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Abstract 

Silica is one of the most abundant and widely used mineral groups. A large number of workers are potentially 
exposed to one or more forms of silica. Therefore, the potential carcinogenic hazard of silica to the exposed workers 
is of great concern. This study examines the genotoxic potential of silica with the micronucleus and chromosomal 
aberration assays using cultured Chinese hamster lung fibroblasts (V79) and human embryonic lung (Hel 299) cells. 
One-day-old cultures were treated with two types of silica, Min-U-Sil 5 and Min-U-Sil 10, for 24 h at concentrations 
of 40, 80, 160 and 320 tzg/cm 2. Both Min-U-Sils at 160 and 320 /zg /cm 2 induced micronucleus formation in V79 
and Hel 299 cells. In V79 cells, a significant increase in the micronucleus frequency was also found with 40 and 80 
# g / c m  2. However, the chromosomal aberration frequency was unaffected by either Min-U-Sil 5 or 10 treatment of 
V79 or Hel 299 cells. Results indicated that silica, in different particle sizes, was capable of inducing micronuclei but 
not chromosomal aberrations in cultured animal and human lung cells and suggested that V79 cells were relatively 
more sensitive to silica than Hel 299 cells. 
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I. Introduct ion 

Natura l ly  occur r ing  silica ma te r i a l s  have many  
indus t r ia l  as well  as non- indus t r i a l  appl ica t ions .  

Results of co-operative investigation of West Virginia 
Agriculture and Forestry Experiment Station and NIOSH. 
Published with the approval of the Director of West Virginia 
Agriculture and Forestry Station as Scientific paper No. 2486. 

* Corresponding author. 

Elsevier Science B.V. 
SSDI 0165-1161(95)00006-2 

They  are  p r imar i ly  used  for  road  bu i ld ing  and  
concre te  cons t ruc t ion  and  are  also used  in foundry  
cas t ings  and hydraul ic  f ractur ing.  Silica exposures  
occur  in near ly  all me ta l  and  non -me ta l  min ing  
opera t ions ,  as well  as dur ing  mine ra l  process ing.  
W o r k e r s  in mills p roduc ing  sil ica flour,  by gr ind-  
ing and  mil l ing quar tz ,  may  also be  exposed  to 
high levels of  si l ica dusts.  T h e  US Occupa t iona l  
Safe ty  and  H e a l t h  A d m i n i s t r a t i o n  (1983) esti-  
ma tes  tha t  over  3 mi l l ion worke r s  in the  U n i t e d  
S ta tes  a re  be ing  po ten t ia l ly  exposed  to crys ta l l ine  
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silica. Any health hazards that silica may pose to 
the exposed workers is an important issue. 

Occupational exposure to silica ( < 0 . 2 5 - 1 0  
tzm) is known to be associated with silicosis and 
other respiratory disorders (WHO, 1986). Efforts 
have been made to determine whether there is an 
association between cancer risk and silica expo- 
sure. However, no definitive conclusion thus far 
can be made (IARC, 1987). Results of animal 
inhalation studies indicate no significant differ- 
ences in pulmonary adenomas in either silica 
exposed or control groups of mice (Wilson et al., 
1986), but some silica exposed rats (2-30%) de- 
veloped lung tumors (Dagle et al., 1986; Holland 
et al., 1983, 1986). Intratracheal administration of 
silica did not induce tumors in hamsters (Holland 
et al., 1983; Renne et al., 1985; Niemeier et al., 
1986); however, 16-45% of lung tumors were 
observed in rats receiving silica intratracheally 
(Holland et al., 1983; Groth et al., 1986; Saffiotti, 
1992). 

