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I. Introduction

Heavy metal ions are utilized by a large number of

cellular enzymes. It is important, therefore, for cells to
regulate and maintain appropriate levels of essential
heavy metal ions. However, low levels of nonessential,

excess concentrations of essential, or the presence of

* This work was supported by a National Research Foundation

(OTKA, Hungary) grant (to T. K.) 0. N. 0. is a holder of an Interna-
tional Brain Research Organization fellowship.

t To whom correspondence should be addresaeth Balaton Limno-
logical Institute of the Hungarian Academy of Sciences, H-8237,
Tihang, Hungary.

� Present address: Department of Pharmacology, Institute of Ex.
perimental Medicine of the Hungarian Academy of Sciences, Budapest,
POB 67, H-1450, Hungary.

toxic metal ions can harm cells in a variety of ways,
including inactivation of enzymes and catalysis of the

oxidative damage of lipids, proteins, and nucleic acids

(Ralston and O’Halloran, 1990). To understand the mode

of neurotoxic action of heavy metals, it is important to
know the precise cellular site of their action.

Metals with a density greater than 5 kg/rn3 are usually
termed “heavy metals.” This definition is based on an
arbitrary physical parameter and not on a chemical prop-
erties of the metals. Recently, the term of transition
metal is favoured, because the latter is more correct
chemically. Here we would like to use the former term,

because it comprises more elements than transition met-
als (e.g., Pb2�, Sn2�’ Al3�). The only exception is alumi-
num, which does not belong to the group of transition
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246 KISS AND OSIPENKO

metals or to the group of the heavy metals. Effects of the

elements of groups Ia and ha are also discussed through-

out this article to compare them with those of heavy

metals. The basic chemical property of metals is that

they are all electron donors. Therefore, they are capable
of interacting with ligands (-OH, -SH, -NH2, -COOH,

-P03H2, etc.), which form integral parts of any molecule

of biological significance in aqueous solution (Passow et

al., 1961). At neutral pH, for example, Pb24 forms signif-

icant quantities of PbOH� complex with OH- and PbCP

if Cl is present (Simons, 1993). Because chloride ions

are always present in cells and also form complexes with

other metals, it is difficult to establish the metal concen-

tration in solution. This causes a serious problem in

studies of the metal ion effects, because metals at low

concentrations (nM or �&M) may bind to the specific or

sensitive sites, whereas at high concentrations they bind

to the nonspecific or insensitive sites (Passow et al.,

1961).

A second serious problem in interpreting data could be

caused by metal-metal interaction. They may interact

through synergism, antagonism, or joint independent

action, they can compete for metal-binding proteins, and

they can induce formation of metal-binding proteins.

Mechanisms through which metals may interact have

been reviewed (Vallee and Ulner, 1972). As mentioned

above, metals interact with anions. In the present review,

no attempt has been made to describe and discuss in

detail the consequences of the counter-ion interaction.

The chemistry and the chemical interaction with bio-

chemical substances have been reviewed (Passow et al.,

1961).

Because metal ions can interfere with most biological

processes, theoretically, as many kinds of effects can be

found as there are cellular activities. Although the haz-

ardous effects of exposure to heavy metals have long

been recognized, relatively little is known regarding the

cellular and subcellular mechanisms involved, especially

in nerve and muscle cell membranes. Therefore, in this

review, we pay particular attention to the effects of metal

ions on the permeability of the surface membrane of

excitable cells.
The surface membrane, as a diffusion barrier, protects

the cell interior from environmental changes. In addi-

tion, sensitive ligands located within the membrane

structure or on the outer cell surface can aid in trans-

mitting information to the cell interior. Consequently,

functions associated with the cell membrane are partic-

ularly susceptible to the action of heavy metals (Passow

et al., 1961). It has been assumed that heavy metals react

nonspecifically with ubiquitous sulthydryl, carboxyl, or

phosphate groups or through a loose interaction with

macromolecular structures in proteins or polynucleo-

tides. However, a study of poisoning by metals revealed

some toxic specificity, an observation that justifies a

search for individual modes of heavy metal action (Ha-

berman and Richardt, 1986).

The purpose of this review is to summarize recent data

indicating that membrane functions, such as permeabil-

ity and gating, are affected by different metal ions.
Furthermore, we present evidence in favour of the idea

that such actions cannot be generalized. Selected exam-

ples of metal ion effects on excitable membranes are

presented that indicate different, likely specific, mecha-
nisms of their action. During the last few years, evidence

has accumulated suggesting that heavy metal ions are

capable of interacting with ionic channels, receptors,

and/or ionic-channel-receptor complexes. Furthermore,
most of the heavy metal ions themselves are capable of

inducing new ionic conductances in the cell membrane.
The mechanisms of metal ion interaction could be

quite diverse. Metal ions may compete with essential

ions such as Ca2’ for binding sites or they may react
with sulfhydryl groups of enzymes, thereby altering the

enzyme and membrane functions. Metal ions may cata-

lyse the formation of oxygen radicals which, in turn,

depolarize the cell membrane (Scott and R.abito, 1988;

Wetterhahn-Jenette, 1981; Clarkson, 1993). Although

several types of signal transduction pathways operate in

the cell for a whole series of stimuli, signal transduction

pathways for heavy metals appear to involve metallo-

regulatory proteins. These proteins are multifunctional

heavy metal receptors that mediate cellular responses to
heavy metal ions by modulating the activity of biological

components involved in different cellular functions, in-

cluding those involved in gene expression (Ralston and

O’Halloran, 1990).

No attempt has been made to provide a comprehensive

survey of the literature, considering all of the available

knowledge in the field. For this reason, this contribution

should be considered as a source of ideas that might

stimulate other scientists in their efforts to understand

the molecular mechanisms underlying the effects pro-

duced by heavy metals.

II. Effect on Voltage-activated Ionic Channels

Voltage-dependent Ca2� channels found in a variety of

cells are blocked more or less effectively by di- or triva-

lent cations (Tsien et al., 1989). However, it was also

found that these metal ions affect the functioning of
other voltage-activated channel types. Divalent and tn-

valent cations have strong effects on the gating proper-

ties of voltage-dependent ionic channels. The effects are

usually explained in terms of surface charge theory,

according to which cations are attracted by fixed negative

changes on the membrane surface. The adsorption of

cations locally changes the membrane field without al-

tering the membrane potential, as measured by elec-
trodes in the bulk solution. Because the gating of voltage-

dependent channels are confined to the membrane, there
is no distinction between an electric field change caused
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by an altered membrane voltage and that caused by

altered cation composition (Green and Andersen, 1991).

A prediction of the theory is that all properties of

channel gating should be affected equally, i.e., the curves
relating opening and closing kinetics, the conductance-

voltage curves, should all be shifted along the voltage

axis by equal amounts and increases in cation concentra-

tion of the extracellulan medium should shift all of the

curves to the right. An alternative mechanism of divalent

cation action would be a direct interaction of the cation

with the channel protein or channel-gating charges.

In the sections that follow, we will pay particular

attention to the studies in which the effects of metal ions

were determined rather than those in which the metal

ions were used as tools for the isolation of different

current components.

A. Sodium Channel

Externally applied metal ions such as Mn2�, Co2�, Ni2�,

Cd2�, and Zn2�, at concentrations of 0.1 to 10 mM affect

the Na� system of the nerve membrane; the observed

effects are complex and reversible, except for the actions

of � All of the metal ions studied decreased Na�

permeability. It is important to emphasize that efficiency

sequences for permeability parameters differ in different

species. The relative efficiencies decreasing Na� perme-

ability for two amphibians are as follows: Xenopus laeuis:

Cu2� > Zn2� > Cd2� > Mn2� > Co2� > Ni2�; Rana pipien�:

Co24 > Zn24 > Ni2� > Mn2�. All of the metal ions studied

shifted the activation-variable curve to the right along

the potential axis and increased both activation and

inactivation time constants. The effect was found to

differ in magnitude for different ions (Arhem, 1980).

Hg�� affected Na� currents of the nerve membrane

irreversibly at the lowest concentration (1 to 10 �LM).

This observation seems reasonable, considering the qual-

itative differences that exist between the acute effects of

Hg�� and those of the other heavy metal ions, because

the mechanism of the membrane actions of Hg�� is

substantially different from that of the other metal ions

(Arhem, 1980).

The actions of Cd2�, Zn2�, and Hg�� were investigated

in calf Purkinje fibres and in isolated guinea pig ventnic-

ular cells (Visentin et a!., 1990). The Na� channels of

the heart muscle differ substantially from those of nerve

and skeletal muscle. It was observed that on cardiac cells

Cd2�, Zn2�, and Hg2� reduced the inward sodium current

already at �tM concentrations and that this reduction

occurred via a voltage-independent blockade. For both

cardiac cell types, the blocking efficiency is Hg�> Cd2�

> Zn2�. The position of the inactivation curve on the
voltage axis was unaltered at metal ion concentrations

causing substantial current inhibition, and the position

moved to the right only at mM concentrations. This

effect can be explained by a channel-blocking rather than

a charge-screening effect on the external membrane sun-

face.

On single canine cardiac Purkinje cells the divalent

cations Ba2�, � Co2�, and Mn2� produced voltage-
dependent open channel blockade with the relative
blocking efficacy of Co2� > Mn2� > Ca2� > Mg�� > Ba2�.
However, Cd2�, Zn2�, and La3� blocked the ‘Ns� at low
concentrations in a voltage-independent way. It was

concluded that di- and trivalent cations bind to at least
two different blocking sites on cardiac Na� channels. It

is believed that the voltage-dependent and -independent
sites are distinct from each other (Sheets and Hauck,

1992). It was suggested that binding to the sulfhydryl

groups may be responsible for the voltage-independent

blockade produced by divalent cations (Begenisich and

Lynch, 1984; Schild and Moczydlowski, 1991). A second,
distinct binding site, a negatively charged carboxyl group,
may be responsible for a voltage-dependent block (Wood-

hull, 1973; Begenisich and Danko, 1983).

Mn2�, Co2�, and Ni2� also decreased the Na� currents
in squid axons but had no effect on K� channels (Baker

et al., 1973). The interaction of externally applied Zn2�
ions on Na� channels was studied by Gilly and Arm-

strong (1982a) using squid giant axon. They found that

at a concentration of 30 mM Zn2� slows opening kinetics
of Na� channels with almost no effect on closing kinetics

and reduces peak Na� current by 50%.

Zn2� (1 mM applied internally) blocked Na� currents

almost completely in the squid axon with little affect on

the voltage dependence of the current. Large concentra-
tions of Zn2� (10 mM) caused nonspecific, but reversible,

effects. Conditioning hyperpolarizations reduced the

Zn2� effect. The effects of Co2�, Cd2�, and Ni2� were
qualitatively similar to those of Zn24� (Begenisich and

Lynch, 1974). It is interesting to note that Begenisich

and Lynch (1974) did not find any effect of increased
intracellular Ca2� on either Na� or K’ conductances.
Tanguy and Yeh (1988) and Green et al. (1987) measured

the voltage-dependent block of Zn2�, and Cd2� on nerve

Na� channels. The effects were similar to those observed
with Ca24 in different preparations (Pusch, 1990).

Using snail neuronal soma membranes, external ap-

plication of Cu2� and Pb2� at micromolar concentrations,
and Zn2� at mM concentrations, depressed the Na� cur-

rent by about 50 and 80%, respectively. The blocking
effects of the metal ions were found to be voltage inde-
pendent, and the sequence of the blocking effectiveness
was Zn2� > Cu2� > Pb2� (Osipenko et al., 1992a).

§ Abbreviations: IN., 5OdlWfl current; k, calcium current; ‘K, potas-

sium current; ‘A, transient outward current; Ici, chloride current; Ix,

current induced by a given cation (x); � or L, inward or outward
directed current; I,,, washout current; DRG, dorsal root ganglion;

GABA, ‘y-aminobutyric acid NMDA, N-methyl-D-aspartic acid 5-HT,
5-hydroxytryptamine (serotonin); ACh, acetylcholine; E,,�, reversal

potential; L� (Ip�,j, inward current of copper (lead); Ip�, outward
current of lead IPb.w, current during lead washout; � outward

methyl mercury chloride current.
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The effect of an organic tin compound (triphenyltin)

was investigated on the kinetics of voltage-dependent

Na� inward current in acutely dissociated pyramidal cells

of rat hippocampus. Tniphenyltin, at a concentration of

10_6 M, decreased both the time-to-peak and the half-
decay time of the INs, without affecting the current-
voltage (I-V) relationship (Oyama, 1992). Tniphenyltin

also increased the peak amplitude of the ‘Na irreversibly

(Oyama and Akaike, 1990). It was suggested that tn-
phenyltin increased the excitability of mammalian cen-

tral nervous system neurons by affecting the kinetics of

INa’

Tniphenyltin had no effect on voltage-dependent Ca2�

channels; however, it did dose-dependently increase the
intracellular Ca2� concentration. This sustained increase

in the intracellular Ca2� could explain the toxicity of

onganotin compounds (Oyama et al., 1992).
The interaction of heavy metal ions with sulfhydryl

groups of channel proteins has been suggested as a pos-

sible reason for the reducing action ofthese ions on nerve
and muscle Na4 current. The stability constants for the

complex formation were Mn2� < Co2� < Ni2� < Cu2�>

Zn2� (Anhem, 1980). This sequence, however, is not in

accordance with any of the sequences shown above. In

the case of Zn2”, for example, it is more realistic to

consider a specific interaction of the divalent cation with

the voltage sensor/gating apparatus of the Na� channel.

