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The influence of heavy metals on the isolated toad skin has been
demonstrated in previous papers (Suwalsky et al. 1998, 1999); thus, both
Cu(ll) and Al(lll) decreased ion transport across the skin, the effect of the
former metal being irreversible. Mercury is an element of great
pharmacological and toxicological importance and is widely used in
industry and in medicine. It exists in three forms: elemental mercury (Hg°),
inorganic mercury [Hg(l), Hg(Il)], and organic mercury (CHsHg").
Environmental mercury and mercury compound contamination has
increased dramatically in developed countries (Remez et al. 1999).
Toxicity can result from industrial exposure or commercial application
(Olivero and Solano 1998; Mion and Pierin 1998). Human exposure results
in an impairment of coordination, reduced cognition, tremor and abnormal
reflex activity (Albers et al. 1988).

The surface membrane is a diffusion barrier and protects the cell interior
from environmental changes. Ligands on the cell surface or inside the cell
can aid in transmitting information to the cell interior; therefore cell
membrane functions are susceptible to the actions of heavy metals.
Evidence has accumulated that heavy metal ions interact with ionic
channels, receptors and their enzymes. HgCl, inhibited Na*/K(*)-ATPase
in oocytes at micromolar concentrations (Wang and Horisberger 1996) and
caused serious destruction of the cell membrane of human lymphocytes
and monocytes (Steffensen et al. 1994). The thiazide-sensitive NaCl co-
transporter is a specific site of action for submicromolar doses of mercury
(Wilkinson 1993). Although the methylated form of mercury is retained at
higher levels in higher trophic organisms (Kim et al. 1996) its toxicity is
apparently less than that of the inorganic form; HgCl, was more effective

in reducing Ca®* channel currents in dorsal root ganglion neurons
(Leonhardt et al. 1996).

There are no studies on the effect of inorganic and organic mercury on the
ion permeability of the amphibian skin, which has been instrumental in the
understanding of ion transport across membranes and the mechanism of
action of numerous agents to which cellular membranes are exposed, and
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has been accepted as a prototype of a transporting epithelium. According
to the two membrane hypothesis, Na®, the main ion transported, diffuses
into the cells at the outer (mucosal or apical) membrane driven by its
electrochemical gradient and is actively extruded across the inner (serosal
or basolateral) membrane by a Na/K(*)-ATPase in exchange for K*
(Rytved et al. 1995). Active Na* transport is measured by the amount of
current (short-circuit current, Isc) necessary to keep the transmembrane
potential difference (PD) at zero. It has been shown (Kiss and Osipenko
1994) that Hg(ll) at micromolar concentrations decreases Na* permeability
by interacting with sulfhydryl groups of channel proteins. The current work
seeks to determine and compare the effects of HgCl, and CH3HgCl on the
bioelectric parameters of the isolated toad skin, in accordance with the
hypothesis that these compounds are capable of interacting with and
perturbing the structure and functions of the cellular membranes of the
epithelium.

MATERIALS AND METHODS

Experiments were performed on toads of the species Pleurodema thaul of
either sex (15-25 g) collected from fresh water ponds during the spring and
summer seasons. They were kept in chlorinated tap water at room
temperature (18-22°C) at least 24 hr prior to use and fed on sow bugs
(Oniscus asellus). The toads were pithed and sections of the abdominal
skin were removed, rinsed and mounted between two halves of a Ussing
perspex chamber (Ussing 1994): a circular area of 1 cm? was exposed to
3 mL Ringer's bathing solution on each side. The composition of the
solution was (mM): Na* 114, K* 2.5, CI" 117.5, Ca®* 2.0, HCOs 2.3 and
glucose 11. The bathing medium was oxygenated by a stream of air. The
Isc was monitored with non-polarizable Ag/AgCI electrodes placed at 15
mm distance from the epithelium and connected to a voltage clamp circuit
(G. Métraux Electronique) set to keep the PD across the skin at zero mV.
The PD was measured with calomel-agar electrodes at intervals of 2 min.
for 4 sec. Both parameters were displayed on a two-channel Cole-Parmer
recorder. Experiments commenced 30 min. after the electric parameters of
the skin had reached a steady level. Aqueous solutions of either HgCl,
(Riedel de Haén, Seelze, Germany, lot 21280. MW 271.5) or CH3HgClI
(Pfaltz & Bauer, Inc., Conn., USA, M 21890, MW 251.1) were applied to
the solution bathing the outer and inner surfaces of the skin in the final
concentrations indicated in the text. Values are expressed as means +
standard error of the mean (S.E.M.). Statistical analysis was performed by
means of Student's paired f test.

