of IP, in
cerebellar granule cells (Sarafian, 1992). Thus, MeHg appears to act on intracellular
sources of Ca®* that are sensitive to IP, to cause the release of Ca**. In studies using the
Ca?" indicator, fura-2 an initial elevation of [Ca?*]; due to release of Ca®"; that was
followed by a second elevation of [Ca?*]; due to entry of Ca*", (Marty and Atchison, 1997,
Edwards and Atchison, 2001; Limke and Atchison, 2002). The pathway in which entry
of Ca**, occurs after exposure to MeHg is unknown. However it is likely that MeHg-
mediated entry of Ca*, is not due to the loss of cell membrane integrity (Denny et al.,

1993).

MeHg interacts with VGCCs in a non-competitive and irreversible manner to inhibit Ca**
(Shafer, 1998, Peng et al., 2002; Hajela et al., 2003) as well as Ba** (Sirois and Atchison,

2000) current in a variety of cell types and experimental preparations. The apparent
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affinity of MeHg for VGCCs is high as shown by the observation that MeHg causes
disruption of VGCC functioning at very low MeHg concentrations. For example, a 24 hr
exposure to 30 nM MeHg caused a significant decrease in whole cell Ca®* current in
PC12 cells (Shafer et al., 2002). Furthermore, inhibition of VGCCs causes enhanced
resistance to MeHg-mediated dysregulation of Ca** homeostasis in NG108-15 cells (Hare
and Atchison, 1995a) and cerebellar granule cells (Marty and Atchison, 1997) as well as,
enhanced the resistance to MeHg-induced cerebellar granule cell cytotoxicity (Marty and
Atchison, 1998). MeHg may share the same binding site on VGCCs as do the
dihydropyridines. In rat forebrain synaptosomes, MeHg decreases the affinity of binding
of [*H] nitrendipine (Shafer et al., 1990). When MeHg was applied intracellularly or
extracellularly, there was a similar decrease in Ca®* current density in PC12 cells (Shafer,
1998), indicating that inhibition of VGCCs by MeHg may occur through binding of
MeHg to either intracellular or extracellular targets. Alternatively, intracellularly applied
MeHg may traverse the VGCC pore to bind to the dihydropyridine binding site or diffuse
passively through the lipid membrane to gain access to the same dihydropyridine binding
site. Although MeHg may bind to a similar binding site of dihydropyridines on L-type
VGCCs, recombinant L-type Ca’* channels containing the a,. type subunit expressed in
HEK293 cells were incompletely blocked by MeHg (Peng et al., 2002). Complete block

of L-type VGCC function required the use of the dihydropyridine, nifedipine.

Several in vivo studies have compared the ability of MeHg to disrupt normal cell function

and cause cell death in cerebellar granule and Purkinje neurons. In a study by Leyshon
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and Morgan (1991), morphological changes in the cerebellum of adult male rats were
quantified after exposure to MeHg by gastric gavage for 15 days. At 43 days after initial
treatment, rats demonstrated signs of irreversible MeHg poisoning, including, hind limb
crossing reflex and flailing reflex. These two reflexes are early indicators in the rodent
model of MeHg intoxication (Magos et al., 1978). Electron photomicrographs exhibited a
propensity of pyknotic nuclei in cerebellar granule cells with dark granular cytoplasm,
indicating cell death and/or dysfunction. In stark contrast, adjacent Purkinje cells in the
MeHg-treated rats did not show any significant change in morphology compared to
saline-treated control animals. Thus, there is a direct correlation between cerebellar
granule cell loss during MeHg exposure and the signs and symptoms of cerebellar ataxia.
Mori et al. (2000) used a Ca** sensitive dye, alizarin red S, to visualize intracellular and
extracellular Ca®* deposits in cerebellar slices of female rats treated with dimethylmercury
by injection. As early as 19 days after the initial treatment, cerebellar granule cells started
to show accumulations of Ca®*, with correspondingly increasing Ca’* accumulations at
100 days post-injection. Gross atrophy of the granule cell layer was evident at later time
points. Adjacent Purkinje cells did not show any signs of cell loss or death, nor did
Purkinje cells accumulate Ca?*, as indicated by a lack of staining for Ca’* deposits at any
of the time points tested. Mori et al. (2000) also quantified the degree of
neurodegeneration and Ca** deposits in the cerebral cortex, thalamus, dorsal fascicle and
dorsal root ganglia. Of all these regions studied, the granule cell layer of the cerebellar
cortex had the greatest degree of neurodegeneration at the earliest time points, along with

the greatest intensity of staining for Ca** accumulation. Thus the presence or absence of
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Ca® deposits within the cerebellum is directly correlated with enhanced sensitivity or
resistance to alkyl-mercury neurotoxicity, respectively. In the isolated brain slice
preparation, MeHg disrupted inhibitory and excitatory synaptic transmission in a time-
and concentration-dependent manner (Yuan and Atchison, 1997; Yuan and Atchison,
1999). Furthermore MeHg differentially affected cerebellar Purkinje and granule cells in
a time- and concentration-dependent manner by first increasing then decreasing both
amplitude and frequency of spontaneous inhibitory post synaptic currents (Yuan and
Atchison, 2003). Specifically, time-to-onset of block of spontaneous inhibitory post
synaptic currents was significantly delayed in Purkinje cells compared to granule cells
during exposure to 10, 20 and 100 pM MeHg in cerebellar slice preparations. Thus, in
vivo and in vitro experiments, there is a clear demonstration of the differential effects of

MeHg on cerebellar granule and Purkinje cells.

