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ABSTRACT
CHARACTERISTICS OF THE METHYLMERCURY-INDUCED DECREASE
OF WHOLE CELL BARIUM CURRENT IN CEREBELLAR GRANULE
NEURONS
By

Jay Edward Sirois

Methylmercury (MeHg) is an organomercurial compound which
preferentially disrupts granule cells of the cerebellum. To examine a
possible mechanism which may contribute to the sensitivity of granule cells
to MeHg, whole cell barium (Ba*) currents were measured in primary
cultures of cerebellar granule cells in the presence and absence of MeHg.
0.25 - 1 tM MeHg decreased Ba** currents irreversibly, in a concentration-
and time-dependent fashion. Following exposure to 0.25, and in some cases
0.5, tM MeHg in the absence of depolarizing stimuli, current at the end of
the voltage step was decreased to a greater degree than peak current. At 1
uM MeHg, peak and end currents were reduced an equal amount in the
absence of depolarizing stimuli. Increasing the stimulation frequency from
0.1 to 0.2 Hz facilitated the reduction in current by 0.25 and 0.5 ptM MeHg,
but not 1 ntM MeHg.

Several peptide toxins and a dihydropyridine compound were used to
examine the role of Ca® channel subtypes in the MeHg-induced decrease of
whole cell Ba** current. Perfusion of these compounds prior to MeHg
exposure did not prevent MeHg from decreasing whole cell Ba®* current.

When nimodipine or calcicludine were added prior to MeHg, the subsequent



decrease in peak Ba®* current produced by MeHg was greater than that
seen with MeHg alone. Perfusion of GVIA or MVIIC following removal of a
portion of the whole cell Ba* current by MeHg resulted in an initial
apparent rate of decline of the remaining current that was similar to the
rate observed in the absence of MeHg. Addition of nimodipine in the
presence of MeHg did not alter the apparent MeHg-induced rate of current
reduction, suggesting that reductions in Ba®* current produced these two
agents was not additive. Thus, cerebellar granule cell Ca?* channels are
sensitive to micromolar concentrations of MeHg. The results are consistent
with an ability of MeHg to decrease current through all Ca?" channel

subtypes.
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A. Methylmercury

Methylmercury (MeHg) is an environmental contaminant found
primarily in aquatic ecosystems. Produced as a by-product of various
industrial processes, as well as by bacterial methylation of inorganic
mercury (Heintze et al., 1983), the lipophilic character of this compound,
imparted by the methyl group, allows the bioaccumulation of MeHg in the
environment. It thus poses a significant risk to aquatic life, and in
particular humans who consume a large quantity of MeHg-contaminated
fish (Hansen, 1990).

The first description of the effects of chronic low level MeHg exposure
revealed various distu‘rbances in sensory function such as ataxia,
impairments in speech, hearing and vision and numbing in the extremities
(Hunter et al., 1940). Upon the death of an individual exposed to MeHg, a
histological examination of the brain revealed that the granule cells of the
cerebellum were particularly sensitive, while other cerebellar cell types
appeared less affected (Hunter and Russell, 1954).

Two larger scale outf)reaks of poisoning with MeHg exhibited the
insidious neurotoxic potential of this compound and confirmed the initial
findings by Hunter and his colleagues. In Minimata Bay, Japan, thousands
of people were exposed to MeHg through the consumption of contaminated
seafood over the course of several years (Takeuchi et al., 1967). Two

decades later in Iraq, 462 people died, and countless others were affected, as
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3

a result of ingesting bread made from seed grain contaminated with a
MeHg-containing fungicide (Bakir et al.,, 1973). A pattern of cerebellar
disruption, with especially prominent effects on granule cells, was again
present among those who died as a result of these incidents. The effects of
MeHg on the developing fetus were also shown to be quite conspicuous, as

- numerous cases of a cerebral palsy-like syndrome were observed to occur in
the offspring of women chronically exposed to MeHg.

The reason for the heightened sensitivity of granule cells to MeHg is
unknown. Speculations have ranged from the small size of the granule cell
(<10 pm) which may in turn lead to a greater intracellular concentration of
MeHg, to the lack of potential protective MeHg-sequestering mechanisms,
such as sulfhydryl groups, some of which may sequester MeHg in an
inactive form. Because of the ability of MeHg to react with a number of
complexation sites such as carbonyl, amino and hydroxyl groups (Dales,
1972) on the plasma membrane or within the cell, the likelihood of MeHg
acting at a single site to produce neurotoxicity is extremely low. Thus, the

_answer to the question 'How does MeHg cause neurotoxicity’ is not a simple
one. Accordingly, it is important to understand the sequence of events that
ensues subsequent to MeHg exposure. In trying to determine this, a logical
starting point would be to examine a cellular process that would be affected
by MeHg at an early time point. The first line of defense against any toxic
insult is the plasma membrane, which forms an effective barrier between

the intracellular and extracellular environments.
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4

Within the plasma membrane are numerous proteins which act to
communicate messages from the outside of the cell to the inside. One
family of these proteins, the voltage-gated Ca** channels, perform a critical
function in cellular communication. Ca® channels are responsible for
allowing the influx of extracellular Ca**, an important second messenger,
which activates a number of processes such as growth cone extension, gene
expression, synapse development and exocytic release of transmitter (Scott
et al., 1991). Along with a host of other proteins, Ca?* channels contribute
to the maintenance of intracellular Ca* levels ([Ca*],) at ~100 nM. Since
[Ca*], is so tightly controlled, altered regulation of Ca®* channel function
can potentially affect a number of events. This study was undertaken to
determine 1) if cerebellar granule cell Ca®** channel currents were more
sensitive to MeHg-induced decreases than Ca®** channels in other previously
examined cell types; and 2) to examine the ability of agents which block a
portion of the whole cell Ba?** current through one or more Ca** channel
subtypes to alter the MeHg-induced reduction of whole cell Ca* channel
current. Cerebellar granule cells have been shown to possess a multitude of
Ca* channel subtypes, with a recent study describing 5 different types
based on pharmacological characterization (Randall and Tsien, 1995). Thus,
the unique complement of granule cell Ca** channels may increase the
possibility of MeHg disruption of Ca®-mediated events, an effect which

could contribute to cell death.
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B. Structure and function of voltage-gated Ca®* channels

