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ABSTRACT

MECHANISMS MEDIATING THE METHYLMERCURY-INDUCED

ELEVATIONS IN THE INTRASYNAPTOSOMAL

CONCENTRATIONS OF CALCIUM AND ZINC

By

Michael F. Denny

Methylmercury (MeHg) is an environmental neurotoxicant upon chronic and acute

exposure. The mechanisms underlying cytotoxicity remain unknown, but may be due to

disruption of divalent cation homeostasis because MeHg disrupts Cay-dependent

processes in several model systems. The effects of MeHg on divalent cation homeostasis

were studied using isolated nerve temiinals from the rat brain (synaptosomes) loaded with

the Caztselective fluorescent indicator fura-Z. MeHg (10-100 pM) caused an gradual

increase in intrasynaptosomal Ca2+ concentration ([Ca2*]i) which was concentration-

dependent with respect to both MeHg and extracellular Ca“ (Ca2+), and mediated by

increased plasma membrane permeability. MeHg also caused an immediate elevation in

the intrasynaptosomal concentration of an endogenous polyvalent cation other than Ca2+,

which was independent of Ca2+e and maximal at 25 pM MeHg. The endogenous metal

could not be identified with complete certainty, however, it was postulated to be Zn“,

based on its interactions with fura-2.

”F-nuclear magnetic resonance (NMR) spectroscopy was performed on

synaptosomes loaded with the polyvalent cation indicator SF-BAPTA to identify'the

cation unequivocally. This technique allows for the identification and quantitation of

+

several cations, simultaneously. MeHg caused a three-fold elevation in [Zn2 ]i which was

independent of Caz} but did not affect the concentration of cations other than Zn”.



Endogenous sources of Zn“ in the nerve terminals include proteins, and synaptic

vesicles. Pretreatment of fura-Z loaded synaptosomes with agents which mobilize

synaptic vesicles did not attenuate the MeHg—induced elevations in [Zn2*]i, suggesting that

synaptic vesicles do not contribute to the increases in [Zn2“]i. To determine if MeHg

released Zn” from synaptosomal proteins, homogenates of synaptosomal suspensions were

prepared, and fura-2 was added. Excitation scans were acquired before and after the

addition of MeHg, and compared for effects consistent with release of Zn”. MeHg

shifted fura-2 fluorescence in a manner consistent with release of Zn”, this activity was

localized entirely to the soluble fraction. Anion exchange chromatography of this fraction

resolved three peaks of MeHg-induced Zn2+ release, suggesting that more than one protein

conuibuted to the elevation in [Zn2"]i.
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CHAPTER ONE

INTRODUCTION



A. General introduction.

Methylmercury (MeHg) is an environmental contaminant produced by industrial

processes as well as through the biomethylation of inorganic, divalent Hg“. MeHg

disrupts nervous system function, and is neurotoxic upon acute or chronic exposure

(Takeuchi et al., 1962; Bakir et al., 1973). There exists a considerable body of

information regarding the toxic actions of MeHg. Manifestations of MeHg intoxication

include impairments of vision, hearing and speech, sensory disturbances and weakness in

the extremities (Chang, 1980). These effects are believed to be mediated by disruption

of the central nervous system (CNS), particular the cerebellum (Chang, 1977). Although

the mechanisms of MeHg-induced neurotoxicity are not known, they have been the topic

of intense investigation (Atchison and Hare, 1994). One area that has received much

attention is the ability of MeHg to disrupt neuronal divalent cation regulation (COOper et

al., 1984). The purpose of this dissertation was to study the biochemical basis of MeHg-

induced alterations in neuronal divalent cation homeostasis as a mediator of neurotoxicity.

Much of the previous information available regarding this topic had been acquired using

indirect techniques or through inference. As such, a goal this study was to measure more

directly the disruption in divalent cation homeostasis caused by MeHg.

B. Regulation of intracellular Co“ concentration (ICalm) in neurons.

Ca2+ homeostasis in neurons is dependent upon the precise coordination of

processes which elevate [Ca2+]i, such as influx of extracellular Ca“ (Cazv or release of

Ca2+ sequestered within organelles, and those which lower [Ca2+]i, either by extrusion or

sequestration of intracellular Ca2+ (Blaustein, 1988). Under resting conditions, neurons
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normally maintain an [Ca2“]i of approximately 100 nM in the face of extracellular Ca2+

concentrations ([Ca2*],) of the order of I to 2 mM. The maintenance of the large inward

electrochemical gradient for Ca2+ is essential for proper neuronal function, and relies upon

many factors which are interdependent in some instances (Miller, 1988; Choi, 1988).

In neurons, the primary route of influx of Ca2+, is through the activation of

voltage-dependent or ligand-operated channels which are permeable to Ca2+ (Bertolino and

Llinas, 1992). Activation of voltage-dependent Ca2+ channels, and the associated Ca2+

influx is required for the release of neurotransmitter from the presynaptic nerve terminal

(Llinas et al., 1992). The [Ca2+]i may rise several-fold following the invasion of an action

potential into the nerve terminal and subsequent Ca2+ influx. Activation of postsynaptic

or presynaptic ligand-operated channels can also elicit an elevation in [Ca2+]i. Certain

subtypes of neuronal nicotinic acetylcholine receptors (nAChR) (Vernino et al., 1992) and

subtypes of glutamate receptors sensitive to N-methyl—d-aspartate (NMDA) are permeable

to Ca“ following ligand binding (MacDermott et al., 1986). Some receptors elicit an

elevation in [Ca2”]i by coupling to phospholipase C (PLC) via a membrane-associated

guanine nucleotide-binding protein, or G-protein (Hokin, 1985). Ligand binding initiates

a cascade of intracellular events in which the receptor-associated G-protein activates PLC.

This stimulates the conversion of phoshotidylinositol into l,4,5-inositol-tris-phosphate

(IP,) and diacylglycerol (Nahorski, 1988). IP3 is a second messenger which binds an

intracellular receptor located on the endoplasmic reticulum (ER) to cause release of Ca2+

which was sequestered previously (Henzi and MacDermott, 1992).

The plasma membrane is a permeability barrier which prevents direct influx of

Caz“e down its large electrochemical gradient. An intact plasma membrane is essential
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for preventing unregulated elevations in [Ca2+], (Kinter and Pritchard, 1977). Loss of

plasma membrane integrity could cause unregulated influx of Ca2+” possibly leading to

disruption of neuronal function or even cell death. Embedded within the plasma

membrane are proteins which function to extrude intracellular Ca2+ (Nicotera et al., 1992).

The most prominent of these are the Ca2*-ATPase and the Na“/Ca2+ exchanger. The Ca“-

ATPase uses the energy stored in ATP to pump Ca2+ against its electrochemical gradient

(Michaelis et al., 1987) while the Na“/Ca2+ exchanger lowers [Ca2+]i by facilitated

diffusion (Sanchez-Armass and Blaustein, 1987). Here the energy associated with the

influx of extracellular Na“ down its electrochemical gradient is used to drive Ca” efflux.

Because the inward Na” gradient is maintained by the Na*/K+-ATPase, both of these

integral membrane proteins ultimately require ATP for their activity. Toxicants which

alter neuronal plasma membrane integrity can cause elevations in [Ca2+], either directly

by increasing the Ca” permeability of the membrane, or indirectly such as by membrane

depolarization which results in the activation of Ca2+ channels, or by decreasing ATP

content within the neuron thereby interfering with the ATP-dependent processes

responsible for extruding Ca“.

Neurons also contain organelles which are capable of sequestering Ca2+ (Meldolesi

et al., 1988; Blaustein et al., 1978). The most widely accepted are the ER and the

mitochondria (Meldolesi et al., 1992). These organelles differ in their mechanisms of

Ca2+ uptake as well as their role in cellular Ca2+ regulation. The ER represents a high

affinity, low capacity Ca2+ sequestration site believed to be responsible for buffering

[Ca2“]i in the physiological range. The ER membrane contains a Cazi-ATPase, distinct

from that found in the plasma membrane, which transports Ca2+ from the cytosol to one
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or more storage pools within the ER. This pool of sequestered Ca2+ in the ER can be

mobilized by certain physiological or pharmacological stimuli, such as the production of

+0!

IP3 or the generation of so-called "trigger Ca2 necessary for Ca2*-induced Ca2+ release,

or CICR (McPherson and Campbell, 1993). The mitochondria, on the other hand, are a

high capacity, low affinity site of Ca2+ sequestration (Rahamimoff et al., 1975). The

precise mechanism of Ca2+ uptake by the mitochondria is not clear, but may involve a

ruthenium red-sensitive uniporter located on the inner mitochondrial membrane

(Lehninger et al., 1978). Because mitochondria have a Km for Ca2+ uptake in the

micromolar range, it is thought that their primary role in Ca2+ sequestration is to buffer

abusive or pathological elevations in [Ca2+]i (Akemtan and Nicholls, 1983). However,

sequestration of Ca2+ by the mitochondria has been observed under physiological

conditions (Rizzuto et al., 1992; 1993).

A substantial amount of Ca2+ within a neuron is associated with various neuronal

Ca2+ binding proteins (Habennann and Richardt, 1986). The activity of some of these

proteins, such as protein kinase C (PKC) and calcineurin, is regulated by the binding of

Ca2+ (Persechini et al., 1989). Ca2+ also activates the important regulatory protein

calmodulin. Neurons also contain other Ca2"-binding proteins, such as calbindin and

parvalbumin (Baimbridge et al., 1992), which may act as a Ca2+ sink within the neuron.

The localization of these proteins within the neuron may assist in buffering changes in

[Ca2+]i both temporally as well as spatially. Thus, Ca2+ binding proteins are important

both for lowering [Ca2+], and maintaining neuronal function.

The regulation of [Ca2+], changes as a function of neuronal development and

activity. Alterations in [Ca2+]i homeostasis have been observed during a variety of
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physiological processes. As stated above, activation of certain types of neurotransmitter

receptors elevates [Ca2+]i (Malinow et al., 1994), and the process of vesicular release of

neurotransmitters is dependent upon Ca2+ influx (Miledi, 1973). Maturation of amphibian

spinal cord neurons in culture is promoted by elevations in [Ca2+], in the cytosol and

nucleus (Holliday et al., 1991). These increases in [Ca2+], are mediated by CICR and Ca2+

influx, and decline with neuronal maturation. Thus, the elevations in [Ca2"]i which drive

cellular development are, in turn, regulated by developmental state. [Ca2+]i also regulates

the outgrowth and morphology of the filopodia of neuronal growth cones (Rehder and

Kater, 1992). Filopodia direct growth cones to their targets, and are essential for the

development of the nervous system. In Helisoma neurons, experimentally-evoked

elevations in [Cay]i cause filopodial elongation, followed by retraction. The extent of

these changes in filopodia] morphology correlates closely with the peak elevation in

[Ca2*]i, suggesting a possible role for regulation of [Ca2+], in the development of the

nervous system. The regulation of [Ca2+]i can be altered by the mitotic state of the cell

(Preston et al., 1991). In HeLa cells at interphase, Ca2+ influx is tightly coupled to

release of Ca2+ from intracellular stores. However, during mitosis, this coupling of Ca2+

influx following depletion of Ca2+ stores ceases temporarily, demonstrating that regulation

of [Ca2+], is itself a dynamic process.

Because [Ca2+], plays such an integral part in cellular physiology, unregulated or

prolonged alterations [Ca2+], regulation could result in the disruption of many cellular

processes (Rossi et al., 1991; Nicotera et al., 1992). For example, agents which cause

undesired elevations in [Ca2+], would cause aberrant activation of Ca2*-regulated proteins,

possibly leading to cell death. Many toxic insults are believed to be mediated, at least
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in part, by elevations in [Caz‘ji (Tsokos-Kuhn, 1989; Kass, et al., 1988). Hypoxia,

induced by either KCN or reduction of 02, causes elevations in [Ca2+], in neuronal tissue,

possibly due to the loss of cellular ATP (Johnson et al., 1994). Glutamate-induced

excitotoxicity has also been suggested to be mediated by elevations in [Ca2*], resulting

from abusive stimulation of postsynaptic NMDA receptors (Choi, 1987; Tymianski et al.,

1993; Badar-Goffer et al., 1994). In some cell types, elevations in [Ca2+]i may also be

associated with the initiation of programmed cell death (McCabe et al., 1992; Corcoran

et al., 1994).

C. Effects ofMeHg on neuronal function as an index of disruption of cation regulation.

The focus of initial experiments to examine potential mechanisms of neurotoxicity

of MeHg was to characterize the changes in neuronal excitability and synaptic

transmission following primarily acute exposure. These studies utilized

electrophysiological techniques and suggested that MeHg acts at multiple sites to disrupt

neuronal cation homeostasis. Owing to the importance of cation homeostasis in neurons,

it was proposed that the neurotoxicity of MeHg was mediated, at least in part, by

disruption of neuronal cation homeostasis (Juang, 1976a,b).

Early studies focused on acute in vitro exposure to MeHg of frog sciatic nerve-

sartorius muscle preparation (Juang, 1976a). Muscle contractions mediated by stimulation

of the sciatic nerve were blocked at lower concentrations than those elicited by direct

electrical stimulation of the muscle, suggesting that MeHg disrupted neuromuscular

transmission by a preferential action on motor nerves. Possible explanations for the

disturbances in neuronal function following MeHg application included block of axonal
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conduction, reduced depolarization-dependent Ca2+ influx into the nerve terminal, impaired

docking or fusion of synaptic vesicles with the presynaptic membrane, or inhibition of

postsynaptic nAChR.

The possible neuronal sites of action of MeHg were explored initially using

electrophysiological techniques (Juang, 1976b). These experiments yielded two key

observations concerning the effects of MeHg on neuronal Ca2+ regulation. First, some of

the effects of MeHg were consistent with a block of Ca2+ influx through voltage-

dependent Ca2+ channels. Second, MeHg caused effects on neuronal function consistent

with an alteration in Ca2+ homeostasis within the nerve terminal. The block of voltage-

dependent Ca2+ channels and the increase in [Caz‘]i were manifested as a decrease in end-

plate potential (EPP) amplitude and an increase in the frequency of miniature end-plate

potentials (MEPP), respectively (Atchison and Spitsbergen, 1994). MeHg blocked nerve-

evoked EPPs at the isolated nerve-muscle synapse by a presynaptic action because it did

not alter the response to iontophoretically-applied ACh (Atchison and Narahashi, 1982).

The decrease in EPP amplitude, but not the time to complete block of EPPs, was

antagonized partially by increasing [Ca2+]e in the rat phrenic nerve-hemidiapharagm

preparation (Atchison et al., 1986; Traxinger and Atchison, 1987). This observation was

consistent with a noncompetitive block of voltage-dependent Ca2+ channels in the nerve

terminal resulting in decreased Ca2+ influx following nerve stimulation.

D. Alterations in Ca“ channel function by MeHg.

Because of the indirect nature of investigations of Ca2+ channel function via

examination of alterations in the electrophysiological properties of an isolated
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neuromuscular junction, more direct methods of analysis were needed. The possibility

that MeHg blocks depolarization-dependent influx of Ca2+ through voltage-dependent Ca2+

channels was investigated in several model systems, using a variety of techniques. In

early studies, the effects of MeHg on Ca2+ influx were monitored by radiotracer flux

analysis of depolarization-dependent uptake of “Ca2+ into synaptosomes isolated from rat

cortex. Synaptosomes retain many of the structural and functional characteristics of an

intact nerve terminal, and are a useful model system for studying presynaptic nerve

terminal function (Gray and Whittaker, 1962).

MeHg inhibited ”Ca2+ uptake elicited by K“ depolarization, consistent with a block

of voltage-dependent Ca2+ channels (Atchison et al., 1986; Shafer and Atchison, 1989;

Hewett and Atchison, 1992). The block of 45Ca“ uptake could not be reversed by

2“L, and more detailed kinetic analysis revealed that MeHg acted by aincreasing [Ca

noncompetitive mechanism (Hewett and Atchison, 1992). MeHg decreased the binding

affinity of the dihydropyridine nitrendipine to synaptosomes, but effects of MeHg on total

nitrendipine binding sites could not be established (Shafer and Atchison, 1989). In these

studies, MeHg did not affect the synaptosomal ['”l]-conotoxin binding (Shafer et al.,

1990). Thus, MeHg appears to alter voltage-dependent Ca2+ channel function in

synaptosomes, possibly as a noncompetitive inhibitor of dihydropyridine-sensitive Ca2+

channels.

Because the distribution of the different voltage-dependent Ca2+ channels in

synaptosomes is not known, more detailed biochemical and electrophysiological analysis

regarding the effects of MeHg on specific known Ca2+ channel subtypes were conducted

using cells in culture as a model system. The advantage of using cells in culture is that
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the effects of MeHg on specific Ca2+ channel subtypes could be studied directly using

electrophysiological and biochemical techniques. These studies assessed the effects of

MeHg on voltage-dependent Ca2+ channels expressed by a rat clonal pheochromocytoma

cell line (PC12). PC12 cells grown in medium lacking nerve growth factor (NGF)

morphologically resemble chromaffin cells of the adrenal medulla (Greene and Tischler,

1976). NGF causes these PC12 cells to differentiate into cells which resemble

sympathetic neurons. Because differentiated PC12 cells possess fewer dihydropyridine-

sensitive Ca2+ channels than undifferentiated cells, it is possible to alter the relative Ca2+-

channel distribution in these cells by including NGF in the incubation medium (Shafer

and Atchison, 1991a).

MeHg blocked depolarization-dependent 45Ca2+ uptake into both undifferentiated

and NGF-differentiated PC12 cells (Shafer et al., 1990). Electrophysiological analysis of

Ba2+ currents in NGF—differentiated PC12 cells revealed inactivating and noninactivating

components presumably mediated by N- and L-type Ca2+ channels, respectively (Shafer

and Atchison, 1991b). In differentiated PC12 cells, MeHg decreased the peak Baz“

current, and inhibited completely the rapidly inactivating component of Ba2+ current,

consistent with a block of N-type Ca2+ channels. MeHg also reduced the non-inactivating

current in these cells, which was interpreted as a block of L-type Ca2+ channels. Thus,

MeHg reduces Ca2+ currents in differentiated PC12 cell by inhibiting both N- and L-type

Ca2+ channels. The actions of MeHg Ca2+ channel function have also been studied in

dorsal root ganglion cells in culture (Arakawa et al., 1991). In this model system, MeHg

inhibited total Ca2+ current and generated a slow inward current, possibly mediated by a

nonspecific cation conductance.
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E. Efi’ects ofMeHg on presynaptic Ca“ regulation.

In addition to inhibiting EPP amplitude in isolated nerve-muscle preparations.

presumably due to decreased ACh release mediated by block of presynaptic voltage-

dependent Ca2+ channels, MeHg also altered spontaneous release of neurotransmitter

measured as changes in the frequency of occurrence of MEPPS (Juang, 1976b; Atchison

and Narahashi, 1982; Atchison, 1986). MEPPS are thought to result from the spontaneous

fusion of a single synaptic vesicle, or quantum, with the presynaptic plasma membrane,

resulting in the discharge of vesicular contents into the synaptic cleft. Agents can alter

MEPP characteristics in two distinct ways, assuming there are no postsynaptic effects of

a compound. First, the amplitude of individual MEPPS could be increased or decreased

by altering the number of neurotransmitter molecules packaged within each vesicle.

Changes in MEPP amplitude imply a disruption of neurotransmitter synthesis, storage, or

metabolism within the presynaptic nerve terminal. Vesamicol, which impedes transport

of ACh into vesicles (Anderson et al., 1983), or hemicholinium-3, which impairs high

affinity choline uptake from the synaptic cleft (Sacchi and Perri, 1973), both decrease

MEPP amplitude. Another possible effect of toxicants is on the frequency of occurrence

of MEPPs. Because the spontaneous fusion of a single vesicle with the presynaptic

membrane is a probabilistic event, changes in the frequency of occurrence of MEPPS

represent an alteration in the regulation of vesicular docking, fusion or release. Thus, it

is possible to evaluate qualitatively the effects of toxicants on vesicular neurotransmitter

content and release by monitoring changes in MEPP amplitude and frequency,

respectively.
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MeHg did not affect the amplitude of MEPPS, but MEPP frequency was first

increased, then decreased (Juang and Yonemura, 1975; Juang, 1976b; Atchison and

Narahashi, 1982), suggesting that MeHg did not alter ACh synthesis or metabolism within

the nerve terminal, but did affect the process of transmitter release. These effects are

consistent with an increase in resting Ca2+ concentration in the terminal (Miledi, 1973;

Shalton and Wareham, 1979). The increases in MEPP frequency caused by MeHg were

not affected by the voltage-dependent Nai channel blocker TTX or the voltage-dependent

Ca2+ channel blocker Coz", either alone or in combination (Miyamoto, 1983). Therefore,

the alterations in MEPP frequency could not be attributed to an unregulated increase in

[Caz"]i mediated by activation of Na” or Ca2+ channels. This finding also suggested that

MeHg does not need to enter the nerve terminal through these channels to elicit its

effects. Thus, either the entry of MeHg is not essential, or MeHg is capable of entering

the nerve terminal by a route other than the voltage-dependent Na+ or Ca” channels,

possibly by diffusing across the plasma membrane due to its enhanced lipophilicity.

Increasing the Ca2+ permeability at the nerve terminal hastened the time to onset

of the MeHg-induced increase in MEPP frequency (Atchison, 1987). Pretreatment with

solutions containing slightly elevated K“ concentration, or the voltage-dependent Na”

channel activator veratridine, shortened the interval necessary for increased MEPP

frequency. This suggested that the increased Ca2+ permeability facilitated the entry of

MeHg into the terminal, or exacerbated the MeHg-induced elevations in [Ca2+]i. The

increase in spontaneous release of neurotransmitter could be attenuated, but not blocked,

by removal of Ca2+” suggesting a component of the MeHg-induced elevation in [Ca2+],

was due to Ca2+ release from internal stores. Based on these studies it was proposed that
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MeHg elevates resting [Ca2+]i by at least two mechanisms. MeHg increases the plasma

membrane permeability to Ca”; and releases Ca2+ from an intracellular site.

