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Effects of occupational exposure to mercury vapor

on lymphocyte micronuclei
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BARREGARD L, HOGSTEDT B, SCHUTZ A, KARLSSON A, SALLSTEN G, THIRINGER G. Ef-
fects of occupational exposure to mercury vapor on lymphocyte micronuclei. Scand J Work Environ Health
1991;17:263—8. For 26 chloralkali workers exposed to inorganic mercury and 26 age-matched, occupa-
tionally unexposed referents, the frequency and size distribution of micronuclei were determined in pe-
ripheral lymphocytes stimulated with either phytohemagglutinin or pokeweed mitogen. For the exposed
workers the mean concentrations of mercury in urine, plasma, and erythrocytes were 16 nmol/mmol of
creatinine, 48 nmol/1, and 78 nmol/l, respectively, and their mean exposure time was 10 years. Neither
the frequency nor the size of micronuclei was significantly different in the two groups; nor were there
any correlations to current mercury levels. However, in the exposed group, and with phytohemagglutinin
as the mitogen, a statistically significant correlation between previous exposure to mercury (cumulative
exposure or number of blood mercury peaks) and the frequency of micronuclei was found. This associa-
tion was also present when the effects of age and smoking were allowed for, and it may indicate an ac-
cumulation of cytogenetic effects in T-lymphocytes.
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High levels of mercury vapor (Hg°) may be found in
certain work environments (eg, plants for the produc-
tion of chlorine, fluorescent tubes, or thermometers).
Low-level exposure is common among dental person-
nel and is seen in the general population as a result
of release from dental amalgam surfaces. Mercury
vapor is readily absorbed through the lungs into the
blood stream and is then distributed to various parts
of the body. The critical organs are the central ner-
vous system and the kidneys (1, 2).

The most evident genotoxic effect of inorganic mer-
cury compounds is the induction of C-mitosis with in-
activation of the mitotic spindle. This phenomenon
results in aneuploidy and/or polyploidy. The effect on
the spindle mechanism is probably due to the high af-
finity of mercury for sulfhydryl groups in the spindle
apparatus (3—35). The ability of inorganic mercury to
induce gene mutations seems, however, to be low (3,
4). Cytogenetic in vivo studies have, in most cases,
shown no effects on human chromosomes (6—9). Only
few studies of cancer in animals after exposure to mer-
cury have been reported, and none used the inhala-
tion of mercury vapor as the method of exposure (10,
11). In two epidemiologic studies of cancer in groups
with occupational exposure to mercury vapor, an ex-
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cess of lung cancer was reported. This excess was, how-
ever, probably related to factors other than the ex-
posure to mercury (12, 13). In a study of dental per-
sonnel, the incidence of brain tumors was increased,
and exposure to mercury vapor was discussed as a pos-
sible causative factor (14).

The micronucleus method has been developed into
a rapid and sensitive cytogenetic procedure for the
study of lymphocytes from peripheral blood (15). The
micronucleus size depends on whether it originates
from whole chromosomes or from chromosome frag-
ments (16), as in aneuploidy and chromosome break-
age. The aim of the present study was to examine
whether the frequency and size distribution of
micronuclei in peripheral lymphocytes were affected
by exposure to mercury vapor in chloralkali workers.

Subjects and methods

We examined 26 male chloralkali workers exposed to
mercury vapor and 26 occupationally unexposed refer-
ents from the same ccmpany. The exposed group in-
cluded all workers exposed to mercury vapor for at
least one year (except one diabetic) and available on
the days of sampling. The average levels of mercury
in the air had been 25—50 pg/m? for the past decade,
and the mean duration of exposure to mercury was 10
years. The referents were individually matched to the
exposed subjects for age (*7 years) and smoking
habits (table 1). They had no present or historical oc-
cupational exposure to mercury. Fish consumption was
higher among the referents, however (table 1). The
number of smokers was 14 in both groups. Two of the
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Table 1. Age and previous mercury exposure of the 26 mercury-exposed chloralkali workers and 26 occupationally unexposed
referents. The cumulative exposure index denotes integrated whole blood mercury over employment time.