Neuronal voltage-gated Ca* channels are comprised of 4 subunits (a,,
3, o, and 3). The a, subunit forms the pore region of the channel and, when
expressed in a system such as Xenopus oocytes, can form a functional
channel by itself. «, is a transmembrane protein comprised of 4 homologous
repeats (I-IV), each of which eontains 6 transmembrane segments (Fig. 1.1;
for review see Catterall, 1993; 1995). Expression studies with clones of the
a, subunit have also shown that this is the region of the Ca** channel which
determines its voltage- and pharmacological-sensitivity. The other subunits
play various modulatory roles in shaping the activation and inactivation
profiles of the channel. Numerous genes for each of the subunits have been
identified (see Table 1). The genes responsible for encoding the o, subunits
of the L-, N- and P-type Ca*" channels have been well characterized. Two
genes (o,c, ,p), encode for the a, subunit of the L-type channel, while N-
type (a,p) and P-type (a,,) are encoded by only one gene. Interestingly,
when expressed in Xenopus oocytes, ,, shows characteristics distinct from
that of a typical P-type channel (Zhang et al., 1993). This has led to the
speculation that perhaps a,, encodes for a separate channel, termed Q-type.
Originally described in cerebellar granule cells, Q-type channels are
sensitive to block by low concentrations of ®-conotoxin MVIIC and are
relatively resistant to block by the P-type Ca®** channel antagonist ®-
agatoxin IVA (Zhang et al., 1993; Randall and Tsien, 1995). The product of

the o, gene has been found to be resistant to pharmacological modulation.



FIG. 1.1. The proposed structure of a voltage-gated Ca®* channel (from
Catterall, 1993; 1995). (A) Diagram of the proposed arrangement of a
skeletal muscle Ca?* channel containing a,, o,-8, 8 and § subunits (3 is
only present in skeletal muscle Ca** channels). (B) Detail of the «,
subunit domain showing the 4 transmembrane regions (I-IV) and the
presence of phosphorylation and glycosylation sites. (C) Detail of the
6 membrane spanning regions (S1-S6) within each of the four motifs.
Changes in transmembrane voltage are thought to be detected by the S4
region, which is highly charged (represented by +). The movement of
this region results in the opening of the channel pore and the
subsequent flux of ions. The SS1/SS2 region separates the 5" and 6%
membrane spanning segments and is thought to contain the binding

site(s) for dihydropyridine compounds (Tang et al., 1993).



2

T I

m

Extracellular

v

T

oursioe $1525354S5 s@
BERuE Dy
e TOA(]”'T

coy
Intracellular




"SUOINAU HY(J USYOIYD PUB SUOINAU dfUINJ IB[[9¢a1a0 JBL U]
supnpnej .

'89d£) [ouueyd aArpoadsal ay) ysnoay)
JUBLIND JSBIIIIP 0} JSTUOSBIUER Y} JO AJI[IqR IATIB[AL 9Y} 0} SI9JAI JATJISUSG ,

‘sndoudy ut juamd ¥'p 0} Juaaand adAy-y ([0 d[nuesd jo Ljuerurs uodn paseq
‘sndouady ut Y'0 Jo uoissaadxa £q paurejqo symsas uodn Lpjaed peseq
9dUBONPU0d [duueyd J3uUlg ,

"UOTJBATIOBUI JUALIND JO (MO[S J0 WINIpaW ‘}sej) ajed djewxorddy .

a|qe[teae joN ,

"PAIBAIOR SI JUALIND YITYM Je sade)[oa ajewxoxddy |

‘S[puueyd , e} pajesd-ade)oa Jo sonsuaeIey) °T IAqeR],



9A)ISUSS

oz. s9X sox ON ON ON VAI-e3Y

| 9AI}ISUAS

ON ON SOK RE) 8 89X ON o PRED

9A)ISUOS

ON ON ON ON SoA ON dHd

JAI}ISUDS

89X ON S9X 89X ON ON OIIAN

,PAI}ISUDS

ON ON ON 89X ON ON VIAD

o0 o Vip fip aipOlp II-9q4& aiznﬂw
VN VN gdgr~ | sdet sdgg sds "4

MoIS iseyq MmoIS PN MOo[S isedq Padld. |

‘PPN -POIN FN: AT

VN VN AWOS- | AWOZ- | AWOI- | AWOQL- 28uey

0} + 0} + 0} + 0] + UOIJBATOY

[puueyd

q () d N 1 L )




Current
pherma
granle
suhunit
characte
produce
1993 .

and inv

the furg



10

Current carried by expressed a,; subunits shares kinetic and
pharmacological characteristics of a portion of current seen in cerebellar
granule cells that has been termed R-type (Zhang et al., 1993). The a,
subunit possessed by the T-type Ca?* channel has not been definitively
characterized, although this current does share similarity to current
produced by expression of the rbe-II gene in Xenopus oocytes (Soong et al.,
1993). Ongoing studies of Ca®** channel types in a number of mammalian
and invertebrate cell types will likely yield new classes of Ca** channels in
the future as well.

Three main states of a voltage-gated Ca®* channel are proposed to
_exist; open, closed and inactivated. In the open state, the channel permits
the transmembrane flux of ions following a conformational change in the
pore region of the channel. When the channel is closed, ion flux is not
permitted. In some cases, multiple closed states of a Ca** channel exist.
Inactivation of whole cell HVA Ca* current entails a relaxation of the
current back to a non-zero value in the presence of a maintained stimulus.
At the single channel level, this is manifest as more frequent or longer
openings of the Ca* channel at the beginning of the depolarization followed
by 1less frequent and/or shorter openings at the end of the pulse.
Inactivation of voltage-dependent Ca** channels occurs through either
voltage- or Ca®-dependent means. Evidence which suggests that Ca®
facilitates channel inactivation include the findings that intracellular

injection of Ca? (Standen, 1981) and EGTA (Eckert and Tillotsen, 1981) can
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enhance and reduce inactivation, respectively. The ability of Ca®* to cause
inactivation can involve changes in the activity of enzymes which are
activated by Ca®, including calmodulin and calcineurin which acts by
enhancing the rate of dephosphorylation of the Ca? channel (Chad and
Eckert, 1986). Voltage-dependent inactivation of is the predominant form of
inactivation of T-type channels (Lux and Brown, 1984; Bossu and Feltz,
1986; Lux and Gutnick, 1986; Gutnick et al., 1989). In cerebellar granule
cells, Q-, R-, and N-type Ca* channels inactivate (to a somewhat similar
degree), while L- and P-type Ca®* channels are non-inactivating.

The Ca?" channel is postulated to be a multi-ion pore through which
Ca®* passes in single file fashion as it enters the cell (Hess and Tsien, 1984).
Ca* channels exhibit a high affinity for Ca** over other metal ions present
in higher concentrations such as Na*, K* and Mg*. The basis of this
selectivity is thought to reside in two negatively charged glutamate
residues, aligned in single file fashion along the pore of the Ca®* channel.
These residues, termed the inner site and the outer site, interact very
briefly with the Ca®* ion as it traverses the channel. The importance of
these residues in Ca®" channel function has been shown in amino acid
substitution experiments where replacing these glutamate residues with
lysine at the SS2 segment of the S5-S6 linker region alters the selectivity of
the Ca®* channel (Tang et al., 1993). Following a depolarizing stimulus and
the opening of the pore, Ca®* enters the channel and binds to the inner site.