F. Mitochondrial Caz+ regulation as a target of MeHg.

The observation that MeHg increased MEPP frequency in preparations bathed in

Cay-free solutions led to investigations to identify the intracellular target of MeHg.

Initial studies focused on the possible role of the mitochondria as the intracellular source

of Ca”. Microscopic examination of brain tissue from subjects exposed to MeHg

revealed altered mitochondrial morphology (Chang, 1980). Histochemical staining of

brain slices for heavy metals demonstrated that mercury was associated with the

mitochondrial membrane. The effects of MeHg on mitochondrial function have also been

studied. MeHg depolarized the mitochondrial membrane (Hare and Atchison, 1992),

inhibited ATP generation (Kauppinen et al., 1989) and disrupted mitochondrial respiration

(Levesque and Atchison, 1991). As such, the mitochondria were investigated as the

intracellular source of Ca2+.

The effects of MeHg on spontaneous transmitter release were mimicked by several

inhibitors of mitochondrial function such as dicoumarol, dinitrophenol, valinomycin and

ruthenium red (Levesque and Atchison, 1987). Although these agents interfere with

mitochondrial function through different mechanisms, they all increased MEPP frequency.

Dicoumarol and dinitrophenol uncouple oxidative phosphorylation, valinomycin is a K”

ionophore and ruthenium red is a putative inhibitor of the mitochondrial Ca2+ uniporter.

Ruthenium red was unique in that application of MeHg to nerve-muscle preparations

pretreated with ruthenium red did not elicit an increase in MEPP frequency, suggesting
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that both agents acted on a common Ca2+ pool, possibly the mitochondria. This effect

could not be attributed to a ruthenium red-induced depletion of vesicular stores or block

of postsynaptic nAChR since La3+ increased MEPP frequency in ruthenium red-treated

preparations. Another inhibitor of mitochondrial Ca2+ regulation, N,N—bis(3,4-

dimethoxyphenethyl)-N—methylamine (YSO35), also blocked the effects of MeHg, but not

La“, on MEPP frequency (Levesque and Atchison, 1988). These results suggested that

release of Ca2+ previously sequestered in the mitochondria contributed to the MeHg-

induced elevations in [Ca2+]i.

The effects of MeHg on mitochondrial Ca2+ regulation were studied directly using

intact mitochondria isolated from rat brain (Levesque and Atchison, 1991). Ca2+ uptake

by isolated mitochondria occurs by two mechanisms which differ in magnitude and ATP

requirement. “Caz“ uptake via the ATP-dependent mechanism is approximately an order

of magnitude greater than the ATP-independent component. MeHg inhibited both

components of mitochondrial Ca2+ uptake. The ability of MeHg to release Ca2+

sequestered within the mitochondria was studied by loading the mitochondria with ”Ca“,

in the absence or presence of ATP, prior to MeHg exposure. MeHg reduced

mitochondrial “’Caz” content which had previously been loaded into the mitochondria,

regardless of ATP. The reduction in mitochondrial 45Ca2“ content could be due to

stimulation of Ca“ efflux, or block of Ca“ uptake necessary for Ca2+ cycling. Ruthenium

red also reduced the loading of 45Ca2+ into the mitochondria, in the absence or presence

of ATP. Ruthenium red prevented the MeHg-induced reduction in mitochondrial 45Ca2+

content, but did not block the binding of Me[2°3]Hg to the mitochondria (Levesque and

Atchison, 1991). Taken together, this evidence suggested that MeHg-induced disruption
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mitochondria Ca2+ regulation contributed to the elevations in [Ca2+], in the nerve terminal,

and that ruthenium red acted on a similar Ca2+ pool of mitochondrial Ca2+ as MeHg.

While it was apparent that MeHg was capable of disrupting mitochondrial Ca2+

regulation, the relationship of this effect to the elevations in [Ca2+], and spontaneous

release of neurotransmitter was unknown. The magnitude of MeHg—induced release of

transmitter was quantified using synaptosomes preloaded with various radiolabelled

neurotransmitters. MeHg caused release of dopamine, y«aminobutyric acid and ACh from

nondepolarized synaptosomes prepared from striatum, cortex and hippocampus (Minnema

et al., 1989). MeHg did not affect the release of these neurotransmitters elicited by

depolarization with solutions containing elevated concentrations of K“. This suggested

that, in synaptosomes, the block of voltage-dependent Ca2+ channel by MeHg was not

sufficient to impede transmitter release. MeHg also released 45Ca2+ preloaded into isolated

mitochondria, but did not release preloaded 45Ca2+ from intact synaptosomes. It was

concluded that MeHg released of Ca2+ from the mitochondria, and that this Ca2+ remained

within the cytosol of the intact synaptosomes to cause an elevation in [Ca2+]i. The

amount of Ca2+ released from the mitochondria was sufficient to support spontaneous

release of neurotransmitter from synaptosomes. However, the experimental design for

loading the synaptosomes with 45Ca2+ may have allowed for exchange of the radiolabelled

”Ca2+ within the synaptosomes for nonradioactive Ca2+ in the extrasynaptosomal buffer.

This could have caused depletion of 45Ca2" from the radiolabelled intracellular pool prior

to the addition of MeHg. If remaining pools of “Ca” within the synaptosomes are not

mobilized by MeHg, then these experiments would conclude incorrectly that MeHg did

not affect [Ca2+]i.
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Ruthenium red also increased spontaneous release of ACh from synaptosomes,

although the amount of released ACh was not as great as that elicited by MeHg

(Levesque et al., 1992). Pretreatment of synaptosomes with ruthenium red caused a

concentration-dependent reduction in MeHg-induced ACh release in the presence or

absence of added Ca2+, While this evidence suggested disruption of mitochondrial Caz“

regulation following MeHg exposure was sufficient to elicit spontaneous release of ACh,

it was by no means conclusive. Moreover, MeHg-induced depolarization of the

mitochondrial membrane was not inhibited by ruthenium red, suggesting that either the

effects of ruthenium red or MeHg were not mediated by depolarization of the

mitochondria.

G. Techniques for measuring [Ca2+],».

The limitation of previous experiments Studying the effects of MeHg on [Ca2*]i in

the nerve terminal is that they relied upon indirect measurements, or inference, in most

instances. The synthesis of indicators based on polyvalent cation chelators (Smith et al.,

1983; Tsien et al., 1982; Grynkiewicz et al., 1985; Minta et al., 1989) allowed for the

measurement of [Ca2+], in isolated neuronal preparations (Komulainen and Bondy, 1987a).

These compounds had several significant advantages over their predecessors. Unlike the

photoprotein aequorin and the fluorochrome arsenazo III, these new indicators were not

structurally inactivated upon binding of Ca2+. They also interacted with Ca“ in a

reversible manner, with dissociation constants for Ca“ in the physiological range,

allowing changes in [Ca2+]i to be monitored more consistently over time. The new

indicators could also be loaded into cells, and calibrated, relatively easily. Some
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disadvantages of Ca2+ detection remained, however. The new compounds were not

entirely Ca2+ specific (Grynkiewicz et al., 1985), and certain cells could actively transport

the dyes from the cytosol (DiVirgilio et al., 1988). Even these problems could be

circumvented by the use of cell-penneant heavy metal chelators (Arslan et al., 1985), and

inhibitors of the organic anion transporter.

The most commonly utilized structural design of these Ca2*-sensitive indicators is

to position a fluorescent group near the Ca2*-binding region of the chelator (Fig. 1.1).

The binding of Ca2+ distorts the electronic configuration of the nearby fluorescent group,

resulting in a shift in the fluorescent properties of the dye in the Ca2*-free and Ca2*-bound

form. The relatively high sensitivity of fluorometry permits excellent temporal and spatial

resolution of [Ca2+],. Some Ca2*-sensitive fluorescent indicators have been designed for

specific purposes or techniques. For example, fura-2 is used extensively in

epifluorescence microscopy, indo-l is used primarily in continuous and stopped-flow

cytometry, and fluo-3 is used primarily in fluorescence-activated cell sorting and confocal

microscopy. In this way, a Cay-sensitive fluorescent dye exists for virtually every

detection system. There are limitations to the use of fluorescent dyes, though. A major

drawback lies in their affinity for cations other than Ca2+ (Grynkiewicz et al., 1985;

Tomsig and Suszkiw, 1990; Hechtenberg and Beyersmann, 1993; Hinkle et al., 1992).

The interaction of these indicators with cations other than Ca2+ confounds accurate

determination of [Ca2+], (Arslan et al., 1985; Mason and Grinstein, 1990). Another

problem is the intrinsic fluorescence of certain cells, such as red blood cells, makes

fluorescence analysis difficult, if not impossible (Murphy et al., 1986).
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FIG. 1.1. The chemical structure of the fluorescent cation indicator fura-2. The four

carboxylic acid groups form the cation binding pocket, while the polycyclic ring system

is fluorescent group. Binding of cations alters the electronic configuration of the

fluorescent moiety, causing a shift in the fluorescence properties of the molecule.
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Fig. 1.1.
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Indicators resembling the fluorescent dyes have also been constructed for use with

19F-nuclear magnetic resonance (NMR) spectroscopy (Smith et al., 1983). The structure

of these indicators contains equivalent fluorine nuclei instead of the fluorescent groups

(Fig 1.2). When a cation binds to the indicator, it withdraws the electrons surrounding

the fluorine nuclei, deshielding it from the applied magnetic field. This alters the

resonance properties of the fluorine nuclei, and generates a resonance peak in the 19F

spectrum. Since each cation deshields the fluorine nuclei to a different extent, their

corresponding resonance peaks are distinct. '9F-NMR spectroscopy has several

advantages over fluorescence-based systems (Bachelard and Badar-Goffer, 1993). First,

nonspecificity is not a problem since the identity of the cation binding to the fluorinated

indicator is readily apparent. Second, the changes in the intracellular concentrations of

several cations can be monitored simultaneously. For example, using 19F-NMR

spectroscopy of NG108-15 cells loaded with the fluorinated chelator SF-BAPTA, changes

in the intracellular concentrations of Caz", Pb“ and Zn“ can be measured concurrently

following Pb2+ exposure (Schanne et al., 1989). Third, in a single preparation, the

changes in the cellular concentrations of polyvalent cations and high energy phosphates

can be monitored by using ”P and 3‘P-NMR spectroscopy in tandem (Badar-Goffer et

al., 1994). Fourth, because no endogenous fluorine is present in cell, there are no

difficulties associated with intrinsic fluorine resonance. The main disadvantage of ”F-

NMR specrroscopy is that its low sensitivity necessitates lengthy spectral acquisition

intervals, reducing temporal resolution to tens of minutes, as opposed to the tenths of

seconds resolution obtained with fluorescent indicators. Another drawback of this

technique is its inability to generate useful spatial information at the cellular level.



FIG 1.2. The chemical structure of the fluorinated cation indicator 5F-BAPTA. The four

carboxylic acid groups form the cation binding pocket, while the resonance of the fluorine

nuclei is observable using NMR spectroscopy. Binding of cations withdraws the electrons

which surround the fluorine nuclei, altering its resonance properties.
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Fig. 1.2.
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H. Efiects of MeHg on neuronal divalent cation homeostasis.

Acute exposure of synaptosomes loaded with the fluorescent chelator fura-2 to

MeHg caused a time- and concentration—dependent increase in [Ca2+]i (Komulainen and

Bondy, 1987b). The elevations in [Ca2+], were also dependent on [Ca2+],, and were not

reduced by the voltage-dependent Ca2+ channel blocker verapamil. This suggested MeHg

did not cause Ca2+ influx through these channels, consistent with results gathered using

radiotracer flux analysis and electrophysiological techniques. The MeHg-induced

elevations in [Ca2+], were potentiated by ouabain or depletion of cellular ATP.

Depolarization of the mitochondrial membrane with rotenone and oligomycin decreased

these elevations in [Ca2+], providing additional suggestive evidence for MeHg-induced

disruption of mitochondrial Ca2+ regulation.

The concentration-dependence of the possible contributions of extracellular and

mitochondrial Ca2+ sources to the MeHg-induced elevations in [Ca2+], was investigated in

greater detail using fura-2 loaded synaptosomes (Kauppinen et al., 1989). MeHg

concentrations below 30 pM increased [Ca2+],, but did not increase fura-2 leak from the

synaptosomes, suggesting that MeHg acted at an intracellular target without significantly

disrupting the plasma membrane. These concentrations of MeHg also altered

mitochondrial function without affecting the plasma membrane potential. Higher

concentrations of MeHg caused pronounced elevations in [Ca2+],, and increased an“

quenching of fura-2, which coincided with depolarization of the plasma membrane. This

suggested that lower concentrations of MeHg increased [Ca2+], by an action at an

intracellular Ca2+ store, possibly the mitochondria, while higher concentrations increased

the plasma membrane permeability to Ca“,
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Additional analysis of the effects of MeHg on neuronal divalent cation

homeostasis revealed that in addition to elevating the [Ca2+],, MeHg also increased the

intrasynaptosomal concentration Zn2+ ([Zn2*]i) (Denny et al., 1993; Denny and Atchison,

1994). The mechanisms mediating the elevations in [Ca2+]i and [Zn2‘“]i are distinct both

temporally and mechanistically. The elevations in [Zn2"]i are immediate and precede the

gradual increase in [Ca2+]i. The increases in [Zn2*]i are mediated by release of Zn2+ from

several soluble synaptosomal proteins, while the elevations in [Cahji are due to increased

plasma membrane permeability to Ca2+ leading to a Ca2*e-dependent elevation in [Ca2+]i

(Denny et al., 1993, Denny and Atchison, 1995). The elevations in [Ca2+]i are believed

to be responsible for alterations in spontaneous transmitter release observed following

MeHg treatment.

Similar findings have been obtained in other neuronal model systems. MeHg also

elevates the intracellular concentrations of Ca2+ and another endogenous polyvalent cation,

presumed to be Zn”, in neuroblastoma x glioma (NG108-15) hybrid cells (Hare et al.,

1993) and isolated cerebellar granule cells in culture (Many et al., 1995). In NG108-15

cells, a component of the elevations in [Ca2+]i is mediated by release of Ca2+ which was

sequestered previously in the IP3-sensitive Ca2+ pool of the ER (Hare and Atchison, 1995).

However, MeHg mobilizes this Ca“ pool without generating IP3. In NG108-15 cells

treated with MeHg these elevations in [Ca2+]i can be delayed by nifedipine or TTX (Hare

and Atchison, 1996). This suggests voltagedependent Ca2+ or Na+ channels are involved

in the MeHg-induced increases in plasma membrane permeability to Ca”, possibly by

augmenting MeHg entry into the cells.
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ABSTRACT

The effects of MeHg on intrasynaptosomal polyvalent cation concentrations were

examined using fura-2. In the presence of Call, MeHg caused a concentration-dependent,

biphasic elevation in the ratio of fluorescence intensity at the emission wavelength of 505

nm following excitation at 340 and 380 nm (340/380 nm ratio). The first phase was

independent of Caz“e and complete within five sec. The second phase was dependent

upon Caz“e and not complete within six min. MeHg increased the synaptosomal

membrane permeability to Mn2+ suggesting that the second phase was due to influx of

Caz} Ruthenium red (20 pM), mitochondrial depolarization (10 mM NaN3 plus 4 pg/ml

oligomycin), thapsigargin (1 pM), or caffeine (40 mM) did not elevate [Ca2*]i or alter the

response of the synaptosomes to MeHg. Upon closer inSpection, we noticed that MeHg

simultaneously increased the fluorescence intensity at the excitation wavelengths of 340

and 380 nm, and at the Ca2*-insensitive excitation wavelength of 360 nm. Pretreatment

of synaptosomes with the cell-permeant heavy metal chelator N,N,N’,N’-tetrakis-(2-

pyridylmethyl)ethylene-diamine (TPEN, 50 pM) blocked the MeHg-induced elevations in

360 nm intensity and 340/380 nm ratio. TPEN given after MeHg, reversed the elevations

in 360 nm intensity. The cell-impermeant heavy metal chelator

diethylenetriaminepentaacetic acid (DTPA, 150 pM) had no effect. We conclude that

MeHg disrupts polyvalent cation homeostasis by at least two mechanisms. The first

involves release of endogenous non-Ca2+ polyvalent cations while the second is due to

increased Ca2+ permeability of the plasma membrane.
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INTRODUCTION

Fluctuations in [Ca2+]i regulate many cellular processes, including neurotransmitter

release, cell differentiation, growth cone elongation and excitation-contraction coupling

(Bertolino and Llinas, 1992). Sustained or unregulated excessive elevations in [Ca2+], are

toxic (Nicotera et al., 1992). CC14-induced hepatotoxicity (Tsokos-Kuhn et al., 1986;

Tsokos-Kuhn, 1989) and 1-methy1-4-phenylpyridinium (MPP*) toxicity in the substantia

nigra (Kass et al., 1988) are both believed to be related to loss of Ca2*-regulating ability.

Excitatory amino acid neurotoxicity is also thought to be associated with pathological

elevations of [Ca2+], via activation of NMDA receptors (Choi, I987).

Neurons are sensitive to sustained elevations in [Ca2*]i. Nerve terminals are

particularly affected by impaired [Ca2+]i homeostasis, because of their large surface area

to volume ratio, and the importance of tightly controlled Spatial and temporal changes in

[Ca2+]i necessary for secretion (Blaustein, 1988). Changes in [Ca2+]i at the nerve terminal

alter many processes, including synaptic transmission.

MeHg, a known neurotoxicant, causes alterations in synaptic transmission which

are characteristic of impairments in normal entry of Ca2+ during depolarization and

sustained, unregulated elevations of [Ca2+], within the nerve terminal. Acute application

of MeHg to isolated nerve terminals elevates [Ca2+li (Komulainen and Bondy, 1987a;

1987b; Kauppinen et al., 1989). Effects of MeHg on Ca2+ homeostasis are believed to

be mediated in part by increased plasma membrane permeability to Ca2+ since reducing

the [Ca2+], decreases the functional effects of MeHg at intact synapses (Atchison, 1986)

and synaptosomes (Levesque et al., 1992). Removal of Caz“e decreases, but does not

block the MeHg-induced elevations in [C112“]i in synaptosomes (Komulainen and Bondy,
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1987b). Disruption of intracellular Ca2+ regulation is believed to mediate the effects of

MeHg on [Ca2“]i and nerve terminal function following removal of Ca“,

Because normal secretory function requires tight spatial and temporal regulation

of [Ca2+]i, Ca2+ homeostasis within the nerve terminal is maintained by the concerted

buffering action of Ca2+ binding proteins, endoplasmic reticulum (ER) and mitochondria

(Blaustein et al., 1980; Akerman and Nicholls, 1983). The respective contributions of

these storage pools varies according to the extent and duration of the Ca2+ load.

Disruption of Ca“ regulating abilities results in responses typically associated with

elevations in [Caz‘]. Several lines of evidence implicate disruption of intracellular Ca2+

regulation in the toxic actions of at least acute, in vitro application of MeHg. In isolated

mitochondria, MeHg prevents uptake of ”Ca2+ and induces its release following

preloading (Levesque and Atchison, 1991). Inhibition of Ca2+ release by YSO35 (Deana

et al., 1984) and ruthenium red (Moore, 1971), a putative inhibitor of the mitochondrial

Ca2+-uniporter, blocks the spontaneous release of transmitter induced by MeHg at intact

peripheral synapses (Levesque and Atchison, 1987; 1988) and isolated central nerve

terminals (Levesque et al., 1992). Ruthenium red also blocks MeHg-induced release of

”Ca” from preloaded mitochondria (Levesque and Atchison, 1991). Additionally, MeHg

disrupts mitochondrial functions (Verity et al., 1975; Levesque and Atchison, 1991).

Finally, inhibitors of oxidative phosphorylation such as dinitrophenol and dicoumarol

cause effects similar to those of MeHg at intact synapses (Levesque and Atchison, 1987).

The present study was initiated to determine the respective contributions of

intracellular Ca2+ stores to the MeHg-induced elevations in [Ca2+]i. We focused initially

on the mechanism of block by ruthenium red of MeHg-induced effects on mitochondrial
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Ca2+ buffering and its potential relationship to the putative changes in [Ca2+],. We

hypothesized that ruthenium red would prevent MeHg—induced elevations in [Ca2”]i by

preventing release of mitochondrial Ca2+ Stores. Paradoxically, mitochondria did not

contribute to changes in fura-2 fluorescence in synaptosomes. During the course of these

experiments, we observed changes in the fura-Z fluorescence signals induced by MeHg

which were inconsistent with changes in [Ca2+],. As such, we examined these changes

in some detail with respect to their implications for the action of MeHg on nerve terminal

cation homeostasis.
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MATERIALS AND METHODS

Chemicals and Solutions: Methylmercuric chloride (MeHg) was obtained from

K and K Labs, Plainview, NY. Fura-Z pentapotassium salt, the acetoxymethyl ester

derivative of fura-2 (fura-2AM) and TPEN were purchased from Molecular Probes,

Eugene, OR. Thapsigargin was purchased from LC Services, Woburn, MA. Sodium

azide was supplied by Aldrich, Milwaukee, WI. Caffeine, DTPA, oligomycin,

ethyleneglycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA), Na”-Hepes,

ruthenium red, Trizma base, and Trizma HCl were obtained from Sigma, St. Louis, MO.

Dimethyl sulfoxide (DMSO) was obtained from IT. Baker, Phillipsburg, N]. All other

chemicals were reagent grade.