Significant increases in cerebellar granule cell viability were observed 3.5 hr post-MeHg
exposure when cells were pre-treated with the intracellular Ca®* chelator, BAPTA-AM,
however this effect was not observed 24.5 hr post- MeHg exposure (Marty and Atchison,
1998). In addition to causing cytotoxicity, nonlethal concentrations of MeHg disrupt
neurite outgrowth in chick forebrain neurons (Heidemann et al. 2001). The addition of
BAPTA-AM decreased the MeHg-induced disruption of axonal morphogenesis when
measured after MeHg exposure (Heidemann et al., 2001). These data suggest that altered
Ca’* homeostasis is a possible contributor to MeHg-induced disruption of cell functioning

and subsequent cytotoxicity.
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In addition to Ca** homeostasis at least one other divalent cation also is disrupted
following MeHg exposure. When granule and Purkinje cells were treated with TPEN, a
membrane permeable heavy-metal chelator, the MeHg-induced first-phase increase in
fura-2 fluorescence was attenuated, indicating the presence of a non-Ca”* divalent cation
(Marty and Atchison, 1997). One of the non-Ca** divalent cations released during
exposure to MeHg has been identified in rat cortical synaptosomes as Zn** using
'F-NMR (Denny and Atchison, 1994). The source of Zn?* was determined to be the
soluble fraction of the synaptosomes (Denny et al., 1994). Zn** modulates the function of
many different cell surface proteins including glutamate, GABA , and glycine receptors as
well as VGCCs (Choi and Koh, 1998). Furthermore, cerebellar granule cells exposed to
Zn® undergo concentration-dependent cell death (Manev et al., 1997). Thus, the release

of Zn*, could be a contributing factor in MeHg-induced neurotoxicity.

In summary, cerebellar Purkinje and granule cells show a differential response to MeHg
neurotoxicity in vivo. Furthermore, MeHg causes elevations of [Ca?*]; through the release
of Ca®* from intracellular sources followed by entry of Ca**, though an as yet unidentified
pathway. The prolonged elevation of [Ca®]; resulting from MeHg exposure may be an
important factor in the etiology of MeHg-mediated cell death. As such, the focus of my
thesis is to compare the ability of cerebellar Purkinje and granule cells to undergo MeHg-
induced dysregulation of Ca?* homeostasis and to ascertain what significance VGCCs and

CB which both act to regulate Ca** homeostasis, have in MeHg-mediated dysregulation of
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cell death and subsequent cytotoxicity.
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CHAPTER TWO

COMPARATIVE SENSITIVITY OF RAT CEREBELLAR NEURONS TO

DYSREGULATION OF DIVALENT CATION HOMEOSTASIS AND

CYTOTOXICITY CAUSED BY METHYLMERCURY
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ABSTRACT
The objective of the present study was to determine the relative effectiveness of MeHg to
alter divalent cation homeostasis and cause cell death in cerebellar Purkinje and granule
neurons. Application of 0.5-5 uM MeHg to Purkinje (21-24 days in culture) and granule
(7-10 days in culture) cells grown in culture caused a concentration- and time-dependent
biphasic increase in fura-2 fluorescence. At 0.5 and 1 uM MeHg, the elevation of fura-2
fluorescence induced by MeHg was significantly delayed in Purkinje as compared to
granule cells. Application of the heavy-metal chelator, TPEN, to Purkinje cells caused a
precipitous decline in a proportion of the fura-2 fluorescence signal, indicating that MeHg
causes release of Ca** and non-Ca’" divalent cations. Purkinje cells were also more
resistant than granule cells to the neurotoxic effects of MeHg. At 24.5 hr after-
application of 5 uM MeHg, 97.7% of Purkinje cells were viable. At 3 pM MeHg there
was no detectable loss of Purkinje cell viability. In contrast, only 40.6 + 13% of
cerebellar granule cells were alive 24.5 hr after application of 3 uM MeHg. When
acutely dissociated Purkinje cells were exposed to (0.5-5 uM) MeHg there was a resulting
single-phase and abrupt increase in fura-2 fluorescence; this response differed from the
biphasic response induced by MeHg in Purkinje cells grown in culture. In conclusion,
Purkinje neurons (both in primary cultures and acutely dissociated) appear to be more
resistant to MeHg-induced dysregulation of divalent cation homeostasis and subsequent
cell death when compared to cerebellar granule cells. Moreover, the response to MeHg of
acutely dissociated Purkinje neurons differed from that of Purkinje cells maintained in

primary culture conditions.
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INTRODUCTION
MeHg is a potent environmental neurotoxicant that causes selective cell death in certain
populations of neurons. In both animals and humans, postnatal exposure to MeHg causes
preferential effects on cerebellar granule cells while the adjacent Purkinje cells apparently
remain, at least initially, unharmed (Hunter, 1954; Leyshon and Morgan, 1991; Leyshon-
Sorland et al., 1994; Mori et al., 2000). The cellular or molecular mechanisms which
contribute to the differential neurotoxic effects of MeHg within the cerebellum are, as yet,
unknown. Because Purkinje cells are one of the largest neurons in the CNS and
cerebellar granule cells are one of the smallest, Clarkson (1972) suggested that cell size
may be a contributing factor in the differential neurotoxic effects of MeHg. Other factors
have been suggested to explain why Purkinje cells are relatively more resistant to the
neurotoxic effects of MeHg including: ability to chelate metals (Leyshon-Sorland et al.,
1994), synaptic transmission (Yuan and Atchison, 2003), glutamate receptor subtype
expression and production of nitric oxide (Himi et al., 1996). Because MeHg disrupts a
wide variety of cellular processes, it is difficult to pinpoint individual, specific factors
that may contribute to the differential neurotoxicity of MeHg observed in cerebellar

granule and Purkinje neuronal cell types.