Subsequent binding of another Ca** at the outer site facilitates the entry of
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the inner Ca?* into the cell (Hess and Tsien, 1984).

Calcium channels are classified as either low voltage-activated (LVA)
or high voltage-activated (HVA). From a constant holding potential (i.e., -90
mV), LVA Ca* channels are activated by weakly depolarizing pulses (i.e., to
-60 mV). Activation of HVA Ca* channels requires stronger depolarizing
steps (i.e., to -20 mV). To date only one LVA channel has been
characterized, termed T-type (Llinas and Yarom, 1981). T-type Ca®
channels, which carry a very small single channel current compared to HVA
channels (Carbone and Lux, 1984; Fox et al., 1987), inactivate following a
large depolarization step (i.e., to -20 mV). For all HVA channels, when the
membrane is at its resting potential, the pore is closed, preventing ion flux.
This is not necessarily the case with T-type channels, due to their relatively
low activation threshold (~-60 mV), which allows them to potentially be
open at the resting potential. In order to accomplish the process of opening,
the change in membrane voltage must be converted to physical movement of
a portion of the Ca? channel. Transmembrane changes in voltage are
thought to be detected by a proposed voltage-sensing region within the
channel protein termed the S4 segment (Catterall, 1986; Sigworth, 1993).
Following depolarization, this highly charged region apparently moves
outward, creating the gating current and facilitating channel opening
(Armstrong and Bezanilla, 1977; Yang et al., 1996).

The pharmacology of T-type Ca®* channels is also unique compared to

HVA channels. While HVA Ca?* channels are more sensitive to block by
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Cd* than Ni*, the reverse is true of T-type channels. T-type Ca*" channels

are also sensitive to block by amiloride (Tang et al., 1988) and 1-octanol
(Llinds, 1988).

The relatively recent discovery of a number of peptide toxins from
fish-hunting snails of the Conus species as well as from venomous spiders
such as Agelenopsis aperta, (Olivera, 1991; 1994) has allowed the
pharmacological characterization of a number of different types of voltage-
gated Ca** channels. Table 1 provides the relative sensitivity of each of the
known voltage-gated Ca** channel types to the peptide toxins, as well as a
class of L-type Ca®>* channel antagonists termed dihydropyridines, used in
this study.

In cerebellar granule cells, all of the Ca®* current is considered to be
HVA (L-, N-, P-, Q- and R-type). L-type Ca* channels, which are activated
by voltage commands positive to -10 mV, have a conductance of 25
picosiemens (pS) and are sensitive to block by micromolar concentrations of
dihydropyridines (Fox et al., 1987). The N-type Ca®* channel has a single
channel conductance of 13 pS and activates following depolarizations
greater than -30 mV (Fox et al., 1987). N-type channels are sensitive to ®-
conotoxin GVIA, a peptide toxin isolated from the piscivorous cone snail
Conus geographus (Olivera et al., 1984). P-type Ca** channels (10-15 pS), so
called because they were originally observed in Purkinje cells (Llinas et al.,
1989), are sensitive to ®-agatoxin IVA, a peptide isolated from the funnel

web spider Agelenopsis aperta (Llinds et al., 1989). Depolarizations more
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positive than -50 mV are required to activate P-type Ca** channels. The Q-

type Ca** channel is similar to the P-type channel in its activation kinetics
and is sensitive to low concentrations of ®-conotoxin MVIIC (Zhang et al.,
1993; Randall and Tsien, 1995), a peptide isolated from the cone snail
Conus magnus. Current that is resistant to a pharmacological cocktail of
all the aforementioned blockers, is termed R-type (Zhang et al., 1993;
Randall and Tsien, 1995). Because of the relative paucity of studies
examining the proposed Q- and R-type Ca** channels, the voltage at which
the current activates and the single channel conductance are as yet
unknown. An overview of many of the characteristics of the various types of

Ca* channels presented in the previous paragraphs is given in Table 1.

C. MeHg-induced disruption of Ca**-mediated events

A prominent finding in patients exposed to MeHg was a loss of fine
motor control. In these severely affected patients, injection of neostigmine, a
cholinesterase inhibitor, was shown to alleviate partially the effects of
MeHg (Rustam et al., 1975). This finding suggested that some type of
alteration in synaptic transmission was occurring. This study led to the
examination of MeHg on patterns of neurotransmitter release using isolated
nerve-muscle preparations, which display the normal physiology of an intact
synapse.

In several preparations including frog sartorius muscle (Manalis and

Cooper, 1975; Juang, 1976; Cooper and Manalis, 1983), rat diaphragm
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(Atchison and Narahashi, 1982; Atchison et al., 1984) and mouse diaphragm

(Atchison et al., 1984), MeHg was shown to block the nerve-evoked release
of acetylcholine (ACh). This effect appears to be both time- and
concentration-dependent, as low concentrations of MeHg will abolish
glutaminergic synaptic transmission if the preparation can be maintained
for a long enough period of time (Yuan and Atchison, 1995). A
predominantly presynaptic effect of MeHg was demonstrated by the finding
that iontophoretic perfusion of acetylcholine onto the endplate region
(postsynaptic) produced results that were similar to control experiments
(Atchison et al., 1984).

Similar findings are seen following in vivo exposure to MeHg. In the
rat gastrocnemius muscle, subcutaneously injected MeHg decreased
contractility following either acute (10 mg Hg*/kg body weight/day for 7
days) or subchronic (2 mg Hg*/kg body weight/day, 5 days/wk for 3-4 wks)
exposure (Somjen et al., 1973). Following a single exposure to MeHg (20 or
40 mg/kg body weight) similar results were produced in the rat tail motor
nerve (Fehling et al.,, 1975). A time-dependent block of nerve-evoked
twitches was seen following MeHg exposure in the rat diaphragm (Von Burg
and Landry, 1976) and frog sartorius (Juang, 1976) isolated nerve-skeletal
muscle preparations. Following wash with MeHg-free solution, twitch
height of rat diaphragm recovered from complete block to 10-30 percent of
control (Von Burg and Landry, 1976). Juang (1976) reported that following

MeHg exposure, twitch height of frog sartorius continued to decrease even
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following wash with MeHg-free solution. Thus, although reports differ as to

the reversibility of MeHg effects at the neuromuscular junction, in vitro
results are consistent with the clinical signs of neuromuscular weakness
seen following MeHg exposure at both Minamata Bay and Iraq.