RESULTS AND DISCUSSION

Both mercuric compounds were effective when applied in either the outer
or the inner bathing solution. Figure 1-A shows that a near maximal
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Figure 1. Single experiment illustrating the time course of the action of the
two mercuric compounds applied in the outer bathing solution, on the
electrical properties of the isolated toad skin. Isc = short-circuit current; yA
= microamperes; PD = potential difference; mV = millivolts; W = washout.

(A) effect of 10 uM HgCly; (B) effect of 10 uM CH,HgCL.
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Figure 2. Inhibitory effects of increasing concentrations of HgCl, on the
electrical properties of the isolated toad skin. Results are expressed as
percent decrease in control values. Each point represents means +
S.E.M.; n = 6. Isc = short-circuit current; PD = potential difference. * P <
0.01; ** P < 0.001 (Student's paired f test). A, outer surface: 5.6, 8.0, 10.0
and 15.0 uM. B, inner surface: 3.0, 5.0, 8.3 and 10.0 uM.

concentration of HgCl, (10 pM, outer solution) gave rise to a slight, non-
significant increase in the electrical parameters which lasted about 9.6 +
2.5 min. (n = 6), followed by a gradual decline, which reached a trough in
113 = 3 min. (n = 6). This effect was irreversible in spite of partial recovery
after repeated washout of the skin. Addition of 10 uM CH3HgCI to the
outer solution also decreased the electrical parameters, aithough the
effect was slightly less; time to trough was 192 + 3 min. (n = 13) and
partial recovery was obtained after washout (Figure 1-B).

The magnitude and duration of the responses was concentration-
dependent. Figure 2-A shows that HgCl, (outer solution) elicited a
decrease of the electrical parameters which was only partially reversible at
concentrations ranging from 8-10 uM. Slightly lower concentrations (5-10
uM) added in the inner solution were also followed by partly reversible
decrease of both parameters (Figure 2-B). At maximal concentrations of
10 (inner) or 15 (outer solution) uM, electrical activity of the skin was
abolished. CH3zHgCI was more effective when applied in the outer solution
(Figure 3-A); a 10 uM concentration reduced the electrical parameters by
about 50% whereas a 20 uM concentration was necessary in the inner
solution to decrease both parameters by 50% (Figure 3-B). These effects
were only partially reversible after repeated washing. Results show that
inorganic mercury was more damaging to the isolated toad skin than
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Figure 3. Inhibitory effects of increasing concentrations of CH;HgCI on the
electrical properties of the isolated toad skin. Results are expressed as
percent decrease in control values. Each point represents means +
S.E.M., n = 13. Isc = short-circuit current; PD = potential difference. * P <
0.05; ™ P < 0.01 (Student's paired f test). A, outer surface: 5.6, 6.6 and
10.0 uM; B, inner surface: 5.6, 6.6, 10.0 and 20.0 uM.