There are no studies comparing directly the cellular effects of MeHg on cerebellar
Purkinje and granule cells. Because MeHg has high affinity for -SH groups and the
ubiquitous nature of -SH groups present within cells, MeHg has been found to disrupt or

alter a variety of cell processes such as: astrocyte function (Aschner, 1993), myelin
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formation (Chang et al., 1977), serotonin concentrations (Taylor and DiStefano, 1976)
and re-uptake of neurotransmitters (O’Kusky and McGeer, 1989). Experiments utilizing
a variety of in vitro preparations have shown one of the earliest effects of MeHg is to
disrupt homeostasis of Ca>* as well as non-Ca®* divalent cation homeostasis (Komulainen
and Bondy, 1987; Sarafian, 1993; Denny et al., 1993; Hare and Atchison, 1995; Marty
and Atchison, 1997; Limke and Atchison, 2002). These effects occur at MeHg
concentrations in the low-micromolar range in a variety of cell types (Hare et al., 1993)
but can occur at sub-micromolar concentrations of MeHg in cerebellar granule cells
(Marty and Atchison, 1997; Limke and Atchison, 2002). Furthermore, elevations of
[Ca®); appears to be linked to cytotoxicity in cerebellar granule neurons in primary
culture. When granule cells are pre-treated with a cell-permeable form of the Ca**
chelator BAPTA, MeHg cytotoxicity was attenuated 3.5 hr after MeHg exposure (Marty
and Atchison, 1998). Studies in whole animals also support the idea that elevated [Ca®],
has a role in MeHg-mediated cell death. Mori et al. (2000) used a Ca**-sensitive dye,
alizarin red S to detect Ca** deposits in cerebellar slices of rats that were treated by
injection of dimethylmercury. As early as 19 days after exposure to dimethylmercury,
cerebellar granule cells started to show accumulations of Ca®*, which increased after
further exposure to dimethylmercury. Gross atrophy of the granule cell layer was evident
at later time points. Adjacent Purkinje cells did not show any sign of cell loss or death,
nor did Purkinje cells accumulate Ca®*; as indicated by a lack of staining for Ca®* deposits
(Mori et al., 2000). Thus, the presence or absence of Ca** deposits within the cerebellum

is directly correlated with sensitivity or resistance to MeHg neurotoxicity, respectively.
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Based on these in vitro and in vivo observations, alterations in [Ca®'], appear to be a

contributory factor to MeHg-induced neurotoxicity.

The purpose of this study was to compare the ability of MeHg to disrupt divalent cation
homeostasis, as measured by changes in fura-2 fluorescence, and induce cytotoxicity in
cerebellar Purkinje and granule neurons. Purkinje cells grown in culture may have a
reduced or impaired ability to release Ca®* from intracellular stores when compared to
acutely dissociated Purkinje cells (Womack et al., 2000). Therefore, additional
experiments were performed to assess the effects of MeHg on release of Ca?*; from
acutely dissociated Purkinje cells as well as from cells grown in culture. The heavy-metal
chelator, TPEN, was used to assess the effectiveness of MeHg to disrupt non-Ca?*

divalent cation homeostasis in Purkinje neurons.
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METHODS
Materials. Methylmercuric chloride (MeHg) was purchased from ICN Biochemicals Inc.
(Aurora, OH). Tetrakis-(2pyridylmethyl)ethylenediamine (TPEN), fura-2 acetoxymethyl
ester (fura-2 AM) and pluronic acid were purchased from Molecular Probes Inc. (Eugene,
OR). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), Poly-L-ornithine
(P-4638), anti-Calbindin D-28K (C-9848), cytosine-f-arabinofuranoside (Ara-C) (C-
1768) and sodium selenite (S-1382) were purchased from Sigma Chemical Co. (St. Louis,
MO). Goat anti-mouse IgG conjugated to tetramethyl rhodamine (TRITC) (715-025-150)
was purchased from Jackson ImmunoResearch Laboratories. Inc. (West Grove, PA).
Trypsin (LS003707) and deoxyribonuclease (LS002139) were purchased from
Worthington Biochemical Corp. (Freehold, NJ). Fetal bovine serum (FBS) and
Dulbecco’s Modified Eagle Medium with F12 supplement (cat. # 12400-016) were

purchased from Gibco (Grand Island, NY).

