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Abstract This study investigated the hypothesis that the
chromosomal genotoxicity of inorganic mercury results
from interaction(s) with cytoskeletal proteins. Effects of
Hg2+ salts on functional activities of tubulin and kinesin
were investigated by determining tubulin assembly and
kinesin-driven motility in cell-free systems. Hg2+

inhibits microtubule assembly at concentrations above
1 lM, and inhibition is complete at about 10 lM. In this
range, the tubulin assembly is fully (up to 6 lM) or
partially (�6–10 lM) reversible. The inhibition of
tubulin assembly by mercury is independent of the an-
ion, chloride or nitrate. The no-observed-effect-concen-
tration for inhibition of microtubule assembly in vitro
was 1 lM Hg2+, the IC50 5.8 lM. Mercury(II) salts at
the IC50 concentrations partly inhibiting tubulin
assembly did not cause the formation of aberrant
microtubule structures. Effects of mercury salts on the
functionality of the microtubule motility apparatus were
studied with the motor protein kinesin. By using a
‘‘gliding assay’’ mimicking intracellular movement and
transport processes in vitro, HgCl2 affected the gliding
velocity of paclitaxel-stabilised microtubules in a clear
dose-dependent manner. An apparent effect is detected
at a concentration of 0.1 lM and a complete inhibition
is reached at 1 lM. Cytotoxicity of mercury chloride
was studied in V79 cells using neutral red uptake,

showing an influence above 17 lM HgCl2. Between 15
and 20 lM HgCl2 there was a steep increase in cell
toxicity. Both mercury chloride and mercury nitrate in-
duced micronuclei concentration-dependently, starting
at concentrations above 0.01 lM. CREST analyses on
micronuclei formation in V79 cells demonstrated both
clastogenic (CREST-negative) and aneugenic effects of
Hg2+, with some preponderance of aneugenicity. A
morphological effect of high Hg2+ concentrations
(100 lM HgCl2) on the microtubule cytoskeleton was
verified in V79 cells by immuno-fluorescence staining.
The overall data are consistent with the concept that the
chromosomal genotoxicity could be due to interaction of
Hg2+ with the motor protein kinesin mediating cellular
transport processes. Interactions of Hg2+ with the
tubulin shown by in vitro investigations could also
partly influence intracellular microtubule functions
leading, together with the effects on the kinesin, to an
impaired chromosome distribution as shown by the
micronucleus test.
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Introduction

It has long been recognised that mercury compounds
display cytogenetic effects, e.g. resulting in altered dis-
tribution of chromosomes (Léonard 1988). Human epi-
demiological studies on carcinogenic effects of mercury
have been performed in occupationally exposed persons,
but no strong association with cancer risk could be
found. Nevertheless, the sparse epidemiological data
pointed to possible associations with neoplasias of the
lung, kidney or central nervous system (Boffetta et al.
1993, 1998).

The U.S. National Toxicology Program (1993) has
conducted long-term carcinogenicity studies with
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T. Stoiber Æ K. J. Böhm Æ I. Prots Æ E. Unger
Institut für Molekulare Biotechnologie, Beutenbergstr.
11, 07745 Jena, Germany

M. Wang
Jiangsu Institute of Occupational Medicine,
Mai Gao Qiao He Ban Cun 122, 210028 Nanjing,
Peoples Republic of China

R. Thier
School of Biomedical Sciences,
University of Queensland, St. Lucia
QLD 4072, Australia

Arch Toxicol (2004) 78: 575–583
DOI 10.1007/s00204-004-0578-8



mercury chloride in F-344 rats and B6C3F1 mice upon
oral administration (gavage). Focal hyperplasia and
squameous cell papillomas of the forestomach were
observed. In male rats, there were thyroid follicular
adenomas and carcinomas. There was also evidence for
an increased incidence of squameous forestomach pap-
illomas in female rats and renal adenomas and carci-
nomas in male mice, but this was considered equivocal.
All increased tumour incidences were observed at high
doses, in excess of the maximal tolerated dose. No renal
tumours appeared in rats, although renal toxicity was
noticed (Dieter et al. 1992).