Fish consumption Cumulative exposure

Group® Age (years) (meals per week) Exposure time (years) index (nmol/l - years)
Mean Median Range Mean Median Range Mean Median Range Mean Median Range

Exposed 37 33 21—65 0.9 1 0—2 10 10 1—31 910 710  85—4300

Reference 36 33 18—61 13 1 0—3 . . . . . .

2 The number of smokers was 14 for both groups.

Table 2. Biological exposure indices for the 26 mercury-exposed chioralkali workers and 26 occupationally unexposed refer-
ents. (Hg = mercury, HgB = mercury in whole blood)

Number of peaks Plasma Hg Erythrocyte Hg Urinary Hg Urinary Hg
G (HgB>150 nmol/l) {nmolll) (nmol/l) (nmolft) (nmol/mmol creatinine)
roup
Me- Me- ” 2 .
Mean diaen Range Mean diaen Range Mean g/ilaen Range Mean (;\’iI:n Range Mean g?:n Range
Exposed 22 05 0-29 48 31 14—200 78 52 24-323 252 178 25—930 16 13 4.2--37
Reference . . . 76 7.7 4—13 33 30 12—101 19 15 1—48 13 1.2 0.2-29

exposed workers were on beta-blocker medication
owing to hypertension, and another exposed worker
used a bronchodilating spray to treat mild asthma,
whereas none of the referents used any medical drués
regularly. Three workers and one referent took sup-
plementary selenium. Two exposed workers and one
referent had had a medical X-ray examination (other
than dental) during the six months preceding our study.

Venous blood and morning urine samples were col-
lected in metal-free heparinized tubes and bottles on
the same occasions from the exposed subjects and
referents. One whole blood sample was transported to
the laboratory for lymphocyte cultivation on the day
of the sampling. Plasma and erythrocytes were sepa-
rated by centrifugation and then, with the urine sam-
ples, frozen until analysis for mercury content and
creatinine.

Mercury was analyzed in urine, plasma, and eryth-
rocytes with the use of the cold-vapor atomic absorp-
tion technique, as previously described (17). The sam-
ples were analyzed in duplicate. The coefficients of
variation at mercury concentrations above and below
30 nmol/l were 7.6 % and 12 % for urine, 5.8 % and
12 % for plasma, and 5.6 % and 11 % for erythro-
cytes. Accuracy was initially tested by comparison with
radiochemical neutron activation analysis (17). In ad-
dition, 18 of the samples in the concentration range
6—376 nmol/] were reanalyzed three years later (1990)
together with five reference samples. The results for
17 of the samples averaged 96 (SD 14, range 70—
114) % of the previous values. For the remaining
sample, the result was 6 nmol/l, as compared with
13 nmol/l previously. The results obtained for the
whole blood reference samples were 18, 46, and 500
nmol/1 as compared with the recommended values of
20, 50, and 488 nmol/I, respectively (batches 904 and
905, Seronorm,® Nycomed, Oslo, Norway, and con-
trol blood for metals 2, lot number 620403, Behring
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Institute, Behringwerke AG, Marburg, Germany). The
results for lyophilized urine were 44 and 254 nmol/l,
as compared with the assigned values of 48 and 255
nmol/l (Lanonorm® metals number 1 and Sero-
norm® batch 108). For two exposed workers, the uri-
nary mercury level had to be determined a few months
before the present examination. For three exposed
workers and three referents only the mercury content
of the urine and whole blood was determined. For
these subjects, the mercury content of the plasma and
erythrocytes was estimated from the mercury concen-
tration of the whole blood and ratios of mercury in
blood components on other sampling occasions in the
same year.

For the exposed group, we calculated a cumulative
exposure index for each subject by integrating the
previous yearly mean levels of mercury in blood over
employment time.