Isolation of Purkinje cells for cell cultures (intracellular cation measurements and
viability experiments). Two methods were used to isolate Purkinje cells for cell cultures
depending on the specific experimental procedure. The rationale for this was as follows,
the Purkinje cell isolation protocol for the Ca?* imaging experiments included medium
that was found to contain sodium selenite (40 nM). Selenium is protective against many
of the toxic effects of MeHg (Watanabe, 2002), although it would likely not affect very
rapidly-occurring, acute effects of MeHg such alterations in [Ca®>*),. Furthermore, there

was no significant difference in first or second phase time-to-onset of elevations of fura-2

40



fluorescence caused by 0.5 pM MeHg from granule cells in the presence or absence of 30
nM selenium (ANOVA, P > 0.05) (Fig. 2.6). However, selenium could affect
subsequent, more delayed effects of MeHg such as cytotoxicity. Therefore, in order to
examine cell viability after MeHg exposure an alternative Purkinje cell isolation protocol

was utilized in which the medium did not contain selenium.

The Purkinje cell isolation protocol that yielded cells for Ca® imaging experiments was
adapted and modified from that described by Furuya et al., (1998). Cells were isolated
from fetal (gestation day 18) rat pups (Harlan, Indianapolis, IN). Cerebellar cortices from
pups were dissected and stored in ice-cold Ca** and Mg** -free Hanks Balanced Saline
Solution (CMF-HBSS) which contained (mM): 5.4 KCl, 0.4 KH,PO,, 136.9 NaCl, 0.3
Na,PO,, 20 HEPES, 0.6 EDTA, 5.6 d-glucose and 4.2 NaHCO, (pH 7.3 at 23°C).
Isolated cortices were minced and then treated with trypsin (2% w/v) for 5-7 min at 23°C;
tissue was then rinsed three times with CMF-HBSS. DNase (0.03% w/v) was applied in
CF-HBSS (MgSO, added to CMF-HBSS, 12 mM final concentration of MgSO,); cells
were then gently and slowly triturated with a fire polished glass pipette. After trituration,
the tissue homogenate was incubated for 4 min on ice in a polypropylene 15 ml culture
tube to allow undigested tissue to settle to the bottom of tube. Dissociated cells were
collected from the top layer and stored on ice in a separate container. Undigested tissue
underwent further DNase digestions as described above until almost all tissue was
dissociated (approx. 4-5 DNase treatments). Dissociated cells were then centrifuged for 5

min at 920g, then buffer was removed and the pellet resuspended in CF-HBSS and
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centrifuged again to remove completely any trace of DNase. The pellet was then
resuspended in DMEM/F 12 supplemented with 10% FBS. Cells in suspension were
plated on 10 pg/ml poly-L-omithine coated petri dishes and were allowed to .settle for 20
min in a humidified incubator. This step was done to separate the quickly adhering glial
cells which contaminated the Purkinje cell isolate. After 20 min the top layer of medium
containing non-adhering neurons was collected for plating on coverslips. Cells were
plated on coverslips coated with poly-L-ornithine (40 pg/ml) and then placed in a
humidified cell culture incubator (5% CO, and 37°C) for 1-2 days. After 2 days,
coverslips were transferred to a bi-laminar culture system with Purkinje cell plated
coverslips on top and a bottom feeder layer consisting of cerebellar granule and glial cells
isolated from 7 day old rat pups. A bent, glass capillary tube (approximately 3 mm outer
diameter) was used as a spacer between the top and bottom layers so glial cells did not
physically contact the coverslip. AraC (10 pM) was added to Purkinje cell cultures
approximately 3 days after plating to inhibit proliferating, non-neuronal cells. Purkinje
cell culture medium was changed every 3-4 days. The second Purkinje cell isolation
procedure, which was used to obtain cell cultures for viability assays, was a modified
organo-typic Purkinje cell culture system based on the protocol described by Gruol
(1983). In both types of isolations, all experiments were conducted on Purkinje cells at
21-24 DIV to allow the cells in culture to mature and achieve adult morphology and

biochemical patterns.

Isolation of acutely dissociated Purkinje cells (intracellular Ca** measurements).
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Briefly, 7-14 day old rat pups were decapitated and then cerebella dissected out and
placed in oxygenated Ca*'-free HEPES buffered saline solution (CF-HBS). This
contained (mM): 150 NaCl, 5.4 KCl, 0.8 MgSO,, 0.02 EGTA, 20 d-glucose and 20
HEPES (free acid) (pH 7.3 at room temperature). The tissue was then minced, and 3 ml
of a 1.6 mg/ml solution of trypsin was added for 5 min at room temperature. After
trypsin incubation, the tissue was transferred to a 15 ml polypropylene culture tube and
rinsed 3 times with CF-HBS. Then 1.5 ml of a 0.2 mg/ml solution of DNase was added,
and the tissue was triturated with a fire-polished glass pipette and set aside. After 4 min,
the undissociated tissue settled to the bottom of the culture tube, and dissociated cells
remained in the top half of the solution of DNase. Dissociated cells were transferred to
another 15 ml cell culture tube, and treatment with DNase was repeated with the
undissociated tissue. It was then centrifuged at 920g for 5 min. The supernatant was
subsequently removed, and the cell pellet resuspended in 2 ml of HBS which contained
(mM): 150 NaCl, 5.4 KCl, 1.8 CaCl,, 0.8 MgSO,, 20 d-glucose and 20 HEPES (free acid)
(pH 7.3). Cells suspended in HBS were then plated on poly-D-lysine coated glass
coverslips and immediately incubated with fura-2AM (see below). Cells maintained for
longer than four hours in vitro were not used in any of the acutely dissociated Purkinje

cell experiments.