Hepes buffer (HBS) contained (mM): NaCl, 135; KC], 5; MgClz, 1; d—glucose, 10;

and N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (NT-Hepes), 10. The pH

at room temperature was adjusted to 7.4 with Trizma HCI. HBS contained 6 pM Ca2+ as

measured by inductively coupled plasma spectroscopy (Atchison, 1986), and is hereafter

referred to as 6 pM Ca2*-HBS. During loading of synaptosomes with fura-ZAM, 200 pM

CaCl2 was present in the HBS (200 pM Ca2"—HBS). A 1 mM stock solution of fura-2AM

was prepared twice a week in anhydrous DMSO. MeHg was prepared weekly as a 10

mM stock solution in appropriate HBS. Ruthenium red was prepared in 200 pM Ca2+-

HBS and diluted six-fold upon addition to synaptosomes. NaN3 was prepared daily in

deionized water as a 1 M stock solution. Oligomycin stock solutions (4 mg/ml) were

dissolved in absolute ethanol. TPEN (2 mM) was dissolved in a solution of 50% (v/v)

ethanol/deionized water which yielded a final ethanol concentration of 1.25% after

addition to the synaptosomal suspension. EGTA (1 M) for RTnin determination was
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dissolved in deionized water and the pH at room temperature adjusted with Trizma base

to greater than 8. DTPA was prepared as a 15 mM stock solution in deionized water and

dissolved by addition of NaOH. Caffeine was prepared as a 1.33 M stock solution and

gently heated until dissolved. Thapsigargin was prepared as a 100 pM stock solution in

0.5% (v/v) DMSO. Control solutions contained appropriate concentrations of the solvents

used.

Preparation of Synaptosomes: Synaptosomes were prepared by discontinuous

sucrose gradient centrifugation as described in detail by Shafer and Atchison (1989) with

slight modifications. The sucrose buffers were prepared in 3 mM NazHPO4 buffer

adjusted to pH 7.4 with HCl. The P2b fraction (Gray and Whittaker, 1964) was

resuspended in 6 pM Ca2*-I-IBS, centrifuged at 10,000 x g for 10 min and resuspended

in 10 ml 200 pM Ca2*—HBS. The synaptosomal preparation was then split into two 5 ml

fractions; fura—2AM was added to one fraction (5 pM final concentration) while the other

received DMSO alone. The final concentration of DMSO in both fractions was 0.5%

(v/v). Both fractions were incubated at 30°C for 30 min to allow for uptake and

hydrolysis of the fura—2AM. The fractions were then diluted six-fold by addition of 25

ml of 200 pM Cazi-HBS and incubated for an additional 15 min at 30°C to promote

diffusion of partially hydrolyzed fura-ZAM from the synaptosomes. After centrifugation

at 10,000 x g for 5 min, the pellets were resuspended in 10 ml 200 pM Ca2*-HBS, and

kept on ice until needed, but no longer than three hr.

 rt
?

1“. 4"
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Determination of 340/380 nm ratio and [Ca2*l,-.' Although concentrations of

MeHg up to 1 mM did not affect the fluorescence of 0.5 pM fura-2 pentapotassium salt

when tested in a cuvette (Fig. 2.1), the addition of MeHg to fura-2 loaded synaptosomes

changed fura-2 fluorescence in ways inconsistent with elevations in [Ca2+]i (see below).

This effect was inhibited by a cell-permeant heavy metal chelator. Some concentrations

of MeHg also caused leakage of fura-2 from the synaptosomes. For these reasons, the

conversion of ratios to [Ca2+]i was precluded in most instances. Instead, the results are

usually reported as changes in the ratio of 340 nm to 380 nm excitation intensity

monitored at 505 nm (340/380 nm ratio). In certain instances, when low concentrations

of MeHg were used and the increase in intracellular heavy metal concentration was

prevented by a cell-permeant chelator, [Caz’fili determination could be made.

Fura-2 loaded synaptosomes were centrifuged at 12,500 x g for 30 sec. The

resulting pellet was resuspended in two ml of either 6 pM Cay-HBS (for studies

involving [Ca2“]e of 6 pM or 0.1 pM) or 200 pM Cay-HBS (for studies involving 200 pM

[Ca2+]e), transferred to a test tube, and incubated for 10 min at 37°C. The suspension was

transferred to a polystyrene cuvette containing a magnetic stir bar and placed into a

spectrofluorometer (SPEX Industries, Edison, NJ) equipped with a thermally jacketed

cuvette holder at 37°C. The emission intensity was monitored at 505 nm (bandpass of

3.77 nm) following excitation (450 W xenon lamp) of the synaptosomal suspension at 340

and 380 nm, or 360 and 380 nm. Alternating excitation wavelengths were obtained using

a beam chopper. Ratios and [Ca2+]i were corrected for intrinsic fluorescence using

synaptosomes treated with 0.5% DMSO only. The intensity recordings of fura-2 loaded

synaptosomes were also corrected for leakage of fura-2 from synaptosomes not exposed
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to MeHg. Mn2+ (final concentration 40 pM) was added to a fura—2 loaded synaptosomal

suspension and the fluorescence intensity remaining two sec after addition was subtracted

from the intensity prior to an” addition. This difference was due to extracellular fura-2

and was subtracted from all intensity recordings from that preparation. The sample used

for determination of extracellular fura-2 was not used for any other experiments. Ratios

were determined by dividing the corrected intensity recording from excitation at 340 nm

by that of 380 nm excitation. When appropriate, [Ca2+]i was calculated from the equation

of Grynkiewicz, et a1. (1985): [Ca2*]i=Kd[(R-Rmin)/(Rm,,-R)]x(S,2/S.,2): where Rm, is the

340/380 nm ratio during Ca2+ saturation, and R is the 340/380 nm ratio during Ca2*-free
min

conditions. S,2 and sz are the emission intensities at 380 nm excitation during Ca2*-free

and Ca2*-saturating conditions, respectively. R was determined by lysing the
max

synaptosomes with 0.1% (v/v) TritonX-IOO in 2 mM Ca2+. R was determined on the
min

same sample by adding 50 mM EGTA (pH remained at 7.4). Synaptosomal preparations

yielding Rm, values less than 3.00 were rejected due to inadequate fura-2AM hydrolysis.

Assessment ofsynaptosomal permeability to divalent cations afterMeHg treatment:

Quenching of the fura-2 signal by Mn2+ was used to assess the permeability of the

synaptosomal plasma membrane to divalent cations. Synaptosomal preparations were

incubated with MeHg (0 - 100 pM) for six min. The fluorescence intensity at the Ca”-

insensitive wavelength of 360 nm was monitored every 0.2 sec. After establishing a ten

sec baseline, Mn2+ (40 11M final concentration) was added directly into the cuvette from

an overhead injection port without interrupting data acquisition. The ability of the Mn2+

to quench total fura-2 fluorescence was monitored for four min.
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To assess the immediate effects of MeHg on divalent cation permeability, Mn2+

was added prior to MeHg. Leak of fura-2 from the synaptosomes was determined by the

subsequent addition of 150 pM DTPA to the synaptosomal suspension after a three min

exposure to MeHg. If MeHg elevated extracellular fura-2 concentrations during the three

min exposure, the immediate reversal in quenching produced by DTPA should exceed the

initial quench produced by Mn2+ addition.

Evaluation of non-Ca“ polyvalent cation contributions to fluorescence: Many

cations interact with fura-2 (Grynkiewicz et al., 1985). Thus since some of the alterations

in fura-2 fluorescence were inconsistent with changes in [Ca2+],, MeHg might alter the

intracellular concentrations of cation(s) Other than Ca2+. To test this possibility, the

effects of either the cell-permeant heavy metal chelator TPEN or the cell-impermeant

heavy metal chelator DTPA on MeHg-induced elevations in 340/380 nm ratio and 360

nm excitation intensity were monitored.

Statistical analysis: Elevations in 340/380 nm ratio were analyzed by a one-way

block analysis of variance. Post-hoc analysis was performed using Tukey’s test (p<0.05)

(Steel and Torrie, 1980).
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RESULTS

In 200 uM Ca2+-HBS, MeHg caused a biphasic increase in the 340/380 nm ratio

that was concentration- and time-dependent (Fig. 2.2). The first phase increase was rapid

and complete within five sec after MeHg addition. The magnitude of this phase was

determined by subtracting the average ratio value ten sec prior to MeHg addition (50-60

sec) from that obtained ten sec following MeHg addition (62-72 sec) (inset, Fig. 2.2).

Addition of 200 pM Ca2*-HBS caused a change in the resting 340/380 nm ratio of 0.06

:1: 0.01 (mean :1: standard error of the mean, S.E.M.) during this initial phase. MeHg

concentrations of 10, 25, 50 and 100 uM caused 340/380 nm ratio changes of 0.18 :t 0.04,

0.25 :1: 0.06, 0.25 i 0.07 and 0.25 i 0.08, respectively. These changes were not

statistically different from control (n=3, p>0.05), but suggest that the initial phase was

concentration-dependent up to 25 pM MeHg.

The rate of increase in 340/380 nm ratio during the second phase was gradual with

no plateau occuning during the six min exposure period. Unlike the first phase, the

second phase was not maximal at 25 pM MeHg. With the exception of 10 pM MeHg,

the second phase elevations were several-fold greater than the initial elevations. The

second phase was concentration-dependent with respect to both MeHg and Ca”;

Lowering [Ca2+], to 6 pM reduced the second phase elevations relative to those at 200 pM

[Ca2“]e for all MeHg concentrations tested (not shown).

To determine the extent of Ca2+, dependence of the two phases, EGTA was added

to the synaptosomal suspension to reduce [Ca2“_],3 further. Since [Caz“]i in nerve terminals

ranges between 100 to 300 nM (Nachshen, 1985; Komulainen and Bondy, 1987a,b;

Kauppinen et al., 1989), and the Ca2+ content of synaptosomes can be readily depleted
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by incubation with low Ca2+ solutions (Scott et al., 1980; Komulainen and Bondy, 1987a;

Xaing et al., 1990) the [Ca2“]e was lowered to approximately 0.1 pM by addition of 20

pM EGTA (Bartfai, 1979). At this [Ca2+], (confirmed using fura-2 pentapotassium salt)

membrane depolarization did not elevate [Ca2+],. EGTA caused a reduction in 340/380

nm ratio which stabilized within four min (Fig. 2.3). Subsequent addition of MeHg

caused concentration-dependent elevations in 340/380 nm ratio. MeHg concentrations of

25 pM or greater differed statistically from control while 10 pM was less effective (inset,

Fig 2.3). After correcting for changes in baseline, the magnitude of MeHg-induced first

phase elevations observed in 200 pM Cazi-HBS were not different from those in 0.1 pM

Cay-HBS (p>0.05). Therefore the apparent reduction in [Ca2+], caused by 20 pM EGTA

did not alter the MeHg-induced immediate elevation in the 340/380 nm ratio. The second

phase elevations observed in 6 or 200 pM Ca2*-HBS were reduced or abolished in 0.1 pM

Ca2+-HBS, suggesting the second phase was primarily C212*e-dependent (compare Fig. 2.3

to Fig. 2.2). No significant difference between the first phase elevations were observed

when MeHg was added one or four min following EGTA (not shown), thus depletion of

Ca2+ from intracellular stores was unlikely.

The Cazic-dependent second phase elevation in 340/380 nm ratio could be due to

influx of extracellular Ca2+ and/or release of sequestered intracellular Ca2+. To identify

the source, we monitored the ability of Mn“ to quench total fura-2 fluorescence of

synaptosomes following MeHg treatment. Mn2+ has similar paths of entry in

synaptosomes as does Ca“ (Drapeau and Nachshen, 1984; Nelson, 1986), but unlike Ca2+,

Mn2+ quenches fura-2 fluorescence (Grynkiewicz et al., 1985). Mn2+ is commonly used

in conjunction with fura-2 to assess the permeability of the plasma membrane to divalent
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cations (Merritt et al., 1989; Kass et al., 1990; Clementi et al., 1992). Because the

concentration of Mn2+ within synaptosomes is minimal, decreases in fluorescence intensity

result only from entry of extracellular Mn“. This provides a more critical evaluation of

plasma membrane permeability than simply monitoring changes in 340/380 nm ratio.

an" quenching of fura-2 fluorescence intensity occurs in two distinct phases.

First, extracellular fura-2 is quenched immediately following Mn2+ addition. Second,

intracellular fura-2 is quenched upon Mn“ entry into the synaptosome. Mn2+ quenching

of fura-2 was monitored at the Cay-insensitive excitation wavelength of 360 nm. To

determine the time-course of Mn2+ quenching of extracellular fura-2, 40 pM Mn2+ was

added to a cuvette containing 0.5 pM fura-2 pentapotassium salt without synaptosomes.

The 360 nm intensity decreased by 85% within 0.8 sec (Fig. 2.4, dashed line). If MeHg

caused release of fura-2 from the synaptosomes during the six min incubation, the

immediate quenching of the fluorescence intensity by Mn2+ would be enhanced. The

second component of Mn2+ quenching would be expected to occur gradually as Mn2+

quenched intracellular fura-2. Increased Mn2+ permeability would. result in a greater rate

of quenching during this phase.

As expected, Mn2+ (40 uM) quenched the fura-2 signal in two distinct phases (Fig.

2.4). Immediately following addition of Mn2+ to fura-2 loaded synaptosomes, there was

a rapid decrease in fluorescence intensity, similar to that observed in a cell-free system.

The immediate quenching was quantitated as the percent difference between the average

fluorescence intensity ten sec prior to the addition of Mn2+ (0 to 10 sec) and average

fluorescence intensity over the two sec which followed the first full sec after Mn2+

addition (11 to 13 sec). The immediate quench in synaptosomes treated with up to 25 pM
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MeHg was not different from control, but at higher concentrations (50 and 100 uM) there

was a significant (p<0.05) increase in quench. This effect could be due either to

increased fura-2 leakage from synaptosomes, lysis of a select population of synaptosomes

or facilitation of quenching of intracellular fura—2. All concentrations of MeHg tested

increased the quenching of intracellular fura-2 relative to controls (Fig. 2.4).

Alternatively, the gradual decrease in fura-2 signal could reflect quenching of fura-2

leaking from damaged synaptosomes. In either case, however, MeHg altered the plasma

membrane permeability which supports the notion that the second phase elevations in

340/380 nm ratio observed in Ca”-HBS were due to increased Ca” flux across the plasma

membrane, and not CICR.

A few other conclusions can be made based on the Mn” Study. First, quenching

of extracellular fura-2 by Mn” in cell suspensions is essentially complete within one sec.

Fura-2 which is quenched after one sec is most likely intracellular. Thus, the difference

in intensity just prior to and immediately following Mn” addition yields a correction

factor for extracellular fura-2 without significant quenching of intracellular fura-2.

Second, because Mn” gradually enters the cytoplasm and quenches intracellular fura-2

fluorescence at 340 and 380 nm excitation unequally (Goldman and Blaustein, 1990),

extended incubation with Mn” precludes estimation of [Ca”li.

Since the initial elevation in 340/380 nm ratio was independent of [Ca”],,

experiments were undertaken to determine the intracellular source of this elevation.

Previous studies at the neuromuscular junction have shown that some uncouplers of

oxidative phosphorylation produce effects similar to those of MeHg (Levesque and

Atchison, 1987; 1988). MeHg has a number of effects on mitochondrial function (Verity
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et al., 1975; Cheung and Verity, 1981; Kauppenin et. al., 1989; Hare and Atchison, 1992),

all of which have been shown to elevate [Ca2+]i (Scott et al., 1980; Heinonen et al., 1984).

Therefore, we sought to determine if the mitochondria were responsible for the immediate

elevation in 340/380 nm ratio. In 0.1 pM Ca”-HBS, depolarization of the mitochondrial

membrane with 10 mM sodium azide plus 4 pg/ml oligomycin did not change the

340/380 nm ratio (Fig. 2.5). Subsequent addition of MeHg (0 - 100 pM) caused

concentration-dependent increases in 340/380 nm ratio Similar to those in the absence of

mitochondrial inhibitors. Depolarization of synaptosomal mitochondria in 200 pM Ca”—

HBS also failed to elevate the 340/380 nm ratio, and did not alter the response to MeHg

(not shown). Thus, depolarization of mitochondria per se was not sufficient to elevate

[Ca”]i in synaptosomes. Moreover, the intracellular actions of MeHg on fura-2

fluorescence did not involve alterations in mitochondrial Ca2+ buffering.

Ruthenium red, a putative inhibitor of the mitochondrial Ca” uniporter (Moore,

1971), attenuates the spontaneous release of neurotransmitter induced by MeHg (Levesque

and Atchison, 1987; Levesque et al., 1992). Ruthenium red also blocks MeHg-induced

efflux of Ca” from preloaded isolated mitochondria (Levesque and Atchison, 1991).

Since depolarization of the synaptosomal mitochondrial membrane did not alter the

340/380 nm ratio, experiments were performed to determine if the protective effects of

ruthenium red on transmitter release or Ca” release were due to an action at another site.

Ruthenium red shifted the 340/380 nm ratio to higher values due to preferential quenching

of the 380 nm excitation intensity over 340 nm intensity (not shown). In 0.1 pM Ca”-

HBS, pretreatment of synaptosomes with 10 or 20 pM ruthenium red for at least 30 min

did not block the initial phase elevation in 340/380 nm ratio caused by MeHg (Fig. 2.6).
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In 200 pM Ca”-HBS, ruthenium red pretreatment did not affect the second phase

elevations in 340/380 nm ratio, but did block the elevation in ratio elicited by K“

depolarization (not shown). It is possible that the shift in ratio caused by ruthenium red

makes direct quantitative comparisons of 340/380 nm ratio values inappropriate.

Since neither the depolarization of mitochondria nor ruthenium red affected the

MeHg-induced immediate elevations in 340/380 nm ratio, other potential intracellular

sources for these increases were examined. The ER is thought to buffer Ca” in

synaptosomes (McGraw et al., 1980; Rasgado-Flores and Blaustein, 1987). ER Ca” can

be mobilized by agents such as caffeine, 1,4,5-inositol—tris-phosphate, thapsigargin, or

Ca” (Miller, 1988). In 0.1 pM CaZI-HBS, caffeine (at concentrations up to 40 mM) was

ineffective at increasing [Ca”],, or preventing the MeHg-induced elevations of 340/380

nm ratio (Fig 2.7). Likewise, thapsigargin, an inhibitor of the ER Ca”-ATPase, did not

elevate [Ca2+], or block the effects of MeHg in 0.1 pM Ca”-HBS (Fig 2.8). Apparently,

the initial phase increase in 340/380 nm ratio was nOt due to Ca” release from the ER.

In experiments originally designed to evaluate the temporal aspects of MeHg-

induced increases in plasma membrane permeability, 40 pM Mn” was added prior to

MeHg. We anticipated that the higher concentrations of MeHg (50 and 100 pM) might

cause an enhanced rate of fura-2 signal quenching due to increased disruption of the

plasma membrane. These experiments were conducted at the Ca”-insensitive excitation

wavelength of 360 nm (Grynkiewicz et al., 1985). Mn” caused in a biphasic decrease

in fluorescence intensity (Fig. 2.9). Addition of MeHg two min after Mn” caused an

immediate elevation in 360 nm fluorescence intensity which was maximal at 25 pM
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MeHg. Following this increase in fluorescence intensity, the subsequent rate of Mn”

quench was enhanced in a concentration-dependent fashion consistent with increased

plasma membrane permeability. To detemrine if MeHg caused fura-2 leak, the cell-

impermeant, heavy metal chelator DTPA was used. DTPA (150 pM) caused an

immediate increase in fluorescence intensity presumably due to chelation of Mn”

previously bound to extracellular fura-Z (Fig. 2.9). In the case of 50 and 100 pM MeHg,

the increase in intensity following DTPA addition was larger than the initial quench

produced by Mn”, suggesting that extracellular fura-2 concentrations had increased. In

fact, at these MeHg concentrations, there was a gradual increase in fluorescence following

DTPA addition. This may represent chelation of Mn” previously complexed to fura-2

which had leaked from MeHg-damaged synaptosomes.

The MeHg-induced increases in fura-2 fluorescence intensity at the Ca”-insensitive

excitation wavelength of 360 nm could be due to several factors. First, fura-2 interacts

with other cations, some of which alter the fluorescence pattern similar to Ca”

(Grynkiewicz et al., 1985). Although Mel-lg does not interact with fura-2 (Fig. 2.1) it

could elevate the intracellular concentrations of other cations which increase the

fluorescence intensity at the excitation wavelength of 360 nm. Second, MeHg could

release fura—2 from an intracellular store which was previously intractable to fluorescence.

Third, MeHg could have some effect which results in the unquenching of fura-2 in the

cytoplasm. Fourth, MeHg could alter the physical properties of the intracellular milieu

(ie. viscosity, pH, polarity, etc.) resulting in a shift to the right of the fluorescence pattern

of fura-2.



ch-
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If non-Ca” polyvalent cation homeostasis was disrupted by MeHg, the cell-

permeant heavy metal chelator TPEN should prevent or reverse the effects of MeHg on

fura-2 fluorescence. TPEN was tested for its ability to bind MeHg by adding 100 pM

MeHg to a solution of TPEN and Mn” adjusted to half-maximally quench the

fluorescence of 0.5 uM fura—2 pentapotassium salt. If MeHg interacted with TPEN it

would have to displace Mn”. The Mn” would then bind to the fura-2 and quench the

fura-2 fluorescence. No changes in fluorescence intensity were observed upon addition

of MeHg (not shown).

TPEN was then tested in fura-2 loaded synaptosomes treated with MeHg.

Concentrations of MeHg greater than 25 pM were not tested because the elevation in 360

nm excitation intensity was maximal at 25 uM, and higher concentrations caused leak of

fura-2. Addition of 20 pM EGTA to fura-2 loaded synaptosomes produced minimal

changes in 360 nm excitation intensity confirming the Ca”~insensitivity of this

wavelength (Fig. 2.10). Subsequent addition of 50 pM TPEN decreased the 360 nm

fluorescence intensity, suggesting an interaction of fura-2 with some non-Ca” cation(s)

in the cytoplasm. Addition of MeHg had no effect on fura-2 fluorescence intensity.