On this basis, no conclusions were drawn by official
bodies with regard to a categorisation of mercury com-
pounds for carcinogenicity (Cross et al. 1995; Schoeny
1996; DFG 1999).

Mercury compounds, in general, fail to induce point
mutations in bacteria but exert chromosomal genotox-
icity such as chromosomal aberration, clastogenicity,
and aneugenic effects (De Flora et al. 1994; Al-Sabti
1994; Akiyama et al. 2001; Thier et al. 2003). When the
U.S. Environmental Protection Agency reviewed the
genetic toxicology data of mercury compounds, it ar-
rived at the conclusion that data for clastogenicity, in
the absence of mutagenicity, supported the categorisa-
tion of inorganic and methyl mercury as materials that
produce carcinogenic effects only at high, toxic doses.
However, the evidence for clastogenicity, coupled with
information on metabolism and distribution, resulted in
a judgement of a moderate degree of concern that
inorganic mercury might act as a human germ cell
mutagen (Schoeny 1996).

Mercury compounds are known to interact with
tubulin and to affect tubulin assembly (Vogel et al. 1989;
Duhr et al. 1993; Liliom et al. 2000). Hence, in previous
publications (Thier et al. 2003; Stoiber et al. 2004) we
have advanced the theory that the chromosomal geno-
toxicity of mercury may result, at least in part, from
interaction(s) with cytoskeletal proteins. The present
study further investigates this possibility. In particular,
interactions of inorganic mercury salts with tubulin and
kinesin, their genotoxic effects, and dose-response-rela-
tionships are demonstrated. Effects of exposure to
mercury salts on functional activities of tubulin and
kinesin were investigated by measurements of tubulin
assembly and kinesin-driven motility in cell-free systems.
As endpoint of chromosomal genotoxicity of mercury
salts, the micronucleus test in vitro, including CREST
analysis, was used.

Materials and methods

Chemicals

The test substance mercury(II) chloride (CAS No. 7487-
94-7) was purchased from Sigma-Aldrich (Taufkirchen,
Germany), and mercury (II) nitrate (CAS No. 7783-34-
8) was from Fluka (Buchs, Switzerland). Reagents for

buffer solutions came from Sigma-Aldrich (magnesium
nitrate), Fluka (sodium chloride, sodium hydroxide,
magnesium chloride, and EGTA, Merck (Darmstadt,
Germany, glycerol), Roth (Karlsruhe, Germany; di-
thiotreitol/DTT) and Serva (Heidelberg, Germany;
imidazole and PIPES). Biochemical reagents were from
the following suppliers: Roth (GTP), Roche Diagnostics
(Mannheim, Germany; ATP as sodium salt), and Sigma.
Uranyl acetate for negative staining was purchased from
Merck. Reagents for immunofluorescence studies came
from Fisher Scientific (Loughborough, UK; bovine
albumin), GIBCO (Paisley, UK; PBS), Merck (para-
formaldehyde), Roth (Triton X 100), and Sigma
(anti-b-tubulin antibody, cat. No. C-4585). For cell
culture, we used DMEM (Biochrom, Berlin, Germany),
PBS, FCS (GIBCO/Biochrom), trypsin-EDTA (Invi-
trogen, Karlsruhe, Germany) and accutase (PAA, Linz,
Austria, for cell detachment). Vincristine (VCR), methyl
methane sulfonate (MMS), neutral red (NR), acridine
orange, propidium iodide, and 4’,6’-diamidino-2-
phenylindole (DAPI) were purchased from Sigma-Al-
drich (Taufkirchen, Germany). The primary antibody
for the CREST analysis, so-called ‘‘positive control
centromere serum’’, was obtained from DPC Biermann
(Bad Nauheim, Germany); the second antibody, FITC
conjugated anti-human IgG, was from Sigma. Dimethyl-
sulfoxide (DMSO), ethanol, methanol, acetone, acetic
acid and Tween 20 were products of Merck (Darmstadt,
Germany). Acridine orange working solution was pre-
pared as follows: 5 ml acridine orange stock solution
(1 mg/ml aq. dest.) were mixed with 7 ml 0.3 M
KH2PO4, 7 ml 0.3 M Na2HPO4 and 80 ml distilled
water. All salts were first dissolved in water before they
were added to buffer solutions or cell culture medium.