Only limited short-term genotoxicity studies 
have been performed on silica. The available data 
indicate that silica is not mutagenic to Salmonel la  

t yph imur ium (Mortelmans and Griffin, 1981). 
Quartz, crystalline silica, has been shown not to 
induce sister-chromatid exchanges in Chinese 
hamster lung fibroblasts (Price-Jones et al., 1980) 

but to induce micronuclei in Syrian hamster em- 
bryo cells (Hesterberg et al., 1986). However, no 
micronucleus formation was induced by silica in 
mice in vivo (Vanchugova et al., 1985). Whether  
there is any relationship between genotoxicity 
and particle size of silica has not been reported. 

Chromosomal damage may cause a variety of 
adverse health effects, which may result in occu- 
pational diseases including cancer. The demon- 
stration of micronucleus induction as an indicator 
of chromosomal damage has been studied in di- 
verse tissues and organisms. Indirect evidence 
suggests that micronuclei can be formed as a 
consequence of both chromosome breakage and 
spindle dysfunction (Banduhn and Obe, 1985). 
Chromosomal aberrations are direct indicators of 
genetic damage caused by chemical or physical 
agents. Therefore,  these two genetic endpoints 
(micronucleus and chromosomal aberrations) 
serve as excellent markers to assess the genotoxic 
and clastogenic potential of environmental or oc- 
cupationally related agents. The study reported 
here attempts to determine the clastogenic activ- 
ity of two different size distributions of silica 
dusts in cultured Chinese hamster lung fibro- 
blasts (V79 cells) and human embryonic lung (Hel 
299) cells using these two cytogenetic assay sys- 
tems. 
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Fig. 1. Effect of different doses of silica on percent relative cloning efficiency in V79 cell cultures (A) and in He1299 cells (B), 5 ~m 
silica ( • ), 10 p.m silica ( * ). 
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2. Materials and methods 

Cell lines 
V79 and Hel 299 cells used in the study were 

from Dr. C.C. Chang (Michigan State University, 
East Lansing, MI) and American Tissue Culture 
Collection (Rockville, Maryland), respectively. 
The V79 cells were grown exponentially in Eagle's 
minimal essential medium (MEM; Sigma, St. 
Louis, MO) supplemented with 10% fetal bovine 
serum (FBS; Sigma), 1 mM glutamine (Sigma), 
and antibiotics penicillin (100 U/ml)  and strepto- 
mycin (100 /xg/ml) (Sigma). However, Hel 299 
ceils required special ingredients which included 
0.1% lactalbumin hydrolysate in Earle's balanced 
salt solution (Sigma), 1 mM sodium pyruvate, and 
0.1 mM non-essential amino acids (Gibco BRL, 
Grand Island, NY). Both cell lines were main- 
tained in 75 cm 2 Falcon tissue culture flasks at 
37°C in a humidified atmosphere containing 5% 
CO 2. They were subcultured twice a week using 
trypsin-EDTA solution (Gibco) in phosphate 
buffered saline (PBS). The cell cultures were 
periodically (every 6 months) checked for my- 
coplasma contamination. 

Chemicals 

Silica, Min-U-Sil 5 and Min-U-Sil 10, was ob- 
tained from U.S. Silica Company, Berkeley 
Springs, WV. Min-U-Sil 5 had a particle size 
distribution ranging from 0.6 to 8.0 /zm with an 
average size of 5 Izm and sizes of Min-U-Sil 10 
ranged from 1 to 10 txm, mostly 10 /zm range. 
Silica was suspended in MEM and was sonicated 
for 4 h for even distribution of the sample. Based 
on our preliminary cytotoxicity experiments (Fig. 
1A, B), concentrations of 40, 80, 160 and 320 
/~g/cm 2 for both types of silica were used in this 
study. 

The cytokinesis-blocking agent, cytochalasin B 
(CyB, Sigma) was dissolved in dimethyl sulfoxide 
(DMSO) at a concentration of 2 mg/ml, stored at 
- 2 0 ° C  and diluted with PBS immediately prior 
to use. A concentration of 4 tzg CyB/ml culture 
medium used in the experiment was based on 
earlier reports (Fenech and Morley, 1985). Col- 
cemid (Gibco) at the final concentration of 0.025 
/zg/ml culture medium was prepared in Hanks' 

balanced salt solution (HBSS) with phenol red at 
10/~g/ml to arrest the cells in metaphase. 