Addition of 10 or 25 pM MeHg prior to 50 pM TPEN caused a concentration-dependent

elevation in fluorescence intensity which was rapidly reversed by the TPEN. Thus the

MeHg-induced increases in intensity at 360 nm were due to an elevation in the

intracellular concentration of non-Ca” cation(s).

The origin of these cations was uncertain because TPEN chelates both intra- and

extracellular heavy metals. However, if the source was extracellular, the cell-impermeant

chelator DTPA (150 pM) should block the effects of MeHg. Pretreatment of
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FIG. 2.10. Effect of the cell-permeant heavy metal chelator TPEN on MeHg-induced

alterations in Ca”-insensitive fura-2 fluorescence. The fluorescence intensity was

monitored at 505 nm following excitation at 360 nm. All lines are the mean of three

experiments. Top, EGTA (20 pM) was added to fura-2 loaded synaptosomes at 1 min

to reduced [Ca2+]: to 0.1 pM. At five min, 50 pM TPEN was added followed by MeHg

(0 - 25 uM) at six min. Bottom, MeHg was added to fura-2 loaded synaptosomes in 0.1

uM Ca”-HBS at five min, followed by 50 pM TPEN addition one min later.
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synaptosomes with DTPA did not alter elevation in 360 nm excitation intensity caused

by 25 pM MeHg (Fig. 2.11). Subsequent addition of TPEN reversed the elevation in

fluorescence intensity. Thus, MeHg increased the free intrasynaptosomal concentration

of an endogenous cation(s) other than Ca”.

Experiments in Figures 2.2 and 2.3 were repeated in the presence of 50 pM TPEN

since the non-Ca” cations could interfere with accurate measurement of [Ca”]i. TPEN

had minimal influence on the baseline 340/380 nm ratio despite the interaction of fura-2

with non-Ca” cations in the cytoplasm during resting conditions (Fig. 2.12). No MeHg-

induced initial elevation in 340/380 nm ratio was observed in synaptosomes pretreated

with 50 uM TPEN in 200 pM Ca”-HBS. The second phase elevation in 340/380 nm

ratio was not blocked and, in fact, was enhanced relative to TPEN-free conditions. In 0.1

pM Ca”-HBS, MeHg did not elevate 340/380 nm ratio in TPEN-treated synaptosomes.

Thus, under resting conditions interference from non-Ca” polyvalent cations on [Ca”],

determination is minimal. However, increases in the concentrations of these cations by

MeHg hinders accurate determination of [Ca”],.
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FIG. 2.12. Effect of MeHg (0 - 25 pM) on the 340/380 nm ratio. Each trace is the mean

of three experiments. [Ca2+], is indicated on the right. Top, In 200 pM Ca”-HBS,

synaptosomes were exposed to 50 pM TPEN at 1 min followed by MeHg at 2 min.

Bottom, In 0.1 uM Ca”-HBS, synaptosomes were exposed to 50 pM TPEN at 1 min

followed by 20 uM EGTA at 2 min. MeHg (0 - 25 pM) was then added at six min.
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DISCUSSION

Results of the present study confirm several earlier observations of MeHg-induced

elevations in [Ca”]i, (Komulainen and Bondy, 1987b; Kauppinen et al., 1989), but more

importantly, have extended them in the following ways. First, MeHg appears to elevate

the concentration of non-Ca” endogenous cations within the terminal. Second, ruthenium

red did not prevent the intracellularly-mediated changes in fura-2 fluorescence induced

by MeHg. Third, unlike mitochondria isolated from whole brain, intrasynaptosomal

mitochondria did not appear to release appreciable Ca” in response to MeHg. Moreover,

under the conditions of our experiments, intrasynaptosomal mitochondria did not release

measurable amounts of Ca”. Fourth, the temporal effects of MeHg on fura-2

fluorescence are complex and involve at least two phases: an immediate effect due to

elevation of intra-synaptosomal non-Ca” polyvalent cation concentrations, and a gradual

effect due to influx of Ca”c. Fifth, MeHg causes an immediate increase in plasma

membrane permeability to divalent cations. This increased permeability mediates the

second phase, extracellular Ca”-dependent increases in fura-2 fluorescence.

This paper is the first to report the disruption by MeHg of homeostasis of

endogenous polyvalent cations other than Ca”. Though this was not an original aim of

the study, the observation was felt to be of sufficient importance to warrant attention.

Though fura-2 is relatively selective for Ca”, several studies have reported interactions

of non-Ca” polyvalent cations with fura-2 (Smith et al., 1989; Tomsig and Suszkiw,

1990) as well as other fluorescent Ca” indicators (Komulainen and Bondy, 1987a; Arslan

et al., 1985; Mason and Grinstein, 1990). Whereas MeHg itself did not interact with

fura-2, it nevertheless altered the synaptosomal fura-2 fluorescence in ways inconsistent
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with elevations in [Ca”],. The cell-pemreant heavy metal chelator TPEN blocked the

MeHg-induced immediate elevations in both 340/380 nm ratio and 360 nm fluorescence

intensity. The cell-impermeant heavy metal chelator DTPA had no effect. This strongly

suggests that the first phase elevations in 340/380 nm ratio arise from endogenous

intrasynaptosomal cations.

The cation(s) responsible must be present in synaptosomes in sufficient quantities

and possess adequate affinity for fura-2. The endogenous cations which best fit these

criteria are Fe”, Zn” and Ctr”. Aside from Ca” and Mg”, these are the most abundant

polyvalent cations typically found in neurons. The affinity of fura-2 for Fe” and Zn” is

3-10x and 100x greater, respectively, than its affinity for Ca” (Grynkiewicz et al., 1985).

Similarly, Cu” has an extremely high affinity for EGTA (Bartfai, 1979), the parent

compound of fura-2. It is unlikely that the cation(s) was introduced during the

synaptosomal preparation since the concentrations of iron, zinc and copper in our buffers

were 229, 158 and 108 nM, respectively, as measured by inductively coupled plasma

spectroscopy (unpublished results). The MeHg-induced changes were characterized by

increased fluorescence intensity. Therefore, the cation is not likely to be Fe” or Cu”

because these ions quench fura-2 fluorescence (Grynkiewicz et al., 1985; unpublished

results). However, Zn” possess a fura-2 spectrum similar to Ca” (Grynkiewicz et al.,

1985), and is present in most nerve terminals in high concentrations, particularly in the

forebrain (Frederickson et al., 1987). Within the mossy fibers of the hippocampus, Zn”

is believed to be associated with the synaptic vesicles, and is mobilized upon

electrophysiological stimulation possibly due to release of vesicular contents (Assaf and

Chung, 1984). Given the effects of MeHg on the plasma and mitochondrial membranes
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of nerve terminals (Kauppinen et al., 1989; Hare and Atchison, 1992), it is conceivable

that MeHg is also capable of disrupting the vesicular membrane causing release of

endogenous Zn” into the synaptosomal cytosol.

The cation is not likely to be Hg” for several reasons. First, Hg” quenches fura-2

fluorescence (Vignes et al., 1993). Second, DTPA would prevent Hg” effects on fura-2

fluorescence if the Hg” was added exogenously as a contaminant of MeHg. Third,

demethylation of MeHg does not occur in brain tissue on the timescale of our

measurements.

A major impetus for the present study was to clarify the role of the mitochondria

in MeHg-induced elevations of [Ca”]i in the nerve terminal. The role of mitochondria

in regulation of [Ca2+], is unsettled (Rahamimoff et al., 1975; Scott et al., 1980; Heinonen

et al., 1984; Nachshen, 1985; Rasgado-Flores and Blaustein, 1987). There are conflicting

reports of the relative importance of intraterminal mitochondria in buffering elevations in

[Ca”]i, as well as the treatments required for causing Ca” release from mitochondria

(Heinonen et al., 1984; Nachshen, 1985). Since MeHg releases Ca” preloaded into

isolated mitochondria (Levesque and Atchison, 1991) we sought to determine whether

intrasynaptosomal mitochondria release measurable amounts of Ca”, and to evaluate the

importance of mitochondrial Ca” stores with respect to elevations of [Ca”]i by MeHg.

In the absence of MeHg, depolarization of mitochondria caused no detectable changes in

the 340/380 nm ratio. Either depolarization of the mitochondria alone is insufficient to

elevate [Ca”],, or in our experimental paradigm the mitochondria do not sequester

substantial amounts of Ca” at rest. Depolarization of the mitochondria did not affect the

response of the synaptosomes to subsequent addition of MeHg.
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We hypothesized originally that ruthenium red would prevent the elevation in

[Ca”]i induced by MeHg in the absence of Ca”c. Ruthenium red blocks the actions of

MeHg at both intact synapses and synaptosomes (Levesque and Atchison, 1987; 1991;

Levesque et al., 1992), possibly by preventing Ca” efflux from mitochondria by blocking

the mitochondrial Ca” uniporter (Moore, 1971). Since the mitochondria could not be

induced to release Ca” it is unlikely that effects of ruthenium red on synaptosomes are

related to its actions on the mitochondrial Ca” uniporter. Since neurotransmitter release

is dependent upon Ca”, ruthenium red could act at another Ca”-dependent site.

Ruthenium red reduces the intrinsic fluorescence of the smooth muscle plasma membrane

Ca” pump (Moutin et al., 1992) and blocks voltage-operated Ca” channels in

synaptosomes (Goddard and Robinson, 1976; Tapia et al., 1985). MeHg entry into the

terminal is not blocked since ruthenium red does not block the MeHg-induced

depolarization of intraterminal mitochondria (Levesque et al., 1992). Ruthenium red did

not alter either phase of MeHg-induced elevations in 340/380 nm ratio. However,

because ruthenium red shifted the 340/380 nm ratio to higher values such comparisons

between ratio values in the presence and absence of ruthenium red may not be valid.

The disruption of non-Ca” cation buffering was the only intracellular effect of

MeHg observed in the present study. Pretreatment with caffeine or thapsigargin did not

elevate the 340/380 nm ratio, nor affect the immediate elevation in 340/380 nm ratio

caused by MeHg. Either Ca” is not sequestered in the ER of the synaptosomes to. a

significant extent, or this pool was insensitive to agents which cause release of Ca” in

other systems. The regulation of the endogenous non-Ca” cation(s) is independent of
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intracellular Ca” regulation since disruption of putative intracellular Ca” regulatory

systems had no effect.

Previous studies of the effect of MeHg on [Ca”]i have relied on static

measurements -i.e. before and after treatment with MeHg (Komulainen and Bondy, 1987b;

Kauppinen et al., 1989). Therefore we undertook a more thorough temporal

characterization of the actions of MeHg. Due to this enhanced temporal sensitivity we

observed a biphasic elevation in 340/380 nm ratio whose components were distinguishable

by their temporal separation and ionic composition. The first phase was immediate and

complete within five sec; its magnitude was concentration-dependent and maximal at 25

pM MeHg. This phase was due to elevations in the intracellular concentrations of non-

Ca” cation(s). The second phase developed gradually; the rate of elevation of 340/380

nm ratio was concentration-dependent with respect to MeHg as well as Ca”, The second

phase was not apparent at MeHg concentrations less than 25 pM. TPEN enhanced the

second phase possibly due to chelation of the interfering cytoplasmic non-Ca” cations.

Because both [Ca”]i and total cell Ca” are altered by manipulations of [Ca”]e

(Scott et al., 1980; Nachshen, 1985; Xiang et al., 1990), we could not establish

unequivocally that the second phase was due to Ca” influx. For this reason, we used

Mn” to test the hypothesis that the second phase is mediated by an influx of Ca”,

(Merritt et al., 1989; Kass et al., 1990; Clementi et a1. 1992). All concentrations of

MeHg increased the rate of Mn” quench of intracellular fura-2. Higher concentrations

(50, 100 pM) of MeHg also increased Mn” quench of extracellular fura-2. These

observations confirm those of Kauppinen et a1. (1989). MeHg increased immediately the
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plasma membrane permeability to Mn”, suggesting the onset of the second phase was

also immediate.

The route of entry of Ca”c following MeHg treatment was not identified;

possibilities include: direct compromise of the plasma membrane, entry through non-

specific cation channels, receptor-operated ion channels or voltage-dependent Ca”

channels. Since voltage—gated Ca” channels in synaptosomes and PC12 cells are blocked

by the concentrations of MeHg used in the present study (Atchison et al., 1986; Shafer

and Atchison, 1989; 1991; Shafer et al., 1990; Hewett and Atchison, 1992) it is unlikely

these channels mediate the second phase elevations in 340/380 nm ratio. A non-specific

cation conductance could not be distinguished in the present study, but has been

demonstrated for high concentrations of MeHg in isolated dorsal root ganglion cells

(Arakawa et al., 1991). Similarly, receptor-activated entry of Ca” cannot be excluded.

Direct compromise of the membrane seems likely at high MeHg concentrations since

fura-2 efflux is observed. However, lysis of synaptosomes is unlikely since

concentrations of MeHg up to 50 pM do not cause lactate dehydrogenase release (Cheung

and Verity, 1981).

In conclusion, in vitro exposure of isolated nerve terminals to MeHg disrupts

cation homeostasis. The effects are an intracellular release of an as-yet unidentified

endogenous polyvalent cation and a plasma membrane action which increases Ca” entry.

These effects may cause disturbances in signalling processes within the terminal. For

instance, prolonged elevations in [Ca”]i produce deficits in transmitter release such as

decreased synchronous quantal release and increased asynchronous quantal release (Alnaes

and Rahamimoff, 1975; Shalton and Wareham, 1979). Such changes are also observed
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initially upon acute application of MeHg to an intact synapse. The elevations in non-Ca”

polyvalent cations might represent actions of MeHg upon synaptic vesicles, potentially

producing alterations in neurotransmission distinct from those due to elevations in [Ca”]i.

It is possible the gradual reduction in asynchronous quantal release may be due to

destruction of vesicles in the nerve temrinal. These cations may only be markers of other

intracellular effects, or they could possess additional toxicity.
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ABSTRACT

MeHg increases the [Ca”]i and another endogenous polyvalent cation in both

synaptosomes (Denny et al., 1993) and NG108-15 cells (Hare et al., 1993). In

synaptosomes, the elevation in [Ca”]i was strictly dependent upon Ca”,; similarly, in

NG108-15 cells, a component of the elevations in [Ca”]i was Ca”,-dependent. The

MeHg-induced elevations in endogenous polyvalent cation concentration were independent

of Ca”: in synaptosomes and NG108-15 cells. The alterations in fura-2 fluorescence

suggested the endogenous polyvalent cation may be Zn”. Using 19F-nuclear magnetic

resonance (”F-NMR) spectroscopy of rat cortical synaptosomes loaded with the

fluorinated chelator 1,2-bis(2-amino-S-fluorophenoxy)ethane-N,N,N’,N’-tetraacetic acid

(SF-BAPTA) we have determined unambiguously that MeHg increases the free

intrasynaptosomal Zn” concentration ([Zn”],). In buffer containing 200 pM EGTA to

prevent the Ca”e-elevations in [Ca”],, the [Zn”]i was 1.37 i 0.20 nM; following a 40 min

exposure to MeHg-free buffer [Zn”]i was 1.88 i 0.53 nM. Treatment of synaptosomes

for 40 min with 125 uM MeHg yielded [Zn”]-, of 2.69 i 0.55 nM, while 250 uM MeHg

significantly elevated [Zn”], to 3.99 :t: 0.68 nM. No Zn” peak was observed in

synaptosomes treated with the cell-permeant heavy metal chelator TPEN (100 pM)

following 250 pM MeHg exposure. [Ca2+], in buffer containing 200 uM EGTA was 338

i 26 nM, and 370 :l: 64 nM following an additional 40 min exposure to MeHg-free

buffer. [Ca”]i was 498 :t 28 nM or 492 :t 53 nM during a 40 min exposure to 125 or

250 uM MeHg, respectively. None of the values of [Ca”]i differed significantly from

either pretreatment levels or buffer-treated controls.
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INTRODUCTION

MeHg disrupts Ca” homeostasis within isolated central nerve terminals

(Komulainen and Bondy, 1987; Kauppinen et al., 1989; Denny et al., 1993) as well as

neuronal x glioma hybrid (NG108-15) cells in culture (Hare et al., 1993). Recently, we

described effects of MeHg on the fluorescence properties of the Ca”-selective fluorescent

indicator fura-2 which were inconsistent with an elevation in intracellular Ca”

concentration ([Ca”],) alone (Denny er al., 1993; Hare et al., 1993). These effects include

increases in the fluorescence intensity at the Ca”-insensitive excitation wavelength of 360

nm (Grynkiewicz et al., 1985), and could not be attributed to a direct interaction of MeHg

with fura-2. This elevation in fluorescence intensity was inhibited or reversed by the cell-

permeant heavy metal chelator TPEN, but not by the cell-impermeant chelator DTPA.

This suggested that MeHg also elevates the intracellular concentration of an endogenous

polyvalent cation other than Ca”. Unlike the increases in [Ca”],, which were gradual and

dependent upon Ca”e, the elevations in endogenous heavy metal content were rapid and

independent of Ca”, Although the identity of the cation could not be established, we

postulated it may be Zn” due to its presence within certain mammalian central nerve

terminals (Frederickson et al., 1987) and its characteristic effects on fura-2 fluorescence

(Grynkiewicz et al., 1985; Hechtenberg and Beyersmann, 1993).

To identify and quantify intracellular polyvalent cation concentrations in

synaptosomes exposed to MeHg, we performed l9F-NMR spectroscopy on synaptosomes

loaded with the fluorinated chelator 5F-BAPTA (Smith et al., 1983; Bachelard and Badar-

Goffer, 1993). l9F-NMR spectroscopy of fluorine-labeled chelators has been used in

many systems to monitor changes in [Ca”]i (Murphy et al., 1986; Levy et al., 1987;
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Badar-Goffer et al., 1990; Dowd and Gupta, 1993). A major advantage of 19F-NMR

spectroscopy over fluorescence analysis is that the identity of the cations bound to the

indicator is apparent. l"F-NMR has been particular useful in the simultaneous

measurement of [Ca”]i and intracellular Pb” concentration following acute exposure of

Pb” to isolated osteoblasts, NG108-15 cells or platelets (Schanne et al., 1989a,b; Dowd

and Gupta, 1991).

We monitored changes in the cytosolic concentrations of endogenous polyvalent

cations by 19F--NMR spectroscopy of 5F—BAPTA loaded synaptosomes exposed to MeHg.

A peak corresponding to Zn” was observed in 5F-BAPTA loaded synaptosomes prior to

MeHg exposure which increased following MeHg exposure. Thus, MeHg increased the

free ionized intrasynaptosomal Zn” concentration ([Zn”]i). This is the first report of an

effect of MeHg on [Zn”]i.
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MATERIALS AND METHODS

Chemicals and Solutions: 5F-BAPTA tetrapotassium salt was obtained from

Teflabs (Austin, Tx). 5F—BAPTA acetoxymethyl ester (SF-BAPTA/AM) and TPEN were

obtained from Molecular Probes (Eugene, OR). Methylmercuric chloride was obtained

from K+K Labs (Plainview, NY). Pyrithione, ionomycin, 6-fluorotryptophan, EGTA, and

Hepes were obtained from Sigma (St. Louis, MO). ZnCl2 was obtained from Aldrich

(Milwaukee, WI). Deuterium oxide (D20) was obtained from lsotec (Miamisburg, OH).

All other chemicals were reagent grade or better. Deionized water (18 M9) was used in

all buffers. Sucrose buffers contained 3 mM NazHPO4 (pH 7.4). Hepes-buffered saline

(HBS) contained (mM): 145 NaCl, 5 KCl, 1 MgClz, 10 d-glucose, 10 Hepes (pH 7.4 with

Trizma base). For 19F-NMR analysis of SF-BAPTA loaded synaptosomes, 200 pM EGTA

was added to the HBS to reduce contaminating Ca” concentrations. NMR tubes (8"

length, 5 mm dia) were obtained from Wilmad (Buena, NJ).

’9F-NMR Spectroscopy of5F—BAPTA loaded Synaptosomes: Synaptosomes were

prepared by discontinuous sucrose density gradient ultracentrifugation from the forebrains

of male Sprague-Dawley rats (Harlan, 175-199 g) as described previously (Denny et al.,

1993). The P2!, fraction (Gray and Whittaker, 1962) was resuspended in three volumes

of HBS and centrifuged for 10 min at 10,000 x g. The synaptosomal pellet was

resuspended by homogenization in 10 m1 of HBS containing 31.3 pM 5F-BAPTA/AM and

incubated for 30 min at 37°C. The synaptosomal suspensions were diluted by addition

of 30 ml HBS, incubated for five min at 37°C, centrifuged at 10,000 x g for five min,
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and resuspended in 1.5 ml HBS containing 10% (v/v) D20 and 200 pM EGTA. Aliquots

(0.6 ml) were transferred to NMR tubes and kept on ice.

A Varian VXR-SOO MHz NMR spectrometer equipped with a 5 mm ‘I-I/‘9F-NMR

probe tuned to 470.3 MHz was used. Sample temperature was maintained at 30°C and

samples were spun at 20 Hz throughout the experiment. The resonance peaks of SF-

BAPTA loaded synaptosomes were compared to those of aqueous solutions of 5F—BAPTA

free acid and saturating concentrations of various metals relative to the reference standard

6-fluorotrypt0phan. The 5F-BAPTA loaded synaptosomal samples were locked to internal

deuterium. The 19F-NMR parameters used were: 23 psec 45° pulse width, 0.25 sec

acquisition period followed by a 0.3 sec delay, and 32 kHz spectral width. Increasing the

interpulse interval to 0.9 3 did not alter the spectral characteristics. A filter bandwidth

of 7.7 kHz was used to reduce high frequency noise. Spectra consisted of 4,000

transients accumulated over 40 min. Data acquisition was paused after 2,000 transients,

and the suspensions were mixed by inversion. Spectra of synaptosomal metal content

before and after acute MeHg exposure resulted from a Fourier transformation of the

transients using a line broadening factor of 40 Hz.