Microtubule assembly: turbidity assay

Microtubule protein (tubulin containing microtubule-
associated proteins, MAPs) was isolated from porcine
brain by two cycles of temperature-dependent assembly-
disassembly (Shelanski et al. 1973) using the following
buffer system: 0.02 M Pipes, 0.08 M NaCl, 0.5 mM
MgCl2, 1 mM EGTA, and 1 mM DTT. To avoid side
reactions of mercury(II) with some of the buffer com-
ponents during the assembly tests, the microtubule
sediment obtained after the second disassembly/reas-
sembly cycle was resuspended in 100 mM PIPES,
0.5 mMMg(NO3)2, and 1 mM NaN3. With exception of
NaN3, this buffer (‘‘assembly buffer’’) was used
throughout all experiments.

Microtubule assembly is induced by adding GTP
(final concentration: 0.5 mM) to 1 mg/ml microtubule
protein and shifting the temperature to 37�C. This
assembly is accompanied by changes of turbidity which
may be recorded at 360 nm, as described by Gaskin
et al. (1974). After 20 min, the turbidity increases and
reaches a plateau level (steady-state of assembly/disas-
sembly). The corresponding absorbance is taken as a
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reference value to quantify the effects of metal salts.
Assembly antagonists or disassembly effectors (e.g.
Ca2+ ions or cold) prevent assembly or cause degrada-
tion. To check the reversibility of microtubule assembly,
the measurement was continued for additional 20 min
during decreasing the temperature to 4�C.

Transmission electron microscopy

Negative staining of microtubules formed during the
tubulin assembly assay in presence of mercury(II) chlo-
ride (at the IC50) was performed using 1% uranyl acetate
in water. The samples were visualised with a Zeiss EM
902 A transmission electron microscope (for details, see
Unger et al. 1988).

Microtubule disassembly: video-enhanced microscopic
assay

Microtubules (0.8 mg/ml tubulin) formed in assembly
buffer by 20-min incubation at 37�C were stabilised with
paclitaxel (10 lM final concentration). This suspension
was 10-fold diluted with water containing 10 lM pac-
litaxel and 5 or 10 lMHgCl2, and transferred onto glass
slides. The disassembly of individual microtubules was
followed over 15 min by differential interference con-
trast (DIC) video enhanced microscopy.

Microtubule motility: video-enhanced microscopic
gliding assay

Kinesin was isolated from porcine brain homogenates
by a combined procedure of ion exchange chromatog-
raphy, microtubule affinity-binding in the presence of
tripolyphosphate, and gel filtration (Kuznetsov and
Gelfand 1986). For the gliding assays, paclitaxel-stabi-
lised microtubules, formed from MAP-free tubulin that
had been prepared according to Weingarten et al.
(1975), were used.

The gliding assay was performed according to Böhm
et al. (2000). The following changes were made: at first,
the kinesin (5 ll, 1 mg/ml) was allowed to attach to an
18·18 mm area of a glass slide. After 10 min, non-
bound kinesin was removed by washing with 100 mM
imidazole buffer (pH 6.8), containing 0.5 mM
Mg(NO3)2. Thereafter, 10 ll of the microtubule sus-
pension (final tubulin concentration 40 lg/ml), in the
same buffer supplemented with 0.5 mM Na2ATP, and
the metal salts were added and the area was covered by a
cover-slip. Gliding activity of microtubules was moni-
tored by video-enhanced differential interference con-
trast microscopy as described by Weiss and Maile
(1992), using an Axiophot microscope (Zeiss) equipped
with the image processing system Argus 20 (Hamama-
tsu). Gliding velocities were directly measured using the
‘‘speed function’’ of the Argus image processor.