Protocol for isolation of cerebellar granule cells protocol. Cerebellar granule cells
were isolated and grown according to conditions previously described in Marty and

Atchison (1997).
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Measurement of changes in fura-2 fluorescence. The ratiometric fluorophore fura-2
was used in all experiments to record changes in divalent cation concentrations induced
during continuous perifusion with MeHg in HBS. Purkinje and granule neurons grown in
culture were loaded with fura-2 AM (3 - 4 uM) for one hr in the presence of pluronic acid
(3 - 4 uM), then were rinsed in perfusing HBS for 30 min at 37°C. The fura-2 AM
loading protocol for the acutely dissociated Purkinje cells was the same as that for cells
grown in culture, with the exception that acutely dissociated cells were incubated with
fura-2AM for 30 min, then perifused for only 15 min prior to the start of the experiment.
For each experiment, cells were initially perifused for 2 min with HBS containing 40 mM
KCl to depolarize the cell and thus assure cell viability and the ability to buffer Ca**,. The
KCl depolarizing buffer contained (mM): 105.4 NaCl, 40 KCl, 1.8 CaCl,, 0.8 MgSO,, 20
d-glucose and 20 HEPES (free acid) (pH 7.3). For Purkinje cells grown in culture, data
were obtained simultaneously from cell soma and the corresponding dendritic field on the
same coverslip. Fura-2 fluorescence data were only obtained from the soma of granule
cells and acutely dissociated Purkinje cells. Digital fluorescent images were obtained
using an IonOptix cation fluorescence imaging system (Milton, MA) and an MTI charge
coupled device (DAGE-MTI Inc., Michigan City, IN) camera to record images. Fura-2
fluorescence changes were monitored simultaneously in the soma of multiple cells within
the same microscopic field to minimize cell selection bias. Data from these cells were
averaged to provide a mean time-to-onset of increases of fur-2 fluorescence for that dish.
None of the agents used in this study, including MeHg (Hare et al. 1993), caused a

noticeable shift in fura-2 spectra at the concentrations used (results not shown).
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Viability assay of cultured Purkinje and granule neurons. Purkinje (21-24 DIV) and
granule cells (6-8 DIV) were rinsed three times with warmed HBS. HBS solutions
containing (0.5-5 pM)MeHg were then added. Cells were placed in a humidified cell
culture incubator (5'% CO, and 37°C) for 1 hr, after which MeHg was removed and cell
culture medium was replaced. The 1 hr MeHg-treatment time was selected because
almost all Purkinje or granule cells exhibited an elevation of [Ca®"]; at all the MeHg
concentrations tested after 1 hr of MeHg exposure. Cell viability was assayed 24.5 hr
later with the calcein-AM/ethidium homodimer method, using the protocol of Marty and
Atchison (1998). Briefly, MeHg exposed cells were rinsed three times with warmed
HBS, after which a solution containing calcein-AM (2 uM) and ethidium homodimer (4
uM) was applied for 0.5 hr. Cells were subsequently rinsed three times with warmed
HBS and their viability assayed. Healthy cells incorporated calcein-AM and fluoresced
green, whereas ethidium homodimer marked cell death by binding to exposed DNA
within the nucleus and causing a red fluorescence. For Purkinje cells, three separate cell
isolates were used in the viability assay, with each treatment group (HBS control, 3,5 and
7 uM MeHg) being present in each islolate. Based on the distinct adult Purkinje cell
morphology, probable Purkinje cells were located on the cell culture dish and the dish
bottom was then marked with a Nikon marking objective (2 mm in diameter). This was
done so Purkinje cells could be located following immunostaining for CB, which as noted
in Chapter One is a CaBP specific to Purkinje neurons within the cerebellum (Gruol and
Crimi, 1988, Furuya et al., 1998). Photomicrographs of Purkinje cells within marked

areas were taken prior to MeHg exposure, during the viability assay and after
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immunotstaining for CB. Probable Purkinje cells were determined to be non-viable by
comparing the photomicrographs of the cells prior to and following MeHg exposure.
Purkinje cell density varied from 5 to 25 per marked area (3.14 mm?) on a dish. For
granule cells, one isolate was used for all viability assays with four replicates of each
treatment group. For granule cells, an arbitrary location on the cell culture dish was
chosen and marked with the same Nikon marking objective as used in the Purkinje cell
viability assay studies. Granule cell density was much higher as compared to Purkinje
cells with approximately 50 cells per marked area (3.14 mm?). Cell viability was
determined manually using a Nikon Diaphot epifluorescence microscope (Nikon

Instruments, Tokyo, Japan).