organic mercury. The greater bioaccumulation of methyl mercury over
mercuric chloride, ascribed to higher lipid solubility, makes organic organic
mercury. The greater bioaccumulation of methyl mercury over mercuric
chioride, ascribed to higher lipid solubility, makes organic mercury the
main chemical form in food chains reaching higher organisms (Girault et
al. 1997). Nonetheless, inorganic mercury blocked synaptic transmission
of CA, neurons in hippocampal slices of the rat more quickly than did
organic mercury (Yuan and Atchison 1994). The acute effects reported for
the concentrations used may be connected to toxic effects in human
subjects after a few hours' exposure to mercury: lethal blood levels are in
the range of 0.4-22 pug/mL (Von Burg 1995). The results could be due to
strong inhibition of the active transport of ions and possible disruption of
the cell membrane. The observation that the compounds were active at
both sufaces of the skin suggests that the metals permeated the
membrane (Gyori et al. 1991). Mercury, principally Hg(ll), shows affinity for
epithelial cells such as the skin epithelium (Von Burg 1995; Wang and
Horisberger 1996).

Functions associated with the cell membrane are susceptible to the action
of heavy metals which interact with ligands forming integral parts of
biological molecules in aqueous solution (Kiss and Osipenko 1994). A
number of investigations argue for several molecular sites of action of
mercury toxicity, which are active simultaneously: a) entirely lipid with a
loss of bilayer integrity; b) a lipid perturbing effect, leading to interaction
with and conformational changes of proteins; c) interaction with ion
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channel or receptor proteins (De Biasi et al. 1993; Busselberg et al, 1994);
d) binding to ionic channel-receptor complexes facing the cytoplasm; e)
decrease in the water permeability of the protein channels which form
aquaporins (Heymann and Engel 1999). The first mechanism, involving
loss of bilayer integrity, implies decreased resistance across the bilayer; in
the current experiments resistance increased significantly (for HgCl, 69 +
7, n =6 P < 0.001) except at the concentrations which abolished the
electrical parameters of the skin. This finding could indicate that disruption
of the bilayer was not present at the lower concentrations used in the
work, and is not the case for CHsHgCl since this compound did not change
the resistance significantly.

Fluorescence and NMR imaging showed that HgCl, displayed strong
affinity for the primary amino groups of phospholipids and that CH,HgCl
binds to the phosphate group in anionic lipids inducing decrease in fluidity
and integrity loss (Girault et al. 1997). X-ray diffraction showed that HgCl»
induced molecular disorder of model membrane phospholipids and
fluorescence spectroscopy confirmed its interaction with phospholipid
amino groups (Suwalsky et al. 2000, in press), which also affected the
packing of the acyl chains at the deep hydrophobic core of these layers:
the fluidity perturbation and the induction of a change in the electric field of
the core should affect the activity of membrane proteins, particularly of ion
channels. Therefore this evidence favours a lipid-perturbing effect which
changes protein conformation. Inhibition of Na*/K(*)-ATPase by Hg(ll) has
been confirmed (Wang and Horisberger 1996). Recent investigations
(Jacoby et al. 1999) have shown that HgClz inhibits Na(*)-K(*)-CI()
cotransport in cultured epithelial shark and human cells by reacting with
cysteinyl sulfhydryl groups of the transporter.

The third mechanism refers to interaction of mercuric compounds with
ionic channel proteins; the binding of mercury to SH™ groups of proteins
leads to a variety of effects due to different accessibility of the compounds
to thiol groups instrumental to membrane transport, which appear to be
located at the inner surface of the membrane (Delnomdedieu et al. 1989;
Halbach 1990). The irreversible toxicity found in the present study is
probably due to an intracellular action involving such groups: Hg(ll) enters
through Na* or Ca** channels (Arhem 1980) and is able to block Na* open
channels by binding to these groups. Since protein receptors and ion-
channel receptor-protein complexes possess SH™ groups, mercuric
compounds can act at both sites.

The transport of water is coupled to net transepithelial Na* transport by
local osmosis (Nielsen 1997) in the presence of an osmotic gradient
maintained by the Na, K pump and therefore the decreased fluidity of the
phospholipid bilayer exposed to mercury could point to blockage of the
apical water channels in the skin (Grosso et al. 1993; Grosso and De
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Sousa 1994), possibly correlated with changes in intracellular chioride
(Grosso et al. 1994).