Cytotoxicity assays

Cytotoxicity of mercury chloride was determined in V79
hamster lung fibroblast cells by means of the neutral red
assay (Borenfreund et al. 1988). The results were used to
define a suitable range of concentrations (below and
near cytotoxicity) for the subsequent micronucleus
(MN) assay.

Briefly, 10,000 V79 cells were plated in 0.2 ml
DMEM (with 10% FCS) per well in 96-well tissue-cul-
ture plates (Costar from VWR International, Bruchsal,
Germany) and allowed to grow for 24 h at 37�C. Then
the test substance was added to culture medium at var-
ious concentrations. After 18 h the medium was re-
placed by medium containing neutral red (NR, 50 lg/
ml), and incubation was continued for 3 h at 37�C. The
cells were then washed five times with PBS (1x) and fixed
with 0.2 ml fixative (glacial acetic acid/water/ethanol,
1:49:50) per well, which brings the dye NR into solution
upon 20 min of shaking (600 rpm). The absorbance of
NR was measured at 540 nm using a plate photometer
(340 ATC, SLT).

Furthermore, proliferation studies were performed in
normal cell culture flasks (12.5 cm2) with V79 cells cul-
tured in DMEM containing 5% FCS and various con-
centrations of mercury(II) chloride. Every 24 h after
seeding a constant number of 5*104 cells into the flasks,
one representative sample for each concentration was
treated with accutase and analysed for cell density and
viability with the CASY cell counter system.

Micronucleus (MN) assay and CREST analysis

The MN assay was performed according to Matsuoka
et al. (1992). Initially, 300,000 V79 cells were seeded into
25 cm2 flasks (Greiner, Frickenhausen, Germany) and
cultured for 48 h at 37�C. Then the cells (in medium
containing 10% FCS) were treated with the mercury or
control substances (positive controls: VCR and MMS)
for 1.5 cell cycles (at 37�C) for 18 h. Cells were harvested
by disaggregation with trypsin/EDTA (0.25% trypsin in
PBS with 0.02% EDTA) and resuspended in complete
medium with 20% FCS after centrifugation at 200 g for
10 min. Cells were then subjected to hypotonic condi-
tions with 0.4% KCl, and to fixation with methanol/
acetic acid (3:1; four cycles and centrifugation in be-
tween). Some drops of the fixed cell suspensions (0.5 ml)
were put on glass slides and allowed to dry. Shortly
before microscopic analysis, the cells were stained with
50 ll acridine orange working solution. The slides were
examined using a fluorescence microscope (Leitz
DMBR) at 400-fold magnification and filter settings
with excitation at 440–490 nm and emission at 520 nm.
The scoring criteria for MN followed those of Coun-
tryman and Heddle (1976) and Fenech et al. (1993). In
total, 7,000–16,000 cells per concentration were evalu-
ated. This necessitated at least two parallel sets of
experiments. Test substance concentrations examined in
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the MN assay were generally below the cytotoxicity
threshold determined by the neutral red assay.

A distinction between aneugens and clastogens was
achieved by CREST analysis, according to Renzi et al.
(1996) and Russo et al. (1992) with some modifica-
tions. Vincristine (VCR at 10 nM) and methyl methane
sulfonate (MMS at 25 lg/ml) served as aneugenic and
clastogenic positive controls, respectively. The test
conditions were those used in the standard MN assay
except that the cells were seeded directly onto sterile
slides and treated in Quadriperm dishes (Viva Science,
Hannover, Germany). After incubation with the test
compounds for 18 h (at 37�C under 5% CO2), the
slide preparation was as follows: slides were rinsed
2 min with 1x PBS and kept in 0.075 M KCl for about
15 min (at 37�C). For fixation of the cells, slides were
placed for 30 min in methanol (�20�C) and for 10 min
in acetone (�20�C). Then, fixed cells were placed
5 min in PBS with 0.1% Tween 20. Fifty microlitres of
the primary antibody (CREST serum diluted 1:50 with
PBS/0.2% Tween 20) were put on the slides and
incubated for 24 h (37�C, 5% CO2). This was followed
by rinsing twice with PBS/0.1% Tween 20 and an
incubation for 1 h with the second antibody (FITC
conjugated anti-Human IgG, diluted 1:100 in PBS/
0.5% Tween 20). Then, slides were rinsed twice with
PBS/0.1% Tween 20 before doublestaining was per-
formed with 100 ll staining solution (1 lg/ml DAPI +
0.1 mg/ml propidium iodide, mixed at 3:1 v/v).