[Ca2+]i and [Zn”]i were calculated by the equation: [MM], = Kan x 1M”:5F-

BAPTA]/[5F-BAPTA1, where [M"*:5F-BAPTA]/[5F—BAPTA] is the ratio of the peak

areas of the metal-bound peak to the free SF-BAPTA peak (Smith et al., 1983). Kd

values of 5F—BAPTA for Ca” and Zn” were 500 nM and 7.9 nM, respectively (Schanne

et al., 1989b; 1990). Peak areas were determined using Varian NMR software.
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Protein Assays: Protein content was determined by the method of Lowry et al.

(1951) using bovine serum albumin as a standard.

Statistical Analysis: Comparisons of [Zn”]i or [Ca”]i before and after MeHg

treatment were made using a one-way ANOVA (p .<_ 0.05), and post-hoe analysis using

the Bonferroni multiple comparison test.
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RESULTS AND DISCUSSION

SF-BAPTA in aqueous solution produced a single resonance peak approximately

1.0 ppm downfield of the reference standard 6-fluorotryptophan (Fig. 3.1). A single

resonance peak at 1.0 ppm was also observed in solutions containing equimolar

concentrations of 5F-BAPTA and MeHg. The Zn”, Cd” and Ca” complexes of SF-

BAPTA were observed 4.6, 6.0 and 6.8 ppm downfield, respectively (Fig. 3.1). 5F-

BAPTA loaded synaptosomes treated with 250 pM Zn” and the Zn” ionophore pyrithione

(50 pM) had a single peak at 4.5 ppm, consistent with an elevation in [Zn”]i (Fig. 1).

Similarly, 250 pM Ca” and the Ca” ionophore ionomycin (5 pM) produced a single peak

at 6.7 ppm (Fig. 3.1). Several resonance peaks were observed in SF-BAPTA loaded

synaptosomes in HBS which contained 200 pM EGTA (Fig. 3.2). Broad peaks

corresponding to unbound and Ca”-bound 5F—BAPTA were observed at 1.2 and 6.7 ppm,

respectively, as well as a peak of lower magnitude at 4.5 ppm corresponding to Zn”.

[Zn”]i was 1.37 :t 0.20 nM (mean :t S.E.M., n=23) prior to MeHg exposure. Thus, the

cytoplasm of synaptosomes contained detectable amounts of ionized Zn” under resting

conditions. Treatment of the same 5F-BAPTA loaded synaptosomal suspensions with

MeHg-free buffer, 125 pM, or 250 pM MeHg for an additional 40 min yielded [Zn”]i of

1.88 i 0.53 nM (n=11), 2.69 :1: 0.55 nM (n=4), or 3.99 i: 0.68 nM (n=8), respectively (Fig

3.3A). [Zn”]i following exposure to 250 pM MeHg differed significantly from both the

pretreatment and HBS-treated control value. No Zn” peak was observed in synaptosomes

treated with 100 pM TPEN after exposure to 250 pM MeHg (n=4, not shown). [Ca”]i

prior to MeHg exposure was 338 :1: 26 nM (n=23), and 370 :t 64 nM (n=11) in HBS-

treated controls (Fig. 3.2). [Ca”]i in synaptosomes exposed to 125 pM or 250 pM MeHg
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FIG. 3.1. A: Resonance positions of free 5F-BAPTA and various metal chelates in

aqueous solution relative to the reference standard 6-fluorotryptophan (1.25 mM). The

position of 2.5 mM SF-BAPTA tetrapotassium salt was determined in metal-free buffer

containing 150 mM KCl and 50 mM Hepes free acid (pH 7.1), and in solutions containing

saturating concentrations of Zn”, Cd”, or Ca”. The spectrum of SF-BAPTA with 2.5

mM MeHg was indistinguishable from that of SF-BAPTA alone. B: Resonance positions

of 5F-BAPTA loaded synaptosomes during a 40 min exposure to 250 pM Zn” and 50 pM

pyrithione (top), or 250 pM Ca” and 5 pM ionomycin (bottom).
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FIG. 3.3. [Zn”]i and [Ca2+]i in 5F-BAPTA loaded synaptosomes before and after acute

exposure to MeHg. [Zn”]i (A) and [Ca2+]i (B) were calculated in a synaptosomal

suspension over a 40 min acquisition interval prior to MeHg exposure (n=23), and after

the same suspension was exposed to MeHg-free buffer (n=11), 125 (n=4) or 250 uM

MeHg (n=8) during another consecutive 40 min acquisition period. The asterisk (*)

indicates a value which differs significantly from the initial value; the pound sign (it)

indicates a value which differs significantly from the HBS-treated control.
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was 498 :1: 28 nM (n=4) or 492 i 53 nM (n=8), respectively. None of these values of

[Ca”]i differed significantly (Fig. 3.38). These findings are consistent with the previous

report in synaptosomes that the elevations in endogenous polyvalent cation concentration

are independent of Ca”e while the elevations in [Ca”]i are strictly dependent upon Ca”,

(Denny et al., 1993).

The present study demonstrates clearly that MeHg increases [Zn”]i in rat cortical

synaptosomes. Although, it was not possible to study the temporal characteristics of these

elevations using l9F-NMR, fluorescence analysis of fura-2 loaded synaptosomes

demonstrated that the increase in the free endogenous heavy metal content occurred

rapidly upon MeHg exposure (Denny et al., 1993; Hare et al., 1993). The elevations in

endogenous heavy metal concentrations in synaptosomes were complete immediately

following addition of MeHg, and were independent of Ca”,. Taken together, the previous

studies using fluorometric analysis and the present study utilizing l"F-NMR spectroscopy

establish that MeHg causes an immediate elevation in [Zn”]i in rat cortical synaptosomes,

and possibly in NG108-15 cells. The elevations in [Zn”]i are independent of Ca”,_..

The concentrations of MeHg used in this study were approximately ten-fold greater

than those used previously for fluorescence analysis (Denny et al., 1993) because of the

ten-fold greater synaptosomal protein content. The increase in protein content was

necessary due to the low signal sensitivity of li’F-NMR spectroscopy relative to

fluorometric analysis. As a result of the increase in protein content it was necessary to

adjust MeHg concentrations accordingly to account for nonspecific binding of MeHg to

synaptosomal proteins. Thus, the maximal MeHg exposure was 16 pmol MeHg per mg
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protein in this study as well as the previous study using fluorometric analysis of fura-2

loaded synaptosomes (Denny et al., 1993).

While the source of the Zn” within the synaptosomes is unknown, Zn” is

associated with numerous proteins (Coleman, 1992; Vallee and Falchuk, 1993). Protein-

associated Zn” can be bound by negatively-charged amino acids and/or the sulfhydryl

group of cysteine (Vallee and Auld, 1990). Since mercurials have a high affinity for

sulfhydryl groups of proteins, it is possible that MeHg displaces the endogenous Zn”

bound to protein(s) within the synaptosomes causing an increase in [Zn”]i. Inorganic

ng” and Zn” both bind to isolated metallothionein (Hamer, 1986). Similarly,

Organomercurial reagents displace Zn” bound to the regulatory subunit of bacterial

aSpartate carbamyltransferase (Hunt et al., 1984). Therefore, displacement of endogenous

2112* from an intrasynaptosomal protein by MeHg administered exogenously is quite

conceivable. Since Zn” is distributed heterogeneously within the brain and synaptosomes

are also a heterogenous population, it is possible that the MeHg-induced increases in

[Zn”]i occur from only subpopulation of synaptosomes in the suspension. However, this

Possibility could not be addressed using '9F-NMR spectroscopy. The nature of the

elevations in [Zn”]i will be the focus of future experiments as well as identifying the

Source of the endogenous Zn”.
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ABSTRACT

MeHg increases [Ca”]i and [Zn”],. The elevations in [Ca”]i are dependent upon

Ca”,3 while the Zn” is endogenous in origin. This study explores the possible sources of

endogenous Zn” which contribute to MeHg-induced elevations in [Zn”]i. Specifically,

the role of the Zn” associated with synaptic vesicles, as well as Zn” associated with

synaptosomal proteins was investigated. Alterations in fura-Z excitation spectra were used

to discern changes in Zn” concentration from those of Ca”. If vesicular Zn” contributed

to the MeHg-induced elevations in [Zn”],, then mobilization of synaptic vesicles should

attenuate the increase in [Zn”]i caused by MeHg. Treatment of fura-2 loaded

synaptosomes with pharmacological agents known to cause vesicle release (45 mM K”,

6 nM a-latrotoxin, or 0.1 mM veratridine) for five min did not affect the elevations in

[Zn”], upon subsequent addition of 25 pM MeHg. Thus, vesicular Zn” does not appear

to contribute appreciably to the MeHg-induced elevations in [Zn”],. The possible role

of synaptosomal proteins was investigated using fura-2 spectrofluorometryI of

synaptosomal homogenates. Synaptosomes were homogenized in 50 mM Hepes (pH 8.0),

and separated into soluble and particulate fractions. Samples of each fraction were

analyzed for MeHg-induced Zn” release. Fura-2 excitation spectra were compared before

and after MeHg (50 pM) addition for changes consistent with an increase in Zn”. The

soluble fraction contained measurable Zn” release, but none was observed in the

particulate fraction. Thus, soluble synaptosomal proteins contributed to the MeHg-

induced elevations in [Zn”]i. Separation of these proteins by anion exchange

chromatography revealed three distinct peaks of activity. Peak 1 eluted with the flow

through, Peak 2 eluted from the column at pH 8.6 to 9.4, and Peak 3 eluted near pH 12.0.
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Cation exchange and gel filtration chromatography of Peak 2 yielded a single peak of

activity in the molecular weight range of 50 to 55 kDa. SDS-PAGE analysis revealed this

fraction contains more than one protein band. Additional chromatography is required to

purify the protein to homogeneity. Once purified, the protein can then be identified by

sequence analysis and/or immunoblotting. The results obtained will hopefully assist in

the purification and identification of the proteins present in the other anion exchange

chromatography peaks. In conclusion, synaptic vesicles and particulate synaptosomal

proteins do not contribute to MeHg-induced elevations in [Zn”],, whereas more than one

soluble synaptosomal protein does release endogenous Zn” upon MeHg exposure.
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INTRODUCTION

Methylmercury (MeHg) is a well known neurotoxicant (Chang, 1980). The

pathology and clinical features of MeHg intoxication have been characterized for both

acute (Bakir et al., 1973) and chronic exposure (Takeuchi et al., 1959), but the

mechanisms of MeHg-induced toxicity remain unknown. MeHg is more toxic to the fetus

and infants than adults suggesting an ability to disrupt neuronal development (Reuhl and

Chang, 1979). In the human CNS, the granule cells of the cerebellum and the neurons

of the calcarine cortex are the most sensitive to MeHg (Hunter and Russell, 1954). The

molecular basis for this sensitivity is not known, but may involve disruption of

intracellular signalling (Atchison and Hare, 1994).

Studies using the fluorescent chelator fura-2 revealed a pronounced increase in

[Ca”]i following acute exposure of MeHg to synaptosomes (Komulainen and Bondy,

1987; Kauppinen et al., 1989; Denny et al., 1993) or NG108-15 cells (Hare et al., 1993;

Hare and Atchison, 1995). The elevations in [Ca2+]i in synaptosomes were strictly

dependent upon Ca”,3 and are most likely due to Ca”c influx (Denny et al., 1993), while

in NG108-15 cells, both intracellular and extracellular Ca” components contribute to this

effect (Hare et al., 1993; Hare and Atchison, 1995). These studies, designed originally

”],, also revealed that the intracellular concentration of another polyvalentto monitor [Ca

cation was increased by MeHg. In synaptosomes, the increase was immediate and

independent of Ca”,, and could be blocked or reversed by the cell-permeant chelator

TPEN (Arslan et al., 1985), but not the cell-impermeant chelator DTPA. Thus, the cation

was likely to be an endogenous heavy metal, although it could not be identified

unambiguously due to the limitations of spectrofluorometry. The heavy metal was
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identified as Zn” using l9F—nuclear magnetic resonance spectroscopy of synaptosomes

loaded with the fluorinated chelator SF-BAPTA (Denny and Atchison, 1994). In this

study, the elevation in [Zn”]i was also independent of Ca”c, and could be reversed by the

cell permeant chelator TPEN.

Zn” is an essential trace metal which is required for the activity of many proteins

and enzymes (Vallee and Falchuk, 1993). Proteins which require Zn” exist in each of

the six classes of enzymes. Zn” bound to proteins can serve several purposes (Coleman,

1992). Zn” can be used in the active site of enzymes for catalysis, or as a structural

component to maintain protein conformation or stabilize quaternary struCIure. Multiple

Zn” ions bind to metallothionein, which is believed to be the major protein responsible

for maintaining intracellular Zn” homeostasis (Vallee and Falchuk, 1993). The Zn”-

finger motifs of many DNA binding proteins are essential for interacting with DNA.

Protein-associated Zn” is usually coordinated with side chain groups of the amino

acids histidine and aspartate or glutamate, or with the sulflrydryl side chains of several

cysteines (Vallee and Auld, 1990). Mercurials, such as MeHg, also have a high affinity

for sulflrydryls, as well as modest affinity for histidine (Clarkson, 1986). It is possible

that MeHg could interact with the Zn”-binding domain of certain neuronal proteins

thereby displacing the associated Zn”. Organomercurial reagents have been reported to

interact with the Zn”-binding domains of proteins in isolation. The structural Zn” ions

responsible for maintaining the quaternary structure of aspartate carbamyltransferase-are

rapidly displaced by the organomercurial p-hydroxymercuriphenylsulfonate resulting in

subunit dissociation (Hunt et al., 1984). Both Zn” and Hg” bind to metallothionein

through sulfhydryl bridges although exchange of Zn” for Hg” has not been studied



96

(Hamer, 1986). Mercurials can also acrivate certain metalloendoproteases by binding to

a cysteine in a regulatory region of the zymogen causing a conformational change and

switching the Zn” binding motif from a structural to a catalytic form (Springman et al.,

1990).

The goals of this study were to determine if the Zn” associated with synaptic

vesicles contributed to the MeHg-induced increases in [Zn”],, and to identify the proteins

responsible for these elevations. Although the study is not complete, several key

observations have been made. Synaptic vesicles and membrane-associated proteins do not

appear to contribute to the MeHg-induced elevations in [Zn”],. Rather, the source of the

Zn” appears to be several soluble synaptosomal proteins. The isolation and

characterization of these proteins is ongoing at this time.
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MATERIALS AND METHODS

Chemicals and Solutions: MeHg chloride was obtained from K and K Labs

(Plainview, NY). Fura-2 pentapotassium salt, fura-2 acetoxymethyl ester (fura-2/AM) and

TPEN were purchased from Molecular Probes (Eugene, OR). Ultrapure ZnCl2 was

obtained from Aldrich (Milwaukee, WI). a-Latrotoxin (or-LTX) was obtained from

Almone Labs, Inc. (Jerusalem, Israel). Veratridine free base, Hepes free acid, Trizma

base, ethylenediaminediacetic acid (EDDA), EGTA, and DTPA were obtained from Sigma

Chemical Co. (St. Louis, MO). Macro-Prep High Q anion exchange chromatography

support and Bio-Gel P-100 were obtained from BioRad, lnc. (Piscataway, NJ). Molecular

weight standards for SDS-PAGE were obtained from New England BioLabs (Beverly,

MA). Deionized water (18 MO) was used in all buffers. All other chemicals were

reagent or electrophoresis grade.

HBS contained (mM): NaCl, 135; KC], 5; MgClz, l; d-glucose, 10; and Hepes free

acid, 10. The pH at room temperature was adjusted to 7.4 with Trizma base. HBS

typically has a contaminating Ca” concentration of 6 pM as determined by inductively

coupled plasma spectroscopy (Denny et al., 1993). The sucrose buffers (1.2, 0.8 and 0.32

M) were prepared in 3 mM NazHPO4 buffer adjusted to pH 7.4 with HCl.

Fara-2 excitation profiles ofCa” or Zn”: Fura-Z (0.5 pM) fluorescence intensity

was monitored at the emission wavelength of 505 nm. The fluorescence intensity was

determined between the excitation wavelengths of 320 to 400 nm. The Ca” or Zn”

concentration was varied by mixing buffers which contained a metal chelator only and
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one with equimolar concentrations of chelator and Ca” or Zn”. EGTA was used to vary

Ca” concentration while EDDA was used to buffer Zn”.

Preparation of Synaptosomes: Synaptosomes were prepared from the forebrains

of male Sprague-Dawley rats (Harlan, 175-199 g) by discontinuous sucrose density

gradient centrifugation as described in detail by Shafer and Atchison (1989) with slight

modifications (Denny et al., 1993). The synaptosome-enriched fraction (sz) was

collected from the 1.2/0.8 M sucrose interface, resuspended in three volumes of HBS and

centrifuged for 10 min at 10,000 x g. The pellet was resuspended in 10 ml HBS then

loaded with fura-2.

Spectrofluorometry of Fura-Z Loaded Synaptosomes: Five ml of the P2,, fraction

were incubated with 4 pM fura-2/AM while the remaining five ml were incubated with

0.4% DMSO for 40 min at 30°C. The synaptosomal suspensions were diluted seven-fold

by addition of 30 ml HBS and incubated for an additional 20 min at 30°C to promote

diffusion of incompletely hydrolyzed fura-2/AM from the synaptosomes. The suspensions

were centrifuged at 10,000 x g for five min and resuspended in 20 ml fresh HBS.

One ml aliquots of fluorescent indicator-loaded synaptosomes were centrifuged for

30 sec at 12,500 x g in a tabletop centrifuge, the pellet was resuspended in two ml of

fresh HBS, transferred to a test tube and incubated for 10 min at 37°C. The suspension

was transferred to a polystyrene cuvette containing a magnetic stir bar, placed into a

spectrofluorometer equipped with a thermally jacketed cuvette holder and magnetic stir
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plate (SPEX Industries, Edison, NJ). Excitation scans of fura-2 loaded synaptosomes

were acquired and corrected for intrinsic synaptosomal fluorescence.

Protein purification: Synaptosomes were prepared from six rats, the individual

washed P2,, pellets were resuspended in 5 ml of ice cold 50 mM Hepes (pH 8.0) each and

homogenized together at 750 rpm for three strokes. The synaptosomal homogenates were

centrifuged at 12,500 x g for 10 min, and the supernatant was transferred to a clean

centrifuge tube. The pellet was rehomogenized in 30 m1 of 50 mM Hepes, and

centrifuged at 25,000 x g for 20 min along with the previous supematants. The

supematants were pooled and the soluble fraction was concentrated on an Amicon

ultrafiltration concentrator equipped with a PMlO membrane at 40 psi to a final volume

of approximately 20 ml. The soluble protein fraction was filtered through a 0.22 pm

disposable filter, and applied to a Macro-Prep High Q anion exchange column (20 cm

long x 1.5 cm dia). The column was washed with 50 mM Hepes (pH 8.0) at a flow rate

of 2.0 ml/min until the absorbance at 280 nm (A280) returned to baseline. Fractions were

collected throughout the isolation every three min using a fraction collector operating in

fixed interval mode. A continuous pH gradient was used to elute proteins from the

column. The Starting buffer contained 250 m1 of 50 mM Hepes (pH 8.0) and the final

buffer contained 250 m1 of starting buffer with an additional 1 M NaOH (pH > 14.0).

Upon completion of the pH gradient the column was washed with an additional 100 ml

of final buffer, regenerated with 250 ml 50 mM Hepes (pH 8.0) containing 1 M NaCl and

equilibrated with at least 300 ml of 50 mM Hepes (pH 8.0). MeHg-induced Zn” release

from soluble synaptosomal proteins was monitored qualitatively by fura-2
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spectrofluorometry. Fura-2 pentapotassium salt was added to the sample to a final

concentration of 0.5 pM. An initial fura-2 excitation scan was then acquired from the

wavelengths of 320 to 400 nm at the emission wavelength of 505 nm. MeHg (50 pM

final concentration) was then added to the cuvette and another fura-2 excitation scan was

acquired. These two scans were compared for Shifts in fura-2 fluorescence consistent

with elevations in free Zn” concentration. Consecutive fractions which released Zn”

upon MeHg addition were pooled, and frozen for subsequent analysis. Aliquots were

withdrawn for protein determination and SDS-PAGE analysis. In some cases the peaks

from the High Q column were further purified by gel filtration chromatography. The

individual peaks were concentrated to approximately three ml by ultrafiltration as before,

and applied to a Bio-Gel P-100 column (40 cm long x 2.5 cm dia) equilibrated with 50

mM Hepes (pH 8.0). A constant flow rate of 0.2 ml/min was maintained and fractions

were collected every 10 min. Fractions which released Zn” upon addition of MeHg were

pooled and saved for further analysis.

Protein Assays: Protein content was determined by the method of Lowry et al.

(1951) using bovine serum albumin as a standard.

SDS-PAGE Analysis of Protein Fractions: Protein purity was evaluated by SDS-

PAGE (Laemmli, 1970) using a Bio-Rad Protean II minigel electrophoresis system

(Piscataway, NJ) according to manufacturer’s instructions. Protein samples were boiled

for two min in sample buffer containing B-mercaptoethanol. Electrophoresis was

performed at 200 V using 0.75 mm thick minigels containing 12% polyacrylamide.
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Silver Staining ofSDS-PAGE Minigels: Gels were stained using the ammoniacal

silver method of Oakley et al. (1980).
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RESULTS

Because these studies relied heavily on monitoring MeHg-induced changes in fura-

2 fluorescence, the possibility that MeHg may interact directly with fura—2 was tested.

MeHg concentrations up to 1 mM did not alter the fluorescence properties of fura-2 when

added to a cuvette containing 0.5 pM fura-2 pentapotassium salt (not shown).

The effects of Ca” on the fluorescence properties of fura-2 have been well defined

(Grynkiewicz et al., 1985). The excitation maximum of fura-2 uncomplexed to Ca” is

approximately 370 nm while that of Ca”-complexed fura-2 is near 340 nm (Fig. 4.1A).