Whereas nerve-evoked transmitter release is highly dependent on
extracellular calcium concentration ([Ca®],), block of the nerve-evoked end-
plate potential (EPP) by MeHg is apparently independent of [Ca®]..
Increasing [Ca*], from 2 mM to 4 or 8 mM does not prolong the time to
block or decrease the magnitude of block of the EPP (Atchison et al., 1986;
Traxinger and Atchison, 1987). Similar effects are seen centrally, where the
time to MeHg-induced block of action potentials elicited from CAl
hippocampal neurons is not changed by elevating [Ca*], from 2 mM to 6
mM (Yuan and Atchison, 1995). However, the situation is complex and
multiple actions may be involved. Increasing the stimulation intensity
following MeHg-induced block restores the EPP or synaptically-evoked
action potentials to control values (Traxinger and Atchison, 1987; Yuan and
Atchison, 1993). MeHg may block synaptic transmission by causing
membrane depolarization or by increasing the charge required to activate
Na* channels through some type of sulfhydryl interaction (Traxinger and
Athcison, 1987). The increased stimulus intensity may restore synaptic
transmission by the activation of another pathway(s) not affected initially
by MeHg. Alternatively, MeHg could be removed from its binding sites by a

strong stimulus, thus causing a restoration of transmission. After
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overcoming the MeHg-induced block of synaptic transmission by increasing
the stimulation intensity, continued exposure to MeHg results in a
subsequent block of the EPP or action potential. Increasing [Ca*], at this
time reversed the MeHg-induced effects on synaptic transmission (Traxinger
and Atchison, 1987). Thus, under certain conditions, it is possible to
overcome the MeHg-induced block of synaptic transmission. That the initial
block is not reversed by elevations in [Ca*], is consistent with either a non-
competitive block of Ca?* influx by MeHg or alternatively, that the block
occurs by [Ca®*],- independent mechanisms. The ability of raising [Ca®], to
restore transmission following block by MeHg in the presence of an
increased stimu!ation intensity suggests that the block of synaptic
transmission by MeHg is not solely due to alterations in conductance

(Traxinger and Atchison, 1987).

D. Effects of MeHg on Ca®* channels.

In synaptosomes isolated from rat brain, MeHg (2.5-1000 pM)
decreases Ca* channel-mediated *Ca® uptake and also that portion of
uptake due to a reversed Na*/Ca®*" exchanger (Shafer et al., 1990; Hewett
and Atchison, 1992). Relatively high concentrations of MeHg (5-200 pM),
coupled with extremely brief exposure periods (1 sec), were used to examine
channel function in isolation. This type of situation minimizes the potential
of MeHg interaction with other intracellular processes which may confound

interpretation of channel-mediated effects.
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Increasing the extracellular K* concentration in the presence of 100
pM MeHg caused a greater percentage reduction in synaptosomal *Ca?
influx, demonstrating the effect to be voltage-dependent. Thus, MeHg may
somehow associate with the channel, perhaps in a manner similar to Ca*,
as the reduction was facilitated by stronger depolarizations. The MeHg-
induced reduction in *Ca* uptake was not dependent on whether the
channel was in the closed, activated or inactivated state at the time of
MeHg exposure (Shafer et al., 1990). Thus, these results suggest an
interaction of MeHg with Ca®* channels and possibly that the ability of
MeHg to reduce **Ca? uptake may be dependent on the strength of the
interaction between MeHg and the channel. MeHg (100 nM) also altered
the ionic selectivity of synaptosomal Ca®** channels by decreasing %Sr*
influx to a greater extent than **Ca* or 'Ba** (Shafer and Atchison, 1990).

MeHg has also been shown to interact with Ca?* channels in
synaptosomes isolated from rat cerebellum (Yan and Atchison, 1996).
Pretreatment of synaptosomes with omega-conotoxin (0-CgTx) GVIA (1 or 5
pM) or @-CgTx MVIIC (0.1 or 0.5 uM), but not omega-agatoxin (w-Aga) IVA
(10 or 100 nM) or nifedipine (10 puM), partially attenuated the ability‘of
MeHg to inhibit **Ca® uptake, suggesting that in the cerebellum, MeHg
interacts with channels sensitive to these toxins.

MeHg (1-20 nM) rapidly and completely decreases whole cell currents
carried by Ba%, a Ca® surrogate, through both N- and L-type Ca*" channels

in PC12 cells without altering leak or capacitive currents (Shafer and
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Atchison, 1991). Following 2 min of exposure, a similar degree of current
reduction is obtained both when the channel is activated repeatedly and
following a period of channel inactivity, indicating that MeHg has access to
the channel by a means other than entry through the open pore. As with
synaptosomes, the effect is not dependent on the state of the channel.
Washing the preparation with MeHg-free bath solution does not reverse the
MeHg-induced reduction in Ba** current, a finding which differs from that
of other heavy metals such as Cd** and Pb*, whose blocking effect is
reversed by washing with metal-free solution (Nachsen, 1984; Suszkiw et
al., 1985; Shafer and Atchison, 1991). At 10 nM MeHg also altered the
apparent ionic selectivity of PC12 cell Ca* channels for Ca* and Sr** over
Ba?® (Shafer and Atchison, 1991).

In rat DRG cells, MeHg (0.25 - 20 pM) reduces Ba** currents with an
IC,, of 2.6 nM (Leonhardt et al., 1996). Higher concentrations (>10 pM) of
MeHg produced a biphasic current which exhibited both inward and
outwafd components. The effect of MeHg occurred at all potentials which
elicited inward current. In addition, a slight positive shift of the current-
voltage (I-V) relationship was noted.

MeHg has been found to decrease the specific binding of 3[H]-
nitrendipine, an L-type Ca** channel agonist, in synaptosomes. This
occurred at a concentration (100 pM) which also inhibited **Ca* influx.
However, as dihydropyridines will specifically bind to synaptosomes at

much lower concentrations than those which block Ca?" influx (Dunn, 1988),
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the exact significance of this result is difficult to determine. MeHg also

inhibited the binding of '*I-»-CgTx GVIA in rat clonal pheochromocytoma
(PC12) cells. These findings suggest that MeHg may interact with L-and N-
type Ca* channels (Shafer et al., 1990).

Other indirect evidence suggests that MeHg can alter Ca®** channel
function. . In NG108-15 cells (Hare et al., 1993), as well as cerebellar
granule cells (Marty and Atchison, submitted), MeHg causes a biphasic
elevation in [Ca%],. Part of this [Ca®], rise appears to occur through Ca*
channels. In NG108-15 cells, nifedipine, an L-type Ca* channel antagonist,
can delay the onset of the [Ca*'], elevation, while ®-conotoxin MVIIC causes
a simi_lar effect in cerebellar granule cells.

Thus, the ability of MeHg to alter Ca** channel function and possibly
associate with the Ca* channel has been demonstrated in a number of
experimental paradigms including synaptosomal **Ca®* flux experiments,
whole cell Ba** current measurements and antagonist binding studies.
While evidence to date suggests that Ca®* channels are susceptible to MeHg-
induced alteration, it has yet to be determined conclusively whether Ca*

channels are inherently more sensitive than other voltage-gated channels.