In addition, the number of occasions when the blood
mercury levels had been found to exceed 150 nmol/1
was registered. This level is currently used at the fac-
tory as a biological exposure limit, and a higher level
results in temporary removal from exposure.

For the micronucleus assay, buffy coat leukocytes
from heparinized venous blood were incubated for
8 h in 1640 Roswell Park Memorial Institute (RPMI)
medium with 15 % fetal calf serum. Parallel cultures
were prepared with either phytohemagglutinin (PHA)
(Gibco; 1 ml/100 ml) or pokeweed (PWM) (Gibco;
1 m1/100 ml) as the mitogen. It has been shown previ-
ously that the appropriate incubation time is the same
for both mitogens (18). The cells were prepared accord-
ing to the method described by Hogstedt (15).

In the first step, 3000 lymphocytes from each in-
dividual were analyzed ‘‘blindly’’ by the same observer
for the presence of intracellular micronuclei. In the sec-
ond step, the number of cells corresponding to 10
micronuclei were scored, and the sizes of the cell nuclei



and the micronuclei were measured according to the
method previously described (16). In no case were more
than 3000 lymphocytes scored in the second step. The
size of the micronucleus was expressed as the ratio be-
tween the surface of the micronucleus and the cor-
responding main nucleus of the cell. This procedure
was necessary since the different phases of the cell cycle
gave different sizes of cell nuclei and micronuclei. The
method error in the determination of the frequency of
micronuclei was calculated from repeated scoring by
the same observer. The coefficient of variation was
17 % when the frequency of micronuclei was based
on the examination of 3000 cells.

The frequencies of micronuclei were approximate-
ly normally distributed, while the differences in fre-
quencies between matched pairs, the mean size ratios,
the mercury concentrations, the numbers of mercury
peaks, and the cumulative exposure indices were not.
For comparisons of micronuclei frequencies and size
ratios between groups, Wilcoxon’s matched-pairs
signed rank test was used. The proportions of ‘‘large
micronuclei’’ were compared with the use of Fisher’s
exact test. Correlations between exposure variables and
cytogenetic effects were calculated with Spearman’s
rank correlation coefficient (r)). Associations between
more than two variables were analyzed with the mul-
tiple linear regression technique. P-values of <0.05
(two-tailed) were considered statistically significant.

Results

The mercury levels in plasma, erythrocytes, and urine
were higher in the exposed workers, as could be ex-
pected (table 2). All these levels were highly intercor-
related in the exposed group, and to some extent also
associated in the reference group (correlations of nei-
ther group shown in table). The exposure times, the
cumulative dose indices, and the numbers of peaks
were highly intercorrelated in the exposed group. There
was also, as expected, a positive correlation between
fish consumption and the erythrocyte mercury concen-
tration in the referents.

and reference groups were similar (table 3), and the
differences were not statistically significant. Nor were
there any statistically significant differences between
the exposed group and the referents with respect to the
individual mean size ratios of micronuclei in lympho-
cytes stimulated by PHA or PWM (table 4). The same
held true when the numbers of subjects with ‘‘large’’
micronuclei were compared in the two groups (ta-
ble 4).

There were no statistically significant differences be-
tween the smokers and nonsmokers in the combined
group of exposed subjects and referents, with respect
to either frequencies or sizes of micronuclei stimulated
with either PHA (mean frequency 5.1 %0 and 4.7 %0
for the smokers and nonsmokers, respectively) or

"PWM (mean frequency 5.3 %o and 4.7 %o for the

smokers and nonsmokers, respectively). There was no
statistically significant correlation between the fre-
quencies of micronuclei induced by PHA and PWM
(r;=0.24, P=0.11). The micronucleus frequencies
showed, however, a significant positive association
with age (r,=0.38, P =0.007 and r,=0.55, P <0.0001
for PHA and PWM, respectively). For lymphocytes
stimulated with PHA, there was also a positive asso-
ciation between age and the individual mean size ratio
of the micronuclei (r,=0.37, P=0.01). No such effect
was seen for the PWM-stimulated cultures. The effect
of age on frequency and size (only PHA) remained
present when smoking habits were taken into account.