The interaction proposed is an electrostatic stabilization

of exposed negative charges at the external membrane

surface when the channel is closed. Although fixed sun-

face charges undoubtedly exist in nerve (Neumcke and

St#{228}mpfli, 1984), it is clearly not necessary to postulate a
significant role of such charges in mediating the action
of extracellulan Zn2” ions on Na� channel gating (Gilly

and Armstrong, 1982a).

Fnankenhauser and Hodgkin (1957) showed that for a

given depolarization fewer channels opened, and opened
more slowly in the presence of high Ca2�, than occurred

in control solution. To explain the mechanism of cal-

cium’s action, it was postulated that Ca2� (and perhaps
many other di- or trivalent cations) tends to accumulate

near negative surface charges, thereby neutralizing them.

Divalent cations are attracted more strongly than mon-

ovalent ones. If the fixed surface changes were uniformly

distributed, changing the surface potential by adding

Ca2”� (on any kind of divalent cation) would be identical
with the hyperpolanization. This criterion, however, has

not been satisfied for any biological membrane system.

It was shown that Ni2� or La3� decreased the Na�
current activation and shifted the conductance-voltage

relationship along the voltage axis very little (Dodge,

1961; Takata et al., 1966; Hille, 1968; Hille et al., 1975;

Arhem, 1980). Sodium channel gating was studied on rat

pituitary cells (GH3) in solution in which Ca2� was
substituted for La3�. In the presence of 2 mM La3� in the

extnacellular solution, the kinetics parameters of the

gating were shifted unequally. The main finding was,

however, that changing from 2 mM Ca2� to 10 �M La3�

induces a positive shift of the opening rate and fraction

of open curves but a negative shift of the closing rate

curve. The opposite effect on the kinetics parameters

caused by La3� cannot be explained in terms of surface
charge theory (Armstrong and Cota, 1990). An altenna-

tive mechanism of divalent cation action would be a

direct interaction with the channel protein or channel-

gating charge.

B. Potassium ChanneLs

It is well known that increasing the concentration of

extracellular Ca2� decreases the ‘K (potassium channel)

by the mechanism of surface charge screening.
On Xenopus axon, it was found that Zn2� (1 to 10 mM),

Ni2� (1 to 10 mM), Cd2� (1 to 34 mM), Co2�, Mn2� (10

mM), and Cu2� (100 �tM) decreased the permeability

constant, shifted the activation curve in a positive direc-

tion along the voltage axis (Zn2� > Cd21, and increased

the inactivation time constant. In contrast, Cd2� did not

affect the time constant and decreased the permeability

constant about equally as did Zn2� (Arhem, 1980). On

the same preparation, Vogel (1974) found that, in high

extracellular Ca2� (10 mM), La3� (0.1-0.5 mM), and Th3�
(0.1 mM) solutions, the K� permeability and the leakage

conductance were reduced. The activation curve of the

permeability constant was shifted to the right along the
voltage axis. It was assumed that the observed shift

reflected a change in membrane surface potential because

of electrostatic screening by the cations in the external

solution.
On squid giant axon, externally applied Ca2� (12.5 to

37.5 mM) Zn2� (2 to 40 mM), Cd2� (2 to 10 mM), Hg��

(0.02 to 1 mM), Mn2� (5 to 25 mM), Ni2� (2 to 10 mM),
and Cu2� (2.5 to 10 mM) ions slowed the opening kinetics

of K4 channels and had no effect on closing kinetics.
Zn2� reduced potassium conductance in a voltage-inde-

pendent manner. This effect cleanly cannot be explained

by an alteration of a diffuse surface charge. Instead, a
more specific interaction with the gating apparatus or

with channel proteins was suggested (Gilly and Arm-

strong, 1982b).

Varying La3� concentrations within a 0.01 to 0.5 m�

range shifted the conductance-voltage curves of the node

of Ranvier along the voltage axis in the direction of

depolarization. In contrast, Zn2�, at a concentration

lower than 0.5 mM, shifted the conductance-voltage curve

in a hypenpolarizing direction. At higher concentrations
(>0.5 mM) Zn2� and Cu2� had effects similar to La3�.

Cu2� and Zn2�, however, decreased the steepness of the
conductance-voltage curve. It was suggested that the

La34 effect reflects a change in electrostatic screening.

The effect of Zn2� and Cu2�’, on the other hand, cannot

be explained solely by this mechanism (Mozhaeva and

Naumov, 1973).
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Outward currents in snail neurons were decreased by

Cu2�, whereas the effects produced by Pb2� and Zn2�
were either depression or enhancement, depending on

the neuron being studied. Cu2” decreased IK by 80% at

MM concentrations that had no effect on kinetics param-
eters (Osipenko et al., 1992a).

On Lymnaea neurons, 10 MM Hg�� depressed the tran-
sient potassium current (IA) as well as the inactivation

rate. Hg�� markedly influenced the steady-state macti-
vation; however, it did not change the rate of recovery

from inactivation (Alekseev, 1992). Spigelman and Car-
len (1991) and Harrison et al. (1993) demonstrated the

depressant effect of Zn2� on IA in rat and guinea pig
hippocampal neurons. Zn2� (1 to 1000 �M) shifted both

activation and inactivation curves in the depolarizing
direction. Agus et al. (1991) described a similar modula-

tion of IA in cardiac myocytes by Zn2�. It was concluded

that Zn2”� ions have a complex effect on hippocampal

neurons and that these actions are likely to delay repo-

larization and promote spontaneous activity, resulting in

action potential prolongation and hypenexitability of the

neurons.

Divalent cations produced positive shifts of the steady-

state activation and inactivation curves for IA in rat DRG

cells; the order of potency was Cd2� > Mn2� = Co2�>

Ca24’ > � These data showed that divalent cations
can evoke a depolarizing shift of both the activation and

inactivation gates controlling IA’ The effect produced

was either depression on augmentation of IA, depending

on the species, concentration of the divalent cation, and

the pne-pulse potential used to deinactivate IA’ The mod-
ulatory effect of divalent cations on the gating of IA was

suggested to reflect binding to a specific, saturable site,
either on the channel protein itself or on the phospho-

lipids close to the gating apparatus (Mayer and Sugi-

yama, 1988).
Intracellular application of low (1 tiM) concentrations

of Zn2�”, Ni2”, Cd2�, or Co2’� substantially slowed the

potassium channel kinetics in voltage-clamped squid

axon. A 1 mM internal Zn2”� concentration selectively

and reversibly slowed the kinetics of the ‘K with little

effect on its voltage dependence. At high concentrations

(10 mM), a nonspecific reversible reduction of the ionic

currents was observed. The effect of internal Co2�, Cd2�,

and Ni2� are qualitatively similar to those of Zn2�. Ap-
plication of Ca2�, up to 10 mM intracellularly, had no

effect. Consequently, it was suggested that divalent cat-

ions bind to the channel-forming proteins (Begenisich
and Lynch, 1974). In contrast to these data, an activation

of Ca2�-dependent K� currents could be obtained on

molluscan neurons (MUller et al., 1989).

Spires and Begenisich (1992) described the effects of
Zn2� on K� channels of neurons isolated from stellate

ganglion of Loligo pealei. The authors examined some

chemical properties of the external divalent cation bind-
ing sites on K� channels. They found that channel acti-

vation kinetics were greatly (3- to 4-fold) slowed by 2 to

5 mM Zn2�; however, the deactivation kinetics were only

slightly affected. These effects of Zn2� were inhibited by

a low solution pH in a manner consistent with competi-

tion between Zn2� and W ions for a single site. The

apparent inhibitory permeability constant for this site
was approximately 7.2. Treatment of the neurons with

specific amino acid reagents implicated amino, but not

histidyl or sulfhydryl, residues in divalent cation binding.

Divalent cations have a substantial influence on the

function of potassium channels, they may stabilize the
channel in a closed state, or their lack may remove the

selectivity of the channel (Begenisich, 1988).

Harrison et al. (1992) demonstrated a potent modula-

tory action of Zn2� on the gating of cloned rat and human

K� channels. Two delayed rectifier currents and an in-
activating (IA) current were studied. Low concentrations

of Zn2� (KD 50 zM) shifted the kinetics parameters of
these currents, whereas concentrations greater than 200

�M blocked the K� channels. The action of Zn2� on these

different K� channels suggests the existence ofa common

Zn2�-binding domain, the occupation of which influences

the voltage sensor. The amino acid located at position

369 is a key determinant of the selectivity of the voltage-

gated K� channel (2.1 kV). Replacing isoleucine for basic

histidine at this position produced a Cs�-selective chan-

nel with a Cs�:K� permeability ratio of 4:0.1. External

protons and Zn2�, which are known to interact with the

imidazole ring of histidine, blocked the mutant channel

effectively and in a voltage-independent manner (De

Biasi et al., 1993).

C. Ca2� Channel

1. Blocking of Ca2� channel by metal ions. Voltage-

dependent Ca2’F channels are found in most cells and are
sensitive to blockade by a variety of di- and trivalent

metal ions, including Co2�’, Cd2�, La3�, � and Ni2”�
(Hagiwana and Byenly, 1981). It was also reported that

different metal ions can discriminate between Ca2� chan-

nel types. In neurons, metal ions at mM concentrations
cause an unselective block of ‘Ca (Ca24 channel). Their

selectivity, however, increases at �tM concentrations. For

example, in most neurons 20 �M Cd2� blocks high-thresh-

old (high-voltage activated) ICa leaving low-voltage-acti-

vated ICa unaffected. Alternatively, in a number of neu-
rons, 40 �iM Ni2� blocks low-voltage-activated currents

and has no effect on high-voltage-activated currents.
However, exceptions exist that argue against the use of

low concentrations of Ni24 as a criterion for selective

blockade of different types of ‘Cs (Canbone and Swan-

dulla, 1989).

The divalent cation Zn2� blocked all types of Ca2’�

channel currents in rat DRG neurons. The IC� for
inhibition of the peak current was 69 �iM for N- and L-

type channels and 20 �iM for the T-type channel. The
effect was partly reversible. The sensitivity of blockade,
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therefore, was T > N > L. It was suggested, because of

the fast onset and stability of blockade, that Zn2� com-

petes with Ca2” for binding site(s) within the Ca2� chan-
nel or close to it. The slight selectivity of blocking T-

type channels oven other types was explained by (a) Zn2�
binding more tightly to T-channel site(s) or (b) the

binding sites being easier to access (BUsselbeng et al.,

1992).

The blockade of Ca2� channel currents in Aplysia

neurons requires mM concentration of Zn2�. A 50% re-

duction was observed at 3.75 mM, and full blockade

occurred at 20 mM concentrations of Zn2� (BUsselbeng et

al., 1990a). The current-voltage curve and the activation

and inactivation curves were shifted to the right along

the voltage axis, an observation that could be explained

by a charge-screening effect combined with the binding

of Zn24’ near the channel mouth (BUsselbeng et al., 1990a,

1991a). In mouse myotubes, Zn2’� blocks unitary currents

similarly to Cd2�; however, Zn2� causes a fast-flickering

block of the open channel (Winegard and Lansman,

1990).

Similarly to the rat DRG cells, and in contrast to

Aplysia on Helixpomatia neurons, no shift of the current-

voltage curve was observed in the presence of 3 mM Zn2�

(Osipenko et al., 1992a). In contrast to the Zn2� effect,

extracellular application of 1 �iM Pb2� shifted the current-

voltage curve to hyperpolanized voltages on Aplysia neu-

nons. The effect was similar to that caused by a reduction

of the Ca2� concentration in the absence of Pb2�. Pb24

did not significantly change inactivation but shifted the
voltage dependence of activation to the left. Application

of Pb2� decreased Ca2� current within 3 to 7 mm at ICro

= 61 �M. Extracellular perfusion with either tniethyl lead

(5 to 50 kiM) on Hg�� (5 to 200 �tM) resulted in only a

small reduction of the Ca2� current within 2 mm. The

decrease continued for the total duration of application;

the effect, however, was irreversible. A direct effect on

the Ca2’� channel was postulated. The blockade of Ca2�

currents by Pb2�, but not Zn2�, was voltage dependent

and increased with depolarization. In both cases, the

block was concentration dependent. It was suggested that

Pb2� competes with Ca2� at a binding site within the

channel (BUsselberg et al., 199Ob, 1991b).