Immunocytochemistry. Other neuronal and non-neuronal cell types were present in the
Purkinje cell cultures. To ensure that recordings were made from Purkinje cells, the area
from which cells were recorded was located on the coverslip and marked with a Nikon
marking objective after the Ca’* imaging experiments. Coverslips were placed in 100%
acetone at -20°C, for 10 min to permeabilize and fix the cells. They were next rinsed
three times in Dulbecco’s Buffered Phosphate Solution (DBPS) which contained: (mM)
140 NaCl, 8.1 NaH,PO,, 0.49 MgCl,, 1.47 KH,PO,, 2.68 KCl and 0.9 CaCl, (pH 7.3).
Mouse anti-CB antibody (Ab) (1:2000) was applied with 10% FBS as a blocking agent
and the cells were incubated overnight. The next day cells were rinsed again with DBPS.
Goat anti-mouse TRITC conjugated secondary Ab (1:100) in 3% (w/v) bovine serum

albumin (fraction IV) was then applied and cells were incubated for 0.5 hr. After

46



secondary antibody incubation, cells were rinsed three times with DBPS. Cells located
within the marked are of the coverslip were evaluated for CB antibody labeling and

photomicrographs were taken of CB-positive cells.

Statistics. For data on the time-to-onset of [Ca’]; increases, one n value represents the
average responses from 2 to 3 cells recorded simultaneously on a single coverslip. Data
were analyzed using the GraphPad Instat statistical program (GraphPad Software Inc.,
San Diego, CA). Comparisons for cell viability for each exposure group were made using
a one-way or two-way analysis of variance (ANOVA) and/or students t-test. Percent data
were square root transformed prior to statistical analysis. When multiple cell type and
MeHg concentration were compared, a two-way ANOV A was used; if a single cell type
with multiple MeHg concentrations was compared, a one-way ANOVA was used. If
significant differences between sample means were detected, a post-hoc Tukey-Kramer
test was performed to ascertain which mean values were significantly different. Values of

p < 0.05 were considered to be statistically significant.
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RESULTS
Purkinje cells were grown in culture for 21-24 days in vitro (DIV). This extended time of
growth was needed for the cells to express characteristics of adult Purkinje cells. I did
not observe morphologically distinct Purkinje neurons with extensive dendritic
arborization until 18 DIV (Fig. 2.1); this observation is in agreement with other reports of
Purkinje cells grown in culture (Gruol, 1983; Furuya et al., 1998). To ensure that the
Purkinje cells grown in my cell culture system retained the physiological responses
observed in Purkinje cells in vivo and had the ability to buffer elevated [Ca*'],, glutamate
agonists were applied and resulting increase in fura-2 fluorescence was measured from
soma and dendrite regions of Purkinje cells. After glutamate agonist exposure, the area
of the coverslip containing the cell that was recorded from was marked and stained for the
presence of CB. Verification of the presence of CB was done to verify that I could
identify adult Purkinje cells in a mixed cell culture system. Purkinje cells in vitro express
AMPA /kainate and metabotrophic glutamate receptors, but do not express functional
NMDA receptors (Perkel et al., 1990). Accordingly, I found significant differences in the
Purkinje cell response to AMPA, - quisqualate-, and NMDA-evoked elevations of [Ca®*]..
NMDA (Fig. 2.1) produced a significantly lower amplitude fura-2 fluorescence response
as compared to kainate or quisqualate (two-way ANOVA, P <0.05). No significant
differences between soma or dendrite were detected (two-way ANOVA, P > 0.05) in any

of the glutamate agonist-evoked fura-2 fluorescence responses. These results
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Figure 2.1 Photomicrographs of cerebellar Purkinje neurons 23 DIV. Figure 1A is a
bright-contrast image of two Purkinje cells. Figure 1B is an image of the same Purkinje
cells stained for presence of CB. The unique peaf-shaped soma and extensive dendritic
arborization were used to identify probable Purkinje neurons before each experiment.
Figure 1C is a histogram showing different glutamate agonists causing increases in fura-2
fluorescence, F 34,350) in Purkinje cells. Data are agonist-induced increase in amplitude of
F 330380 NOrmalized to an initial 40 mM KCl-induced depolarization, and are expressed as
mean + SE, for every group (N = 4). Significant differences (two-way ANOVA, Tukey’s
test; P < 0.05), in both soma (dark) and dendritic (diagonal) regions, were detected in

F 310380, amplitude resulting from exposure to: NMDA (50 uM) + glycine (10 uM),
kainate (50 pM) and quisqualate (10 pM). Single asterisk (*) indicates significant
difference from NMDA treatment group and double asterisk (**) indicates significant
difference from kainate (two-way ANOVA, Tukey’s test; P < 0.05). No significant
differences were detected in comparing soma or dendrite within any of the agonist

treatment groups.

(Images in this dissertation are presented in color)
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FIGURE 2.1
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are in agreement with previous Ca’" imaging and electrophysiology studies of glutamate

agonists exposure to Purkinje cells in culture (Yool et al., 1992; Gruol et al., 1996).