Micronucleus assay 

Approximately 5 x 10 s exponentially growing 
cells were seeded into 25 cm 2 flasks with 5 ml 
culture medium. One-day-old cultures were 
treated with silica for 24 h. The cultures were 
washed thoroughly with PBS and re-fed with 5 ml 
of fresh medium. CyB (4 /xg/ml) was added to 
each culture dish and the cells were allowed to 
grow for 18-20 h. In a separate experiment, to 
identify the cell cycle kinetics (CCK), for Hel 299, 
CyB was added to the one-day-old cultures and 
these cultures were harvested at various time 
periods (8-48 h) to identify optimal harvest time 
to obtain binucleate cells for micronucleus analy- 
sis. 

After treatment, cells were harvested using the 
trypsin-EDTA solution and centrifuged at 100 x g 
for 10 min. The supernatant was discarded and 
the pellet resuspended with the residual solution. 
The cell suspensions (60-70 Ixl) were dropped 
onto each prelabeled slide and spun for 7 min at 
600 rpm using a cytocentrifuge (Shandon, Pitts- 
burgh, PA). This permitted proper spreading of 
the cells, maintained intact cell boundaries, and 
concentrated the cells in a small area on the 
slide. The slides were air-dried, dipped in abso- 
lute methanol for 5 s to fix the ceils, and stained 
with Diff-Quik stain (American Scientific Prod- 
ucts, Broadview Heights, OH). All preparations 
were blind coded and scored at 1000 X magnifi- 
cation. For the CCK experiment, 200 cells were 
scored for the presence of ln, 2n or > 2n, whereas 
1000 binucleated cells were analyzed for the pres- 
ence of micronuclei. The criteria for scoring mi- 
cronuclei were similar to those of Countryman 
and Heddle (1976). 

Chromosomal  aberration analysis 

After termination of silica treatment by wash- 
ing thrice with PBS, cells were allowed to grow 
for 18-20 h. Two hours before the end of the 
harvest (cells trypsinized), colcemid was added to 
the culture. Cells were harvested, washed, and 
resuspended in hypotonic solution (0.075 M KCI) 
for 20 min at 37 ° C and fixed with methanol-acetic 
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acid (3:1) three times. Three drops of cell suspen- 
sion were dropped onto a cold wet slide and 
air-dried. The ceils were stained with 10% Giemsa 
and 100 metaphases were analyzed for the pres- 
ence of aberrations. Mitotic index was calculated 
based on 200 cells scored. The types of chromo- 
somal aberrations were classified according to the 
standard cytogenetic procedures (Evans and 
O'Riordan, 1975). 

Statistical analysis 
All the experimental data were analyzed by 

the X2 test. They were also compared with their 
respective controls using a sequential linear 
dose-trend test for the micronucleus assay. Corre- 
lation coefficients (r) were calculated between 
the concentrations and micronucleated or aber- 
rant cell frequency. 

Table 1 
Frequencies of micronucleated cells in V79 cultures treated 

with Min-U-Sil 5 and Min-U-Sil 10 

Dose Cell cycle kinetics (%) MNBN/1000  cells 

(P~g/cmZ) in  2n > 2n (mean _+ SD) 

Min- U-Sil 5 
Control 11.5 84.2 4.3 1.5 _+ 0.71 

40 18.0 80.5 1.5 5.5 _+ 0.70 * 

80 24.8 73.3 2.0 10.0_+ 2.83 * * 
160 26.3 71.5 2.3 10.7_+ 1.89 * * 

320 18.0 80.8 1.3 22.0_+ 2.83 * * 

Min-U-Sil 10 
Control 11.5 84.3 4.3 1.5 + 0.71 

40 9.8 88.5 1.8 3.5_+2.12 
80 15.0 83.0 2.0 6.0_+ 0.00 * 

160 13.5 83.8 2.8 11.5_+2.12 * * 

320 16.5 81.3 2.3 15.5 _+ 3.53 * * 

MNBN, micronucleated binucleated cells. 
* P < 0.05; * * P < 0.01 compared with control using the X 2 
test. 