E. Effects of MeHg on other voltage-dependent ion channels
MeHg also disrupts both Na* and K* channel function as measured
using patch clamp techniques. In N1E-115 mouse neuroblastoma cells, 20

to 60 uM MeHg blocked both Na* and K* currents (Quandt et al., 1982). A
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steady increase in the threshold for action potential generation and eventual
block of conduction was attributed to block of Na* and K* channels by MeHg
(25-100 pM) in the squid giant axon (Shrivastav et al.,, 1976). Na* channel
function was also disrupted by MeHg (50-100 pM) in mouse triangularis
sterni motor nerves (Shafer and Atchison, 1992). Interestingly, in cerebellar
granule cells, higher concentrations of MeHg (2-40 nM) are required to block
K*-currents (Sirois and Atchison, 1995) compared to Ba** currents. Thus, at
least in granule cells, some basis for an increased susceptibility of Ca*
channels to MeHg-induced block over other voltage-gated ion channel types
is evident.

In rat DRG cells MeHg, as well as Hg*", generates a slow inward
current which is not blocked by bicuculline, picrotoxin, tetrodotoxin or La®,
suggesting that y-aminobutyric acid (GABA)-activated Cl' channels, voltage-
dependent Na* channels or voltage-dependent Ca** channels do not mediate
the slow inward current (Arakawa et al., 1991). Other heavy metals such
as Pb*, Cd*, Cu®*, Co®> and Al*® have been shown to elicit similar slow
inward currents in mouse neuroblastoma cells (Oortgiesen et al., 1990) and
in molluscan neurons (Weinreich and Wonderlin, 1987). This current is
thought to arise from activation of a non-specific cation channel, which
permits the passage of more than one cation (i.e., Ca?*, Na*, K*). However,
in brown fat cells both organic and inorganic mercury block a non-selective
cation channel (Koivisto et al., 1993). Thus, MeHg can.decrease current

carried by the major classes of voltage-gated ion channels (Ca**, Na*, and
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K*). However, channels from different mammalian and invertebrate species

display differential susceptibility to block.

F. Cerebellar granule cells

Because of its relatively ordered structure and the presence of a
limited number of neuronal cell types, the cerebellar cortex has been
studied in great detail. It consists of three layers (granular, molecular and
Purkinje cell) and five neuronal cell types (granule, basket, stellate, Golgi
and Purkinje; Eccles et al.,, 1967). The most numerous cell type in the
cerebellum is the granule cell (rat cerebellum contains ~1.1 x 10® granule
cells, Palay and Chan-Palay, 1974). Granule cell axons (parallel fibers) are
projected upward into the molecular layer of the cerebellar cortex where
they form synapses on Purkinje cells. Parallel fibers release glutamate in a
Ca?-dependent fashion (Levi et al., 1982) onto Purkinje cells, thereby
partially controlling cerebellar output.

Several toxic agents have been shown to disrupt granule cell function
and structure. Methyl chloride can produce lesions in the granule cell layer
of both rats and mice (Morgan et al., 1982). Similar findings were observed
with styrene oxide and acrylamide following single injections of these
compounds (Beiswanger et al., 1993). In addition, chronic alcoholism can
cause degeneration of the cerebellum. Differences in the susceptibility of
cerebellar cell types to various toxic agents may involve variations in

metabolism, neuronal input or blood flow.



23
G. Patch clamp techniques

Prior to the introduction of the patch clamp technique, studies
examining the action of drugs or chemicals on Ca** channels were limited to
uptake studies using radiolabelled ‘*Ca*. The patch clamp technique
allowed for the measurement of numerous events ranging from the activity
of a single channel to measurement of the whole cell current, with relatively
little noise and better time resolution (Hamill et al., 1981). This technique
involves positioning a small, heat polished glass pipette against the cell
membrane. Application of negative pressure to the pipette creates an
electrical seal between the cell and pipette. This configuration is termed a
cell-attached patch. This high-resistance seal, termed a gigaseal because
the resistance between the cell and pipette is measureé in gigaohms,
reduces noise and allows the membrane potential at the patch to be
"clamped" at a certain voltage. Several configurations of the patch clamp
technique exist, but for the purposes of this study, only the whole cell
method will be discussed. Following the acquisition of a gigaseal, the whole
cell configuration is obtained either by the application of a slight amount of
negative pressure to the pipette or by a brief voltage pulse. These
procedures create a transient disruption of the membrane in contact with
the pipette resplting in a removal of the membrane directly underneath the
pipette without the loss of the gigaseal. This allows the contents of the
glass pipette to diffuse freely into the cell. Following acquisition of the

whole cell configuration, electrical continuity between the cell interior and
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the electrode is established, allowing the cell to be held at the desired

voltage. The benefits of the whole cell configuration include the fact that
the ion compositions on both sides of the membrane are known and to a
certain extent can be modified without difficulty and that the activity of a
sub-population of voltage-dependent channels can be studied in isolation.

. The whole cell technique is not without difficulties however. It is
often difficult, particularly with small cells such as granule cells, to acquire
and maintain a gigaohm seal. Further, the medium bathing the cells as.
well as the intracellular pipette solution are often optimized to examine a
single channel type, thus creating a situation far removed from anything a
cell would see in vivo. Measurement of Ca®* channel current also presents
an additional problem termed "rundown". This process is observed as a
decrease in the Ca® channel current over time and is believed to result
from the washout of factors critical for maintaining the current at a stable
level (Scott, 1991). Loss of channel phosphorylation, which is at least partly
responsible for Ca?* channel current rundown, can be slowed by the addition
of cyclic nucleotides such as adenosine triphosphate (ATP) and cyclic
adenosine monophosphate (cAMP) in the intracellular solutions. The action
of an intracellular protease has also been shown to facilitate channel
rundown (Chad and Eckert, 1986). This likely involves a degradation of the
Ca®* channel protein or factors responsible for maintenance of the channel
in a conducting state. Protease inhibitors (i.e., leupeptin), although not

used in the present study, can be added to the pipette to reduce rundown.






25

The majority of studies which examine whole cell Ca? channel
activity utilize barium (Ba?*) as the charge carrier instead of Ca?*. The Ca*
channel is more permeant to Ba** than Ca®*. Thus, Ba* will typically give a
much larger Ca* channel current than a similar concentration of Ca? will.
Further, Ba** does not activate intracellular Ca*-dependent processes. This
allows for examination of Ca?* channel current without influence from Ca®-

activated enzymes or Ca**-induced Ca*" release.
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SPECIFIC AIMS

1. Do low micromolar concentrations of MeHg decrease Ca?* channel current
in primary cultures of cerebellar granule neurons? @ What are the
characteristics of the reduction in current in terms of frequency- and

voltage-dependence?