Pb2� blocked sustained and transient voltage-activated

Ca2” channel currents of cultured rat DRG cells. The
ICse for inhibition of the peak current induced by depo-

lanization from -80 to 0 mV was 0.64 �M, compared to

an IC50 of 2.23 �iM for Cd2�. Low threshold currents (T-

type) activated by depolarization from -100 to -30 mV

were blocked by Pb2� at IC50 6 �M. The block progressed

in the absence of channel activation and showed little

voltage dependence. Therefore, the site of action of Pb24

is probably not the same site bound by Cd2�; the latter

ion blocks the Ca2�-channel binding at the site located

within the channel. It is suggested that the site of Pb2�

KISS AND OSIPENKO

action is intracellular, where protein kinase C could be
activated (Evans et a!., 1992a).

Neither Pb2� nor Cu2� shifted the current-voltage re-

lationship on Helix neurons. Pb2� at 50 �iM blocked fully

ICa, whereas 5 �iM Cu2’ caused only a 50% block. More-
oven, Cu2� shifted the steady-state inactivation curve to

the right along the voltage axis (Osipenko et al., 1992a).

On Lymnaea neurons, Pb2� irreversibly inhibited the
Ba2� current by 60% between 0.25 and 14 �tM, in a

manner that was independent of the Pb2� concentration.
The voltage dependence of the current, similar to the

observations on Helix, appeared to be unaffected by Pb2�.
At sufficient concentrations Cd2� and Co2� completely

blocked Ca2� channels and the residual outward current

that remains in Ba-tetraethylammonium saline. This
implies that Pb2� affects Ca2� channels in a fundamen-

tally different way, perhaps by binding to a different site

on the channel (Audesirk, 1987).

Pb2� (1 to 300 �mol/liten) blocked all types of contract-

ile responses and as well as calcium current on single
muscle fibres of the crayfish. The effect of Pb2� was

concentration and time dependent. The blocking effect
was more pronounced on the fast-inactivating Ca2� cur-

rent component at lower concentrations (100 j�mol/liten).

The Pb2� ions prolonged the time constant of inactiva-
tions of the slow channel but left that of the fast channel

unchanged (Zachanova et al., 1993).

In vivo exposure of Lymnaea neurons to Pb2� for 6 to

12 weeks caused a 2-fold increase in Ca2� currents. The

probable explanation is an upregulation of Ca2� channel

density (Audesirk, 1987). Chronic exposure to Pb2� had

an overall effect on electrical parameters of the neurons,
i.e., a significant interaction between Pb2� and neuron

type was observed, increasing excitability in some neuron
types and depressing excitability in others (Audesirk and

Audesirk, 1983, 1984).

The chronic Pb2� exposure of cell cultures of mouse
DRG neurons caused a decreased excitability, an in-

creased nesting membrane potential, and a decreased

membrane time constant. The effect was explained either

by a direct Pb2� effect at membrane channels on by an

indirect effect, namely, by augmentation of intracellular

Ca2� concentration (Scott and Lew, 1985).

Th#{233}venod and Jones (1992) showed that Cd2� blocked

Ca2� currents in frog sympathetic neurons by 50% at 300

nM concentrations. Previous studies have shown that

blockade of open Ca2� channels by Cd2� was voltage

dependent and that this was reversed at negative voltages

(Brown et al., 1983). This is expressed as a decrease in
mean closed times in single-channel records (Lansmann

et a!., 1986) and as a “hook” in tail currents (Swandulla

and Armstrong, 1989; Chow, 1991). Many of the effects

of Cd2� can be explained by a binding to sites in the ion
permeation pathway of the Ca24 channel, but additional

actions at the orifice of the channel also are possible
(Almers and McCleskey, 1984; Taylor, 1988).
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The trivalent cation, gadolinium (Gd31, was reported

to be a selective blocker of an N-type ICa in neuro-

blastoma x glioma hybrid cells. The current blocked by
0.5 to 5 �M Gd34 was activated at potentials more positive

than -35 mV. The effect was different from that caused

by Cd24 or other trivalent ions tested (Docherty, 1988).
This selectivity was not shown on rat DRG cells, frog

peripheral neurons, rat cardiac myocytes, or mouse skel-

etal muscle cells using Gd3�, Lu34, and La3� as inorganic

blockers (Biagi and Enyeart, 1990; Lansman, 1990; Bo-

land et al., 1991). In rat DRG neurons, however, a
fraction of the Ba2” current appeared to be resistant to

saturating concentrations of Gd3� (50 to 100 �M) in the
presence of bicarbonate. Bicarbonate modification of

Gd3� block occurred both before and after w-conotoxin

block of N-type currents, suggesting that Gd3� was not

selective for N-type ‘Ca (Boland et al., 1991).
On C2 myotubes (mouse skeletal muscle) in patch-

clamp experiments, a series of trivalent lanthanide cat-

ions (La3”, Ce34, Nd3’�, Gd3’�, Dy34, and Yb31 at 5 to 100

�tM caused the unitary Ba2� current to fluctuate between

fully open and shut states. The kinetics ofchannel block-
ade followed the predictions of a simple open channel

block model in which the fluctuations of the single-

channel currents arose from the entry and exit of block-
ing ions from the pore. Channel blockade produced by

the lanthanides depends on membrane potential and can

be relieved by hypenpolarizing the membrane (Lansman,

1990).

Dakin and Ruddock (1990) reported that Th34 ions

mimic Ca2� ions in suppression of the electroretinogram

and hyperpolarization in fish retinal horizontal cells. The

effects of Th3� are analogous to those of Ca24 on retina;
however, they differ from those of the synaptic blocker,

Co2�, which did not block the photoreceptor response

(Cervetto and Piccolino, 1974).

Kasai and Neher (1992), using neuroblastoma glioma

cells, found the following sequence of blocking Ca2�

channel currents (high-voltage activated): Gd3� (39 nM)

> La3’� (92 nM) > Cd2� (1.4 �M) > Cu2� (7.1 �tM) > Mn2�

(85 �tM) > Ni2� (230 zM).

It was found that A13� blocks both the sustained and

transient components of the Ca24 current in rat DRG

neurons. The effect was slowly developing (2 to 7 mm)
and the recovery was never complete. (It is interesting
that the A13� effect on Na� current is completely and
easily reversed by washing with normal physiological

saline.) A 50 to 100 �M Al3� concentration was necessary

to block 50% of the Ca24 current. The pH of the external

saline greatly influences the Al34 effect. At higher pH

values the blocking effect of Al34 was facilitated. Fre-

quently, a shift of the I-V curve was observed after Al34

was applied (BUsselbeng et al., 1993; Platt et al., 1993).
Blocking by Al34 of voltage-gated Ca24 channels was

found in brain synaptosomes (Nachsen, 1984; Koening

and Jope, 1987) and in isolated atnial cells (Meini and

Shimoni, 1991). The blocking effect is pH, concentration,

and use dependent in the micromolar range. The effect

is rather specific but irreversible.

Comparison between data shown above and the values

of the permeability constant for divalent cation com-

plexes with different anionic groups of amino acids sug-

gests that one of the possible binding sites of Ca ions,

and therefore for divalent metal ions, contains a carbox-

ylic group. This is supported by the fact that the sequence

of binding of different ions to a carboxylic group in

aqueous solution (Ni24 > Co24 > La34 > Cd24 > Mn2”>

Ba24 > Ca24 > Ba24 = Sn�i resembles, with some species-

specific variations, the analogous sequence for the Ca

channel (Martell and Smith, 1977; Akaike et al., 1978;

Kostyuk and Mironov, 1982).

2. Substitution of Ca24 for other divalent cations. Fu-

kuda and Kawa (1977) demonstrated that several diva-

lent cations are able to carry inward current in nominally

Ca24-free saline. On larval muscle fibre of a beetle, they

found that Cd24, Zn24, Mn2”, or Be24 could be a current

carrier, whereas Co24, Ni24, and Mg�4 did not appear to

penetrate the membrane. These interactions partly ne-
flect the physicochemical properties of the cations in the

aqueous solution and the membrane.

In snail neunonal membranes placed in a Na4-,

Mg�4-, and Ca24-fnee solution, Zn2” could be a change

carrier through Ca24 channels (Kawa, 1979; Oyama et

al., 1982; Osipenko et al., 1992a), as could Ba24, Sr�4, and

Mn24 (Byenly et al., 1985; Chesnoy-Marchais, 1985; Hess

et al., 1986). The I-V relationships for each ionic current

were shifted, according to the different stabilizing effects

on the membrane. The order of effectiveness ofthe above
mentioned ions on surface charge modification was Mn24

= Zn2� > Cu24 > Ba24 = Sn�4.

In mammalian myocardial cells, Sn�”, Ba2”, and Mg�4

can carry the slow inward current. In contrast, Ni24,

Co24, and Mn24 appeared strongly to block this current

between 2.0 and 10 mM (Kohlhardt et al., 1973).

Inward currents in several different cells can be carried

by monovalent cations through the Ca24 channel (Kos-

tyuk and Knisthal, 1977; Kostyuk et al., 1983; Hess and

Tsien, 1984; Almers et al., 1984; Fukushima and Hagi-
wara, 1985). The selectivity sequence of monovalent

cations through the Ca24-fnee Ca24 channel was Na”>
K4 > Rb4 > Cs”.

Recently, it was observed, however, that in Helix as-

persa neurons Co24 (3 mM) and Ni24 (0.5 mM) increased

the Ca2”' current density (Kim and Woodruff, 1991). This

effect was explained by the decreasing action of divalent

cations on the inactivation of Ca24 channels or by the

blocking of the remaining outward currents.

The data suggest that the Ca24 channel does not make
a distinction between “blocking” and “permeant” ions

but only identifies quantitative differences among inor-

ganic ions in the rates at which they enter and leave the
channel pore (Lansman et al., 1986; Lansman, 1990).
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D. Pmton-induced Channel

Voltage-dependent hydrogen ion movements have

been detected in a number of tissues (Thomas and
Meech, 1982). Rapid increases in extracellular proton
(H4 ion) concentrations induced a transient inward cur-
rent carried by Na4 ions in different nerve cells (Knisthal
and Pidoplichko, 1980; Gruol et al., 1980; Gnantyn and
Lux, 1988; Davies et a!, 1988). This current, in chick
DRG neurons, was blocked by divalent cations, and it
was suggested that proton channels appear prior to volt-
age-dependent Na4 or Ca24 channels during development
(Gottmann et al., 1989). A number of agents block H4
currents, but the most effective are heavy metal cations,
such as Cd24, Las”, and Zn2”', which also block Ca2”
currents, although at higher concentrations. Because
proton-induced Na�” currents were blocked not only by
inorganic but also by organic Ca24 channel blockers, it
was suggested that sodium current flows through the
Ca24 channel (Konnerth et al., 1987). In Helix neurons,
H4 currents were blocked by 16 �sM Zn2’. The rapid effect
of Zn24 on the H4 current suggests that the receptor for
Zn24 is situated on the extracellular membrane surface.
In addition, the lack of voltage dependence of the block
supports a surface action for Zn24 rather than an effect
in the voltage field (Mahaut-Smith, 1989).

ifi. Heavy Metal Effects on Ca2’-activated
Currents

A. Ca24-activated K4 Channel

There are a number of currents that are activated by
an increase in intracellular Ca24 concentration: ‘K(Ca),

KISS AND OSIPENKO

‘Cl(Ca), ICs(Ca), etc. As originally found by Gorman and
Herman (1979), Ca2�” evokes IK(Ca), as do other metal ions

as well (table 1).

The effect of intracellularly injected heavy metal ions
was studied on molluscan (Aplysia californica) pace-
maker neurons, R15 and L,. Ca2”' was the most effective
in the activation of IK(Ca), followed by Cd2�”, Hg�, Sr�,

Mn2”, and Fe24. Injections of Ba24, Co2”, Cu24, Mg�,
Ni2”, and Zn24 were ineffective. The average intracellular

divalent cation concentration produced following injec-

tion was about 370 �tM. The effectiveness of a divalent
cation in activating ‘K(Ca) was partly related to its ionic
radius. These findings were supported by data of Muller

et al. (1989) on a similar preparation (pacemaker neurons

RPa1 on F1 and U- on D-neunons from Helix pomatia

brain). Divalent cations were injected intracellularly
using a technique allowing large amounts to be injected,
i. e., up to 5 mM based on cell volume calculation. Ca24
was also most effective in activating a nonspecific (in-
ward) cation current and two types of (outward) K4

currents (IKc�) found in these cells. Inward and outward
currents were parallelled by reversible increases in mem-

bnane conductance. Nonspecific current was carried by
many cations, including the larger species, such as cho-

line, tetraethylammonium, and tnis(hydroxymethyl)-
aminomethane, whereas Cl did not contribute signifi-

cantly to these currents. One type of IK(Ca) was quickly
activated following injections with increasing effective-
ness for divalent cations of ionic radii that were close to
the radius of Ca24 (Ca24 > Cd24 > Hg� > Mn24 > Zn24
> Co24 > Ni24 > Pb24 > Sn�4 > Mg� > Ba21.