3. Results 

Results from the CCK analysis of Hel 299 cells 
in the presence of CyB indicate that with increase 
in culture time, there was a decrease in the 
proportion of mononucleated cells (Fig. 2). The 
number of binucleated cells reached a peak 20 h 
after the addition of CyB. With further increase 
in time, the binucleated cells decreased and there 
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Fig. 2. Cell cycle kinetic analysis of Hel 299 cells after cy- 
tochalasin B treatment.  Mononucleates ([]) ,  binucleates ( * ), 

multinucleates ( • ). 

were only a few by 48 h. Also, at 24 h and 
subsequent time points, cells with three or more 
than three nuclei were prevalent. 

The frequency of micronuclei in V79 cells fol- 
lowing silica treatment is presented in Table 1. 

Table 2 
Frequencies of micronucleated cells in Hel 299 cultures 

treated with Min-U-Sil 5 and Min-U-Sil 10 

Dose Cell cycle kinetics (%) MNBN/1000  cells 

( /xg/cm2) in  2n > 2n (mean_+ SD) 

Min-U-Sil 5 
Control 19.5 75.8 4.8 2.0 + 1.41 

40 21.0 76.3 2.8 3.0 +_ 1.41 

80 28.0 68.5 3.5 5.0 + 2.83 

160 26.3 70.0 3.8 6.5 _+ 0.71 
320 28.3 68.8 3.0 8.0 + 2.83 

Min-U-Sil 10 
Control 19.5 75.8 4.8 2.0 _+ 1.41 

40 24.5 73.0 2.5 3.5 _+ 0.71 
80 28.0 69.0 3.0 5.0 + 1.81 

160 31.3 65.0 3.8 9.0 + 1.85 
320 31.5 66.3 2.3 12.5 _+ 0.78 

MNBN, micronucleated binucleated cells. 
* P < 0.05; * * P < 0.01 compared with control using the X 2 

test. 
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Table 3 
Frequency of chromosomal aberrations in Min-U-Sil 5 treated V79 cells 

31 

Dose (p .g /cm 2) Mitotic index a Gaps b Chromatid type b Chromosome type b Aberrant Endoreduplicated 

tg sg m tb f cr af sb d cells c (%) cells (%) 

Control 13.0 2 0 0 0 0 0 0 0 1 3 0 
40 9.5 1 1 0 1 0 0 0 0 2 5 2 
80 7.5 1 1 1 0 1 0 0 0 1 5 9 * 

160 5.5 1 2 0 0 0 1 0 0 2 6 14 * 
320 5.0 3 3 0 1 0 0 0 0 0 7 11 * 

a Mitotic index: number of metaphase cel ls /number of cells scored x 100. 
b tg, chromatid gap; sg, chromosome gap; m, minute; tb, chromatid break; f, fragment; cr, complex rearrangement; af, acentric 
fragment; sb, chromosome break; d, dicentric. 
c Based on 100 metaphase cells scored. 
* P < 0.01, compared with control using the X 2 test. 

With increase in silica concentration, a clear 
dose-related increase was observed in the fie- 
quency of micronucleated V79 binucleated cells, 
in both Min-U-Sil 5 (r  = 0.98) and Min-U-Sil 10 
(r  = 0.97) treated cultures. At the highest concen- 
tration (320/zg/cm2),  a 13-fold increase in total 
micronucleated binucleated cells over controls 
was noted in Min-U-Sil 5 and about a 10-fold 
increase in Min-U-Sil 10. 