2. Do Ca* channel antagonists prevent the ability of MeHg to elicit a
decrease in Ca? channel current? Conversely, does MeHg prevent the

ability of Ca** channel antagonists to elicit a rapid decrease in current?

Specific Aim 1 is addressed in Chapter 2. Time course experiments
were performed with three different concentrations of MeHg (0.25, 0.5 and 1
pM) at two different stimulation frequencies (0.1 and 0.2 Hz). In addition,
the effect of each concentration of MeHg on the current-voltage relationship
was determined. Experiments which examined the ability of a variable
magnitude prepulse to facilitate the MeHg-induced reduction of current
occurring during a subsequent test pulse were also performed.

The experiments directed to Specific Aim 2 are described in Chapter
3. Only one concentration of MeHg (1 pM) was used for these experiments.
The extent of the reduction in current produced by 1 nM MeHg in the
control situation (MeHg alone) was compared to experiments where one of
the Ca* channel antagonists (nimodipine, ®-conotoxin GVIA, ®-conotoxin

MVIIC, m-agatoxin IVA or calcicludine) was added prior to MeHg to remove
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a portion of the whole cell current. The effect of nimodipine, ©-conotoxin
GVIA or ©-conotoxin MVIIC, added after MeHg had decreased a portion of .
the current, was also determined and compared to the situation where the

respective antagonist was added in the absence of MeHg.






CHAPTER TWO

METHYLMERCURY-INDUCED DECREASE OF WHOLE CELL Ba*
CURRENT IN CEREBELLAR GRANULE NEURONS

28
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ABSTRACT

In this study I show that low concentrations of MeHg (0.25 - 1 pM)
decrease both peak and end Ba® currents in a concentration-dependent
fashion in primary cultures of cerebellar granule cells. The decrease occurs
regardless of the test potential used to elicit current. Slight alterations in
the current-voltage relationship for current elicited at the end of a
depolarizing step were observed; however, this was not the case for the peak
(maximal) current. Increasing the stimulation frequency from 0.1 to 0.2 Hz
did not affect the apparent rate or total amount of reduction produced by a
5 min exposure to 1 ptM MeHg, but did hasten the onset and increase the
magnitude of the effect at both 0.25 and 0.5 ytM MeHg. When cells were
held at -90 mV and not depolarized, exposure to MeHg was able to elicit
decreases in both peak and end currents. Both 0.25 and 0.5 pM, but not 1
nM, MeHg decreased a greater proportion of the end current relative to the
peak current in this situation. Application of a variable magnitude prepulse
prior to a depolarizing test pulse resulted in a similar degree of current
reduction at all prepulse potentials, suggesting that the effect was not
voltage-dependent. Longer exposures to MeHg, especially at 1uM, often
abolished the inactivating portion of the current. These results show that
acute exposure to submicromolar concentrations of MeHg can decrease
whole cell Ba** currents in cerebellar granule cells. In some cases, the
pattern of Ba®* current reduction seems to depend on the stimulation

frequenéy. Based on the low concentration of MeHg needed to reduce Ba*
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currents and the rapidity of the action compared to other events mediated
by MeHg in granule cells, these results suggest that reduction of Ca?*
channel current may play a role in the sensitivity of cerebellar granule cells

to MeHg.
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INTRODUCTION

The neurotoxic organomercurial MeHg was the causative agent of two
catastrophic outbreaks of poisoning in the past half century (Takeuchi et al.,
1968; Bakir et al., 1968). Coincident with exposure, a marked degeneration
of cerebellar architecture occurred, especially in the cerebellar granule cell
layer, while other cell types in the cerebellum were typically spared (Chang,
1977). Mechanisms to explain this selective disruption have been
postulated, including small size of granule cells (<10 nm) and selective
uptake of MeHg, but none has been shown to contribute directly to the
enhanced sensitivity. One family of proteins which seems to possess a
sensitivity to the disruptive effects of MeHg is the voltage-dependent Ca*
channel. Ca?* channels participate in intracellular events such as
neurotransmitter release, axonal growth and gene expression by allowing
influx of extracellular Ca?, resulting in the subsequent activation of
proteins. Brief exposures to relatively high concentrations of MeHg have
been shown to alter Ca?* channel function in several preparations, including
5Ca? uptake in synaptosomes (Shafer et al., 1990; Hewett and Atchison,
1992), whole cell Ba** currents in pheochromocytoma (PC12) cells (Shafer
and Atchison, 1991) and dorsal root ganglion neurons (Biisselberg, 1995;
Biisselberg et al., 1995) and miniature end-plate potential frequency at the
neuromuscular junction (Atchison et al., 1984). Cerebellar granule cells
possess a large diversity of Ca** channels, with 5 postulated types (L, N, P,

Q and R) being described to date (Randall and Tsien, 1995). Because of
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their location on the plasma membrane and strict regulation by various
processes, such as elevations in [Ca®'], enzyme activity and membrane
voltage, all of which have been shown to be affected by MeHg, Ca®* channels
are a likely target of this compound. MeHg also possesses several
characteristics which increase its likelihood for interaction with Ca**
channels, as well as other channel types. These include such factors as the
monovalent charge of MeHg, its high lipophilicity and its affinity for
sulfhydryl groups. Thus, the presence of a unique type of Ca®* channel or
perhaps a differential expression of Ca®* channels, may confer upon granule
cells a heightened sensitivity to MeHg. To begin to examine potential
mechanisms contributing to the sensitivity of cerebella}' granule cells to
MeHg, whole cell Ba?* currents in primary cultures of rat cerebellar granule

cells were examined using conventional patch clamp methodology.



33
MATERIALS AND METHODS

Chemicals and Solutions: Stock solutions (5 mM) of methylmercuric
chloride (ICN Biomedicals, Aurora, OH) were prepared weekly in deionized
water. Extracellular recording solution contained the following (mM):
HEPES (10), TEACI (117), BaCl, (5), MgCl, (1), d-glucose (25) and
tetrodotoxin (TTX) (0.001), pH 7.2 at room temperature. Internal (pipette)
solution contained (mM): CsAc (130), MgCl, (2), CaCl, (1), EGTA (5) and
HEPES (10), pH 7.2. Adenosine 5-triphosphate (ATP, 3 mM) and adenosine
3’,5’-cyclic monophosphate (cAMP, 1 mM) were added to the pipette solution
to minimize rundown of the currents which occurs presumably due to
washout of factors responsible for channel activity. Working solutions of
MeHg were prepared by diluting stock solutions with the appropriate
amount of extracellular solution. TTX, ATP and cAMP were obtained from
Sigma Chemical (St. Louis, MO). Sources of compounds used in the
isolation, characterization and culture of cerebellar granule cells were as
follows: Dulbeco’s modified eagle medium (DMEM), fetal bovine serum
(FBS) and penicillin-streptomycin - Gibco BRL (Grand Island, NY);
deoxyribonuclease I (DNAse I) and type III trypsin - Worthington
Biochemicals (Freehold, NJ); Neurotag Red - Boehringer-Mannheim
(Indianapolis, IN); anti-glial fibrillary acidic protein (GFAP) monoclonal
antibody from mouse ascites fluid (1° antibody), anti-mouse IgG F. (directed
against the constant tail region of mouse IgG) fluorescein isothiocyanate

(FITC) conjugate raised in goat (2° antibody), cytosine arabinofuranoside
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(Ara-C), kainic acid, insulin and GABA - Sigma Chemical (St. Louis, MO).