In all experiments, Purkinje or granule cells were initially perifused with 40 mM K" HBS
for two min. This was done to ensure that the cell was viable and maintained the ability
to buffer elevations of [Ca’*],. All Purkinje and granule cells responded to 40 mM K*
with an elevation of fura-2 fluorescence followed by a return of fura-2 fluorescence to
baseline when the 40 mM K perifusion solution was replaced with normal (5.4 mM) K*
HBS. Cells were exposed to MeHg 6 min after the 40 mM K" was withdrawn and the
cell had been perifused with normal HBS. All concentrations of MeHg tested (0.5-5 pM)
caused a similar biphasic increase in fura-2 fluorescence in Purkinje cells and granule
cells (Fig. 2.2) grown in culture. When MeHg was applied in a Ca*'-free HBS solution,
there was an absence of any second phase increase in [Ca®'] in both cell types. Therefore,
the first phase increase in fura-2 fluorescence was due primarily to release of divalent
cations (Ca?* and other non-Ca?*) from intracellular sources, whereas the second phase
increase was due primarily to entry of Ca®*,. While MeHg also caused a biphasic
elevation of fura-2 fluorescence in cerebellar granule cells, these elevations occurred on a
significantly shorter time scale. Figure 2.3 shows the direct comparison of time-to-onset
of first-phase increases of fura-2 fluorescence in Purkinje soma and granule neurons.
Qualitatively, both cell types had similar rates of elevation of fura-2 fluorescence.
However, Purkinje cells had a significantly delayed time-to-onset at the 0.5 and 1 uyM

MeHg treatment groups as compared to granule cells (two-way ANOVA, P >0.05).
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Figure 2.2 Representative tracings showing changes in fura-2 fluorescence, F 3435, in a
cerebellar granule (A) and a Purkinje (B) neuron grown in culture and exposed to 0.5 uM
MeHg. In every experiment, a biphasic increase in F ;,,34, Was observed in both cell
types during continuous perifusion of MeHg. Tracing (A) of the granule cell is
representative of 9 cells exposed to 0.5 uM MeHg, and tracing (B) of the Purkinje cell is

representative of four cells exposed to 0.5 uM MeHg.
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Figure 2.3 Time-to-onset of first phase increase of fura-2 fluorescence from Purkinje and
granule neurons after application of MeHg. Asterisks indicate significant differences in
the mean time-to-onset of fura-2 fluorescence changes between Purkinje and granule cells
at 0.5 and 1 pM MeHg (two-way ANOVA, Tukey’s test; P < 0.05). Granule and Purkinje
cells exposed to HBS alone maintained stable basal fura-2 fluorescence for > 60 min.

Data are represented as mean = SE, N = 4 for all groups.
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Figure 2.4 shows the comparative time-to-onset of second phase increases in fura-2
fluorescence induced by MeHg in Purkinje and granule cells. In both cell types, no
second phase increase of fura-2 fluorescence was detected unless Ca** was present in the
perifusion buffer. The rate of increase of fura-2 fluorescence and amplitude of fura-2
fluorescence relative to an initial K* depolarization were qualitatively similar in both cell
types. Purkinje cells had a significantly delayed time-to-onset of second phase fura-2
fluorescence increases at the 0.5, 1 and 2 uM MeHg treatment groups as compared to
granule cells (two-way ANOVA P >0.05) (Fig. 2.4). At high concentrations of MeHg,
there was no difference between cell types. Experiments using Purkinje cells were
conducted to quantify the amplitude of the first phase of fura-2 fluorescence relative to
that caused by an initial depolarization resulting from perifusion of 40 mM K, data not
shown. Amplitude of first phase increase of fura-2 fluorescence was not significantly
different at 0.5, 1, 2 or 5§ puM MeHg in Purkinje cells (Fig. 2.5, one-way ANOVA P >

0.05).

As mentioned previously, a different cell isolation protocol was used for Purkinje cell
viability assay experiments (Gruol, 1983) than the protocol used for Ca?* imaging studies
(Furuya et al., 1998). Both in vitro and in vivo studies have shown that selenium can
have cytoprotective effects when co-administered with MeHg (Watanabe, 2002).
However I found no significant difference between first or second phase time-to-onset of
elevations of fura-2 fluorescence when granule cells were exposed to 0.5 pM MeHg in

the presence or absence of 30 nM selenium (ANOVA, P > 0.05) (Fig. 2.6).
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Figure 2.4 Second phase time-to-onset of increases of fura-2 fluorescence from Purkinje
and granule neurons after application of MeHg. Asterisks indicate significant differences
in the mean time-to-onset of fura-2 fluorescence changes between Purkinje and granule
cells at 0.5, 1 and 2 pM MeHg (two-way ANOVA, Tukey’s test; P < 0.05). Untreated
control cells maintained stable basal Ca®" levels for > 60 min. Data are represented as

mean + SE, n >= 4 for all groups.
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Figure 2.5 The amplitude of first phase increase of fura-2 fluorescence was not
significantly different at 0.5, 1, 2 or S uM MeHg in Purkinje cells (Fig. 2.5, one-way
ANOVA, P > 0.05). Following a 40 mM K'-induced depolarization, Purkinje cells were
perifused in MeHg-containing Ca**-free (20 uM EGTA) HBS and amplitude of fura-2
fluorescence recorded after MeHg had caused a sustained elevation in fluorescence. N =