TABLE 1

Summary of metal actions on membrane ionic permeability

Channel type Metals
con��z�tion �Z�: Proposed binding site

Voltage-activated channels

‘Na Mn, Co, Ni, Cd, Zn, La,
Mg, Ba, Ca, Hg

0.1-10 mM
1-10 �M

Decrease

Decrease

Binding to channel protein suithydryl or

carboxyl group

‘K Zn, Ni, Cd, Mn, Cu, La,
Ca, Hg

0.1-10 mM Decrease Surface charge screening or channel

protein amino group

‘A Hg, Zn, Cd, Mn, Co, Ca,
Mg

0.01-40 mM Decrease Channel protein suithydryl group or

phospholipid

‘C. Co. Cd, La, Mg, Ni, Zn,
Pb, La

0.01-40 mM Decrease Competition with Ca at the binding site

Ca-activated channels

‘K Cd, Hg, Mn, Fe, Pb, Zn 100 � Activation Binding to channel protein

Id Cd, Ni, Zn, Co, Mn, Cr,
Sr, Ba, Mg

5-10 �M Activation Cyclic nucleotide (?)

Ic. Hg, Cu, Cd, Ag, Ni Binding to channel protein sulfliydryl
group

Ligand-gated channels
GABA Zn, Cd, Co, Cu, Mn, Ni,

Pb, La
1-100 �M

1-100 MM

Decrease

Increase

Two different binding sites

NMDA Mg, Zn, Cd, Ni, Co, Mn,
Hg, Al, La

1-100 �iM Decrease Receptor or channel protein imidazole or

histidine group
5.HT Cd. Zn 1-100 �zM Decrease ?
Dopamine Pb, Cd, Hg 1-5 �iM Decrease Adenyl cyclase

ACh Cu, Zn, Hg, Pb, Mg, Ca,
Sr, Mn, Ni

1-1000 �iM Decrease Receptor protein sulfliydryl group

ATP Zn 10 �M Decrease
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The other type of IK(Ca) was activated with a delay by

Ca24 > Sr24 > Hg�4 > Pb2”'; Mg�4, Ba24, Zn24, Cd24, Mn24,

Co24, and Ni24 were ineffective.

A comparison of the properties of Ca2�-sensitive pro-

teins related to the binding of divalent cations suggests
that a Ca24-binding protein of the calmodulin/troponin

C type was involved in Ca24-dependent activation of the

fast-activated type of ‘K(Ca). The sequence obtained for

the slowly activated type is compatible with the effec-

tiveness of different cations in activating protein kinase

C. The nonspecific cation current was activated by Ca24

> Hg�4 > Ba24 > Pb24 > Sn24, a sequence unlike se-
quences for known Ca24-binding proteins (MUller et al.,

1989).
Similar observations for metal ion activation of ‘K(Ca)

were made on the human red blood cell (Shields et al.,

1985) for Pb24 (10 �sM) and on cultured canine kidney

epithelioid cells (Jungwirth et al., 1991) for Hg�4 (0.2

hiM). Furthermore, Shields et al. (1985) found that the
activity of single ‘K(Ca) can also be inhibited by high Pb24

concentrations (100 tiM), and it was concluded that Ca24

and Pb24 independently activate the same ‘K(Ca) channel.

Jungwirth et al. (1991) showed that higher concentra-

tions of Hg�”' (>10 tiM) eventually depolarized the cell

membrane, and it was proposed that Hg�4 activates IK(Ca)

by a mechanism independent of an increase of intracel-
lular calcium activity and of cholera or pertussis toxin-

sensitive G-pnoteins. This Hg�4 effect was abolished in

the presence of dithiothneitol, a compound that is

(sulfhydryl) reducing and is a mercury-chelating agent.

Using mouse DRG neurons, Scott and Lew (1985) found
that Pb2” (SM) increased the resting membrane potential

through a Pb2”-induced augmentation of intracellular

Ca2”.
Leinders et al. (1992a) recently studied the effects of

Cd24, Co24, Fe24, Mg�4 (1 to 100 SM), and Pb2” (1 to 90

tiM) on single-channel properties of the small conduct-
ance and high conductance ‘K(Ca) channels using the

inside-out membrane patches of N1E-115 mouse neuro-

blastoma cells. The potency of the metals in stimulating

small conductance channel opening probability follows
the sequence Cd2”' � Pb24 > Ca24 > Co2” >> Mg�, and

Fe2”. In the case of the high conductance channel, Pb2”
> Ca24 > Co24 �‘ Cd24, Mg�4, and Fe24. They also

described distinct metal-binding sites on ‘K(Ca) in human
erythrocytes using the same method (Leinders et al.,
1992b). The potency of metals was the following: Pb24>

Cd24> Ca24 > Co2” >> Mg24, Fe24 (1 to 10 �tM Cd2’, and

Co24; 10 �tM Fe2�” and Mg24; 1 �tM Pb24). At the higher
(90 to 100 hiM) concentrations, Pb24, Cd24, and Co24 also

blocked ‘K(Ca) by reducing the opening frequency (with

potency Co24 � Cd24> Pb24>> Ca24) and the single-

channel current amplitude (Cd24> Pb24 > Co24). Fe2”

altered the channel-opening frequency and the two open

times, whereas Mg24 had no effect on any of the single-

channel parameters. They concluded that various metal

ions bind to the same regulatory site(s) at which Ca24

activates the ‘K(Ca) under physiological conditions. Zn2’�

ions, at submicromolar concentrations, however, irre-

versibly reduced the calcium-dependent potassium

current in rat hippocampal neurons in vitro (Sim and

Cherubini, 1990).
In excised membrane patches from human red blood

cells, it was shown that low concentrations of Pb2” (10

�tM) evoke that same single-channel current as does Ca2”.
High concentrations of Pb24 (100 �M) block the Ca24-

activated K4 current. It was concluded that both Ca24

and Pb2” independently activate the same K”-selective
channels in the erythnocyte membrane (Shields et al.,
1985).

B. Ca2’-activated C� Channel

‘CI(Ca) could also be activated by metal ions. Miledi et
al. (1989) showed on the oocytes from frog Xenopus laevis

that Cd2’ > Ni24 > Zn24 > Co24 > Mn24 > Cn�4 > Sr�’

= Ba2’ = Ca24: Mg24 (thresholds of 5 to 10 zM) interact
with the cell surface to increase cytosolic levels of inositol
phosphates. This causes mobilization of intracellular

Ca24, in turn activating Ca24-gated Cl channels in the
plasma membrane. Although extracellular application of

metal ions consistently elicited currents, in the same

oocytes intracellular injections either gave no responses
or activated very small currents, which might occur as a

result of the leakage from the cell. In addition to these
currents, divalent cations generated maintained currents

associated with decreases in membrane conductance;
however, size and the ionic basis of these currents varied

between oocytes. Moreover, Zn24 also elicited current

associated with an increase in membrane conductance
which was carried predominantly by K4 ions. Likely,

Zn24 interacted with a cyclic nucleotide-activated K’-

gating mechanism.

C. Ca24-activated Ca24 Channel

‘Ca(Ca) was originally found in the sancoplasmic and
endoplasmic reticulum of muscular cells. The caffeine-
sensitive Ca24 release channel (ryanodine receptor) is

homologous to the inositol (1,4,5)-tnisphosphate necep-

ton, both proteins have the same subunit structure, and
both bind ATP and calmodulin and conduct Ca2” as well

as Na4. However, it was shown that inositol (1,4,5)-

trisphosphate not only activates ICa(Ca) in the endo-
plasmic reticulum but also activates Ca24 entry pathways
in the plasma membrane (Tepikin and Peterson, 1992).

Furthermore, in sarcoplasmic reticulum from rabbit
psoas fibres, for example, Salama et al. (1992) described

Ca24 release induced by metal ions and mencaptans (cys-
teine, cysteamine, and homocysteine). Metal ions (at 2
to 5 zM) elicited phasic contractions by triggering Ca2”
release from sarcoplasmic reticulum and had the follow-

ing order of potency: Hg24> Cu2” > Cd24 > Ag’> Ni24.
Contractions induced by metal ions were blocked by

ruthenium red and were inhibited by free Mg2” and
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sulfhydryl-neducing agents such as dithiothreitol or ne-

duced glutathione which reduced the newly formed di-

sulphide bonds.
These results were consistent with the notion that

Ca24 release channels, in the closed state, contain sulfhy-

dryl group(s) which would not be expected to react with
exogenously added mercaptans unless a catalyst (metal

ions) was available to promote the oxidation of the fixed

sulfhydryl sites on the proteins with the exogenously

added sulfliydryl sites on cysteine molecules. The for-

mation of mixed disulphide bonds resulted in the opening

of the channel and Ca24 release. Similar findings were

shown at plasma membranes of bovine eye rod outer

segments (Schnetkamp and Szerencsei, 1989) in the pres-

ence of Ag’ (50 �.tM). The Ag’-induced Ca24 release
pathway proved to be broad with little discrimination

existing between Li”, Na4, K’, and Cs4 or between Ca24

and Mg24. The properties of this pathway likely sug-
gested that it may reflect the cyclic guanosine 3’,5’-

monophosphate-dependent conductance opened in the

absence ofcyclic guanosine 3 ‘,5 ‘ -monophosphate by Ag4.

Iv. Metal Ion Effects on Ionic Pumps

It is known that pumps could also be a target of metal

ion action. The Na”-K”-ATPase of avian (chick) and
mammalian (bovine) brain was inhibited by Cu2’ (Ting-

Bell et al., 1973; Prakash et al., 1974), and inhibition of

the Na’�-K’-ATPase has been suggested as an important

factor in the depolarizing action of Cu24 on cat central

neurons (Dreifuss et aL, 1969). The active form of va-

nadium (VO43) was also a well-known inhibitor of Na’-

K’�-ATPase (tiM) in many preparations (Chasteen, 1983).
Brain microsomal Na’�-K”-ATPase activity was also spe-

cifically inhibited by cations in the order Zn24 > Cu2’ >

Fe2’ > Mn24 in vitro as well as in vivo (Chvapil et al.,

1974).

Annen et al. (1992) described the blocking effect of
Hg� (IC50 200 nM) on Na4-K4-ATPase obtained from

the outer medulla of rabbit, rat, or rat kidneys. The IC50

was modulated by the presence of ethylenediaminetet-
raacetic acid (IC50 20 �tM) as well as by the pump ligands

Mg�, Na4, K4, and ATP. The Hg� chelaton 2,3-dimen-

capto-1-pnopanesulfonic acid was able to reactivate ap-

proximately 70% of the blocked enzyme, whereas cys-

teine blocked only approximately 10%. Taken together,
these data indicate that the stability of the enzyme-

mercury complex lies between the stability of monothiol-

mercury and dithiol-mencury complexes (Anner and

Moosmayer, 1992). It was shown that Hg24 weakens the

membrane anchoring of the a-subunit of Na4-K”-ATP-

ase (Imesch et al., 1992). A dilution assay, combined with

sided ATP addition and flux measurement in the sym-
metrically reconstituted liposomes, indicated that Hg�

acted primarily at the cytoplasmic side (Anner and
Moosmayen, 1992).

Similar data were published with respect to Ca24-Mg2’-

ATPase. Chao et a!. (1990), using rabbit back and leg

muscle myofibnils, showed that activation of myofibrillar
Ca24-Mg24-ATPase by Cd2’ and Pb24 (100 �M) is me-

diated through troponin C. Abramson et al. (1983) found

that in sarcoplasmic reticulum vesicles from rabbit white
skeletal muscle Cu24 (IC50 2 tiM), Cd24 (15 �tM), Zn24 (20

zM), Hg24 (4 SM), Ag’ (10 �tM), and CH3Hg4 (30 �tM),

but not Ba2’, stimulated Ca2’-Mg24-ATPase activity and

inhibited the active Ca24 uptake. In the same prepana-

tion, N-ethylmaleimide, a relatively specific sulfhydryl
reagent, caused a release of Ca24 at a somewhat higher

concentration (40 jzM). Ca24 release could also be trig-

gened by oxidation of a sulfhydryl group to a disulfide
group. Incubation with cupric phenanthnoline, which
catalyses air oxidation of sulfhydryl groups to disulfides,

leads to a large increase in Ca2’ permeability of the

membrane.