Isolation and Culture of Cerebellar Granule Cells: Granule cells were
isolated according to a procedure adapted from Conn (1990). 7 day old
Sprague-Dawley rat pups were anesthetized with CO,, decapitated and the
cerebella were removed surgically. Excess tissue and meninges were then
removed following addition of cerebellar tissue to an ice-cold Ca**-Mg**-free
HEPES buffered saline solution (CMF-HBSS) which contained the following
(mM): 5.4 KCl, 0.4 KH,PO,, 136.9 NaCl, 0.3 Na,HPO,, 20.0 HEPES, 0.6
EDTA, 5.6 d-glucose, and 4.2 NaHCO, (pH 7.3). Cerebellar tissue was
minced using 2 scalpel blades and placed in CMF-HBSS containing 0.025%
type III trypsin (w/v) and incubated in a shaking water bath at 37°C for 15
min. Following transfer of the cell suspension to a 50 ml centrifuge tube,
trypsin was inactivated by addition of 10 ml of ice-cold DMEM containing
0.04% DNAse I (w/v) and 5% fetal bovine serum (v/v). This crude
cell/tissue suspension was centrifuged at 134 x g for 3 min at 4°C. The
supernatant was discarded and the cell pellet resuspended in 3 ml of
DMEM containing 5% fetal bovine serum and 0.04% DNAse I. The cell
suspension was then triturated with a wide bore pasteur pipette (~15 times)
and allowed to stand for 4 min on ice. Supernatant containing dissociated
cells was transferred to a sterile tissue culture tube and kept on ice. The
cell pellet was redigested in 3 ml of 0.04% DNAse I solution, triturated and

allowed to stand on ice for 4 min. Following collection of dissociated cells in
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the supernatant, and transfer to the sterile tissue culture tube, the cell
pellet was again redigested in 0.04% DNAse I, triturated and allowed to
stand for 4 min on ice. A final collection of dissociated cells contained in
the resulting supernatant was then performed. The total fraction of
dissociated cells was then separated into 2 50 ml sterile tissue culture
tubes. Using a 20 ml syringe, cell suspensions were underlayed with 10 ml
CMF-HBSS containing 4% bovine serum albumin (w/v) and 0.03% MgSO,
solution. Cells were centrifuged at 134 x g for 3 min at 4°C and the
supernatant was discarded. The cell pellet was rinsed in 10 ml CMF-HBSS
and centrifuged again. The resulting supernatant was discarded and the
cell pellet resuspended in 10 ml CMF-HBSS and an aliquot removed for cell
counting and trypan blue exclusion assay. After centrifugation, the cells
were resuspended in DMEM growth medium which contained the following:
10% v/v fetal bovine serum, 25 mM KCl, 50 uM GABA, 50 uM kainic acid, 5
pg/ml insulin and 100 U/ml penicillin- 100pg/ml streptomycin. Cells
(approximately 37 pl of a suspension containing 100,000 cells/ml) were
plated onto poly-lysine coated glass coverslips in 35 mm plastic dishes
containing 2 ml of DMEM growth medium. Cells were maintained at 37°C
in a humidified, 5% CO, atmosphere.

To limit glial cell contamination of cultures, 20-22 h after plating cells, 1
ml of growth medium was removed and replaced with 1 ml medium
containing 20 pM cytosine arabinoside (Ara-C, final concentration 10 pM).

Antibiotics were omittéd from this medium change as streptomycin has
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been shown to alter Ca* channel function (Atchison et al., 1988; Redman

and Silinsky, 1994).

For labelling experiments, cells were plated onto poly-lysine coated
glass coverslips at approximately the same density as that used for
electrophysiology experiments. On day 7 in vitro, cells were incubated with
5 ng/ml Neurotag Red, a fluorochrome-conjugated, recombinant C fragment
of tetanus toxin, which specifically labels neuronal cells (Helting and
Zwisler, 1977), for 1 hr at room temperature. Cells were then fixed by
addition of cold acetone (-20°C). To determine the extent of glial
contamination of cultures, cells were first incubated for 1 hr with fetal
bovine serum at room temperature to block non-specific binding sites.
Following this, cells were incubated with a 1:400 dilution of anti-glial
fibrillary acidic protein (GFAP) from mouse ascites fluid for 1 hr. A 1:2000
dilution of anti-mouse IgG (Fc specific) fluorescein isothiocyanate conjugate
raised in goat was then added and this was allowed to incubate at room
temperature for 30 min. Cells were examined with a Nikon Diaphot
(Garden City, NY) epifluorescence microscope equipped with a G2A filter
(510 to 560 nm excitation band and 590 nm barrier filter) for determination
of cells labelled with Neurotag Red and a B2A filter (450 to 490 nm
excitation band and 520 nm barrier filter) to determine the extent of glial
cell contamination. Cell cultures were determined to be composed of >90%
neurons, nearly all of which were likely to be granule cells based upon their

similar size and morphology.
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Electrophysiology: Cells were cultured for 2-5 days prior to use in

experiments. Current density, as well as cell capacitance, increased with
the number of days in culture, but no attempt was made to describe
contributions of various current types to the whole cell current as a function
of days in culture. Prior to recording, a coverslip shard containing granule
cells was washed with extracellular solution, placed into the recording
chamber and covered with approximately 1 ml of extracellular recording
solution. The remaining shards were kept in culture medium at room
temperature for periods of up to 40 min, during which time no alteration in
current size or waveform could be detected. Voltage-activated Ba** currents
were recorded using the whole cell patch volt{age-clamp method (Hamill et
al., 1981). Resistance of patch electrodes (World Precision Instruments,
Sarasota, FL) was typically 4-8 MQ. Solutions containing MeHg and other
chemicals were gravity perfused into the chamber through a series of tubes
positioned immediately adjacent to the cell. The patch clamp circuit
consisted of an Axon Instruments (Foster City, CA) CV-4 head stage and
Axopatch 1BN patch clamp amplifier. Pulse protocols were generated and
current responses were recorded on-line using a microcomputer and the
Axon Instruments pClamp® program interfaced to the Axopatch 1B via an
Axon Instruments TL-1 interface board. Following acquisition of a cell-
attached patch and cancellation of pipette capacitance, the whole cell
configuration was obtained either by applying negative pressure to the