Thus, increases in the fluorescence intensity at the excitation wavelength of 340 nm

concurrent with decreases in intensity at 380 nm are consistent with an increase in Ca”

concentration. An important consequence of this shift in the fluorescence properties of

fura-2 caused by Ca” is the presence of an excitation wavelength at 360 nm which is

insensitive to changes in Ca” concentration, and is known as the isosbestic point. The

fluorescence intensity at the excitation wavelength of 360 nm remains constant at any

Ca” concentration. Thus, any change in the fluorescence intensity at 360 nm cannot be

attributed to a change in Ca” concentration. By monitoring the fluorescence intensity at

the excitation wavelength of 360 nm it is possible to study the interaction of fura-Z with

cations other than Ca”.

Zn” interacts with fura-2 with a higher affinity than Ca” (Grynkiewicz et al.,

1985), but its effects on the fluorescence pr0perties have not been studied systematically

(Hechtenberg and Beyersmann, 1993). The effects of Zn” on fura-2 fluorescence were

studied in EDDA-buffered Zn” solutions containing 0.5 11M fura-2 pentapotassium salt

(Fig. 4.1B). Increasing the proportion of the Zn”~containing buffer caused a gradual
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FIG. 4.1. Fura-2 excitation profiles of Ca” or Zn”. Fara-2 (0.5 pM) fluorescence

intensity was monitored at the emission wavelength of 505 nm. Points were acquired for

one sec at integer excitation wavelength values. The Ca” or Zn” concentration was

varied by altering the proportions of buffers which contained a metal chelator only and

one with equimolar concentrations of chelator and Ca” or Zn”. A: Fura-2 excitation

profile in Ca”-containing buffers. Buffers contained 10 mM EGTA and 10 mM EGTA

with 10 mM Ca”. B: Fara-2 excitation profile of Zn”. Buffers contained 10 mM EDDA

and 10 mM EDDA with 10 mM Zn”.
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increase in the fura-2 excitation spectrum. Unlike Ca” which shifted the excitation

maximum of fura-2, Zn” increased the fluorescence intensity at all excitation

wavelengths. The fluorescence intensity at the excitation wavelengths between 340 and

380 nm was particularly responsive to elevations in Zn” concentration. There was no

isosbestic point for Zn” and fura-2. Based upon the profound difference in fura-2 spectra

with Zn” or Ca”, the effects of MeHg on Zn” concentration could be discerned from

those on Ca”.

MeHg increases [Zn”]i by acting on some endogenous pool of Zn” present in the

nerve terminal. Zn” is associated with the synaptic vesicles of certain glutamatergic

nerve terminals. The possibility that vesicular Zn” contributed to the MeHg-induced

elevations in [Zn”]i was tested using fura-2 loaded synaptosomes pretreated with agents

which mobilize synaptic vesicles. If a component of the MeHg-induced increases in

[Zn”]i was vesicular in origin, then elevations [Zn”]i would be reduced by mobilization

of synaptic vesicles prior to MeHg exposure. As such, the MeHg-induced elevations in

[Zn”]i were assessed following mobilization of synaptic vesicles by three different

treatments. Elevating K“ concentration depolarizes the synaptosomal membrane,

resulting in activation of voltage—dependent Ca” channels, Ca” influx, vesicle fusion and

release of vesicular contents. Veratridine is a plant alkaloid which also mobilizes synaptic

vesicles by a mechanism involving depolarization of the synaptosomal membrane and

subsequent activation of Ca” channels. Veratridine prolongs the open time of voltage-

dependent Na+ channels, ultimately leading to membrane depolarization due to increased

Na+ influx. a-LTX is the primary active toxin of Black Widow spider venom. Although

the precise mechanism of action of or-LTX is not clear, it is known to be dependent upon
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binding to a synaptosomal membrane receptor. Following binding, Ot-LTX induces a

massive release of vesicular stores which occurs in the presence or absence of Ca”,

(Meldolesi et al., 1984).

Changes in the excitation spectrum of fura—2 loaded synaptosomes were monitored

following each of the different treatments (Fig. 4.2). A similar experimental paradigm

was used for each of agents. After acquiring an initial excitation spectrum of fura-2

loaded synaptosomes, the synaptosomal suspensions were exposed to buffer, 45 mM K+,

6 nM a-LTX or 0.1 mM veratridine for five min. These concentrations have been shown

to be sufficient to cause neurotransmitter release from synaptosomes (McMahon and

Nicholls, 1993; Meldolesi et al., 1984; Richards et al., 1984). Following the five min

interval for vesicle release, a second excitation spectrum was acquired. EGTA (20 pM)

was added to the suspensions to reduce [Ca”]c to approximately 0.1 pM, and a third

excitation scan was acquired after a four min incubation period (Denny et al., 1993). A

fourth excitation scan was acquired following addition of 25 pM MeHg to the

synaptosomal suspension. The fifth scan was the acquired after addition of TPEN (5 pM)

to verify the changes in fura-2 fluorescence were due to an increase in the intracellular

concentration of an endogenous heavy metal.

By analyzing the changes in fura-2 excitation spectra caused by addition of the

various agents, it is possible to differentiate between changes in [Ca”]i and [Zn”],.

Elevating Ca” concentration increases fura-2 fluorescence intensity at 340 nm and

decreases intensity at 380 nm, but does not alter the intensity at 360 nm. Zn” increases

fura-2 intensity at all excitation wavelengths, particularly in the region between 340 and

380 nm. K*, or-LTX and veratridine all caused chan es in the fura-2 excitation s ectrum
g P
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consistent with an increase in [Ca”]i (Fig. 4.2). Similarly, the effect of EGTA was

consistent with a decrease in [Ca”],. MeHg increased the fluorescence intensity in the

region between 340 and 380 nm relative to the EGTA spectra. The MeHg-induced

alterations in fura-2 fluorescence which are consistent with an increase in [Zn”]i are

indicated by the cross hatched areas. It is important to note, however, that these were not

totally identical to an increase in [Zn”]i alone. The increases observed in buffer-treated

synaptosomal suspensions were of similar magnitude to those observed in synaptosomes

treated with K*, or-LTX or veratridine. Thus, mobilization of synaptic vesicles did not

reduce the MeHg-induced elevation in [Zn”],. The effects of MeHg were reversed by the

cell-permeant chelator TPEN.

The soluble fraction of brain extracts contains several Zn” binding proteins (Itoh

et al., 1983). It is possible the source of the MeHg-induced elevations in [Zn”]i is one

or more of these proteins. If this is the case, it may be possible to purify these proteins

using protein chromatography.

Fura-2 was used to monitor release of endogenous Zn” from different protein

fractions following MeHg exposure. Unfortunately, as a consequence, it is not possible

to include other chelators such as ethylenediaminetetraacetic acid or EGTA in the buffers

since they would effectively out-compete fura-2 for any released Zn”. Similarly, the use

of Tris as a buffer was avoided because it also chelates Zn”.

Synaptosomes were homogenized in 50 mM Hepes (pH 8.0), and centrifuged to

separate the particulate and soluble fractions. The particulate fraction was resuspended

in an equal volume of buffer. Fara-2 pentapotassium salt (0.5 pM) was added to 1.5 ml

aliquots of each fraction, and an excitation spectrum was acquired. MeHg (50 pM) was
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then added to the aliquots and another spectrum acquired. The two spectra were

compared for changes consistent with a MeHg-induced elevation in Zn” concentration.

An increase was observed in the soluble fraction (Fig. 4.3), but no activity was found in

the particulate fraction (not shown). The soluble fraction was concentrated, applied to a

High Q anion exchange column and proteins were eluted using a pH gradient. Three

distinct peaks which release Zn” upon exposure to 50 pM MeHg were resolved by this

procedure (Fig. 4.4). The first peak eluted in the second half of the flow through, the

second peak eluted between pH 8.6 to 9.4, and the third peak eluted at pH 12.0 as

indicated by the cross-hatched areas in the chromatograph.

The protein components of these three peaks were analyzed by SDS-PAGE under

reducing conditions using 12% polyacrylamide minigels. The gels did not stain

adequately using the Coomassie blue method; therefore the gel were silver stained (Fig.

4.5). The protein content of Peak 1 was very complex indicating that little purification

of this peak was achieved. Peak 2 and Peak 3 each contained a few major protein bands

and several minor bands, consistent with significant purification of proteins from the

crude soluble fraction.

Because Peak 2 was more pure than Peak 1 and possessed greater total activity

than Peak 3, it has been subjected to additional purifications steps. Peak 2 was

concentrated to approximately five m1, and subjected to cation exchange chromatography

using an Econo-prep High CM cartridge. A Single active peak eluted in the flow through,

no additional activity was observed following washing of the column with 0.1 or 1.0 M

NaCl or IM (not shown). Thus, the protein(s) did not appear to have any affinity for the

cation exchange support. The active peak obtained from the cation exchange column was
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FIG. 4.5. SDS-PAGE analysis of anion exchange chromatography peaks. Aliquots of

the various fractions were analyzed by SDS-PAGE using 12% acrylamide minigels under

reducing conditions. Lanes contained molecular weight standards (Marker), initial

soluble fraction (1), Peak 1 (2), Peak 2 (3) or Peak 3 (4) obtained by anion exchange

chromatography. Molecular weights (tht) of the standards are indicated on the left.
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Fig. 4.5.

Marker 1 2 3 4

66.4

55.6

42.7
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then applied to a Bio-Gel P-100 column for further purification by gel filtration. MeHg-

induced Zn” release was observed in a single region consistent with a minor protein

species in the molecular weight range of 50 to 55 kDa. as indicated by the chromatograph

(Fig. 4.6). SDS-PAGE analysis of the active fraction revealed it contained several minor

protein components of a similar molecular weight (Fig. 4.7). Thus, the source of the

MeHg-induced elevations in Zn” in Peak 2 has not yet been purified to homogeneity.

The complete purification of this fraction should allow for identification by N-terminal

sequence analysis and/or Western blotting.

Future efforts will be directed toward purifying Peak 2 to homogeneity, and

obtaining amino acid sequence information. Peak 1 consists of too many protein

components to be purified effectively by gel filtration. It may be possible to use cation

exchange chromatography to resolve this fraction into several protein components. Peak

3 is much less complex, however the total activity is very low. The protein may be

denatured by the extremely high pH required for elution. Isolation of Peak 3 may require

pooling the samples obtained from several isolations.
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FIG. 4.7. SDS-PAGE analysis of active peak obtained by gel filtration chromatography

of anion exchange Peak 2. Fractions were analyzed using 12% acrylamide minigels under

reducing conditions. Lanes contained molecular weight standards (Marker), the initial

soluble synaptosomal protein fraction (1), Peak 2 from anion exchange chromatography

(2), active peak from subsequent cation exchange (3) and gel filtration chromatography

(4). Two bands are present in Lane 3 between 50 and 55 kDa.
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Fig. 4.7.

Marker 1 2 3 4
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DISCUSSION

MeHg elevates [Zn”Ji by an action at an endogenous source. The goal of this

study was to determine if stores known to contain Zn” contributed to the MeHg-induced

elevations in [Zn”],. The possible role of Zn” associated with the synaptic vesicles as

well as synaptosomal proteins was investigated. Release of Zn” from synaptic vesicles

and particulate synaptosomal proteins does not contribute to the MeHg-induced elevations

in [Zn”],; the source of the Zn” appears to be several soluble synaptosomal proteins.

The possibility that the synaptic vesicles contributed to MeHg-induced elevations

in [Zn”], was investigated pharmacologically using fura-2 loaded synaptosomes treated

with agents known to mobilize synaptic vesicles. If the Zn” was mobilized along with

the vesicles, then pretreatment with the various pharmacological agents would reduce the

MeHg-induced [Zn”]i. Exposure of synaptosomal suspensions to 45 mM K*, 6 nM Ot-

LTX or 0.1 mM veratridine for five min had no effect on the MeHg-induced elevations

in [Zn”]i.

The results of the study involving mobilization of synaptic vesicles are consistent

with vesicular Zn” not contributing to MeHg-induced elevations in [Zn”],. An alternative

explanation is that vesicular Zn” contributes to the elevations, but the Zn” is not

mobilized along with vesicular contents. Although this contingency was not tested

directly, it is inconsistent with the work of others. Direct stimulation of Zn”-containing

hippocampal pathways in slice preparations increased the Zn” concentration in the

bathing solution (Assaf and Chung, 1984; Howell et al., 1984). Furthermore, prolonged

kainic acid-induced seizures reduce the amount of histochemically-stainable Zn”

associated with hippocampal mossy fiber boutons (Frederickson et al., 1988). These
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studies provide evidence that vesicular Zn” is mobilized with transmitter following

stimulation. The possibility that vesicular Zn” is released then resequestered rapidly is

not consistent with the observation that cutting the fibers of a Zn”-containing system

causes a loss of histochemically stainable Zn” in the terminals within 12-24 hr (Haug et

al., 1971), suggesting Zn” is taken in the soma and then transported to the terminal along

the fibers.

Another possibility is that Zn” is mobilized with vesicular contents, but the

different agents did not mobilize sufficient quantities of synaptic vesicles to affect the

MeHg-induced elevations in [Zn”],. While transmitter release was not measured, all of

these agents are capable of eliciting transmitter release (McMahon and Nicholls, 1993;

Meldolesi et al., 1984; Richards et al., 1984). Significant mobilization of synaptic

vesicles would be expected for the Ot-LTX treated synaptosomes since this toxin is active

in the presence or absence of Ca”c (Meldolesi et al., 1984), and approximately ten min

elapsed between the addition of a-LTX and MeHg. During this interval, a-LTX

mobilized almost 50% of the radiolabeled norepinephrine loaded into guinea pig

synaptosomes, with similar results for dopamine release from PC12 cells (Meldolesi et

al., 1984). Based on this information, the elevations would be attenuated in or-LTX

treated synaptosomes if the Zn” associated with synaptic vesicles contributed to the

increase in [Zn”],. The most plausible conclusion is that the Zn” associated with the

synaptic vesicles does not contribute appreciably to the MeHg~induced elevations in

[2112+]?

Because vesicular Zn” did not appear to contribute to the MeHg-induced in

[Zn”]i, the next potential source investigated was the synaptosomal proteins.
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Fractionation of homogenized synaptosomes into particulate and soluble components

revealed that only the soluble fraction contained measurable MeHg-induced Zn” release.

The protein components of the soluble fraction were resolved into three well defined

peaks of MeHg-induced Zn” release by anion exchange chromatography after elution by

increasing pH. Peak 1 eluted in the flow-through and, therefore, is likely to be a basic

protein. Peak 2 eluted between pH 8.6 and 9.4, and Peak 3 eluted near pH 12.0. Thus,

it appears more than one protein is responsible for the MeHg-induced elevations in

[Zn”]i.

Peak 2 was selected for further analysis by gel filtration chromatography because

of its total activity and relative purity following anion exchange chromatography. Gel

filtration chromatography of Peak 2 resolved the MeHg-induced Zn” release activity to

a single region between 50 to 55 kD, which contained at least two proteins based on

SDS-PAGE. Therefore, Peak 2 is likely to be composed of one or more proteins between

the 50 and 55 kD. An additional purification step may resolve these two protein

components. Once Peak 2 has been purified to homogeneity, it can be subjected to N-

terminal sequence analysis. The sequence obtained can be used to search protein

sequence data banks of N-terminal regions of known proteins. In addition to providing

a means of identification of the protein present in Peak 2, this procedure may also assist

in the identification of the other peaks as well. Because MeHg releases endogenous Zn”

from proteins in all three peaks, it is possible the Zn”-binding motifs of these proteins

are similar. As such, it may be possible to use sequence information obtained from Peak

2 to search for similar Zn”-binding structures in other proteins found in the nerve
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terminal. This information would guide the purification of the remaining peaks, although

this is entirely dependent upon the identification of the protein present in Peak 2.

In the event that Peak 2 cannot be identified by sequence analysis, it may still be

possible to isolate the remaining peaks using protein chromatography. Peak 1 does not

bind to the anion exchange column, and thus is likely to be a basic protein. Cation

exchange or hydroxyapatite chromatography may be suitable to purify Peak 1 further.

Peak 3 may be more difficult to isolate due to the low total activity and high pH of the

sample. It may be necessary to combine the samples from several isolations before

proceeding to the next step.

An area in need of refinement is the method of detection of MeHg-induced Zn”

release. Currently, qualitative changes in fura-2 excitation spectra are used to measure

activity. This is both a sensitive and rapid procedure to determine activity, but it lacks

the potential for quantification due to the subtle changes in spectra observed in some

samples. The use of 5F-BAPTA and 19F-NMR spectroscopy (Denny et al., 1994), instead

of fura-2 spectrofluorometry, would provide more quantitative information. At this time,

attempts to quantify Zn” release using l9F-NMR spectrosc0py have been unsuccessful due

to the low sensitivity of the procedure, but this can be overcome by increasing the protein

concentration of the samples.

Determination of the endogenous Zn” sources would be useful in the study of

MeHg-induced neurotoxicity for several reasons. The loss of Zn” from these protein may

disrupt normal protein function, leading to toxic responses. This could be tested directly

by measuring protein activity before and after MeHg exposure. Because synaptosomes

are a heterogenous population, it is not known if these proteins, and the associated MeHg-
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induced elevations in [Zn”],, are found in all synaptosomes, or only a sensitive

suprpulation. This question could be addressed by immunocytochemistry of brain slices

using antibodies directed against the different target proteins. Because Zn” is toxic to

neurons, it is also possible a component of MeHg neurotoxicity is due to the elevation in

[Zn”],. The nature and consequences of the elevation in [Zn”], are the topics of future

research efforts.

This study addresses the endogenous sources of the MeHg-induced elevations in

[Zn”],. The experiments focused on the two most logical potential sources of the Zn”:

synaptic vesicle and soluble proteins. The Zn” associated with synaptic vesicles did not

”1,. Prominent changes in fura—Z fluorescencecontribute to the elevations in [Zn

consistent with an increase in Zn” concentration were observed following exposure of

soluble synaptosomal proteins to MeHg. Anion exchange chromatography of soluble

synaptosomal proteins separated this fraction into three distinct peaks. Subsequent

analysis of Peak 2 by gel filtration chromatography revealed the protein(s) was between

50 and 55 kDa. Purification of this fraction to homogeneity will require additional

chromatographic techniques. Hopefully, the identification of this protein will assist in the

purification of the remaining peaks. Once these proteins are identified, the information

could be used to study possible role of elevations in [Zn”]i in the mechanisms and

specificity of MeHg neurotoxicity.



CHAPTER FIVE

CONCLUSIONS
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A. Summary of research.

Previous investigations using fura-2 loaded synaptosomes lacked sufficient

temporal resolution to distinguish clearly the onset of the intracellular and extracellular

components of MeHg-induced elevations in [Ca”]i (Komulainen and Bondy, 1987b;

Kauppinen et al., 1989). Additional studies using fura-2 loaded synaptosomes were

designed to resolve the contributions of mitochondrial and Ca”,3 to the MeHg-induced

elevations in [Ca”]i at the nerve terminal (Denny et al., 1993). MeHg caused a biphasic

elevation in ratio of fluorescence intensity at the Ca”-sensitive excitation wavelengths 340

and 380 nm (340/380 nm ratio). The initial phase occurred immediately, was independent

of Ca”e and maximal at a MeHg concentration of 25 pM. The second phase was strictly

dependent upon Ca”e, was concentration-dependent with respect to both MeHg and Ca”,,,

and continued gradually over time. Using Mn” as a surrogate for Ca”, it was determined

that the second phase elevations in 340/380 nm ratio were due to increased synaptosomal

plasma membrane permeability leading to influx of Ca”c.

Disruption of mitochondrial Ca” regulation was examined as a possible cause of

the immediate elevations in 340/380 nm ratio. In the absence of Ca”e, depolarization of

synaptosomal mitochondria using NaN3 and oligomycin did not affect 340/380 nm ratio.

Thus, either the mitochondria did not store measurable amounts of Ca” under resting

conditions, or mitochondrial depolarization alone was insufficient to cause mitochondrial

Ca” release. Predepolarization of the mitochondria did not alter the response of

synaptosomes to subsequent addition of MeHg, suggesting that the immediate elevation

in 340/380 nm ratio was not mediated by depolarization of the mitochondrial membrane.

Ruthenium red was also ineffective at blocking the immediate elevations in 340/380 nm
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ratio caused by MeHg. This suggested that these elevations were not due to MeHg-

induced disruption of mitochondrial Ca” regulation.

The ER was also explored as a possible source of the immediate elevations in

340/380 nm ratio. Neither thapsigargin, which inhibits the Ca”-ATPase of the ER, nor

caffeine, which facilitates CICR, increased the 340/380 nm ratio, and both were similarly

ineffective at altering the response to subsequent addition of MeHg. Therefore, the initial

elevation in 340/380 nm ratio could not be ascribed to release of Ca” from established

intracellular stores.

Experiments conducted at the Ca”-insensitive excitation wavelength of 360 nm,

designed originally to monitor the timecourse of the MeHg-induced increase in Mn”

permeability, revealed a pronounced increase in fluorescence intensity immediately upon

addition of MeHg. This elevation in intensity was not due to an increase in [Ca”]., but

rather an elevation in the intracellular concentration of some other cation which interacts

with fura-2. The identification of this endogenous polyvalent cation as well as its

intracellular source has been the topic of additional investigations (see below).

Based on investigations using fura-2 loaded synaptosomes it was apparent that

MeHg increased the plasma membrane permeability to divalent cations. These

experiments also suggested that MeHg does not release Ca” which was previously

sequestered into the mitochondria or ER. However, it is possible that the Ca”

sequestering capacity of these organelles may have been compromised by the preparation

of the synaptosomes. As such, potential contributions of Ca” from these sources were

also been evaluated in individual intact cells. Changes in fluorescence were monitored

in single fura-2 loaded neuroblastoma x glioma hybrid cells (NG108-15) using digital
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imaging microscopy (Hare et al., 1993). Digital imaging microscopy also generates

useful spatial information regarding the source of the elevations in [Ca”],. In the

presence of Ca”,, acute exposure to MeHg caused multiphasic alterations in fura-2

fluorescence. MeHg increased initially the ratio of fluorescence intensity at the excitation

wavelengths of 340 and 380 nm. This was followed closely by a plateau phase, during

which the ratio remained essentially constant, or declined slightly. A final phase

consisting of a precipitous increase in 340/380 nm ratio occurred shortly thereafter.