Slides were examined with a Leitz DMBR (Leica,
Wetzlar, Germany) fluorescence microscope at 400-fold
or 1,000-fold magnification. For the fluorochromes used
for staining, appropriate filter settings were chosen:
excitation at 340–380 nm for DAPI and 515–560 nm for
propidium iodide and emissions at 425 and 590 nm,
respectively. In cells stained with CREST serum and
FITC-labeled antibodies, the presence of a kinetochore
in the micronucleus was determined using fluorescein
filter settings (excitation at 490 nm, emission 525 nm)
after a micronucleated cell had been located on the slide.
For each concentration 1,000 cells per slide were coun-
ted, totalling 4,000 cells on four slides per treatment
group. The MN were assigned ‘‘CREST positive’’,
‘‘CREST negative’’ and ‘‘unclear’’ (when classification
was not clear due to high background fluorescence or a
very weak signal). A positive CREST reaction reveals
that the MN consists of one or more complete chro-
mosomes, primarily indicating an aneugenic effect
(Miller and Adler 1990; Schuler et al. 1997).

Immunofluorescence studies

Cells were seeded on coverslips and incubated for 24 h
with culturemedium containing 5%FCS andmercury(II)
chloride. After fixation with formaldehyde, the cells were
treated with Cy3-labelled monoclonal anti-b-tubulin
antibody (SIGMA) according to the manufacturer’s
instructions. Mounted cover-slips were examined at

magnification 100· using an Axiovert 135 TV fluores-
cence microscope (Carl Zeiss, Jena, Germany).

Results

Microtubule assembly: turbidity assay

The ‘‘tubulin assembly assay’’ is based on the observa-
tion that, under defined conditions, tubulin assembles
and disassembles dependent on the ambient tempera-
ture. Physiological temperatures lead to polymerisation
of the tubulin dimers and to microtubule formation.
This process is reversible at low temperature. Microtu-
bule assembly and disassembly were observed spectro-
photometrically during consecutive temperature cycles
(4, 37, 4�C). Turbidity (absorbance) at 360 nm is in-
creased upon formation of microtubules. If tubulin
assembly is inhibited, e.g. by HgCl2, the turbidity at
37�C is reduced compared with the control. At a certain
concentration, the assembly may be completely inhibited

Fig. 1a, b Effect of mercury(II) chloride on tubulin assembly (a).
Relative absorbance of the tubulin assembly mixture (compared to
control) after incubation of tubulin with various concentrations of
mercury(II) salts upon heating for 20 min to 37�C and additional
cooling to 4�C. In the resulting dose-dependence curve (b) each
data point represents the average of at least six individual tests
(means«S.D.)
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(no rise in absorption). Denaturation of tubulin fol-
lowed by aggregation and precipitation may occur at
higher concentrations of (some) chemicals and is re-
flected by a change in curve shape during the period of
warming, compared with the control. The rise in
absorption resulting from denaturation is not reversible,
resulting in higher absorbances at 4 C compared with
control samples.

Mercury(II) inhibits the microtubule assembly at
concentrations above 1 lM (Fig. 1). The inhibition is
complete at about 10 lM. In this range the assembly is
fully (up to 6 lM) or partially (�6–10 lM) reversible.
Higher doses of mercury(II) cause the formation of
protein-mercury- aggregates (Fig. 1a). The dose-

response curve is shown in Fig. 1b. The inhibition of
tubulin assembly is independent of the anions chloride
or nitrate. The no-observed-effect-concentration for
inhibition of microtubule assembly in vitro is 1 lM
mercury(II); the IC50 is 5.8 lM.