The decrease of the bioelectric activity of the isolated toad skin following
exposure to mercuric compounds is in accordance with the interference of
ion transport, principally Na®, at several sites. Loss of bilayer integrity was
probably responsible for the abolition of skin activity at the maximal
concentration used; at lower concentrations the second mechanism may
be important since HgCl. strongly perturbed the structure of phospholipids
present in both outer and inner monolayers of cell membranes, leading to
conformational changes in proteins.

To conclude, mercury is a major, ubiquitous and persistent contaminant
causing increased morbidity and mortality in humans. A concentration of
mercury in blood in excess of 0.20 uM (Klaassen 1996) suggests the need
for environmental evaluation and assessment of possible adverse health
effects. Biological membranes are the initial targets of this pollutant:
understanding their interactions at the molecular level is of primary
importance to interpret the results of bioaccumulation. Results obtained in
this work may be interpreted as reflecting irreversible inhibition of the
active transport of ions, principally Na*, by HgCl, and CH,HgCI and they
confirm previous reports of the toxicity of mercuric compounds at
micromolar concentrations on membrane structure and function.

Acknowledgments. The authors thank Mr. José Morales for his technical
asistance. This study was supported by grants from FONDECYT
(1990289) and DIUC (98.24.19-1).

REFERENCES

Albers JW, Kallenbach LR, Fine LJ, Langwolf GD, Wolfe RA, Donogrio
PD, Alessi AG, Stolp-Smith KA, Bromberg MB (1988) Neurological
abnormalities associated with remote .occupational elemental
mercury exposure. Ann Neurol 5:651-659.

Arhem P (1980) Effects some heavy metals on the ionic currents of
myelinated fibres from Xenopus laevis. J Physiol (Lond) 306:219-
231.

Von Burg R (1995) Toxicology Update. J Appl Toxicol 15:483- 493.

Busselberg D, Pekel M, Michael D, Platt B (1994) Mercury (Hg?*) and zinc
(Zn®*): Two divalent cations with different actions on voltage-
activated calcium channel currents. Cell Molec Neurobiol 14:675-
687.

De Biasi M, Drewe JA, Kirsch GE, Brown AM (1993) Histidine substitution
identifies a surface position and confers Cs" selectivity on a K" pore.
Biophys J 64:1235-1242.

Delnomdedieu M, Boudou A, Desmazés JP, Georgescauld D (1989)
Interaction of mercury chloride with the primary amine group of

800



model membranes containing phosphatidylserine and phosphatidyl-
ethanolamine. Biochim Biophys Acta 986.:191-199.

Evans ML, Busselberg D, Carpenter DO (1992a) Pb>" blocks calcium
currents of cultured dorsal root ganglion cells. Neurosci Lett 129:103-
1086.

Girault L, Boudou A, Dufourc EJ (1997) Methyl mercury interactions with
phospholipid membranes as reported by fluorescence, P and
'%HgNMR. Biochim Biophys Acta 1325:250-262.

Grosso A, Meda P, De Sousa RC {1993) Effects of anions and/or cell
volume on the permeance of an apical water pathway induced by
mercury in toad skin epithelium. J Membrane Biol 134:42-52.

Grosso A, De Sousa RC (1993) Mercury blockage apical water channels
in toad skin (Bufo marinus). J Physiol (Lond.) 468:741-752.

Grosso A, Jaquet P, Brawand P, De Sousa RC (1994) Anion-induced
dynamic behaviour of apical water channels in vasopressin-sensitive
epithelia exposed to mercury. Am J Physiol 266 (6, Pt 1).C1577-
C1585.

Gydri J, Kiss T, Shcherbatko AD, Belan PV, Tepikin AV, Osipenko ON,
Salanki J (1991) Effect of Ag® on membrane permeability of perfused
Helix pomatia neurons. J Physiol (Lond.) 442:1-13.

Halbach S (1990) Mercury compounds: lipophilicity and toxic effects on
isolated myocardial tissue. Arch Toxicol 64:315319.