Within the exposed group, there was a positive corre-
lation between the frequency of micronuclei induced
by PHA on one hand and the exposure time, cumula-
tive exposure index, and number of mercury peaks in
the blood on the other (r,=0.46, P=0.02; r,=0.60,

Table 3. Frequency (%) of micronuclei in lymphocytes stimu-
lated by phytohemagglutinin (PHA) or pokeweed mitogen
(PWM) in mercury-exposed chloralkali workers and unexposed
referents. Frequencies are based on 3000 examined lympho-
cytes. (95 % Cl=95 % confidence interval)

PHA stimulation PWM stimulation

For a few subjects, the cultivation of lymphocytes &Y NUGERY_ Frigieiey | NOUDER  (Flequency
was unsuccessful. subjects Mean 95 % Cl  subjects Mean 95 % ClI
For lymphocytes stimulated with either PHA or  Exposed 24 4.3—6.1 24 51 42—60
Reference 26 38—55 25 50 45-55

PWM, the frequencies of micronuclei in the exposed

Table 4. Individqa! mean size ratios (size of micronucleus/size of main nucleus) of micronuclei in lymphocytes stimulated by
p_hytohgmagglutmln (PHA) or pokeweed mitogen (PWM) in mercury-exposed workers and in unexposed referents. The mean
size ratios were calculated only for subjects with >3 micronuclei. Furthermore, the number of subjects with at least one large
(size ratio >0.1) micronucleus is shown. (GM = geometric mean, 95 % Cl=95 % confidence interval)

PHA stimulation

PWM stimulation

Number of Number of
Group Number Size ratio subjects Number Size ratio subjects
L_)f with >1 of with >1
subjects GM 95 % ClI large mi- subjects GM 95 % Cl large mi-
cronucleus cronucleus
Exposed 23 0.033 0.028—0.040 7 24 0.033 0.029—0.039 6
Reference 23 0.032 0.027—0.038 6 25 0.038 0.033—0.043 1
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Figure 1. Frequency of micronuclei in 3000 lymphocytes (mitogen PHA) for workers exposed to mercury vapor, as a function
of the cumulative exposure index calculated from the previous levels of mercury in whole blood (1A) and the number of re-
corded blood mercury (HgB) peaks >150 nmol/l (1B). One subject (indicated with an arrow) had 29 recorded peaks.

Table 5. Linear and multiple linear regression with the fre-
quency (%) of micronuclei in peripheral lymphocytes (phyto-
hemagglutinin as the mitogen) as the dependent variable for
24 mercury-exposed subjects. The cumulative exposure index
denotes the integrated whole blood level of mercury (HgB) over
employment time. (R2 = fraction of the total variance explained
by the regression model)

Independent Regression P R?

variables coefficient

Single variables
Cumulative exposure index 0.0013 0.00352 0.33
Number of HgB peaks 0.18 0.014 0.24
Age 0.075 0.035 0.19
Smoking (yes/no} 1.2 0.18 0.08

Multiple regression model 1 — - 0.38
Cumulative exposure index 0.0010 0.048° —
Age 0.040 0.25 —
Smoking 0.37 0.65 —

Multiple regression model 2 — — 0.48
Number of HgB peaks 018 . 0.0067 -
Age 0.077 0.01 —
Smoking 0.55 0.44

a P=0.0022 if the cumulative exposure index is log-transformed.
b P=0.034 if the cumulative exposure index is log-transformed.