Transmission electron microscopy

The in vitro assembly of microtubules, the possible
formation of aberrant structures and their dynamic
behaviour was investigated by electron microscopy. This
technique was used as a confirmation of the results of
the turbidity assay.

Fig. 2 Disassembly of
paclitaxel-stabilised
microtubules by addition of
10 lM mercury(II) chloride
after 0, 5, 10 and 15 min

579



Electron micrographs for samples incubated with
5 lM mercury chloride showed no apparent deviations
of the microtubule structures, compared with the control
(data not shown). This means that mercury(II) salts, at
concentrations partly inhibiting tubulin assembly, did
not cause the formation of aberrant microtubule struc-
tures. Furthermore, it was demonstrated that complete
inhibition by Hg2+ (10 lM) was reversible and not
accompanied by the formation of tubulin clusters, other
irregular structures or even denaturation. Normal
microtubules were also formed following the addition of
the chelator DTT (data not shown).

Microtubule disassembly

Mercury(II) has the potential to completely destroy
microtubules (Keates and Yott 1984; Miura et al. 1984).
Figure 2 shows the dynamics of this process. Microtu-
bule decomposition occurs only at 10 lM HgCl2, start-
ing after 10 min, but not at 5 lM HgCl2. In accordance

with the literature, the effective molar ratio of mercury/
tubulin for microtubule decomposition is higher than
the one needed for the inhibition of microtubule
assembly.

Gliding assay

Additionally, possible effects of mercury salts on motil-
ity functions of the microtubule system were studied by a
so-called gliding assay using kinesin. In this assay, pac-
litaxel-stabilised microtubules were moved across a
kinesin-coated glass surface mimicking intracellular
movement and transport processes (see Bonacker et al.
2004).

HgCl2 affects the gliding velocity of paclitaxel-stabi-
lised microtubules in a clear dose-dependent manner,
apparent at a concentration of 0.1 lM, and reaching
complete inhibition of motility at 1 lM (Fig. 3).

Cytotoxicity assay and effects on cell proliferation

Cytotoxicity of HgCl2 was studied in V79 cells. Reduc-
tion of neutral red (NR) uptake by an 18-h treatment
with the test agent starts at concentrations above 17 lM
HgCl2. Between 15 and 20 lM HgCl2 there is an intense
decrease in NR-absorbance, indicative of cell toxicity.
Concentrations above 25 lM HgCl2 reduce the NR
uptake almost completely (Fig. 4). Studies assessing
inhibition of cell proliferation by HgCl2 for longer cul-
ture periods essentially confirmed the results of NR-as-
say: the no-observed-effect concentration was 10 lM in
this experiment, marked decreases in cell number were
seen at 15 lM, and at 50 lM HgCl2 cell proliferation
was completely suppressed (Fig. 5).

Micronucleus assay and CREST analysis

In terms of chromosomal genotoxicity, relevant inter-
actions of chemicals with cytoskeletal macromolecules

Fig. 3 Microtubule gliding assay; concentration-dependent inhibi-
tion of microtubule motility in vitro by mercury chloride
(means«S.D.; n=6)

Fig. 5 Results of cell proliferation studies with V79 cells treated
with mercury(II) chloride for up to 3 days

Fig. 4 Neutral red uptake by V79 cells treated for 18 h with
various concentrations of mercury(II) chloride: the steep decrease
in NR absorbance indicates cytotoxicity of above 15 lM HgCl2
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are reflected by the MN assay. Aneugenic compounds
causing spindle or kinetochore damage lead to the for-
mation of MN containing complete chromosomes.
Clastogens may induce structural chromosome breaks.
On the basis of preliminary observations (Thier et al.
2003) mercury salts were investigated regarding their
ability to induce MN in V79 hamster fibroblasts. Dis-
tinction of aneugenic and clastogenic mechanisms was
achieved by CREST analysis.

Both mercury chloride and mercury nitrate induced
micronuclei concentration-dependently starting at con-
centrations above 0.01 lM mercury(II). Maximal MN
induction was seen at 0.1 lM HgCl2 or 1 lM Hg(NO3)2
(Fig. 6a). In general, the CREST analysis argued in fa-
vour of a multiplicity of mechanisms of MN induction

by mercury ions, with some prevalence of aneugenic
over clastogenic effects (Fig. 6b).