Vanadate is a well-known inhibitor of Na’-K4-ATPase
and Ca24-Mg24-ATPase in many preparations (Cantley

et al., 1978; Chasteen, 1983; Benaim and Romeno, 1990;
Kostyuk et al., 1989). Hechtenberg and Beyensmann

(1991) studied the effect of Cd24, Pb2”, and Hg�’ on the

Ca24-ATPase activity present in the sarcoplasmic retic-

ulum from rabbit muscle. As a result, ATP hydrolysis
was found to be inhibited with an IC50 of 950 nM free

Cd24 on 95 nM free Pb2’. Although calculation of the free

Hg� was difficult, the comparison of the IC50 values for

total metal ions showed that Hg24 is the strongest inhib-

itor of enzyme activity. The inhibition by Cd2’ seems to

be independent of substrate concentration, whereas the

inhibitory effect of Pb24 is decreased in the presence of
higher Mg2’-ATP concentrations. The data illustrate

that the three heavy metals are potent inhibitors of the

Ca2’ pump. Low concentrations of these metal ions,
therefore, may disturb intracellular Ca24 homoeostasis

and act on Ca24-mediated cell functions.

On Helix neurons, it was observed that lowering the
temperature slowed the activation of ‘Cu (coppen-acti-

vated current; see section VI) and the activation and

inactivation of Iw (washout current, see section VI).
Furthermore, at 7#{176}Cthe transient component of Iw was

blocked, which suggested the participation of the pump

mechanism in generating both the ‘Cu and Iw. The cardiac

steroid ouabain, a known electrogenic Na4/K’ pump
blocker, induced an increase of the Cu2”-activated cur-

rent amplitude. Verapamil, ethyleneglycol bis(fl-amino-

ethyl ethen)-N,N,N’,N’-tetnaacetic acid, and Ca-free sa-

line, however, which block the Na4/Ca2’ exchange mech-

anisms, decreased the transient component of Iw and

increased the inward ‘Cu. The results suggest the partic-
ipation of both pumps (Na4/K4 and Na4/Ca21 in Cu24-

induced permeability changes (Kiss et a!., 1991).

Hg24 (p-chlonomencunobenzene sulfonate, mM) (Gen-

encser, 1990a), as well as V24 (Genencser, 199Ob), blocked

active electrogenic Cl- transport in Aplysia gut; surface
(sulffiydryl) groups also appeared to be affected, because
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dithiothreitol (a specific thiol-reducing agent) reversed

this inhibition (Genencser 1990a, 1990c).

Taken together, all of these experiments suggests that
the ionic pumps have metal-binding properties with par-
ticularly high affinity for Hg24, Pb2�, and V24. Targets

of heavy metal actions are presumably sulihydryl groups
located predominantly on the cytoplasmic side of the
membrane, at least in the case of the Hg24.

V. Effects on Agonist-operated Channels

A.”y-Aminobutyrk Acid-activated Conductan-ces

It is well known that Zn2” is present in synaptic

vesicles in the central nervous system; there also is

evidence that it can be released together with transmit-

ters (Draguhn et a!., 1990; Aniksztejn et al., 1987; Slov-
iter, 1985; Assaf and Chung, 1984; Howell et al., 1984;

Frederickson, 1989). In the mammalian brain, Zn24 is

distributed unequally; the highest amounts are in the

neocortex and hippocampus. The highest concentrations

ofZn2’ are encountered in the giant boutons of the mossy
fiber system (Vallee and Falchuk, 1993). Therefore, it

can be expected that, in addition to the physiologically
occurring cations, other ones are also able to modify

transmitter receptor function (Yakushiji et al., 1987).
The effect of Zn24 was studied on cultured rat sympa-

thetic and cerebellar neurons (Smart, 1992), on cultured
nat hippocampal neurons (Legendre and Westbnook,

1991), and on DRG neurons ofvertebrates (Akaike, 1989;

Ma and Nanahashi, 1993a). The antagonism of GABA-

induced membrane effects by Zn24 is subject to develop-
mental influence. Embryonic neurons are more sensitive

to the depression by Zn24 compared to adult neurons.

This developmentally sensitive aspect of GABAA recep-
ton pharmacology may be partly dependent on expression
of the a-subunit. Similarly, GABA-induced chloride cur-

rent in frog DRG neurons was blocked not only by Zn2’
but also by Cd24, Co2”, Cu2’, Mn2’, and Ni2’. As observed

in lobster muscle (Akaike et al., 1987), the inhibition is
noncompetitive with picrotoxin.

There are at least two GABA receptor subtypes corn-

posed of combinations of three different subunits, a, fi,
on -y (reviewed by Barnard et al., 1987). Receptors corn-

posed of a- and /3-subunits are very sensitive to Zn24,
whereas those containing a-subunit are insensitive (Dna-

guhn et al., 1990). Recent studies have cleanly demon-
strated that polyvalent cations modulate the GABA
receptor channel complex in rat DRG neurons. La34

augmented the GABA-induced current, whereas Cu24,

Zn24, Cd24, Ni24, Co24, and Pb24 decreased the current.

However, the suppression effect of La34 was observed in
dorsal horn cells of the rat (Reichling and MacDermott,

1991).
Experiments with agonist compounds revealed that at

least La3’, Cu24, and Zn2’ did not act on any of the

GABA, barbiturate, benzodiazepine, and picrotoxin sites.
They appeared to act on novel sites at or near the

external orifice of the chloride channel. It was suggested

that Cu2’ and Zn2’ share a common binding site, whereas

La3’ binds to a separate site (Ma and Narahashi, 1993a,

1993b). Similarly, Co2’, Ni24, and Cd2’ noncompetitively

blocked the GABA-induced chloride current, recorded

from turtle retina, whereas Mg24, Mn2”, Sr�, and Ba2’�

had no effect (Kaneko and Tachibana, 1986). Hg24 at 1

to 10 �tM greatly enhanced the GABA-activated current

of rat DRG neuron. The effect was similar to that caused

by La3’ except that the Hg24 effect was irreversible

(Arakawa et al., 1991).

On rat DRG neurons, the effect of a series of lanthan-

ides (Lu34, En3”, Th�”, Eu34, Nd34, Ce34, and La34) was

studied on the GABA receptor channel complex. All of

the lanthanides tested have been found to augment the

GABA induced C� current, an action that correlated

inversely with the hydrated ionic radii of these ions (Ma

and Narahashi, 1993b).

The competitive character of Zn2” (100 �zM) action was

also described in the DRG of the bullfrog (Ran-a cates-

biana). This effect was accompanied by relatively little

alteration in both the rising and the falling phases of the

response (Akaike, 1989). In CAl and CA3 pyramidal

neurons in adult rat hippocampal slices, Zn24 hyperpo-

larized pyramidal neurons, increased the membrane ex-

citability, and evoked giant depolarizing potentials. It
was concluded that giant depolarizing potentials were

the result of a Zn24-induced synchronized GABA release

(Xie and Smart, 1993).

There are several possible explanations for the modu-

lation of GABA-induced responses by metal ions. First,

formation of a metal ion-GABA complex decreases the

available concentration of GABA, thereby reducing the

GABA-induced response. However, the noncompetitive

inhibition of GABA-induced responses by metal ions do

not support this view (Smart and Constanti, 1990; Kilic

et al., 1993). Second, metal ions might occlude the chan-

nel at its external orifice, an observation supported by

high potency, voltage independence, and ineffectiveness

when applied intracellularly (Celentano et al., 1991).

To elucidate the structural requirements for the mod-

ulation of GABAA receptors by Zn24, recombinant expen-
iments were conducted using different GABAA receptor

subunits, and subsequently the effect of Zn24 was deter-
mined on GABA-activated currents (Draguhn et al.,

1990). For example, Smart et a!. (1991), using human

kidney cells (A293), found that GABAA receptors that

lacked the a-subunit were inhibited by Zn24 (threshold

0.3 �tM and KD 1 �M) in a noncompetitive manner. It was

found that Zn24 revensibily inhibited the GABA response

in the lobster muscle, depressing the GABA-induced

chloride-dependent conductance increase. The metal-

binding site differs from that of picrotoxin, because the

effects of the two antagonists were additive (Smart and

Constanti, 1982). The presence of an a-subunit in any
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combination with the other subunits led to the formation

of GABA receptors that were almost insensitive to Zn2’.

Although much of the research concerning Zn24 and

GABA transmission has focused on the GABAA receptor,

there is also some evidence for Zn24 modulation of GA-
BAB receptor activity (Xie and Smart, 1991; Drew et al.,
1984). Binding experiments showed that Zn2”, at concen-

trations exceeding 100 �M, noncompetitively inhibited

GABAB binding. Increased Ca24 concentrations did not
prevent Zn24-induced inhibition, indicating a separate
site of action for these cations (Turgeon and Albin, 1992).

At low concentrations, however, Zn2’ enhanced GABAB

receptor binding. Therefore, the biphasic effect of Zn24

on GABAB binding suggested that here may be two

modulatory sites for Zn24. This suggestion is supported

by observations that one group ofdivalent cations (Mg�,
Ca24, 5�2+, Ba24, Mn24, and Ni21 enhanced [3H]baclofen

binding (Kato et al., 1983), whereas others (Hg24, Pb24,

Cd2” and Zn21 inhibited it (Drew et al., 1984).

B. Glutamate-activated Conductances

The NMDA-selective subtype of glutamate receptor is
a ligand-gated ion channel that conducts cations into

and out of the neurons. Studies during the last decade
have revealed that, in addition to the binding site that

recognizes agonists, there are a variety of additional
ligand-binding sites that serve to recognize endogenous

modulators and xenobiotics (Collingridge and Lester,

1989; Reynolds, 1993; Seebung, 1993).

Mg24, at physiological concentrations, produced a volt-

age-dependent inhibition of NMDA receptor activity of
vertebrate neurons (Nowak et al., 1984; Mayer et al.,
1984). Similar properties of Zn2’ (5 jzM) and Pb2’ (5 �zM)

were described on the glutamate-evoked (NMDA) re-

sponses in hippocampal neurons (Westbrook and Mayer,

1987; Mayer and Vyklicky, 1989; Alkondon et al., 1990).

Zn2’ is a noncompetitive NMDA antagonist with a KD

of approximately 5 �tM on hippocampal neurons from

mouse embryos in culture (Westbnook and Mayer, 1987;
Peters et al., 1987; Yeh et al., 1990). At 50 �tM Zn24

blocked the NMDA current, whereas responses to kainic

acid and quisqualic acid were slightly potentiated.

Mg� binds to a site within the NMDA receptor chan-

nel, producing a voltage-dependent block. This behaviour

is consistent with an action as a positively charged

channel blocker. Similar effects against NMDA were also
observed with Cd24, Ni24, Co24, and Mn24 (10 jzM). This

contrasts with the irreversible reduction of the response
of acutely dissociated hippocampal neurons to kainate

by micromolar quantities of Hg24 or 5 to 10 mM Zn24.
Neither glycine (10 to 100 jzM) nor Ca24 (10 mM)

reversed the effect of Pb24. The actions of Pb24 on

NMDA channel currents of acutely dissociated hippo-
campal neurons (CAl, CA3) from rats activated by as-

partate plus glycine were examined by Uteshev et al.
(1993). Two different stages of Pb2” modulation were

observed: a fast and reversible phase and a slowly devel-
oping irreversible decrease of aspartic acid/glycine-acti-

vated inward current. The decrease showed no voltage

dependence. It was suggested that Pb24 binds to the

NMDA-glycine receptor complex, modulating in this way
the NMDA channel activity. Pb2’ also inhibited the [3H]
MK-801 binding to rat hippocampal membranes in vitro.

These data suggested the presence of a third regulatory

site on the NMDA receptor channel complex in addition

to those found for Mg24 and glycine. Although Zn24,
Cd24, and Hg24 all react with sulfhydryl bonds, this seems

unlikely to underlie the heavy metal ion action on the

NMDA receptor channel. Zn24 is known to coordinate
with other side chain residues in proteins, including the

imidazole ring in histidine, but further work will be
required to resolve its site of action at a molecular level.

Results of Baba et al. (1991) suggested that intracellular

Zn24 is essential for the agonist-induced translocation of
protein kinase C in guinea pig synaptosomes.

In cultured rat hippocampal neurons, responses to

NMDA, L-aspartate, and glutamate, recorded with gly-

cine in the extracellular fluid, were antagonised by 50

�tM Zn24. Responses to kainate, quisqualate, and gluta-

mate (in glycine-free saline) were potentiated by 50 L�M

Zn24 but were partially antagonized in the presence of 1
mM Zn24. Cd24 had a similar, although less potent, action.

It antagonized the NMDA responses but potentiated

those to 50 �M kainate and quisqualate. Hg� (5 �M)

increased the leakage current with no reduction of the

NMDA response. The data indicate that the NMDA

receptor channel complex contains at least two distinct

binding sites for divalent cations: one with selectivity for
Mg24 and related ions and another at which Cd24 and

Zn24 act as noncompetitive receptor antagonists (Mayer

et al., 1989).

Koening and Jope (1987) proposed that Al34 interacts

competitively with the Ca24 channel-binding sites that

influence either the pore structure itself on the phospho-

lipid domain in the immediate vicinity of the channel.
The latter effect may allow Al34 to modify an intramern-
branal G-protein, which regulates Ca24 channel function

or protein kinase C activity, resulting in a glutamate

release. Provan and Yokel (1992) reported that Al34

decreases Ca24 channel function in the neurons of rat

hippocampus, thereby affecting learning and memory.