In the Hel 299 cells (Table 2), an increase in 
frequency of micronucleated binucleated cells was 
observed in both Min-U-Sil 5 and Min-U-Sil 10 
treated cultures. However, the increase was sig- 
nificant only with the two highest concentrations 
tested. At the highest concentration tested, there 
was a 4- and 6-fold increase in micronuclei in 
Min-U-Sil 5 and Min-U-Sil 10 treated cultures, 
respectively. Min-U-Sil 10 treated cultures had 

greater numbers of micronuclei than those treated 
with Min-U-Sil 5, especially at the dose of 320 
~ g / c m  2. A high correlation coefficient for mi- 
cronuclei (r = 0.94, 0.98) was observed in Min-U- 
Sil 5 and 10, respectively. 

Results of the chromosomal aberration studies 
showed that the aberrations had not significantly 
increased by exposure to either Min-U-Sil 5 (Ta- 
bles 3 and 4) or 10 (data not shown) in either V79 
or Hel 299 cells over the controls. However, there 
were a few gaps (chromatid and chromosome) 
observed for both cell lines and both types of 
silica tested. The mitotic index decreased signifi- 
cantly and a dose-dependent cell cycle delay oc- 
curred in both V79 and Hel 299 cells exposed to 
either of the two types of silica tested. The phe- 
nomenon of endoreduplication (polyploidy) was 
observed only in the V79 cell line. 

Table 4 
Frequency of chromosomal aberrations in Min-U-Sil 5 treated Hel 299 cells 

Dose ( /~g/cm 2) Mitotic index a Gaps b Chromatidtype b 

tg sg m tb f 

Chromosome Pipe b 

cr af sb d 

Aberrant cells c (%) 

Control 8.0 1 0 0 0 1 
40 5.5 0 0 1 1 0 
80 4.5 2 2 0 1 1 

160 4.0 3 0 1 1 0 
320 3.5 1 3 0 1 0 

0 0 1 1 4 
1 0 1 3 7 
0 0 0 0 6 
0 1 0 2 8 
1 0 0 1 7 

a Mitotic index: number of metaphase cel ls /number of cells scored x 100. 
b tg, chromatid gap; sg, chromosome gap; m, minute; tb, chromatid break; 
fragment; sb, chromosome break; d, dicentric. 
c Based on 100 metaphase cells scored. 

f, fragment; cr, complex rearrangement; af, acentric 
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4. Discussion 

Detection of chromosomal aberrations and mi- 
cronucleus formation requires cell (nucleus) divi- 
sion. In cell culture, however, a certain fraction 
of ceils do not divide. Therefore,  the frequency of 
micronuclei in chemically treated cell cultures 
may be underestimated. To overcome this prob- 
lem, Fenech and Morley (1985) used CyB to 
block cytokinesis. With this approach, micronu- 
clei can be scored only in the dividing binucleate 
cells. Previous studies by others have found that 
the cell cycle for V79 cells is approximately 16-18 
h (Bradley et al., 1981; Krishna et al., 1989; 
Channarayappa et al., 1990). Results of the pre- 
sent cell cycle kinetic study on the exponentially 
growing Hel 299 cells showed that the optimum 
time to obtain the maximum number of binucle- 
ate ceils is 20 h after the addition of CyB. This 
time period, therefore, was used for the micronu- 
cleus assay. 

The cultures treated with varying concentra- 
tions of silica (Min-U-Sils 5 and 10) displayed a 
dose-dependent increase in micronucleus fre- 
quencies in V79 cells. The increase in the mi- 
cronucleus frequency was also observed in silica 
treated Hel 299 ceils. These results are in agree- 
ment with previous studies which showed that 
silica induced micronucleus formation in Syrian 
hamster embryo ceils (Hesterberg et al., 1986). In 
an in vivo study, however, silica failed to induce 
micronucleus formation in mice (Vanchugova et 
al., 1985). The disagreement between the in vitro 
and in vivo results may indicate that silica did not 
reach target ceils or may be due to the inactivity 
of silica in the bone marrow in the in vivo situa- 
tion. 