Immunofluorescence studies

The effects of high concentrations of mercury(II) on the
cytoskeleton were verified in V79 cells by immunofluo-
rescence staining of the microtubule network. Disrup-
tion of the microtubule network is visualised by labelling
with b-tubulin antibody conjugated with Cy3 fluoro-
phore.

Up to 100 lM mercury(II), no dramatic structural
effect on the microtubule network was detected in V79
cells. At concentrations of about 100 lM HgCl2 the
microtubular network in some cells was destroyed,
whereas the other cells remained intact. At 250 lM
mercury(II) all cells lost integrity of their cytoskeleton.
This was independent of absence or presence of 5% FCS
(Fig. 7).

Discussion

Dose response relationships play a major role in risk
assessment and regulatory toxicology since they allow
the identification of no-observed effect concentrations of
chemical exposure (Bolt 2003). Also with regard to
genotoxicity and carcinogenicity, threshold mechanisms
may be operative at different stages (Hengstler et al.
2003). There is a continuing debate regarding ‘‘indirect
mechanisms of genotoxicity’’ leading to thresholds in
dose-effect relationships (Kirsch-Volders et al. 2000,
2003; Pratt and Barron 2003). This present debate is
focussed on chromosomal genotoxicity, and in particu-
lar to mechanisms leading to aneuploidy and clastoge-
nicity (Kirsch-Volders et al. 2000; Bolt et al. 2004).

Fig. 7 Immunostaining of ß-tubulin network in V79 cells with Cy3-
labelled monoclonal anti-tubulin antibody. Controls and cells
treated with 100, 150 and 300 lM HgCl2

Fig. 6a, b Concentration-dependent induction of micronuclei in
V79 cells by mercury chloride and nitrate (a). Cells were incubated
for 1.5 cell cycles (18 h) with the respective salts. Additional
CREST analysis revealed aneugenic (CREST-positive) and clasto-
genic (CREST-negative) mechanisms (b)
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As far as the genotoxicity of mercury compounds is
concerned, Léonard (1988) primarily addressed effects
on chromosome distribution, e.g. aneugenicity. Later,
De Flora et al. (1994) reviewed clastogenic effects of
mercury compounds, and attributed these to the gener-
ation and activity of reactive oxygen. This view is sec-
onded by others (Schurz et al. 2000; Rao et al. 2001). In
cellular in vitro systems, mercury(II) compounds cause
glutathione depletion that facilitates toxic effects of re-
dox cyclings (De Flora et al. 1994), whereas ascorbic
acid prevents genotoxicity of mercury(II) chloride (Rao
et al. 2001). This points to a relevance of reactive oxygen
mechanisms which are being viewed as connected to
clastogenicity.

Our present data on micronuclei formation in V79
cells demonstrate both clastogenic (CREST-negative)
and aneugenic effects of mercury(II), with some pre-
ponderance of aneugenicity (Fig. 5b). This, in turn,
supports the original view of Léonard (1988) that
mechanisms affecting chromosome distribution are also
relevant for the chromosomal genotoxicity of mercury
compounds. Taking the dose-response data of the
present investigation into account, the following stag-
gering of effects by Hg2+ is noted:

– >0.01 lM: concentration-dependent induction of
micronuclei in V79 cells

– >0.1 lM: concentration-dependent inhibition of
kinesin-mediated microtubule motility in a cell-free
environment

– >1 lM: inhibition of microtubule formationin a cell-
free system

– At 10 lM: disassembly of microtubules in a cell-free
system, visualised by video contrast microscopy

– >15 lM: overt cytotoxicity, indicated by decrease of
neutral red uptake in V79 cells and inhibition of cell
proliferation

– >15 lM: decomposition of the microtubule network
in IMR-32 cells (Stoiber et al. 2004)