The inhibition of the release of glutamate by A13” is

attained by more than one mechanism involving Ca24

and other signal transduction mechanisms of neuronal

activity.
The effects of La3’ on excitatory amino acid-evoked

currents were characterized by Reichling and Mc-

Dermott (1991) using cultured or acutely dissociated
neurons from the dorsal horn of the rat spinal cord. The

La34 antagonism of currents evoked by NMDA was po-

tent, with an EC50 of 2 �tM. The block of NMDA currents

was voltage independent and noncompetitive with ne-
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spect to activation of the NMDA receptor. La34 had both

enhancing and blocking actions on currents evoked by

kainate or by quisqualate; concentrations of La34 be-

tween 1 and 100 iM enhanced kainate and quisqualate

currents, whereas the currents were blocked by concen-
trations of La3’ >100 �M. An enhancing dose of La34

shifted the dose-response curve for kainate to lower

concentrations of agonist without changing the maxi-
mum evoked current, and a similar leftward shift of the

quisqualate dose-response curve occurred at nonsaturat-

ing concentrations of quisqualate. This enhancement

might occur because of either an increased affinity of the

receptor for the ligand on to an increased concentration

ofligand at the membrane surface; the latter effect could
result from a reduction in the membrane surface charge.

Zn2�” mimicked the effects of La34 on excitatory amino

acid-evoked currents in dorsal horn neurons but was less
potent both as a blocker and as an enhancer. This
suggests that La34 and Zn2” could act with different

potencies at the same site.

When studying Helix pom.atia neurons (RPa1, LPa3)

Belan and Osipenko (1991) observed strong and fast

inhibitory effects of extracellular La3� application (50 to

1000 tiM) on cyclic AMP-induced currents as well effects
on the increasing of intracellular Ca24 by cyclic AMP

injection. The cyclic AMP-induced current is a good

model of a postsynaptic transmitter effect (Kononenko
et al., 1986; Kononenko and Shchenbatko, 1985), because

it is independent from extracellular events (transmitter

release, binding, ete); Cd2”, however, only partially

blocked cyclic AMP-induced current.

Long-term potentiation consists of an activity-depend-

ent increase in synaptic efficiency and is thought to be a
good model oflearning and memory at the synaptic level.

Activation ofthe NMDA subtype ofthe glutamate recep-

ton is a primary means of triggering this potentiation by

Ca24 influx through the receptor-operated ion channel
(Coffingnidge and Bliss, 1987; Malenka et al., 1988). It
was found that acute as well as chronic exposure of
hippocampal neurons to Pb2” ions impaired long-term

potentiation (Altmann et a!., 1991; Lasley et al., 1993;

Hori et al., 1993). One explanation for this could be the

ability of Pb24 ions to block presynaptic Ca24 channels

or, alternatively, the receptor-operated Ca24 channels.

This explanation is probably valid in acute experiments;
however, in the case of chronic exposure to Pb2’, further

investigation is required to delineate the mechanism

underlying the Pb24-induced effect on long-term poten-

tiation (Lasley et al., 1993).

C. 5-Hydroxytryptamine-activated Conductan.ces

The effect of micromolar concentrations of divalent
metal cations on 5-HT-induced current was investigated

on NCB-20 mouse neuroblastoma cells using the whole-

cell configuration of the patch-clamp technique (Lovin-

ger, 1991). The group IIb metal cations Cd24 and Zn24

and the group lb cation Cu24 inhibited 5-HT-induced

current in a concentration-dependent manner over mi-

cromolar concentrations ofthe ions. The order of potency
of the ions for inhibiting 5-HT current was Zn2” (IC50 =
20 tiM) � Cu24 (IC50 = 25 tiM) > Cd24 (IC50 = 75 tiM) at

-50 mV. The other divalent metal cations tested (Ba24,

Co24, Mg24, Mn24, and Ni2’�) produced little or no inhi-
bition of the 5-HT-response at concentrations up to 200

tiM. Inhibition of 5-HT responses by Cd2’ and Zn24 was
dependent on membrane potential with the KD increas-
ing e-fold per 72 and 52 mV, respectively. Inhibition by

Cu2’ was much less voltage dependent with the KD

increasing e-fold pen 233 mV. Inhibition by all three

cations decreased with increasing concentration of
agonist oven a range of 5-HT concentrations from 1 to
10�zM.

Data suggest that metal ions may inhibit ion current

through 5-HT receptor-linked ion channels in different
ways. Cd2’ and Zn24, but not Cu24, enter the electric field

of the 5-HT receptor-coupled ionophone (Lovingen,
1991). Ca2” and Mg24 were found to inhibit the 5-HT-

activated current in a voltage-independent way, and thus,
the inhibition differed from that caused by Zn24 and Cd24

(Nash and Wallis, 1981; Peters et al., 1988). The inhibi-

tion by Ca24 and Mg�” could result from the surface
charge screening which might alter the gating of the
receptor-coupled ion channel.

D. Dopamine-activated Conductances

Doparnine-sensitive adenyl cyclase is inhibited by
Pb24, Cd24, and Hg� at the submicromolar range (Ewers

and Erbe, 1980). Muneoka et al. (1979) showed that 100
��tM Zn24 potentiated relaxation of the anterior byssus

retractor muscle of Mytilus edulis in response to the 5-

HT but not to dopamine. Studies of Cory-Slechta and
Widzowski (1991) demonstrated that Pb24 exposure pro-

duced a functional dopaminergic supersensitivity that
involved both the D1 and D2 receptor subtypes.

On neurons of Lymnaea stagnalis, Cd2’ and Hg24, at
micromolar concentrations, blocked the inhibitory effect
of doparnine (S.-R#{243}zsa and Sal#{233}nki,1987).

E. Acetykholine-activated Conductances

ACh-induced responses have also been affected by

extracellular application of Cu2”, Zn2”, Hg�, and Pb2”.
For example, Mg�, Ca24, Sr�, Mn2’, and Ni24 decreased

the current induced by ACh at the neuromuscular junc-
tion of the frog. Ni24 and Sr�” markedly lengthened the

decay of the end-plate current, whereas Mg�”, Ca2’’, and
Mn24 had little effect on it (Magleby and Weinstock,
1980). Chiarandini et al. (1967) reported that Cu24 (100
�tM) practically abolished the ACh inhibitory postsyn-
aptic potential and ACh-evoked change of membrane

potential in molluscan (Cryptomphallus aspersa) neu-
rons. Muneoka at al. (1979) found that ACh-induced

contraction was potentiated by 100 �IM Zn2”. Eldefrawi
et a!. (1975) found that Zn2’ binds to an sulfhydryl group
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on the ACh receptor of the Torpedo electric organ. Del

Castillo et al. (1971) reported that sulfbydryl reagents,

including organic mencunials, depolarized the frog neu-

nomuscular junction by activating ACh receptors and

then blocking the combination of ACh with its receptor.

Miledi et al. (1989), studying Xenopus oocytes, ob-

served a potentiating effect of divalent cations on ACh

responses (e.g., 1 mM Co24). Alternatively, Oortgiesen et

al. (1990b) showed an inhibitory Pb24 effect (1 �tM) on

ACh currents in the perfused mouse hemidiaphragm

preparation. On frog neuromuscular junction, Pb24

blocked the nicotinic receptor in a competitive manner

(Manalis et al., 1984; Kostial and Lentner, 1957; Silber-

geld et al., 1974; Atchison and Narahashi, 1984). How-

ever, on mouse N1E-115 neuroblastoma cells, Oortgiesen

et al. (1990a) observed that the inhibitory Pb2’ effect

(nM) is independent of ACh concentration. Pb24, in the

micromolan range, directly blocked the postsynaptic re-

sponse (Oortgiesen et al., 1990c).

It is accepted that the release of ACh elicited by

membrane depolarization strongly depends on the extra-

cellular Ca24 concentration, whereas the spontaneous

release of ACh presumably depends on the intracellular

concentration of Ca2’ ions (Silinsky, 1985). The modu-

lation by Zn24 (0.1 to 5 mM) of ACh-activated ion chan-

nels at the neuromuscular junction of toad end-plate is

similar to the effect produced by high concentrations of

extracellular Ca2”, in that both ions increase the decay

time constant of the end-plate current and increase the

mean open time.

Metal ions block depolarization-evoked release of ACh

by blocking presynaptic Ca24 currents (Cooper and Man-

alis, 1983). In contrast, in mouse motor nerve terminals,

thallium (a monovalent cation) failed to block presyn-

aptic Ca24 on K’ currents (Wiegand et al., 1990). Because

the Th4 ions produced an enhancement of the sponta-

neous release of transmitter, the Th4-induced reduction

of phasic transmitter release at the neuromuscular syn-

apse must act through a separate mechanism (Wiegand,

1988).
The influence of Al34 on the presynaptic release of

ACh was examined using an isolated preparation of the

frog neuromuscular junction. It was found that, following

the addition of A1C13, no postsynaptic changes were

encountered in the presence of Al3’ (Banin and Meini,

1987). Prolonged exposure of the isolated neuromuscular

junction to Al34 revealed another effect of this sub-

stance-by reducing the life span of synaptic activity

(Meini et al., 1993).

F. Adenosine Tr�phosphate-activated Conductances

ATP is a mediator of sympathetic transmission in

various smooth muscle tissues. Recently, it was shown

that ATP can act as a fast excitatory transmitter at

neuro-neuronal synapses both in the central nervous

system and in the peripheral nervous system (Edwards
et a!., 1992; Evans et al., 1992b).

The ATP-activated current in cultured rat superior

cervical ganglion (Cloues et a!., 1993), as well as in
mammalian nodose ganglion cells (Chaoying et a!., 1993),
was modulated by extracellular Zn24. ATP activated a

nonspecific cation conductance that was potentiated by
low (10 �tM) concentrations of Zn2’. Higher concentra-

tions of Zn24 reduced and prolonged the ATP-activated
current, an observation consistent with open channel

block. Several lines of evidence suggest that the stimu-
latory effect of Zn24 on ATP-activated currents is attnib-

utable to an interaction with a modulatory site on the

receptor ion channel complex. Two sites of action of Zn24

were suggested: a positively adding allostenic site that
enhances current amplitude and a site within the pore

that blocks conductance through the channel.
Decavanadate applied to the cytoplasmic face of the

membrane in mouse flexor digitorum muscles was a

potent activator of ATP-sensitive K4 channels (KD 250
zM). Divalent cations (Mg24, Ca24) were a prerequisite

for the activating process. The maximal effect was
achieved using 1 mM vanadate, increasing the open-state

probability about 9-fold. Vanadate shifted the dose-ne-
sponse curve of the channels for ATP towards higher
ATP concentrations without affecting their slopes (KD 4

and 65 �M, respectively; Weik and Neumcke, 1989;
Neumcke and Weik, 1991). In skeletal muscle, these
channels can also be inhibited by the intracellular appli-

cation of reagents that modify sulfhydryl groups (Weik

and Neumcke, 1989). Thus, vanadate and modifiers of

sulthydryl groups have antagonistic interactions. The
active form of vanadate inhibiting Na-K-ATPase is or-

thovanadate, whereas stimulation of the ATP-sensitive
K-channels was induced by decavanadate. However, al-

though micromolar concentrations of vanadate inhibit
the pump activity, millimolan concentrations of the total
vanadate are necessary to stimulate the ATP-sensitive

K channel (Chasteen, 1983; Neumcke and Weik, 1989).
Pai et al. (1977) showed that vanadate binds to the
phosphate-binding region of the ATP-binding site of
adenylate cyclase.

VI. Metal Ion-activated Channels

A. Cu24-activated Conductances

Chianandini et a!. (1967) discovered that Cu24 (100
�tM) depolarises molluscan (Cryptomphallus aspersa)

neurons by reducing the steady-state permeability to

chloride ions. Furthermore, data indicated that this ac-
tion was not achieved through a modification of the

chloride pump. Cu24 (100 tiM) also depolarized cat corti-

cal neurons (Dreifuss et a!., 1969), and bathing the
outside surface of frog skin completely inhibited chloride

transport without changing sodium transport (Ussing
and Zerahn, 1951).
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Weinreich and Wondenlin (1987) reported that 1 to

100 �tM of Cu24 produced a rapid and reversible steady-

state depolarization of the Aplysia neuronal membrane
by increasing the membrane permeability for sodium.