2 for the dendrite 2 pM MeHg treatment group.
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Figure 2.6 The effects of 30 nM Selenium (Se) on 0.5 pM MeHg-induced first and
second phase time-to-onset of increased fluorescence in cerebellar granule cells grown in
culture. Granule cells were continuously perifused with HBS solutions containing MeHg
in the presence or absence of 30 nM Se. No significant differences were detected
between first or second phase time-to-onset when Se was either present or absent (t-test,
P > 0.05). Data are represented as mean + SE; n = 3 for non-Se, MeHg-only, control and

n = 4 for Se with MeHg treatment groups.
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Fura-2 binds other divalent cations other than Ca®* with high affinity (Grynkiewicz et al.,
1985). Non-Ca?* divalent cations are released from intracellular sources when rat cortical
synaptosomes or NG108-15 cells are exposed to MeHg (Hare et al., 1993; Denny and
Atchison, 1994). Consequently, the heavy-metal, divalent cation chelator, TPEN, was
applied during MeHg exposure to unmask any possible contribution of non-Ca®" divalent
cations to fura-2 fluorescence in Purkinje cells. TPEN binds with relatively high affinity
to Zn*", Fe?*, and Mn?* (Arslan et al., 1985). TPEN does not bind to any significant
extent to Ca>*, MeHg, or fura-2 (Arslan et al., 1985; Komulainen and Bondy, 1987; Hare
et al., 1993). The amplitude of the MeHg-induced first phase increase of fura-2
fluorescence was decreased by acute application of 20 uM TPEN (Figure 2.7). Thus
there is a substantial release of non-Ca?* divalent cation(s) during the initial increase in
fura-2 fluorescence. No detectable change in fura-2 fluorescence was detected when
TPEN was applied in the absence of MeHg (Fig. 2.8). The first phase amplitude
decrease produced by 20 uM TPEN in the presence of various concentrations of MeHg is
illustrated in Figure 2.9. Experiments using TPEN were done on Purkinje cells in the
presence of normal (1.8 mM) extracellular calcium (Ca”*,). Chelation of non-Ca®"
divalent cations by TPEN did not alter the time-to-onset of first or second phase increase
of fura-2 fluorescence resulting from exposure to 2 uM MeHg in Ca’* (1.8 mM)

containing HBS in Purkinje neurons (one-way ANOVA, P > 0.05), Figure 2.10.

Using the Purkinje cell isolation protocol of Gruol (1983) allowed us to test the effect of

MeHg on viability of adult Purkinje neurons without the presence of selenium in the
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Figure 2.7 A representative tracing showing the acute effects of the heavy-metal chelator
TPEN (20 pM) on the MeHg-induced (2 uM) first phase increase of fura-2 fluorescence
from a cerebellar Purkinje neuron. When TPEN was applied in Ca** free HBS, there was
a resulting rapid drop in fura-2 fluorescence, indicating that non-Ca?** cation(s)
contributes to the first phase increase in fura-2 fluorescence. After TPEN addition, the

remaining fura-2 fluorescence represents Ca®* increases during the first phase.
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Figure 2.8 Representative tracing showing negligible changes in fura-2 fluorescence
(340/380) during acute (2 min) application of the heavy metal chelator, TPEN (20 uM) in
the absence of MeHg. The Purkinje cell was exposed to depolarizing 40 mM KCl

solutions to ensure cell viability the entire length of the recording.
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Figure 2.9 The cell permeable, heavy-metal chelator, TPEN caused a decrease in MeHg-
induced first phase increase in F ,y4, When MeHg was perifused in Ca**-free, EGTA
buffer. Solid and hatched bars represent soma and dendrite, respectively. TPEN caused a
significant reduction from soma of 2 uM MeHg-induced elevation of fura-2 fluorescence
compared to the 5 uM MeHg treatment group, as indicated by the (*) (two-way ANOVA
P =0.015). No significant difference was detected within the dendrites. The first phase
amplitude, prior to TPEN addition, was set at 100%. Bars indicate the proportion of this

fura-2 fluorescence signal remaining after chelation of non-Ca?* cations with TPEN.
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Figure 2.10 MeHg (2 pM) co-perifused with the heavy-metal chelator TPEN (20 uM) in
Ca**-containing (1.8 mM) HBS did not significantly alter the time-to-onset of first or
second phase increases of fura-2 fluorescence in cerebellar Purkinje neurons (two-way

ANOVA, P > 0.05).
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growth medium as a complicating factor. The medium used for these studies contained
only trace amounts of selenium normally found within the horse serum and FBS.
Purkinje cells (DIV 21-24) were more resistant to the cytotoxic effects of MeHg than
were cerebellar granule neurons (DIV 6-8), as measured by the calcein-AM/ethidium
homodimer viability assay method. On average, each tissue culture dish contained
between 5-25 Purkinje neurons within the area delineated by the Nikon marking objective
(surface area = 3.14 mm?). Due to the sparse numbers of Purkinje cells present, viability
data are presented on a per cell basis (Fig. 2.11). At 7 uM MeHg, Purkinje cell adhesion
was affected as Purkinje cells began to lift off the substrate. Minimal effects on Purkinje
cell viability were seen at 5 uM MeHg. With granule cells, data were expressed as the
percentage of live cells with a minimum of 50 cells examined in each treatment group. In
contrast to Purkinje cells, viability of cerebellar granule neurons was significantly
decreased in the 5 pM MeHg treatment group as compared to HBS-alone control (Fig.
2.12). Granule cells also lifted off the culture dishes at S and 7 uM MeHg treatment
groups. Only cells that remained adherent to the cell dish substrate were considered for

the viability assay.

Because Purkinje cells grown in long-term cell culture conditions may not be the best
representation of Purkinje cell biology in vivo, I performed experiments on Purkinje cells
using a different type of isolation procedure. Acutely dissociated Purkinje cells taken
from rat pups between postnatal days 10 and 14 had a similar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>