In the present study, silica induced a higher 
frequency of micronuclei in V79 than in Hel 299 
cells. A slight difference in the response was 
found for both cell lines to Min-U-Sil 5 and 
Min-U-Sil 10. However, the difference was not 
significant for either cell line. These results seem 
to indicate that V79 cells are more sensitive than 
Hel 299 ceils to silica. It is possible that the 
difference is due to the difference in the capacity 
of phagocytosis between the two cell lines. V79 
cells may be more effective than Hel 299 in the 
uptake of silica particles. These results also sug- 

gest that Min-U-Sil 10 particles can enter the 
ceils as easily as Min-U-Sil 5 particles. 

Under the conditions tested, neither Min-U-Sil 
5 nor Min-U-Sil 10 induced chromosomal aberra- 
tions in V79 or Hel 299 cells, although the mitotic 
index decreased in the silica treated cultures. 
Sobti and Bhardwaj (1991) reported that the fre- 
quency of chromosomal aberrations in the pe- 
ripheral lymphocytes of workers exposed to stone 
dust containing 50-60% silica was higher than 
that of a control population. It is not known, 
however, whether silica is solely, or in part, re- 
sponsible for the increase in the chromosomal 
aberrations. The different results between chro- 
mosomal aberration and micronucleus assays seen 
in our study may indicate that micronucleus for- 
mation induced by silica in V79 and Hel 299 cells 
resulted from spindle damage caused by silica. 

References 

Banduhn, N. and G. Obe (1985) Mutagenicity of methyl 
2-benzimidazole carbamate, diethylstilbestrol and estra- 
diol: Structural chromosomal aberrations, sister-chromatid 
exchanges, C-mitosis, polyploidies and micronuclei, Muta- 
tion Res., 156, 199-218. 

Bradley, M., B. Bhuyan, M. Francis, R. Langenbach, A. 
Peterson and E. Huberman (1981) Mutagenesis by chemi- 
cal agents in V79 Chinese hamster cells: A review and 
analysis of literature, a report of the Gene-Tox Program, 
Mutation Res., 87, 81-142. 

Channarayappa, J. Nath and T. Ong (1990) Micronucleus 
assay in cytokinesis-blocked binucleated and conventional 
mononucleated methods in human peripheral lympho- 
cytes, Teratogen. Carcinogen. Mutagen., 10, 273-279. 

Countryman, P.I. and J.A. Heddle (1976) The production of 
micronuclei from chromosome aberrations in irradiated 
cultures of human lymphocytes, Mutation Res., 41, 321- 
322. 

Dagle, G.E., A.P. Wehner, M.L. Clark and R.L. Buschbom 
(1986) Chronic inhalation exposure of rats to quartz, in: 
D.R. Goldsmith, D.M. Winn and C.M. Shy (Eds.), Silica, 
Silicosis and Cancer. Controversy in Occupational 
Medicine, Praeger, New York, pp. 255-266. 

Evans, H.J. and M.L. O'Riordan (1975) Human peripheral 
blood lymphocytes for the analysis of chromosome aberra- 
tions in mutagen test, Mutation Res., 31, 135-148. 

Fenech, M. and A. Morley (1985) Measurement of micronu- 
clei in lymphocytes, Mutation Res., 147, 29-36. 

Groth, D.H., L.E. Stettler, S.R. Platek, J.B. Lal and J.R. Burg 
(1986) Lung tumors in rats treated with quartz by intratra- 
cheal instillation, in: D.F. Goldsmith, D.M. Winn and 
C.M. Shy (Eds.), Silica, Silicosis and Cancer. Controversy 



R. Nagalakshmi et al. / Mutation Research 335 (1995) 27-33 33 

in Occupational Medicine, Praeger, New York, pp. 243- 
253. 