This Cu24-activated (‘Cu) Na’ current was not inhibited

by voltage-activated Na4 current blockers, such as tetro-

dotoxin (10 to 100 .tM) and procaine (1 mM), whereas
lidocaine (1 mM) reduced ‘Cu by 68 ± 15%. Decreasing

the pH from 7.8 to 5.8 did not affect ‘Cu. Perfusion with

5 times normal Ca2’� concentrations (55 mM) reduced ‘Cu

by 65 ± 6% in a voltage-independent manner. The �
was approximately -40 to +35 mV with a mean of -3.3
± 2.1 mV. Weinreich and Wonderlin (1987) examined
the Cu24 effect on the axonal membrane of the same

neuron. Axons isolated from the soma were insensitive

to bath-applied Cu24 (100 �tM), even after 20 to 60 mm

of exposure. The insensitivity of isolated axons to Cu2’

indicated that the site of action of Cu2” was restricted to
the soma membrane. ‘Cu was not blocked by Ni2” (5.5
mM, an effective inhibitor of the presynaptic Ca24 cur-
rent) or d-tubocunarine (1 mM, an antagonist of the

increased Na4 conductance gated by ACh, dopamine,

octopamine, phenylethanolamine, histamine, GABA,

and aspartic and glutamic acids). Similar data were ob-

tainedwith hexamethonium (1 mM, ACh) and strychnine

(500 �sM, ACh, dopamine, 5-HT).

One mechanism that might produce a nonspecific con-

ductance increase is the generalized membrane break-
down resulting from lipid peroxidation. Reduced Cu24,

i.e., Cu” formed by oxidation of membrane sulfhydryls,

can be oxidized to form an oxygen radical, superoxide

anion. This anion is capable of initiating lipid peroxida-

tion with a concomitant generalized breakdown of the

membrane integrity and an increase in membrane perme-
ability (Kumar et al., 1978). Cell membranes can be

protected from lipid peroxidation by the enzyme super-

oxide dismutase, which scavenges and detoxifies super-

oxide anion, with the production of oxygen and hydrogen

peroxide. Because bath application of supenoxide dis-

mutase (100 �ig/ml) did not prevent activation of ‘Cu, the
Kumar et al. (1978), therefore, concluded that ‘Cu did not

result from (a) activation of known chemically or volt-

age-gated Na4 conductances, (b) inhibition of the Na4-

K4-ATPase, or (c) a generalized increase in membrane

permeability resulting from lipid peroxidation. An intra-
cellular Cu2’ injection failed to activate ICu but, rather,

hypenpolanized the soma membrane potential and de-

creased the membrane conductance. Furthermore, Wein-

reich and Wondenlin (1987) observed that application of

Cu2” into synaptic regions of the neuropil could activate

conductances that resembled synaptically activated K4

conductances (ICu,K). They concluded that the apparent
lack of specificity of the ionic selectivity could be ex-

plained by a concurrent activation of multiple ionic

conductances rather than by an activation of a single,
nonspecific conductance.

Oortgiesen et al. (1990c), using mouse neuroblastoma

cell culture (clone NIE-115), also found ‘Cu’ The ‘Cu

slowly increased during continued application of Cu24

(10 to 500 jsM) without reaching a steady level. This
effect was also observed in Cl- and Na4-free saline and

could not be washed out. Addition of 30 �M Cu24 to the
external solution bathing excised membrane patches
failed to cause discrete single-channel openings but did
produce noisy burst-like fluctuations of the membrane

current. Similar effects were seen when Ag” was applied

onto the external surface of Helix neurons in cell-at-
tached patch-clamp conditions (Gola and Kiss unpub-

lished observations).
In isolated, nonidentified, intracellulanly perfused He-

lix neurons, extnacellular application of Cu24 induced

more complex permeability changes. On Helix neurons

three types of Cu24-activated currents were observed
(Kiss et al., 1991; Sal#{227}nki et al., 1991). Following cell

dialysis with 130 mM tnis(hydroxymethyl)aminomethane-

aspartate after extracellular Cu24 application, an inward

current developed (ICwn) which was carried mainly by
Na4 ions. The ICUIn was pH independent and was de-

creased by increasing the extracellulan Ca2” concentra-
tion in a manner similar to that observed on Aplysia

neurons. The amplitude of the inward component of ‘Cu

was not influenced by replacing Na4 ions for Cs4 in the

extracellular saline, which suggested that the inward

component of ‘Cu was carried through Ca2”-dependent
nonspecific cationic channels (KD = 500 ± 50 �M, �

-38 ± 20 mV). When the intracellular solution was

120 mM KC1, or when part of the tnis(hydroxy-

methyl)aminomethane-aspartate was replaced by KC1,

an outward component appeared that was followed by an
inward current when Cu24 was applied. The outward

component (E� = -20 ± 10 mV) resulted from the

blockade by Cu24 of the steady-state Cl permeability.

The main difference between Helix and Aplysia neu-

rons was observed during the washout procedure. When
the cells were washed with physiological saline, a large,

slowly inactivating inward current developed, which was
mainly due to the outward movement of Cl ions accu-
mulated in the cell during Cu24 application. This current
was designated 1w, which was also observed when Pb2”

and Cd24 were applied in snail and mouse neuroblastoma
cells, respectively (Sal#{225}nkiet al., 1991; Oortgiesen et al.,
1990c).

B. Pb24-actiuated Conductances

Extracellular application of Pb24 (0.1 jsM) to rabbit red
blood cells evoked a rapid net loss of K’, and only a very
small fraction of the effect could be related to the defi-
ciency of cellular ATP, which is necessary as substrate
for active transport (Joyce et al., 1954). This effect was
reproduced in isolated red blood cell membranes

(“ghosts”), where Pb24 produced a drastic and specific
increase in membrane permeability, which was inde-
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260 KISS AND OSIPENKO

pendent from active transport and intracellular second-

messenger systems of the cell (Passow et al., 1961).

Audesirk and Audesirk (1983, 1984) showed that Pb2’

(zM) slightly reduced input resistance and greatly ne-

duced the junctional resistance between electrically cou-

pled neurons (L. stagnalis). Furthermore, in most neu-

nons, chronic exposure to Pb2” caused an increase in the

nesting potential.

The following studies have examined the ionic mech-

anisms involved in Pb24-induced changes in membrane

permeability. Oontgiesen et al. (1990c), using mouse

neuroblastoma cell culture (clone NIE-115), found that

during supenfusion with Pb2’ (1 to 200 tiM) a noninacti-

vating inward current (‘Pb) was observed. � was 0.0 ±

7.3 mV. This current was independent of Ca2’, K4, and

Cl and was not blocked by nicotinic, muscarinic, 5-HT,

on Na4/K4 pump antagonists. However, in the absence

of Na4, it was abolished. In excised outside-out mem-

brane patches, 10 �M Pb24 caused the opening of discrete

ion channels. The amplitude of these channels at -80

mV was 1.85 ± 0.12 pA at either 1 or 10 �M Pb2’ with a

single-channel conductance of 24 pS. Open probability

increased 20- to 30-fold between these concentrations.

The frequency-density histograms showed dual exponen-

tial open time distributions. These constants were ne-

duced with increasing Pb2” concentrations. Because the

‘Pb was carried not only by Na4 but also by Cs4 ions,
showed unit conductance and E�, values similar to that

of Ca24-activated nonselective cation channels, and was

independent of intracellular Ca24, Oortgiesen et al.

(1990c) concluded that this channel can be distinguished
clearly from ion channels previously characterized. They

proposed that Pb2�” ions activated a new channel type, a

metal ion activated channel, a conclusion similar to one

made by Weinneich and Wonderlin (1987).

Pb24-activated changes in membrane permeability

were reported in Helix neurons (Sal#{225}nki et al., 1991;

Osipenko et al., 1992b). In most ofthe cells, Pb24 induced

an outward current (Ip�ut), less frequently an inward

current (Ipbin), and, rarely, an inward current produced

during washout (IPb,w). The reason for this multiplicity

of effects is difficult to explain, however the most plau-

sible explanation could be that different neurons respond

differently upon Pb2’ application (Osipenko et al., 1992b;

Osipenko and Kiss 1991, 1992; Sal#{225}nkiet al., 1991). Both

‘Pb,in and ‘Pb,w were associated with the increased mem-
brane conductance, whereas ‘pb,�t was due to the block-

ing of the nesting Na4 conductance. The negative slope

of the current-voltage relationship of the IPb,out supported

this conclusion. Patch-clamp data showed that ‘Pb,out �5

the result of blockade by Pb2’ of the Na4 channel with
12 p5 (150 IM Pb2i and 7 p5 (100 tM) conductance.

Open and closed time histograms were fitted by one

exponential. Both probabilities of the channel were volt-

age dependent (Osipenko and Kiss, 1991, 1992).

C. Ag’-activated Conductances

In frog muscle fibres application of extracellular Ag’

(10 �M) produced a dose-dependent inward current at a

holding potential of -90 mV. In Na4 and divalent cation-

free solution, the inward current through the Ag”-acti-
vated channel was blocked completely. This current was

also blocked by 1 mM Cd2’ and partially blocked by

nifedipine. It was concluded that the Ag4-induced cur-

rent is Ca24 dependent (Oba et a!., 1993) and that these
L-type channels are located on the sarcoplasmic neticu-

lum (Salama and Abramson, 1984).
In Aplysia neurons, Ag’ induced an inward current

response of similar magnitude and reversal potential,
which suggests that current, at least partly, is carried by

Na’ ions (Weinreich and Wondenlin, 1987).

On isolated nonidentified neurons of Helix pomatia it

was observed that application of Ag4 (1 to 100 zM)

activates an inward current, which is concentration and
potential dependent. The Ag4-activated current in saline

has essentially the same reversal potential, suggesting

that Ag4 activates Ca24-dependent nonspecific cationic

conductances (Gy#{244}niet a!., 1991). Furthermore, it was

clearly demonstrated that Ag4 induced an increase of the
intracellular Ca24-concentration, even in Ca2’-free exten-

nal saline (measurements with funa-2, Gy#{244}niet a!., 1991).
It seems, therefore, that Ag4 does not activate a new type

of conductance in Helix neurons and in this respect
differs from the current activated by Cu24 and Ag4 ions
in Aplysia neurons (Weinreich and Wonderlin, 1987).

Ag4 ions at �iM concentrations have been reported to
activate Ca24 fluxes across the plasma membrane of

intact red outer segments isolated from bovine retinas.
It was suggested that Ag” binds to a sulfhydryl group on

the extracellular side of multiple subunits of the cyclic
guanosine 3’,5’-monophosphate-dependent conduct-

ances, opening the channel. The ion selectivity of the
Ag4-induced channel proved to be broad with little dis-
cnimination among Li4, Na4, K’, and Cs’ or between
Ca24 and Mg24 (Schnetkamp and Szenencsei, 1989).

D. Hg24-activated Conductances

At the motor nerve synapse, Hg24 causes an irrevensi-

ble depolarization, increased transmitter release, and
subsequent block of transmitter release (Juang, 1976;

Manalis and Cooper, 1975). All of the effects are antag-
onized by tetrodotoxin and Co24 but not when either
blocker is used alone. The effects are not antagonized by

tetrodotoxin plus Co2’ when the mercurial is applied in
lipid-soluble form (methylmencury). This shows that
Hg�’ acts at an intracellular site and that entry is gained

through Na4 and Ca2’ channels. The inhibitory effect on
transmitter release could be the result of binding of the
Hg24 to the Ca2�’ channel (divalent cation-binding site),
but the irreversible toxicity is due to an intracellular

action involving sulfhydryl groups (Miyamoto, 1983).
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On Aplysia neurons, 100 �LM extracellulan Hg� also

caused depolarization and induced a current similar to

‘Cu (Weinneich and Wondenlin, 1987). The Hg24-acti-
vated current is mainly Na4 dependent and in this

respect differs from earlier observations (Cooper and
Manalis, 1983; Miyamoto, 1983). On rat DRG neu-

rons, Anakawa et a!. (1991) observed Hg24-activated,

slow inward current. The current is carried largely by
cations through nonspecific cationic channels.

The membrane effect of Hg24, usually irreversible, is

explained by the tight binding of Hg24 to sulthydryl

groups. However, in a model membrane composed of a
series of different phospholipids, it was shown that Hg24

binds to the amino groups of phospholipids (Delnomde-

dieu et al., 1989). Some observations also indicate the

involvement of nitrogen atoms in amino acids as binding

sites for Hg2’’ compounds.

Bohme et al. (1992) recently studied the actions of two
mercury compounds, HgCl2 and methyl mercury chlo-

ride, and of CdCl2 on the epithelium of the rat colon.
Methyl mercury chloride (50 �zM) induced an increase of

outward current (IMeHg,out) in enterocytes of isolated
crypts patched from the basolatenal side. This action was

inhibited by a C1 channel blocker and a K4 channel

blocker, indicating an increase of both the C1 and the
K” conductance. In contrast, HgCl2 (50 zM) did not affect

‘MeHg.out, whereas CdCl2 (50 �M) decreased it slightly. In
mucosal preparations, all three compounds induced a

concentration-dependent increase in short-circuit cur-

rent when administered to the serosal, i. e., contralu-

minal, side. Sensitivity to chloride transport blockers

and anion replacement experiments revealed that the

increase in short-circuit current represented Cl secre-

tion. In contrast to the actions of luminally applied

mercury compounds, the increase of tissue conductance
was only small. Tetnodotoxin and indomethacin sup-

pressed the effect of the metal compounds on short-

circuit current and tissue conductance, whereas atropine

diminished it only partly. This indicates that the secre-
tory action of these heavy metals not only has a direct

effect on epithelial cells but also is mediated by prosta-

glandins and cholinergic and noncholinengic neurons.