– >100 lM: decomposition of the microtubule network
in V79 cells

In general, it is difficult to compare the concentrations
of Hg2+ required for distinct effects in cellular vs. cell-
free systems. On the one hand, cellular transport pro-
cesses must be taken into account. On the other hand, the
availability of binding sites for Hg2+ should be much
different in cellular vs. cell-free systems. For some effec-
tors (e.g. colchicin) it is known that interference with
tubulin assembly is more critical than interference with
disassembly. Such a phenomenon has also been described
for mercury compounds (Miura et al. 1984), and it has
been postulated that binding to assembled tubulin and
associated microtubule-associated proteins (MAP)
would provide protection against effectors.

However, taken as a whole the present data appear
consistent with the concept that part of the chromo-
somal genotoxicity of Hg2+ could be due to the
impairment of the functionality of the motor protein

kinesin and/or the microtubules, leading to disturbances
in chromosome distribution. Aneugenic compounds
may act by affecting proper tubule formation or chro-
mosomal segregation and subsequently lead to chro-
mosomal loss. Recent studies have provided evidence for
the presence of thresholds for the induction of chro-
mosome non-disjunction and chromosome loss by
microtubule inhibitors (Elhajouji et al. 1995; Decordier
et al. 2002). The theoretical basis for the existence of
such thresholds has been reviewed by Kirsch-Volders
et al. (2000, 2003).

In essence, there is now compelling evidence that
aneugenicity and clastogenicity are mechanisms that
lead to chromosomal genotoxicity by inorganic mercury.
Plausible underlying mechanisms are interactions with
motor protein functions, leading to aneugenicity, and
generation of reactive oxygen, leading to clastogenicity.
Both mechanisms are not based on direct DNA inter-
action of the chemical and are likely associated with
thresholds. However, the present data also show that
such thresholds for the chromosomal genotoxicity of
mercury salts could be very low.
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Toxikologisch-arbeitsmedizinische Begründungen von MAK-
Werten. 28. WILEY-VCH, Weinheim, Lieferung, pp 1–42

Dieter MP, Boorman GA, Jameson CW, Eustis SL, Uraith LC
(1992) Development of renal toxicity in F344 rats gavaged with
mercuric chloride for 2 weeks, or 2, 4, 6, 15, and 24 months.
J Toxicol Environ Health 36:319–340

Duhr EF, Pendergrass JC, Slevin JT, Haley BE (1993) HgEDTA
complex inhibits GTP interactions with the E-site of brain beta-
tubulin. Toxicol Appl Pharmacol 122:273–280

Elhajouji A, Van Hummelen P, Kirsch-Volders M (1995) Indica-
tions for a threshold of chemically-induced aneuploidy in vitro
in human lymphocytes. Environ Mol Mutagen 26:292–304

Fenech M (1993) The cytokinesis-block micronucleus technique: a
detailed description of the method and its application to
genotoxicity studies in human populations. Mutat Res 285:35–
44

Gaskin F, Cantor CR, Shelanski ML (1974) Turbidimetric studies
of the in vitro assembly and disassembly of porcine neurotu-
bules. J Mol Biol 89:737–755

Hengstler JG, Bogdanffy MS, Bolt HM, Oesch F (2003) Chal-
lenging dogma: thresholds for genotoxic carcinogens? The case
of vinyl acetate. Annu Rev Pharmacol Toxicol 43:485–520

Keates RAB, Yott B (1984) Inhibition of microtubule polymeri-
zation by micromolar concentrations of mercury(II). Can
J Biochem Cell Biol 62 814–818

Kirsch-Volders M, Aardema M, Elhajouji A (2000) Concept of
threshold in mutagenesis and carcinogenesis. Mutation Res
464:3–11

Kirsch-Volders M, Vanhauwaert A, Eichenlaub-Ritter U, Decor-
dier I (2003) Indirect mechanisms of genotoxicity. Toxicol Lett
140/141:63–74

Kuznetsov SA, Gelfand VI (1986) Bovine brain kinesin is a
microtubule-activated ATPase. Proc Natl Acad Sci U S A
83:8530–8534
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