Heymann JB, Engel A (1999) Agquaporins: phylogeny, structure and
physiology of water channels. New Physiol Sci 14:187-193.

Jacoby SC, Gagnon E, Caron L, Chang J, Isenring P (1999) Inhibition of
Na(+)-K(+)-(Cl-) cotransport by mercury. American J Physiol
277:C684-C692.

Kim EY, Murakami T, Saecki K, Tatsukara R (1996) Mercury levels and its
chemical form in tissues and organs of seabirds. Arch Environ
Contam Toxicol 30:259-266.

Kiss T, Osipenko ON (1994) Toxic effects of heavy metals on ionic
channels. Pharmacol Rev 46:245-267.

Klaassen CD (1996) Heavy metals and heavy-metal antagonists. In:
Goodman and Giiman’s The Pharmacological Basis of Therapeutics,
9" ed. McGraw-Hill, New York, pp. 1654-1659.

Leonhardt R, Pekel M, Platt B, Haas HL, Busselberg D (1996) Voltage-
activated calcium channel currents of rat DRG neurons are reduced
by mercuric chloride (HgCl2) and methylmercury (CH3HgCI).
Neurotoxicology 17:85-92.

Mion D, Pierin AM (1998) How accurate are sphygmomanometers? J
Human Hypertension 12:245-248.

Murakami K, Feng G, Chen SG (1993) Inhibition of brain protein kinase C
subtypes by lead. J Pharmacol Exp Ther 264:757-761.

Nielsen R (1997) Correlation between transepithelial Na* transport and
transepithelial water movement across isolated frog skin (Rana
esculenta). J Membrane Biol 159:61-69.

801



Olivero J, Solanc B (1998) Mercury in environmentai samples from water
body contaminated by gold mining in Colombia, South America. Sci
Tot Environ 217.:83-89. ‘

Remez J, Andersons P, Veksler H (1999) Toxicity of mercury to hybridoma
TA7 cells. Alternatives to Laboratory Animals 27:397-401.

Rytved KA, Brodin B, Nielsen R (1995) Prostaglandin release from dermis
regulates Na* permeability of frog skin epithelium. Acta Physiol
Scand 153:263-270

Steffensen 1L, Mesna OJ, Andruchow E, Namork E, Hylland K, Andersen
RA (1994) Cytotoxicity and accumulation of Hg, Ag, Cd, Pb and Zn in
human peripheral T and B lymphocytes and monocytes in vitro. Gen
Pharmacol 25:1621-1633.

Suwalsky M, Ungerer B, Quevedo L, Aguilar F, Sotomayor CP (1998) cu*
ions interact with cell membranes. J Inorg Biochem 70:233-238.
Suwalsky M, Ungerer B, Villena F, Norris B, Cardenas H, Zatta P (1999)
Interactions of Al(acac)s with cell membranes and model

phospholipid bilayers. J Inorg Biochem 75:263-268.

Suwalsky M, Ungerer B, Villena F, Cuevas F, Sotomayor CP (1999) HgCl»
disrupts the structure of the human erythrocyte and model
phospholipid bilayers. J Inorg Biochem (in press).

Ussing HH (1994) Does active transport exist? J Membrane Biol 137:91-
98.

Von Burg R (1995) Toxicology Update. J Appl Toxicol 15:483-493.

Wang X, Horisberger JD (1996) Mercury binding site on Na*/K(*)-
ATPase; a cysteine in the first transmembrane segment. Mol
Pharmacol 50:686-691.

Wilkinson DJ, Post MA, Vanglarik C, Chang D, Dawson DC (1993)
Mercury blockade of thiazide-sensitive NaCl cotransport in flounder
urinary bladder. Toxicol Appl Pharmacol 123:170-176.

Yuan Y, Atchison WD (1994) Comparative effects of inorganic divalent
mercury, methylmercury and phenylmercury on membrane
excitability and synaptic transmission of CA1 neurons in hippocampal

slices of the rat. Neurotoxicology 15:403-412.

802