pipette or by application of a brief (<1 ms) voltage pulse. All currents
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shown were elicited from a holding potential (V,) of -90 mV. An estimate of

the non-specific (leak) current was obtained by applying hyperpolarizing
pulses which were of equal duration but one-quarter the magnitude of the
test pulse. In some cases, a small (+10 mV) depolarizing pulse applied prior
to the test pulse was used to measure leak current. Current responses were
filtered at 1-2 kHz using a four-pole low-pass Bessel filter. Recorded
currents were the same regardless of whether or not series resistance was
compensated. As such, series resistances were not compensated. Following
scaling, leak currents were subtracted from gross current using the
Clampfit® analysis program. Peak current is defined as the maximum
current elicited during the first several ms of the voltage step while end
current represents the average current during the final 10 ms of the voltage
step. All recordings were made at room temperature. A minimum of three
replications were performed for each experiment. Statistical analysis
consiéted either of a repeated measures analysis of variance and Dunnett’s

multiple comparison test or a Student’s t-test.

Correction for Rundown of Ba®* current: In control experiments, peak
and end Ba** currents exhibited a rundown from a normalized value of 1.0
to 0.87 and 0.85, respectively, over a 5 min period. Figure 2.1A shows a
representative example of the decline in peak and end currents over a 5 min
period. No observed alteration in current inactivation was evident during

the course of rundown (Fig. 2.1B). This was determined by measurement of
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the percentage of current which inactivated during the test pulse using the

formula,
x=I-1,/1,X100

where x is the percent inactivation, L is the peak current and I, is the end
current. To correct data points at various times for MeHg- and drug-
sensitive currents, values obtained from averaged control experiments were
used. Thus, if a 5 min exposure to MeHg resulted in a 50% reduction of the
peak current, the corrected MeHg-sensitive current would be 37% (50% -
13% (rundown) = 37%). All of the current traces depicted in the figures

have been corrected for leak current.
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RESULTS

Short depolarizing test pulses from -90 mV elicited Ba®* current
which displayed both sustained and inactivating components (Fig. 2.2A).
Ba* current was entirely high voltage-activated, typically activated at -30
mV and the maximum current was usually elicited by a depolarization to -
10 or 0 mV (Fig. 2.2B). Mean peak and end control currents averaged -105
+ 6 and -81 x 8 pA, respectively. To verify that Ba®** currents arose from
Ca* channel activity, sensitivity of the currents to 1 pM CdCl, was tested.
Cd* rapidly and completely blocked Ba** currents in a reversible fashion
(Fig. 2.2C).

The effect of MeHg on whole cell Ba® currents was determined
following stabilization of control current. Experiments which examined the
effect of a higher concentration of MeHg (10 pM, n=6) revealed a sharp
decline in both peak (56 = 6%) and end (48 + 6%) current in less than 1 min
of exposure (Fig 2.3A). Longer exposures resulted in large increases in the
leak current (Fig. 2.3B) and the loss of the gigaohm seal. Thus, to facilitate
examination of the effect of MeHg over a longer period, 3 lower

concentrations (0.25, 0.5 and 1 ntM) were used in subsequent experiments.

Concentration-dependent effect of MeHg
At 0.1 Hz, MeHg (0.25 - 1 pM) decreased both peak and end Ba*
currents in a concentration- and time-dependent fashion. The onset of the

decrease in current was slow and progressed in a gradual fashion following
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addition of 0.25 pM MeHg. At this concentration, the effect of MeHg on

Ba®* current amplitude was somewhat more variable than at the higher
concentrations. Indeed, in one experiment, 0.25 pM MeHg was without
effect on either peak or end current amplitude. When a decrease in current
amplitude was evident, it appeared that this effect leveled off after a
variable exposure time. However, it cannot be stated with certainty that
longer exposures to lower concentrations of MeHg do not produce a similar
magnitude reduction of Ba** current as a short term exposure to a higher
concentration. The mean decrease in Ba** current amplitude produéed by
0.25 ntM MeHg was 13 + 6% of the peak current and 14 = 9% of the end
current (n=7). Even at 0.25 pM, the decrease in Bazf current elicited by
MeHg was irreversible (Fig. 2.4), a finding which was repeated at the
higher concentrations (0.5, 1 pM) and is consistent with previous reports of
the irreversibility of MeHg effects.

0.5 pM MeHg also caused a time-dependent decrease in both peak
and end currents (Fig. 2.5A). Current traces from a representative
experiment with 0.5 ntM MeHg obtained prior to MeHg addition (a) and
after 1 (b) and 4 (¢) min of exposure to MeHg show a sizable reduction in
current amplitude accompanied by an apparent decrease in the percentage
of current which inactivates (Fig. 2.5B). As with 0.25 nM MeHg, the
decrease in current amplitude did tend to level off as the time of exposure
increased. Pooled data from seven experiments revealed that 0.5 pnM MeHg

removed 32 + 9% and 24 + 8% of the original peak and end control Ba*
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currents (n=7).

When cells were exposed to 1 nM MeHg, the onset of the decrease in
current was rapid. Typically, the decrease in current proceeded in a
gradual fashion, albeit at an apparently faster rate than that observed at
the two lower concentrations. Complete removal of the current was never
observed, even in one case where the cell was held for >8 minutes. Current
traces from a representative experiment with 1 pM MeHg show that current
was decreased relative to control following 1 min (b) of exposure but the
inactivation profile was little affected. Following 4 min (c¢) of exposure,
inactivation was noticeably reduced (Fig. 2.6). Overall, 1 ntM MeHg
decreased peak and end Ba* currents by 44 + 3% and 54 * 7% (n=8),
respectively. Values for 1 ntM MeHg-induced decreases in end current were
significantly greater (p<0.05, unpaired ¢-test) than those obtained at 0.25
and 0.5 pM MeHg. 1 uM MeHg also decreased peak current to a
significantly greater degree compared to the value obtained at 0.25 pM
MeHg. A comparison of the reduction in peak and end Ba** currents
elicited by 0.25 - 1 ntM MeHg at a stimulation frequency of 0.1 Hz is given
in Figure 2.7.

The ability of 1 ntM HgCl, (Hg**) to decrease whole cell Ba** currents
was also tested. Like other inorganic heavy metals, Hg*'is a well-known
blocker of voltage-gated Ca®* channels (Busselberg et al., 1994; Leonhardt et
al., 1996). Hg®* can apparently enter cells through Ca®* channels

(Miyamoto, 1983; Hinkle et al., 1987) a process which likely arises due to
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