Increasing the concentration of MeHg from 2 to 5 pM did not alter the magnitude of

these phases, but did hasten their onset.

Closer inspection of the fluorescence intensity profiles revealed effects of MeHg

on fura-2 fluorescence which were inconsistent with an elevation in [Ca”]i alone. The

initial elevation in ratio consisted of an increase in fluorescence intensity at the excitation

wavelength of 340 nm and a simultaneous decrease at 380 nm, consistent with an

elevation in [Ca”],. Following this initial elevation in [Ca”]i (”first Ca” phase"), the

fluorescence intensity at both 340 and 380 nm rose steadily in tandem, inconsistent with

an increase in [Ca”]i alone. The ionic basis for this effect of MeHg on fura-2

fluorescence cannot be attributed to an elevation in [Ca”]i ("non-Ca” phase"). This phase

was followed by a drastic divergence of the fluorescence intensity at the excitation

wavelengths of 340 and 380 nm, again consistent with an increase in [Ca”]i ("second Ca”

phase"). Reducing [Ca”]i to 0.1 pM using EGTA did not affect the first Ca” phase or

the non-Ca” phase, but ablated the second Ca” phase. Thus, the first Ca” phase and the

non—Ca” phase were independent of Ca”,, while the second Ca” phase was strictly

dependent upon Ca”e. MeHg causes a similar multiphasic response in fura-2 loaded
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cerebellar granule cells in culture, however these cells are approximately ten times more

sensitive to MeHg than NG108—15 cells (Marty et al., 1995). This may account for the

heightened sensitivity of this particular cell type following MeHg exposure (Takeuchi et

al,1962)

The origin of the Ca” responsible for the first Ca” phase in NGlOB-IS cells has

been examined in greater detail. The plasma membrane permeability to exogenously-

administered Mn” was not increased during this phase, consistent with mobilization of

Ca” from an intracellular source (Hare and Atchison, 1995). Predepolarization of the

mitochondrial membrane did not elevate [Ca2+], or alter the response to subsequent

addition of MeHg either in the presence or absence of Ca”,3 (Hare et al., 1993).

Apparently, depolarization of the mitochondria per se is not sufficient to elevate [Ca”]i

in these cells, and the elevations in [Ca2+], observed in the absence of Ca”, can not be

attributed to release of mitochondrial Ca” stores resultant from depolarization of the

mitochondrial membrane. Because the mitochondria did not appear to contribute

substantially to the first Ca” phase, other intracellular Ca” stores were investigated.

A prominent intracellular Ca” pool found in NG108-15 cells is located in the ER.

The contents of this pool can be released by agents such as the nonapeptide bradykinin,

which activates PLC to generate IP3 (Ogura et al., 1990). Mobilization of IP3-sensitive

ER Ca” stores with bradykinin causes a rapid elevation in [Ca”],. Upon depletion of

Ca” stores, the ER is promptly refilled by a thapsigargin-sensitive Ca”-ATPase located

on the ER membrane (Lo et al., 1993). Pre-depletion of IP3-sensitive Ca” stores with

bradykinin and thapsigargin in NG108-15 cells greatly attenuated the magnitude of the

first Ca” phase upon subsequent exposure to MeHg, both in the presence and absence of
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Ca”, (Hare and Atchison, 1995). Bradykinin did not elevate [Ca”]i in cells treated

previously with MeHg, suggesting the first Ca” phase is mediated, at least in part, by

mobilization of Ca” from an IP3-sensitive intracellular store. Possible mechanisms for

this effect include elevating cellular IP3 content, or disruption of Ca” sequestration at the

ER. MeHg did not increase cellular IP3 levels during the time course of the first Ca”

phase, thus the MeHg-induced disruption of ER Ca” regulation was not mediated by

elevations in IP3 content. However, similar concentrations of MeHg elevated IP3 levels

in cultured cerebellar granule cells following a 30 min exposure (Sarafian, 1993), possibly

due to a secondary activation of Ca”-regulated PLC isoforms mediated by MeHg—induced

elevations in [Ca”]i (Eberhard and H012, 1988). Caffeine, which facilitates CICR, also

decreased the magnitude of the first Ca” phase, suggesting a contribution of CICR to first

Ca” phase. Pretreatment of cells with the L-type voltage-dependent Ca” channel blocker

nifedipine alone or in combination with the N-type Ca” channel blocker (u-conotoxin

GVIA did not affect the first Ca” phase (Hare and Atchison, 1995). Thus, the first Ca”

phase was due to mobilization of IP3-sensitive Ca” stores from the ER.

The second Ca” phase has also been studied using digital imaging microscopy of

fura—2 loaded NG108-15 cells (Hare et al., 1996). This phase was strictly dependent upon

Ca” The time to onset of the second Ca” phase was delayed by the L-type Ca”

channel antagonist nifedipine (0.1-10 pM) in a concentration-dependent manner. At these

concentrations nifedipine is unlikely to be specific for L-type Ca” channels, suggesting

the second Ca” phase is mediated by a nifedipine-sensitive pathway other than L-type

Ca” channels. Indeed, these channels have been reported to be blocked by MeHg (Shafer

and Atchison, 1987). The nonspecific Ca” channel blocker Ni” did not delay the second
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Ca” phase, providing further evidence that this phase is not mediated by Ca” influx

through voltage-dependent Ca” channels. The second Ca” phase was also inhibited by

TTX or reduction of extracellular Na+ concentration, suggesting a role for voltage-

dependent Na“ channels. Both nifedipine and TTX also delayed the onset of the first Ca”

phase and the non-Ca” phase. Because these phases are mediated by intracellular actions

of MeHg, it has been proposed that nifedipine and TTX act by impeding MeHg uptake,

thereby prolonging the time required to reach some critical toxic concentration within the

cell.

MeHg inhibits the regulatory systems for other cations. MeHg blocks

mitochondrial ATP synthesis and reduces cellular ATP content (Verity et al., 1975;

Kauppinen et al., 1989). Both of these effects could ultimately elevate [Ca”],. Decreases

in cellular ATP content could reduce the activity of the plasma membrane Ca”-ATPase,

causing an elevation in [Ca”],. The Na*/K*-ATPase has a sensitivity to MeHg which is

two-fold. First, the loss of cellular ATP reduces the activity of the Na+ +-ATPase.

Second, the activity of brain microsomal Na"/K“-ATPase is inhibited directly by MeHg,

possibly due to modification of a sulfliydryl group within the protein (Rajanna et al.,

1990; Anner and Moosmayer, 1992). It is possible that a component of the elevations in

[Ca”]i is mediated by effects of mercurials on these cation regulatory proteins.

The first study to suggest that MeHg altered Zn” homeostasis in the brain was

conducted by Muto and coworkers (1991). Rats were administered a lethal dose of

MeHg, and the metal content of tissue samples from brain, liver and kidney was analyzed

by inductively coupled plasma atomic emission spectrometry. The primary effect of in

vivo administration of MeHg was a disruption of brain Zn” and Ca” homeostasis.
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Synaptosomal suspensions have been subjected to standard protein purification

techniques to identify the protein(s) responsible for these elevations in [Zn”],.

Synaptosomal homogenates were separated into particulate and soluble fractions by

centrifugation. The particulate fraction was resuspended in an equal volume of buffer,

and fura-2 pentapotassium salt was added to the both fractions. Fura-2 excitation scans

were acquired before and after addition of MeHg, then compared for MeHg-induced

alterations in the fura-2 excitation profile consistent with an elevation in free Zn”

concentration (Hechtenberg and Beyersmann, 1993). MeHg altered the fura-2 spectrum

of the soluble fraction in a manner consistent with Zn” release, but had no effect on the

particulate fraction (Denny and Atchison, 1995). Thus, the source of the Zn” appears to

be some soluble factor(s). Anion exchange chromatography of the soluble fraction

resolved three distinct peaks of MeHg-induced Zn” release. Thus, more than one protein

mediates the MeHg-induced elevations in [Zn”],.

Although it is not known what role the elevations in [Zn”]i play in MeHg-induced

neurotoxicity, it is still possible to make some general speculations. Many proteins

require Zn” for enzymatic activity or to stabilize their three-dimensional structure. Thus,

the loss of essential Zn” could result in an inactivation of the enzyme or improper protein

folding. The Zn”-binding region of these proteins may actually have a higher affinity for

MeHg than Zn”. Since several metalloproteins generally utilize a common metal-binding

motif which depends on both the metal and the function of the pTOtein, such as the EF

hand in Ca”-activated proteins or the Zn” fingers in DNA binding proteins, the less of

endogenous Zn” caused by MeHg may occur in an entire class of metalloproteins which

contain a particular Zn”-binding morif. Another possible consequence in that the
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elevation in [Zn”]i itself could be toxic. While it would appear that the elevations in

[Zn”]i which occur in synaptosomes are quite modest, it nonetheless represents a three-

fold elevation. Furthermore, because synaptosomes are a heterogenous population of

nerve terminals, it is also possible that the elevations in [Zn”]i occur in only a

subpopulation of synaptosomes. If this is the case, the actual [Zn”]i in this subpopulation

would be considerably greater than the population average which would be reported by

l"F-NMR spectroscopy.

B. Relationship to previous work.

Previous research suggested that a component of the MeHg-induced elevations in

[Ca”]i was due to disruption of mitochondrial Ca” regulation. Thus, the original goal of

this work was to monitor changes in [Ca”]i following acute exposure of synaptosomes

loaded with a fluorescent indicator to MeHg, and to evaluate the contributions of intra-

and extracellular sources of Ca”. Substantial indirect evidence suggested that a

component of the elevations in [Ca”]i would be due to disruption of mitochondrial Ca”

regulation. However, exposure of synaptosomes to MeHg caused elevations in [Ca”]i

which were strictly dependent upon Ca”c. Depolarization of the mitochondrial membrane

with NaN3 and oligomycin was also ineffective at elevating [Ca2+]i and did not alter the

effects of MeHg. Moreover, the mitochondrial Ca” uniporter inhibitor ruthenium red did

not block the effects of MeHg, suggesting that the effects of MeHg may be mediated by

actions at other sites. While it is possible that the Ca” regulatory capacity Of the

mitochondria was compromised during synaptosomal preparation, it is unlikely, since

similar findings were observed in NG108-15 cells in culture (Hare et al., 1993).
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Subsequent investigations in this cell type, as well as isolated cerebellar granule cells,

have shown that a component of the elevations in [Ca”]i is mediated by release of Ca”

previously sequestered in the ER. The ER pool is mobilized completely by IP,, and to

a limited extent by caffeine. Therefore, the mitochondria did not appear to contribute

significantly to the MeHg-induced elevations in [Ca”]i.

The results of this study are inconsistent with disruption of mitochondrial Ca”

regulation contributing to the elevations in [Ca2+], following MeHg treatment. Also, the

effects of MeHg on ER Ca” regulation and [Zn”]i must now be considered. As such, it

is possible the MeHg-induced increases in MEPP frequency observed in Ca”-free

solutions were actually mediated by release of Ca” from the ER, or possibly by

elevations in [Zn”],., but perhaps not by disruption of mitochondrial Ca” regulation.

The inhibitors of mitochondrial function (dinitrophenol, dicoumarol and

valinomycin) increased MEPP frequency after a twenty min delay. Pretreatment of

hemidiaphragm preparations with these agents did not affect the subsequent elevations in

MEPP frequency caused by MeHg. It is possible the 20 min delay preceding the

elevations in MEPP frequency represented the time required for the mitochondrial

inhibitors to reduce ATP levels in the nerve terminal. The reduction in cellular ATP

content led to a secondary elevation in [Ca2+], and stimulation of spontaneous transmitter

release, measured as an increase in MEPP frequency. Proper levels of ATP were then

reinstated by increasing the rate of glycolysis, causing [Ca”]i and MEPP frequency to fall

back to control levels. Subsequent addition of MeHg to these preparation caused

elevations in [Ca”]i which could not be regulated, and MEPP frequency once again

increased.

 ‘-
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Support for this mechanism of action of the mitochondrial inhibitors comes from

their similarity to the Na*/K*-ATPase inhibitor ouabain. Depletion of cellular ATP causes

a reduction in the activity of the Na*/K*-ATPase; this is functionally equivalent to the

action of ouabain. Loss of Na*/K*-ATPase activity causes a gradual depolarization of the

nerve terminal which leads to activation of Ca” channels and an elevation in [Ca”],.

Ouabain increased MEPP frequency following a 50 min delay, with a maximum

frequency similar to that of the mitochondrial inhibitors. Like the mitochondrial

inhibitors, the effects of MeHg were not prevented by ouabain, suggesting an additional

site of action is not affected by ouabain.

The characteristics of the increases in MEPP frequency caused by ruthenium red

were distinct, both qualitatively and quantitatively, from those of the mitochondrial

inhibitors or ouabain. Unlike the mitochondrial inhibitors and ouabain, the increases in

MEPP frequency elicited by ruthenium red were immediate. Also, the maximum MEPP

frequency attained in ruthenium red-treated preparations was approximately one fifth that

of those exposed to mitochondrial inhibitors or ouabain. However, neither MeHg nor

dinitrophenol elevated MEPP frequency in preparations treated with ruthenium red. This

effect could not attributed to depletion of vesicular contents from the nerve terminal since

La” was capable of increasing MEPP frequency in ruthenium red-treated preparations.

The effects of disruption of ER Ca” regulation on MEPP frequency have been

studied using hemidiaphragm preparations treated with caffeine. Caffeine elevates [Ca”]i

by facilitating CICR. Caffeine caused changes in MEPP frequency which resembled

those of ruthenium red. MEPP frequency increased immediately to a maximum similar
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to that of ruthenium red, but half that of the mitochondrial inhibitors. Unlike ruthenium

red, caffeine did not block the effects of MeHg.

The characteristics of the increases in MEPP frequency caused by caffeine and

ruthenium red suggest they elevate [Ca2+]i by similar mechanisms. These mechanisms are

not identical, though, since caffeine-treated preparations are sensitive to MeHg, but

ruthenium red-treated preparations are not. A possible explanation for the differential

sensitivity of these preparations to MeHg may be related to the extent of depletion of ER

Ca” stores caused by caffeine and ruthenium red. It is possible that caffeine does not

deplete the ER of Ca”, but rather redistributes Ca” between the ER and cytosol;

ruthenium red may completely mobilize the ER Ca” store. MeHg then mobilizes the

remaining Ca” from the ER in caffeine-treated preparations, but has no effect following

ruthenium red treatment. Depletion of ER Ca” stores with bradykinin and thapsigargin

prior to MeHg or ruthenium red exposure may assist in determining the relative

importance of the IP3-sensitive Ca” pool as a source of Ca”.

It is difficult to rationalize the ability of ruthenium red to inhibit the effects of

dinitrophenol based solely on actions at the ER. The dinitrophenol-induced elevations in

[Ca”]i are presumably secondary to a reduction in cellular ATP levels. If ruthenium red

blocks the actions of both MeHg and dinitrophenol by the same mechanism, it is unlikely

to be due to effects exclusively at the ER. It is possible that ruthenium red acts as a

permeability barrier to Ca” regulation at the ER and plasma membranes. Because the

mechanisms which decrease [Ca”]i tend to exceed those which increase [Ca”],, thiseffect

would cause [Ca”]i to rise slightly, leading to an increase in MEPP frequency. The

+

elevations in [Ca2 ]i caused by MeHg or dinitrOphenol may be blocked by ruthenium red.
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Another explanation is that ruthenium red inhibits Ca”-mediated fusion of synaptic

vesicles with the presynaptic membrane. If this is the case the vesicles would be rendered

insensitive to changes in [Ca”]i and therefore, no increases in MEPP frequency would

occur following MEPP treannent. This also would require La3+ to work through a

mechanism independent of elevations in [Ca”],, possibly by causing vesicular fusion in

a manner which is Ca”-independent.

The results concerning the effects of MeHg on [Ca”]i in synaptosomes are largely

consistent with the work of others (Komulainen and Bondy, 1987b; and Kauppinen et al.,

1989). MeHg caused elevations in [Ca”]i which were time-dependent as well as

concentration-dependent with respect to MeHg and Ca”c (Komulainen and Bondy, 1987b).

The accuracy of the values derived for [Ca2+]i may be questionable, though since 20 pM

Mn” was added to quench extrasynaptosomal fura-2 throughout the experiments. For

subsequent calibration of Rm and Rm“, only 10 pM DTPA was added to chelate this

exogenous Mn”, thus at least 10 pM Mn” was not chelated. This may actually represent

the best-case scenario since the buffer itself contained 1.2 mM Ca”; thus, some if not

most, of the DTPA would be bound to Ca” rather than Mn”. In fact, in preliminary

experiments using cell-free systems, I observed that 150 pM DTPA was necessary to

reverse the quenching of 1 uM fura—2 caused by 40 pM Mn” in a buffer containing 200

pM Ca”. Furthermore, some of the changes in fura-2 fluorescence could have arisen

from release of endogenous Zn”. Unlike the present study, depolarization of the

mitochondria was shown to decrease the elevations in [Ca”]i, suggesting a component of

the elevations in [Ca”]i was from the mitochondrial Ca”. A possible explanation for the

differences obtained is that rotenone was used in the previous work and NaN3 was used
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here. Rotenone acts at Site 1 in the electron transport chain while NaN3 acts at Site 3.

In mitochondria poisoned with rotenone, electron transport can still commence from Sites

2 and 3. Because NaN3 acts at Site 3, like NaCN, the transfer of electrons to molecular

oxygen in inhibited; thus respiration ceases completely. Perhaps these subtle differences

in the mechanism of block of electron transport may account for the differences reported

in these studies concerning the role of mitochondria in MeHg-induced elevations in

[Ca”]i.

C. Effects of MeHg on Ca” regulation.

The information gathered in these studies, as well as others, clearly indicates that

MeHg causes an elevation in [Ca”],. In synaptosomes, the increases are mediated by

influx of Ca”,, while in NG108-15 cells the elevations are mediated by release of Ca”

from IP3-sensitive stores and influx of Ca”c. This implies that MeHg disrupts plasma

membrane integrity and interferes with Ca” regulation by the ER. Although the role of

elevations in [Ca”], in the neurotoxicity of MeHg is not known, based on the importance

of Ca” as a second messenger it is reasonable to conclude that the disruption in Ca”

homeostasis caused by MeHg has deleterious effects on cell function.

Many neurotoxic insults have been suggested to be mediated, at least in part, by

elevations in [Ca”]i (Choi, 1988). The exact mechanism underlying toxicity is not

known, but may be due to aberrant regulation of Ca”-sensitive proteins, and disruption

of of Ca”-regulated signalling pathways. Many proteins either require Ca” for aetivity,

or are regulated allosterically by the binding of Ca” or Ca”—activated regulatory prOteins,

such as calmodulin (Habennann and Richardt, 1986). Unregulated elevations in [Ca2+],
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have been associated with changes in phosphorylation of proteins and with the

degradation of proteins, lipid membranes and nucleic acids (Nicotera et al., 1992). It is

believed that the increases in [Ca”]i activate various Ca”-regu1ated proteases, lipases and

nucleases which lead to a cytotoxicity.

Many cells, including neurons, contain a family Ca”-activated neutral proteases

called calpains (Melloni and Pontremoli, 1989). In their inactive form, calpains are

normally found in the cytosol, but upon activation by Ca”, they associate with the plasma

membrane and degrade cytoskeletal proteins. Calpain-mediated proteolysis can be

inhibited by leupeptin, or by chelation of intra- or extracellular Ca” (Lee et al., 1991).

It is conceivable the unregulated elevations in [Ca”]i caused by MeHg could lead to an

activation of calpain, and the destruction of cytoskeletal proteins, although this possibility

has not been tested experimentally.

Cells also contain several Ca”-activated lipases. The two most prominent and

widely studied classes of lipases are PLC and PLAZ. PLC hydrolyzes phosphotidylinositol

into IR, and diacylglycerol, which together activate PKC by releasing an IP3-sensitive Ca”

store located in the ER, and by allosteric interactions with PKC, respectively. PLA2

cleaves arachidonic acid from plasma membrane phospholipids for the biosynthesis of

eicosinoids, and protects the cell against free radical-induced damage by removing

peroxy-fatty acids from the plasma membrane. Because Ca” increases the activity of

both of these lipases, unregulated elevations in [Ca”]i could cause extensive damage to

the plasma membrane. The increase in PLC activity could also cause a secOndary

activation in PKC activity, further disrupting intracellular second messenger systems.
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MeHg increases the activity of PLC and PLA2 in neurons in culture (Sarafian,

1993; Verity et al., 1994). A component of the MeHg-induced elevations in PLA2

activity is dependent upon [Ca”]6, suggesting that both intra- and extracellular sources of

Ca” contribute to the increase in PLA2 activity. It is unlikely the increased PLA2 activity

following MeHg treatment represented a physiological response to lipid peroxidation since

or-tocopherol blocked lipid peroxidation (Sarafian and Verity, 1991), but did not prevent

activation of PLAZ. The PLA2 inhibitor mepacrine reduced free arachidonic acid

generation by one-half, suggesting that either a mepacrine-insensitive PLA2 existed, or

MeHg also released arachidonic acid by some mechanism independent of PLAz. The

toxicological significance of the increases in PLA2 activity is uncertain since mepacrine

did not reduce MeHg-induced toxicity, as determined by uptake of trypan blue, and

release of lactate dehydrogenase (Verity et al., 1994).