E. 0th-er Di- and Trivalent Ion-induced Conductances

Supenfusion with Al34 (100 tiM) or Cd24 (100 �M)

induced a noninactivating current in mouse neuro-

blastoma cells. The amplitude of I,� was smaller than

that of ‘Pb on Ic�j, but the single-channel amplitude in-

duced by Al34 was significantly greaten (2.19 ± 0.03 pA)
than that induced by Pb2’ or Cd2” (1.75 ± 0.9 pA). These

results indicated than Pb24, Cd24, and Al34 activate a

new type of conductance, i.e., metal ion-activated chan-
nels (Oontgiesen et al., 1990c). Properties of the Pb24-

activated channels are distinct from those of presently
known types of ion channels, possibly constituting a
nonselective cation channel. Nonselective cation chan-

nels activated by internal Ca24 in N1E-115 cells (Yellen,

1982) and Ca2”-activated cation channels in various cell

types (Partridge and Swandulla, 1988) have unit

conductances and reversal potentials similar to those of

the Pb2”-activated ion channels presently described.
However, the Ca24-activated ion channels are blocked

by internal ethyleneglycol bis(f3-aminoethyl ether)-

F P -tetnaacetic acid, whereas Pb24-activated ion

channels are not. Therefore, the Na4-dependent, Pb24-
activated ion channel can be distinguished clearly from

ion channels previously characterized in N1E-115 and
other types of cells.

In Helix neurons, extracellular Cd2’ at �iM concentra-

tions evoked an inward current that appeared either

during washing or during Cd24 exposure. Similarly, Cd24

induced an inward current in rat zona glomenulosa and
fasciculata cells (Kiss and Osipenko, 1994). In contrast,

Cd24 (5 mM) elicited an outward current in stomach
smooth muscle cells in guinea pig. This current was more

pronounced, substituting intracellular K’ ions for Cs”

ions (see fig. 13 of Noack et al., 1992). The phenomenon,

however, was not discussed by the authors.

Zn24 may induce either inward or outward currents,
depending on the cell type in Helix brain. However, this

occurs at much higher concentrations than required for
the other heavy metal ions. It is interesting that the

Zn24-induced depolarization was paralleled by a de-

creased concentration of intracellular Ca2”, as was re-
vealed by fura-2 measurements (Kiss and Osipenko,

1994).

It was also observed on chicken cortical neurons that

La34, at �M concentrations, evoked an inward current,

which showed a similarity to the ‘Pb (Kiss and Osipenko,
1994). A series of lanthanides were capable of generating

inward currents themselves when applied extracellularly

on rat DRG neurons. The effectiveness of inducing cur-

rent is Lu34 > Er34 > Th3” > Eu34 > Nd34 > = Ce34>
La34. The effectiveness increased with the atomic num-
ben of the metals (Ma and Narahashi, 1993b; table 2).

VII. Conclusions

Data presented in this review clearly demonstrate the

great variety of the heavy metal action on ionic channels

and receptors of excitable cell membranes. This is the

reason for the lack of a general hypothesis that can

explain how cellular functions are influenced by metal

ions.

We did not specially discuss the intracellular effects

of heavy metals. However, their actions could also be a
result of penetration into the cytoplasm. Metal ions, for

example, may exert their action through an intracellular
messenger system like protein kinase C (Evans et a!.,

1992a; Murakami et al., 1993) or adenylate cyclase
(Donoshenko et a!., 1982). We also have shown that metal

ions can penetrate the membrane (Gy#{244}niet al., 1991),
causing additional (secondary) changes in cell functions
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TABLE 2

Metal-induced conductance changes

.
Concentration

Ion
dependence

Direction

of the
current

Cell type
-Proposed site of action Reference

Cu2� 1-100 �M Na� Inward Aplysia neuron MIA5 channel Weinreich and Wonderlin,

1987

50-500 �M Na�

Cl-

Inward

Outward

Helix neuron

Helix neuron

Activation of nonspecific

cation channels
Blocking of steady-state

Cr permeability

Kiss et a!., 1991; Sal#{225}nki

et al., 1991

Kiss et al., 1991; Sal#{225}nki

et a!., 1991

10-500 �M Inward Neuroblastoma MIA channel Oortgiesen et al., 1990c

Pb2� 1-200 �M Na�

Na�

Inward

Outward

Neuroblastoma

Helix

MIA channel

Blocking of resting

sodium conductance

Oortgiesen et al., 1990c

Sal#{233}nki et al., 1991;

Osipenko et al., 1992b

Ag� ? Inward ? Sal#{227}nki et al., 1991;

Osipenko et al., 1992b

10 zM Ca2�

Na2�

Inward

Inward

Frog muscle

Aplysia neurone

Sarcoplasmic L-type Ca
channel

MIA channel

Oba et a!., 1993

Weinreich and Wonderlin,

1987

Hg�� 1-100 �iM Cations Inward Helix neuron Ca-dependent nonspe-

cific cationic conduct-

ance

Gy#{244}riet al., 1991

Cd2� 100 MM Na� Inward Aplysia neuron MIA channel Weinreich and Wonderlin,

1987

100 �M Na� Inward Neuroblastoma MIA channel Oortgiesen et al., 1990c

1-100 �M ?
?

?

Inward

Inward

Inward

Helix neuron
Rat zona glomerulosa

cells

Rat zona fasciculata

cells

?
?

?

Kiss and Osipenko, 1994
Kiss and Osipenko, 1994

Kiss and Osipenko, 1994

5 mM Outward Smooth muscle Noack et a!., 1992

Zn2� 1-5 mM Na�? Outward Helix neuron ? Kiss and Osipenko, 1994

La3� 1-100 jsM ? Inward Chicken cortical neu- MIA channel Ma and Narahashi, 1993b

ron

�u3+ 100 zM Na� Inward Aplysia neuron MIA channel Oortgiesen et al., 1990c

* MIA, metal ion activated.

as, for example, in the case of Ag4- or Pb24-associated
increases of intracellular Ca24 concentrations (Kiss and

Osipenko, 1994). Because intracellular metal ions sub-

stantially influence the Ca24 homeostasis of the cell

(Silbergeld, 1992), it is important to make a clear-cut

distinction between surface and intracellular binding

sites.

Effects of heavy metals could also be due to the for-

mation of free radicals (Wettenhahn-Jennette, 1981;

Scott and Rabito, 1988). It was observed that H202-

mediated depolarization was also cell-type dependent;

this could be related to differences in membrane lipid or
suLfhydnyl content (Scott and Rabito, 1988).

To explain membrane effects of metal ions based on

their physical-chemical properties on chemical reactivity,

several explanations were given, namely, that metal ions

(a) bind electrostatically to the membrane proteins or

lipids or (b) bind chemically to different groups of chan-

nel proteins on transmitter receptors. A third possibility,

the existence of specific metal receptors, also was sug-

gested.

One of the most plausible explanations of metal ion

effects on voltage-activated ionic channels would involve

their surface charge-screening effect. A number of studies

support this explanation. Di- and trivalent cations have

strong effects on the gating properties of voltage-depend-

ent ionic channels. These effects are usually explained

in terms of surface change theory, according to which

cations are attracted by fixed negative charges on the

membrane surface. A prediction of the theory is that all

properties of channel gating should be affected equally,

i.e., the curves relating opening and closing kinetics, the

conductance-voltage curves, should all be shifted along

the voltage axis by an equal amount and cation concen-

trations in the extracellular medium should shift all of

the curves to the right.

The metal ion-induced screening of membrane surface

charges cannot easily explain the wide cation concentra-

tion range required to shift the kinetic parameters of the

gating. Some metal ions produced shift of the gating

parameters at millimolar concentrations. Others had ef-

fects at micromolar concentrations, making it highly

unlikely that the observed effects were due to the changes

in surface charge.

Evidence presented here indicated that metal ions bind

specifically to the channel proteins (BUsselberg et al.,
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1992; Osipenko et al., 1992b; Audesink, 1987; Thevenod

and Jones, 1992; Lansman, 1990; Visentin et a!., 1990;

Arhem, 1980; Gilly and Armstrong, 1982a,b; Begenisich

and Lynch, 1974; De Biasi et al., 1993). The mode of
action of metal ions on transmitter gated channels, as
was shown earlier, is even more complex. Results can be

explained by proposing a novel site of metal ion binding,

at least on the GABA, NMDA, and ATP receptors, by

competition for Ca-binding sites on binding to ligands of

the membrane proteins on phospholipids.
Although Chiarandini et al. (1967) described the de-

polarizing effects of Cu2’� on molluscan neurons, the so-

called metal ion-activated currents (Oortgiesen et al.,
1990c) were only recently investigated in detail. It was

found that a number of well-known Ca24 channel antag-

onists, as well as other metal ions, including lanthanides,
induced metal ion-activated currents in different prepa-

nations (Weinneich and Wonderlin, 1987; Oortgiesen et

al., 1990c; Kiss et al., 1991; Gy#{244}niet al., 1991; Ma and

Narahashi, 1993b). The observed currents were the result
of nonspecific cation channel activation, a steady-state

Na4 channel inhibition, or induction of the novel type of

conductances.

The above-mentioned results strongly support the

presence of specific “receptor” sites for metal ions on the

extracellular side of biological membranes. These necep-

tors can have different distributions among the cells in
tissues and can couple to different ionic channels, recep-

tors, and pumps in a manner resembling that of classical

transmitters.

At the present time, however, it cannot be unequivo-

cally decided whether on not alterations of surface poten-

tial or binding to channel proteins, to neceptor-ionophore

complex, or to the specific “metal” receptors plays a

significant role in metal toxicity. It seems that the effect
of metal ions on cell membrane conductances can be

explained sufficiently by any one of the above mecha-

nisms depending on the cell type investigated.

Little information is available concerning the relation-

ship between metal ion concentrations in blood and those
in the central nervous system. The penetration of metal

ions into brain tissue depends on the function of the

blood-brain barrier. It looks like that, instead of a simple

threshold for metal entry into the brain, there may be a

dose- and equilibrium-dependent saturation level of the
blood-brain barrier beyond which the metal penetrates
into brain tissue more freely. For example, an important

factor in penetration of Pb24 into the brain is the age at

which the metal is administered. Young animals are more
susceptible to Pb24 exposition than adults. On the other

hand, Al34 is more effective on adult neurons. Further-

more, cations of metals rarely exist as free cations but

combine with numerous endogenous ligands, and their

effects can be extrapolated to the in vivo situation with

more confidence for oxyanions (Clarkson, 1993).

The pathogenetic mechanism of metal intoxication is

not a simple one. Various toxic actions may occur simul-

taneously, leading to multifaceted pathological conse-

quences. It must be emphasized that the toxicological

effect and pathological impact of metals on the central
nervous system may be influenced by numerous factors,

such as the metal compound involved, the route of entry,

the chronicity and duration of exposure, the species, age

and sex ofthe animal, and the presence ofother elements.
Thus, a simple extrapolation of the in vitro data to

understand all aspects of metal toxicity in vivo is ques-

tionable. This statement is probably true for all metals
described in this review on for the metals representing a
possible hazard for humans.

VIII. Perspectives

Because metal ions have an influence on a number of
biological activities, such as growth, peptide synthesis,

and gene expression, it could be expected that metal ions
may affect cellular functions in a different way. The

reviewed data suggest that many of the metals may have

a specific effect in changing the membrane permeability,

selectivity, and gating. These effects could be realized

through specific metal receptors, although metal-recep-
ton ligands have not been clearly identified. It is not clear
whether these receptors are exclusively metallo-metal-
activated or are metalloregulatory proteins (O’Hallonan,

1991). Ionic channel or receptor proteins also possess
special binding sites for metal ions. The diverse mem-
brane effects induced by metal ions, however, may sug-

gest the presence of such metal receptors, because the
interactions of metal ions with surface charges can only

partially explain the effects produced by these cations.

The decoding of the chemical nature of these receptors

is faced with great difficulties because, unlike a number

of chemicals, heavy metal ions do not have the highest
specificity in physiological or biochemical processes. Al-

though some physiological processes could be more sen-
sitive than others with respect to a particular metal ion,
the metal ion-induced effect, even in a single system, is,
as a rule, complex. Nevertheless, it can be expected that

investigations of the heavy metal actions might contnib-

ute to exploring the molecular structure of the ionic

channels and receptors. The present and future investi-
gations in this field may contribute to an understanding
of the mechanisms of neurotoxicity as well.
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