P =0.002; r,=0.50, P=0.01, respectively). The fre-
quency of micronuclei has been plotted against the cu-
mulative exposure index and the number of blood mer-
cury peaks in figures 1A and 1B. In a multiple linear
regression model, also including age and smoking, the
associations between micronucleus frequency on one

266

hand and the cumulative exposure index and the num-
ber of blood mercury peaks on the other were still
present and statistically significant (table 5). A log-
transformation of the cumulative exposure index in-
creased the association with PHA-induced frequency
of micronuclei somewhat more, as could be expected
from figure 1A. As shown in figure 1B, there was one
“‘outlier’’ with many blood mercury peaks. When that
worker was excluded, the aforementioned correlation
coefficients remained nearly unaffected, and the as-
sociation between micronucleus frequency and blood
mercury peaks in the multiple regression model was
still statistically significant.

No associations to PHA-induced frequency were
seen for the actual mercury levels or for the frequen-
cy of micronuclei induced by PWM or the size ratios
with either PHA or PWM as the mitogen.

Discussion

The micronuclei frequencies were not significantly in-
creased among the mercury-exposed workers as com-
pared with the referents. The power of the present
study permits a chance of 80 % to show a 25 % in-
crease in the micronucleus frequencies (o =0.05, one-
tailed) of lymphocytes stimulated by either PHA or
PWM. Blood and urinary mercury levels reflect ex-



posure during the past weeks and months, respective-
ly. As we found no associations between micronucleus
frequencies on one hand and the concentrations of
mercury in these biological fluids on the other, it seems
unlikely that micronucleus frequencies are influenced
by moderate recent exposure to mercury vapor.

With respect to long-term exposure, the interpreta-
tion of the data is more complex. There was, for lym-
phocytes stimulated by PHA, a statistically significant
positive association between micronucleus frequency
on one hand and the cumulative exposure index and
the number of recorded blood mercury peaks on the
other. If this is not merely a random finding, but a
true causal relationship, it indicates that long-term
and/or high exposure to mercury may damage the
genetic material in lymphocytes, whereas the lack of
an association with the actual mercury levels in bio-
logical fluids speaks against a temporary effect of the
mercury present in the cultured lymphocytes at the
moment of cell division.

The rationale for using both PHA and PWM as
mitogens is the fact that PWM, in contrast to PHA,
not only stimulates T-lymphocytes, but also the B-lym-
phocytes, and that the effects of different environ-
menta! agents on these classes of lymphocytes may not
be the same (19, 20). As certain fractions of lym-
phocytes have a very long life, a cytogenetic effect ac-
cumulated over many years is not theoretically illogi-
cal. Such an accumulation of cytogenetic effects is a
more likely explanation for the association between the
cumulative exposure and the micronucleus frequency
than an accumulation of mercury, which has not been
shown to occur in the hematopoietic system. Previous
damage to lymphocyte chromosomes may increase the
tendency to form micronuclei when these lymphocytes
divide in culture.

The validity of our exposure indices and the cyto-
genic analyses is, naturally, crucial for the ability to
prove an adverse effect of the exposure. The cumula-
tive exposure index and the number of blood mercury
peaks suffer from substantial errors, being dependent
only upon a few blood mercury measurements per year
from the exposed subjects. Furthermore, as the age dis-
tribution of human lymphocytes is unknown, we can-
not know a priori whether the cumulative exposure
during one year, two years, or the like or the total ex-
posure time is the optimum for detecting a potential
adverse effect. A misclassification of exposure due to
imprecise methods should, however, be nondifferen-
tial (21) and tend to weaken a possible dose-response
relation.

The cumulative exposure index is, naturally, highly
correlated with the total exposure time and also with
the occurrence of high peaks of mercury exposure. In
the multiple regression model, the association with
micronucleus frequency was somewhat stronger for the
blood mercury peaks than for cumulative exposure.
However, with the limited size of the material and the
frequency of mercury sampling, the distinction be-

tween the intensity and length of the previous mercury
exposure remains uncertain.

As to the cytogenetic assays, the method errors are
not negligible. Again, however, a nondifferential mis-
classification would blur a “‘true’’ difference between
our two groups and also a possible dose-response re-
lation. Therefore, it could not explain the significant
association between previous exposure within the
mercury-exposed group and the PHA-induced micro-
nucleus frequency.