Activation of a Mg”/Ca”-dependent endonuclease is the hallmark of induction of

programmed cell death. This endonuclease is activated by pathologically high

concentrations of Ca”, and is responsible for fragmentation of nuclear DNA (McCabe et

al., 1992). MeHg induces programmed cell death in cerebellar neurons in culture based

on changes in nuclear morphology and the fragmentation of nuclear DNA (Kunimoto,

1994). Transfection of the neuronal cell line GT1-7 with the proto-oncogene bcl-2

reduced the formation of reactive oxygen species in these cells and decreased the

sensitivity of the cells to MeHg (Sarafian et al., 1994). It was suggested that bcI-2

attenuates MeHg toxicity by inhibiting formation of reactive oxygen species, thus

preventing initiation of programmed cell death.
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D. Effects of MeHg on Zn” regulation.

Acute exposure of synaptosomes (Denny et al., 1993), NG108-15 cells (Hare et

al., 1993; Hare and Atchison, 1995), or cerebellar granule cells (Marty et al., 1995)

elevated the fluorescence intensity of fura-2 at the Ca”-insensitive wavelength of 360 nm.

The increase was independent of Ca”e, and occurred prior to loss of plasma membrane

integrity. In synaptosomes, the elevation was immediate and complete within a few sec;

in NG108-15 and cerebellar granule cells the increase occurred gradually following Ca”

release from the ER pool ("first Ca” phase") and before the massive influx of Ca”e

("second Ca” phase").

Because fura-2 has an affinity for cations other than Ca”, especially heavy metals

(Grynkiewicz et al., 1985), it was proposed that the elevations in fluorescence intensity

were due to an increase in heavy metal concentration. It was unlikely that this effect was

due to a direct interaction of MeHg with fura-2 since these compounds do not interact in

vitro. Furthermore, the increase in fluorescence intensity at 360 nm could not be

attributed to demethylation of MeHg because Hg” decreases, rather than increases, fura-2

fluorescence.

The cell-permeant heavy metal chelator TPEN reversed or inhibited these

elevations, whereas the cell—impermeant chelator DTPA was ineffective. Thus, MeHg

increased the intracellular concentration of a heavy metal whose source was likely to be

endogenous. In synaptosomes, TPEN also prevented the immediate elevations in 340/380

nm ratio caused by MeHg, suggesting that this phase was due solely to an increase in the

concentration of some other endogenous polyvalent cation. Due to the limitations of

fluorometric analysis the cation could not be identified unequivocally, but was postulated
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to be Zn” due to its characteristic effects on the fura—2 excitation spectrum (Grynkiewicz

et al., 1985; Hectenberg and Beyersmann, 1993).

To identify the endogenous heavy metal, changes in the 19F-nuclear magnetic

resonance spectrum of synaptosomes loaded with the fluorinated chelator 5F-BAPTA were

evaluated following exposure to MeHg (Denny and Atchison, 1994). In the absence of

Ca”,, synaptosomes had a detectable [Zn”],. MeHg caused a concentration-dependent

elevation in [Zn”]i which was reversed by TPEN, whereas [Ca”]i was not affected.

While the MeHg-induced elevations in [Zn”]i were modest (1.37 nM prior to MeHg

exposure versus 3.99 nM following addition of MeHg), they nonetheless represented a

three-fold increase in [Zn”]i. These results, along with previous results using fura-2,

demonstrated that MeHg causes an immediate elevation in [Zn”]i in synaptosomes, and

possibly NG108-15 cells. Higher concentrations of MeHg were required to observe the

elevations in [Zn”]i in synaptosomes relative to those necessary in NGlOS-IS cells,

possibly due to the higher protein content and associated nonspecific binding of MeHg

in the synaptosomal suspensions. Alternatively, it is possible that the source of the

MeHg-induced elevations in endogenous heavy metal content in NG108-15 cells is not

identical to that which mediates the elevations in [Zn”]i in synaptosomes, and that this

pool in NGlO8-15 cells is more sensitive to MeHg.

The observation that MeHg caused an elevation in [Zn”]i was a novel and

unexpected finding of this research. Zn” is an essential heavy metal required by

numerous proteins. The implications of this newly-discovered effect are that a component

of the neurotoxicity of MeHg could be due to disruption of Zn” regulation. Zn” is

associated with the synaptic vesicles of certain glutamatergic neurons in the CNS
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(Frederickson et al., 1987) and is released during neuronal activity (Assaf and Chung,

1984), suggesting that Zn” may be a modulator of postsynaptic glutamate receptors. In

neuronal cells in culture, Zn” inhibited responses mediated by glutamate receptors

sensitive to NMDA (Westbrook and Mayer, 1987), but increased responses mediated by

AMPA-sensitive glutamate receptors (Xie et al., 1993). Zn” also decreases responses

mediated by 'y-aminobutyric acidA receptors (Legendre and Westbrook, 1990), but

potentiates ATP receptor-mediated responses (Li et al., 1993). While Zn” may act as a

neuromodulator, high concentrations are neurotoxic (Yokoyama et al., 1986; Koh and

Choi, 1994). Furthermore, Zn” toxicity may be potentiated by excessive AMPA receptor

activation (Choi et al., 1989; Weiss et al., 1993).

Identification of the proteins responsible for the elevations in [Zn”]i was given

priority over examination of the toxic effects of Zn” for several reasons, some of which

related to the use of synaptosomes as a model system. Synaptosomes derived from brain

represent a heterogenous population of nerve terminal with respect to vesicular contents.

It is possible that the proteins responsible for the MeHg-induced elevations in [Zn”]i are

present in only a subpopulation of nerve terminals. The methods used to detect and

quantify the elevations in [Zn”]i are not capable of discriminating between identical

increases in all synaptosomes, or greater increases in a subpopulation. In the latter case,

the values of [Zn”]i obtained using I9F-NMR spectroscopy of 5F-BAPTA loaded

synaptosomes would underestimate the true [Zn”]i in this subpopulation.

There are several ways to address the issue of synaptosomal heterogeneity as it

relate to the issue of MeHg-induced elevations in [Zn”]i. One possible approach would

be to test the effects of MeHg on synaptosomes derived from particular brain regions
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which are enriched in nerve terminals containing a particular neurotransmitter. The

advantage of this approach is that known targets of MeHg neurotoxicity could be tested

directly, and conelations between target sites and elevations in [Zn”]i may be possible.

There are many disadvantages to this procedure, though. Synaptosomes would have to

be prepared from several brain regions to ensure adequate sampling of nerve terminals

containing different neurotransmitters, as well as target sites of MeHg. Analysis of brain

regions would only be useful if the terminals containing these MeHg-sensitive Zn”-

binding proteins were localized in certain brain regions. Thus, if the proteins are

expressed in a subpopulation of nerve terminals which is distributed evenly throughout

the brain, these experiments would cause us to conclude incorrectly that a sensitive

subpopulation of synaptosomes does not exist. Another problem is that even in brain

regions which are enriched in nerve terminals containing a particular neurotransmitter,

other nerve terminals are also present. If the proteins are expressed in the associated

nerve terminal type rather than the enriched nerve terminals, we would conclude the

elevations in [Zn”]i occur in the enriched population of nerve terminals when the changes

are actually in the associated nerve terminals. Another contingency not addressed

adequately by this method is that the elevations [Zn”]i do occur in a subpopulation of

synaptosome, but expression of the target proteins is not related to neurotransmitter

content or regional localization. At best, the results from analysis of synaptosomes

prepared from different brain regions might provide some information regarding the

localization of these proteins in the brain, and possibly some assistance identifying the

protein. However, it would still be necessary to purify and identify the proteins to verify

that MeHg is capable of releasing the associated Zn”.
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A common approach to addressing the population dynamics of a suspension of

particles is the use of fluorescence-activated cell sorting. In general, this technique uses

differences in fluorescence intensity of a particular marker, or markers, to discriminate

between subpopulations of particles on a individual basis. For instance, it is possible to

determine what percentage of cells in a suspension contain a particular receptor by

staining the cells with a fluorescently-tagged antibody to the receptor. When the cells

pass through the sorter, the cells expressing the receptor fluoresce more intensely than

those lacking the receptor. It would be possible to evaluate the population characteristics

of the MeHg-induced elevations in [Zn”]i by loading synaptosomes with a Zn”-sensitive

indicator, and monitoring changes in the fluorescence intensity histogram before and after

MeHg exposure. If MeHg elevated [Zn”]i in the entire synaptosomal population, then the

entire fluorescence intensity histogram would shift to slightly higher values. If, on the

other hand, the elevations in [Zn”]i were restricted to a subpopulation of synaptosomes,

the histogram would Show a two distinct peaks, one at the initial value corresponding to

cells not affected by MeHg, and another at much higher intensity than the initial value

representing the sensitive subpopulation. Another feature of this technique is that the

subpopulations can be separated based on these differences in fluorescence intensity.

A problem inherent with fluorescence-activated cell sorting is that because

individual particles, or cells, are being analyzed they must be sufficiently labelled to allow

for detection. In case of measuring changes in intracellular cation concentrations, the

initial cell population also needs to be labelled uniformly. Otherwise, the peaks on the

intensity histogram become so broad that it is not possible to evaluate changes in

histogram characteristics. These problems limited the use of this technique in monitoring
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the changes in [Zn”]i following MeHg exposure. Due to their small size, the

synaptosomes were difficult to detect and could not loaded uniformly with the indicator.

Because the system utilizes an argon laser as the source of excitation light, it was not

possible to use fura-2. Synaptosomes had to be loaded with fluo-3 to monitor changes

in [Zn”],. While fluo-3 exhibits large changes in fluorescence intensity upon Ca”

binding, Zn” is only 70% as effective as Ca”. Thus, these experiments were hampered

by the small size of the synaptosomes, and the lack of an ideal indicator. Nonetheless,

synaptosomes could be loaded with the indicator and detected, but it was not realistic to

draw conclusions about the population distribution of the elevations in [Zn”]i based on

the fluo-3 fluorescence intensity histograms. Perhaps when a more suitable Zn” indicator

becomes available, it may be possible to use this technique to analyze and sort the

synaptosomes.

Purification of the proteins responsible for the elevation in [Zn”]i would assist in

addressing the questions which arise due to the heterogeneous nature of synaptosomes.

The purified proteins could possibly be identified based on sequence information. The

distribution patterns of several proteins within the neuron are already known, making

extrapolation of protein expression to the synaptosomal population relatively simple. In

the event that a protein cannot be identified based on sequence information, or its cellular

distribution is not known, it would still be possible to determine its localization within

the synaptosomal population by immunocytochemistry. This would require generating

antibodies to the protein and probing brain slices for immunoreactivity. If a particular

brain region, or areas within the brain, are Stained to a greater extent than others, it is

likely the protein is found only in a particular subpopulation of synaptosomes.
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Conversely, if the entire brain is stained to a similar extent, this suggests the particular

protein is relatively evenly distributed, and the elevations in [Zn”]i likely to occur in the

entire synaptosomal population. Another advantage of purification of the soluble proteins

from the total synaptosomal homogenate is that all of the proteins which release Zn” can

be isolated at once. This means that should multiple subpopulations exist, they can be

evaluated using the immunocytochemical procedure outlined above.

Purification and identification of these Zn”-releasing proteins also provides

valuable structural information. Because Zn” is bound to proteins using certain motifs,

and MeHg releases Zn” from more than one protein, it is reasonable to conclude that a

common Zn”-binding configuration is sensitive to MeHg. Thus, this may represent an

effect of MeHg on an entire class of proteins. If the Zn”-binding motif of these proteins

can be identified, it should be possible to evaluate the effects of MeHg on other proteins

which possess this particular configuration.

The relevance of this effect of MeHg on Zn” regulation to MeHg-induced

neurotoxicity is not clear. Because release of Zn” from soluble synaptosomal proteins

mediates the elevations in [Zn”],, it is possible that the loss of Zn” from these proteins,

or the increases in [Zn”],, is toxic. Thus far, no attempt has been made to correlate the

elevations in [Zn”]i with the toxicity of MeHg either in vitro or in vivo. It is clear that

the MeHg-induced elevations in [Zn”]i are not an artifact due to synaptosomal

preparation. Similar elevations have been observed in NG108-15 cells and isolated

cerebellar granule cells in culture, but the effects of MeHg on [Zn”]i in non-neuronal

cells have not been evaluated.

 



150

Changes in [Zn”]i have been reported for a number of physiological and toxic

agents in a variety of systems. Exposure of NG108-15 cells to Pb” increases the

intracellular concentrations of Ca”, Pb” and Zn” as determined by l9F-NMR

spectroscopy (Schanne et al., 1989). Prolonged exposure of cerebrocortical slices to

excitatory amino acids has also been demonstrated to cause in elevation in [Ca”L and

[Zn”]i using this technique (Badar—Goffer et al., 1994). Hypochlorous acid mobilizes

intracellular Zn” in rat heart myocytes loaded with a Zn”-sensitive fluorescent indicator

TSQ (Tatsumi and Fliss, 1994). External application of Zn” causes increases in [Zn”]i

mediated by voltage-dependent Ca” channel in fura-Z loaded GH3 pituitary tumor cells

and primary bovine chromaffin cells (Vega et al., 1994; Atar et al., 1995). Glucose

causes a reduction in [Zn”]i in isolated pancreatic islet cells loaded with the fluorescent

indicator zinquin (Zalewski et al., 1994).

The toxic consequences of disruption of Zn” regulation as well as the toxicity of

Zn” itself have been studied to some extent, although most information remains

phenomenological rather than mechanistic at this time (Vallee and Falchuk, 1993).

Maternal Zn” deficiency causes pronounced developmental deficits in the offspring.

Characteristics of developmental toxicity mediated by Zn” deficiency include a disruption

of brain and bone formation. While the mechanisms responsible for these malformations

are not known, they are believed to be due to lack of essential Zn” required by the DNA-

binding proteins which regulate development. A bacterial DNA-binding protein which

regulates expression of mercurial resistance genes contains a putative Zn”-binding region

also capable of binding Hg”. The binding of mercury is necessary for activation of
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transcription of the mercury resistance genes. Thus, gene expression can be altered by

changes in the Zn” status of a regulatory protein.

Zn” affects several voltage- and ligand-gated channels which are essential for

neuronal function (Hanison and Gibbons, 1994). Like many Other divalent cations,

external application of Zn” blocks voltage-dependent Ca” channels, but Zn” can

permeate the channel (Blisselberg et al., 1994). Zn” reduces voltage-dependent Na”

channel conductance, possibly by an action at the voltage sensor. In hippocampal

neurons, the response of voltage-dependent K" channel A current to Zn” is dependent

upon channel subtype and experimental parameters such as holding potential and voltage

step. This has been interpreted as discrete actions Of Zn” on both the activation and

inactivation gates. Zn” also affects the biophysical properties of many ligand-gated

channels. The first class of neurotransmitter receptors demonstrated to be regulated by

Zn” were the Opioid receptors. The distribution patterns of enkephalins and Zn” within

the brain are identical in some species. In these brain regions the binding of a opioid

receptor ligand was inhibited by 10100 pM Zn”, a concentration that is likely to be

encountered physiologically. Zn” also modulates the receptors for the amino acids

GABA and glutamate. Zn” depresses Cl' conductance mediated by GABA, and blocks

glutamate channels which are sensitive to NMDA by a mechanism that is distinct from

the voltage-dependent block caused by Mg”. Zn” enhances the conductances of AMPA-

sensitive glutamate channels as well as ATP receptors. It bears noting that in all

instances listed above, the putative Zn” binding site is located on the extracellular surface

of the channel protein. Thus, these effects are most likely due to conformational changes

in the protein structures rather than intracellularly-mediated events.
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Because MeHg causes elevations in [Zn”],, it is likely the effects would be limited

to disruption of intracellular processes. Exposure of mouse hemidiaphragm preparations

to 50 or 100 pM Zn” increased MEPP frequency in a concentration-dependent manner

(Nishimura, 1988). Bathing solutions containing 2 mM Ca” and 10 mM K+ were less

effective at increasing MEPP frequency in these Zn”-treated preparations. Thus, either

Zn” inhibited the transmitter release process, possibly by blocking voltage-dependent Ca”

channels, or it caused depletion of vesicular stores. Disruption of ER Ca” regulation

attenuated the increases in MEPP frequency induced by Zn”. Dantrolene sodium, which

blocks release of Ca” sequestered in the ER (Statham and Duncan, 1976), or neomycin,

which inhibits IP3 production (Schacht, 1976), both reduced the elevations in MEPP

frequency caused by Zn”. This suggested that a component of the increases in MEPP

frequency was mediated by mobilization of intracellular Ca” stores. However, the effect

of neomycin may have been due to block of Zn” influx through voltage-dependent Ca”

channels (Atchison et al., 1988). More detailed analysis of the effects of Zn” on

transmitter release suggested that Zn” enters the nerve terminal through voltage-dependent

Ca” channels and acts as a partial agonist at Ca”-sensitive release apparatus (Wang and

Quastel, 1990). Zn” blocked Ca”-stimu1ated transmitter release by inhibiting Ca” influx

and causing irreversible alterations in the release mechanisms, rendering them insensitive

to Ca”. The main difficulty in relating these studies of the effects of Zn” on spontaneous

transmitter release to those Observed following MeHg treatment is that the [Zn”]i

necessary to elicit these changes is not known. Performing similar experiments except

in the presence of Zn” and the Zn” ionophore pyrithione may assist in determining

whether MeHg causes elevations in [Zn”]i sufficient to disrupt the transmitter release
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process directly. Similarly, the contribution Of elevated [Zn”]i to the MeHg-induced

alterations in MEPP frequency could be evaluated using the cell-permeant chelator TPEN.

Zn” has been shown to regulate the activity of many enzymes, and alter

intracellular signalling pathways. The regulatory domain of PKC contains four Zn”-

binding sites which are necessary for binding of phorbol esters as revealed by mutational

analysis (Hubbard et al., 1991). This suggests that the conserved Zn”-binding sites in

PKC are responsible for the binding of diacylglycerol, the physiological activator of PKC.

The key Ca”-binding regulatory protein calmodulin also binds Zn”, which is a partial

agonist of calmodulin activity as measured by increases in calmodulin—dependent

phosphodiesterase activity (Chao et al., 1984). Zn” is a potent inhibitor of Ca”-

dependent PLA2 isolated from snake venoms (Mezna et al., 1994). It is believe that Zn”

occupies at least one Ca”-binding site which is necessary for the activity of this enzyme.

Zn” inhibits the endonuclease responsible for the nuclear dissolution observed during

apoptosis in bovine liver (Lohmann and Beyersmann, 1994), and inhibits apoptosis

induced by treatment of human lymphoma cells in culture with drugs which disrupt

microtubules (Takano et al., 1993). However, initiation Of apoptosis of peripheral blood

lymphocytes caused by mitogen deprivation has been reported to be dependent upon Zn”,

but not Ca” (Treves et al., 1994).

The proteins responsible for the elevations in [Zn”]i are not yet known, but a few

candidates have been identified based on zinc-binding characteristics and molecular

weight. Microtubules are composed of dimers of the 50 kDa acidic proteins Ot- and 13-

tubulin (Lemischka et al., 1981; Ginzburg et al., 1985). The presence of Zn” influences

the polymer characteristics and crystal structure of tubulin (Wolf et al., 1993). Neuron-
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specific proteins possessing a similar molecular weight include an 53.5 kDa intermediate

filament called peripherin (Thompson and Ziff, 1989), the 45 kDa microtubule-associated

protein tau (Kosik et al., 1989), and the 53.1 kDa granule cell specific Ca”/calmodulin-

dependent protein kinase IV (Ono and Means, 1989). The Zn”-binding properties of

these proteins have not been reported.

The Stromelysins are a family of metalloendoproteases which cleave collagen in

the extracellular matrix upon activation, and are synthesized as inactive zymogens of

approximately 54.2 kDa (Matrisian et al., 1986; Breathnach et al., 1987). These proteins

contain an autoinhibitory region in which a cysteine residue sterically hinders the active

site by interacting with a Zn” atom essential for catalysis (Kleiner and Stetler-Stevenson,

1993). Activation occurs when this steric hinderance is removed and the binding site is

revealed. Normally the autoinhibitory region is cleaved from the protein, however

organomercurials can also activate the Stromelysins by interacting with the cysteine in the

autoinhibitory region, causing it to move out of the active site. Because the Zn” in the

binding Site is essential for protease activity, the possible displacement of Zn” by MeHg

would be expected to inactivate the enzyme.

The possible ramifications of the elevation in [Zn”]i are difficult to deduce,

because in many cases Zn” acts as a regulator Of Ca”-sensitive processes. Because

elevations in [Ca”]i occur along with the elevations in [Zn”],, it will be difficult to

establish clearly what role each cation plays in MeHg-induced neurotoxicity. While it is

clear that MeHg disrupts divalent cation homeostasis, the toxicological significance Of this

effect is less certain. Very few studies have been designed specifically to evaluate the

role of elevations in [Ca”]i in MeHg-induced toxicity. As a rule, MeHg causes a myriad

 I”
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Of effects on the cellular and biochemical level including depolarization Of the plasma and

mitochondrial membranes (Hare and Atchison, 1992), depletion of cellular ATP

(Kauppinen et al., 1989), block of protein (Cheung and Verity, 1981) and DNA synthesis

(Gruenwedel and Cruikshank, 1979), changes in lipid metabolism (Sarafian, 1993; Verity

et al., 1994), alterations in protein phosphorylation (Sarafian and Verity, 1990a; 1990b)

and disruptions in microtubule structure (Imura et al., 1980). Due to the importance of

Ca” as an intracellular second messenger, it is conceivable that some of these effects

could be mediated, at least in part, by unregulated elevations in [Ca”],. In summary,

disruption of divalent cation homeostasis should be considered an a intermediate step in

MeHg-induced toxicity rather than as a toxic consequence in and of itself. To this end,

additional studies are needed to assess the impact this loss of divalent cation regulation

has on neuronal structure and function on the both biochemical and cellular level. This

may ultimately broaden our knowledge Of both the mechanisms of MeHg-induced

neurotoxicity, as well as the physiological regulators of neuronal development and

function.
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