Hesterberg, T.W., M. Oshimura, A.R. Brody and J.C. Barrett 
(1986) Asbestos and silica induce morphological transfor- 
mation of mammalian cells in culture: a possible mecha- 
nism, in: D.F. Goldsmith, D.M. Winn and C.M Shy (Eds.), 
Silica, Silicosis and Cancer. Controversy in Occupational 
Medicine, Praeger, New York, pp. 177-190. 

Holland, L.M., M. Gonzales, J.S. Wilson and M.I. Tillery 
(1983) Pulmonary effects of shale dusts in experimental 
animals, in: W.L. Wagner, W.N. Rom and J.A. Merchand 
(Eds.), Health Issues Related to Metal and Nonmetallic 
Mining, Butterworths, Boston, MA, pp. 485-496. 

Holland, L.M., J.S. Wilson, M.I. Tillery and D.M. Smith 
(1986) Lung cancer in rats exposed to fibrogenic dusts, in: 
D.F. Goldsmith, D.M. Winn and C.M. Shy (Eds.), Silica, 
Silicosis and Cancer. Controversy in Occupational 
Medicine, Praeger, New York, pp. 267-279. 

IARC (1987) Monographs on the Evaluation of the Carcino- 
genic Risk of Chemicals to Humans, Vol. 42, Silica and 
Some Silicates, IARC, Lyon, pp. 42-49. 

Krishna, G., M.L. Kropko and J.C. Theiss (1989) Use of the 
cytokinesis-block method for the analysis of micronuclei in 
V79 Chinese hamster lung cells: results with mitomycin C 
and cyclophosphamide, Mutation Res., 222, 63-69. 

Mortelmans, K.E. and A.F. Griffin (1981) Microbial mutagen- 
esis testing of substance: Compound report F76-037, Sil- 
ica-silicon G-910 SCM Glidden Pigments, lot #14-J-2, 
CAS #761869, SRI International, Menlo Park, CA. 

Niemeier, R.W., L.T. Mulligan and J. Rowland (1986) Cocar- 
cinogenicity of foundry silica sand in hamsters, in: D.F. 

Goldsmith, D.M. Winn and C.M. Shy (Eds.), Silica, Silico- 
sis, and Cancer. Controversy in Occupational Medicine, 
Praeger, New York, pp. 215-227. 

Price-Jones, M.J., G. Gubbings and M. Chamberlain (1980) 
The genetic effects of crocidolite asbestos: comparison of 
chromosome abnormalities and sister-chromatid ex- 
changes, Mutation Res., 79, 331-336. 

Renne, R.A., S.R. Eldridge, T.R. Lewis and D.L. Stevens 
(1985) Fibrogenic potential of intratracheally instilled 
quartz, ferric oxide, fibrous glass, and hydrated alumina in 
hamsters, Toxicol. Pathol., 13, 306-314. 

Sobti, R.C. and D.K. Bhardwaj (1991) Cytogenetic damage 
and occupational exposure, I. Exposure to stone dust, 
Environ. Res., 56, 25-30. 

Saffiotti, U. (1992) Lung cancer induction by crystalline silica, 
in: Relevance of Animal Studies to the Evaluation of 
Human Cancer Risk, Wiley-Liss, New York, pp. 51-69. 

US Occupational Safety and Health Administration (1983) 
Toxic and hazardous substances, US Code Fed. Regul., 29, 
Part 1910-1000, pp. 603-604. 

Vanchugova, N.N, V.N. Frash and F.M. Kogan (1985) The 
use of a micronucleus test as a short-term method in 
detecting potential blastomogenicity of asbestos-containing 
and other mineral fibers, Gig. Tr. Prof. Zabol., 6, 45-48. 

Wilson, T., W.J. Scheuchenzuber, M.L. Eskew and A. 
Zankower (1986) Comparative pathological aspects of 
chronic olivine and silica inhalation in mice, Environ. Res., 
39, 331-344. 

World Health Organization (1986) Recommended health- 
based limits in occupational exposure to selected mineral 
dusts (Silica, Coal), WHO Tech. Rep. Series 734, Geneva. 