The hypothesis that exposure to inorganic mercury,
a spindle poison, may change the micronucleus size dis-
tribution by increasing the number of ‘‘large’’
micronuclei was not supported by our data. If
aneuploidy accounts for a low fraction of the total
number of micronuclei, the power to detect an increase
in such an effect may be too low in a study of
micronuclei, and traditional methods of studying nu-
merical chromosome aberrations may be preferable,
as has been shown for exposure to methylmercury (22).
It should, however, be pointed out that adverse effects
on the mitotic spindle in lymphoid cells in bone mar-
row or lymph nodes may also result in ‘“instability’’
and thus give rise to chromosome aberrations other
than numerical ones in later cell generations (ie, in cir-
culating lymphocytes or after cell division in cultures).

No in vitro or in vivo studies of micronuclei in hu-
man lymphocytes exposed to mercury have yet been
reported. Popescu et al (7) found an increased num-
ber of chromosome aberrations, but no increased
aneuploidy, in four workers with high exposure to mer-
cury vapor (urinary mercury level 710—1930 nmol/]).
Another study (6) reported increased aneuploidy in
17 workers with low mercury vapor exposure, but then
no effect was found in a study of 28 chloralkali work-
ers with moderate exposure to mercury vapor (8).
Mabille et al (9) found no increased frequency of struc-
tural chromosome aberrations in 22 workers exposed
moderately to mercury vapor. The presence of aneu-
ploidy was not reported.

The increase in frequency and size of micronuclei
with age (PHA as the mitogen) has been described
previously (18). In the present study, the effect of age
on micronucleus frequency (but not on size) was also
seen in lymphocytes stimulated by PWM.

As most cytogenetic studies, the present investiga-
tion was made on peripheral lymphocytes. These cells
are easy to study, but they are not necessarily represen-
tative of possible cytogenetic damage caused by mer-
cury in other tissues or cell types, as such an effect is
dependent, for example, on the concentration of mer-
cury in the various cell types, and the presence of
detoxifying and repair mechanisms.

When considered togetner, the limited studies con-
ducted to date do not give any strong indications of
adverse cytogenetic effects in lymphocytes at low or
moderate exposure to mercury vapor. In view of the
findings in the report by Popescu et al (7) and the
results of the present study, future investigations of
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subjects with high and/or prolonged exposure seem,
however, to be justified. Furthermore, the general
opinion that inorganic mercury is not carcinogenic in
humans (1, 23, 24) should be substantiated by addi-
tional animal (preferably inhalation) studies and
epidemiologic studies of cancer incidence among ex-
posed workers.

Acknowledgments

Dr B Jarvholm and Professor S Skerfving are grate-
fully acknowlédged for their valuable advice, and Ms
W Sommargren and Ms M Edvardson for their tech-
nical and secretarial assistance.

The Swedish National Environmental Protection
Agency, the Swedish Work Environment Fund, the
Swedish Cancer Society, and the King Gustaf V Jubi-
lee Clinic Cancer Research Foundation in Géteborg
provided economic support.

References

1. Berlin M. Mercury. In: Friberg L, Nordberg GF, Vouk
VB, ed. Handbook on the toxicology of metals; vol 2.
Amsterdam: Elsevier, 1986:387—445.

2. Clarkson TW, Friberg L, Hursh JB, Nylander M. The
prediction of intake of mercury vapor from amalgams.
In: Clarkson TW, Friberg L, Nordberg GF, Sager PR,
ed. Biological monitoring of toxic metals. New York,
NY: Plenum Press, 1988:247—64.

3. Ramel C. Genetic effects. In: Friberg L, Vostal J, ed.
Mercury in the environment. Cleveland, OH: CRC
Press, 1972:169—82.

4. Léonard A, Jacquet P, Lauwerys RR. Mutagenicity and
teratogenicity of mercury compounds. Mutat Res
1983;114:1—18.

5. Andersen O, Ronne M, Nordberg GF. Effects of inor-
ganic metal salts on chromosome length in human lym-
phocytes. Hereditas 1983;98:65—70.

6. Verschaeve L, Kirsch-Volders M, Susanne C, et al.
Genetic damage induced by occupationally low mercu-
ry exposure. Environ Res 1976;12:303—16.

7. Popescu HI, Negru L, Lancranjan I. Chromosome aber-
rations induced by occupational exposure to mercury.
Arch Environ Health 1979;34:461—3.

8. Verschaeve L, Tassignon JP, Lefevre M, de Stoop P,
Susanne C. Cytogenetic investigations on leukocytes of
workers exposed to metallic mercury. Environ Mutagen
1979;1:259—68.

268

10.

11.

12.

13

14.

15.

16.

17.

20.

21.

22.

23.

24.

Mabille V, Roels H, Jacquet P, Leonard A, Lauwerys
R. Cytogenetic examination of leukocytes of workers
exposed to mercury vapor. Int Arch Occup Environ
Health 1984;53:257—60.

Druckrey H, Hamperl H, Schmal D. Cancerogene Wir-
kung von metallischen Quicksilber nach intraperitonealer
Gabe bei Ratten. Z Krebsforsch 1957;61:511—9.
Mitsumori K, Hirano M, Ueda H, Maita K, Shirasu Y.
Chronic toxicity and carcinogenicity of methylmercury
chloride in B6C3F1 mice. Fundam Appl Toxicol 1990;
14:179—90.

Cragle DL, Hollis DR, Qualters JR, Tankersley WG,
Fry SA. A mortality study of men exposed to elemental
mercury. J Occup Med 1984;26:817—21.

Barregard L, Sallsten G, Jarvholm B. Mortality and can-
cer incidence in chloralkali workers exposed to inorganic
mercury. Br J Ind Med 1990;47:99—104.

Ahlbom A, Norell S, Nylander M, Rodvall Y. Dentists,
dental nurses, and brain tumors. Br Med J 1986;292:662.
Hogstedt B. Micronuclei in lymphocytes with preserved
cytoplasm — a method for assessment of cytogenetic
damage in man. Mutat Res 1984;130:63—72.
Hogstedt B, Karlsson A. The size of micronuclei in hu-
man lymphocytes varies according to inducing agent
used. Mutat Res 1985;156:229—32.

Barregird L, Thomassen Y, Schiitz A, Marklund SL.
Levels of selenium and antioxidative enzymes follow-
ing occupational exposure to inorganic mercury. Sci To-
tal Environ 1990;99:37—47

Hogstedt B, Bratt I, Holmen A, Hagmar L, Skerfving
S. Frequency and size distribution of micronuclei in lym-
phocytes stimulated with phytohemagglutinin and poke-
weed mitogen in workers exposed to piperazine. Hered-
itas 1988;109:139—42.

Hogstedt B, Karlsson A, Holmén A. Frequencies of
micronuclei in human peripheral blood lymphocytes
stimulated in vitro by phytohemagglutinin and pokeweed
mitogen. Hereditas 1988;109:53—55.

Slavutsky I, Knuutila S. Micronucleus formation in
different lymphocyte subpopulations in pleomycin-
treated and control cultures. Mutation Res 1989;219:
257—61.

Kleinbaum DG, Kupper LL, Morgenstern H. Epidemi-
ologic research. New York, NY: Van Nostrand Rein-
hold Company, 1982:220—41.

Skerfving S, Hansson K, Mangs C, Lindsten J, Ryman
N. Methylmercury-induced chromosome damage in
man. Environ Res 1974;7:83—98.

Vainio H, Sorsa M. Chromosome aberrations and their
relevance to metal carcinogenesis. Environ Health Per-
spect 1981;40:173—80.

World Health Organization (WHO). Inorganic mercu-
ry. Geneva: WHO (in press). (Environmental health
criteria).

Received for publication: 28 November 1990





