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The destruction of macrophages by certain phagocytosed mineral dusts is the first 
step in the sequence of events leading to pulmonary lesions in experimental animals 
and man (1-3). Later on, secondary interactions between phagocytic cells and other 
cell types, for example fibroblasts, take place (4) and appear to lead to the ultimate 
fibrosis. Although the cytotoxicity of various modifications of silica and asbestos 
fibers has been studied extensively on phagocytic cells in vitro, the time of onset and 
the extent of damage are still under discussion. While some authors report extensive 
damage within minutes after the in vitro phagocytosis of certain mineral dusts (prin- 
cipally silica) (5-10), others find that these cells are impaired only when incubated 
with the dust for long periods or with large amounts of it (11-15). 

There appear to be two reasons for this: firstly, the origin, the physicochemical com- 
position, and the pretreatment of the mineral dust samples used in the different 
studies vary (1, 16-18) ; secondly, the conditions under which macrophages have been 
kept in vitro and incubated with dusts have varied considerably from study to study. 
Generally, macrophages which are brought into contact with dust soon after they 
have been harvested react more severely to the dust in serum-free medium, as is 
shown by a decrease of metabolic activity (5-8, 10) and the release of enzymes (9, 19, 
20), than cells which have been kept with serum and under culture conditions adequate 
for long-term maintenance (11-15). 

I t  has been established that phagocytic monocytes are derived from blood mono- 
cytes which have migrated into body cavities and tissues (21). The phagocytic mono- 
cytes differentiate into mature macrophages without division. Thus, macrophages 
obtained from various sources, for example from the lung or the peritoneum, do not 
vary greatly in morphological appearance and phagocytic properties although differ- 
ences in metabolic pattern and enzyme loads have been described (22). Under appropri- 
ate conditions, the maturation of phagocytic monocytes into macrophages also takes 
place in cell culture where the events mirror those seen in the inflammatory lesion (21) 

In  the present work a convenient technique for the long-term maintenance of 
macrophages in culture and the effects of various mineral dusts on these is 
described. The morphology of individual macrophages after phagocytosis of 
two different modifications of silica and of three different types of asbestos 
fibers was examined by photography of fixed and stained cells at various times 
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a f t e r  i n c u b a t i o n .  I n  a d d i t i o n  a n  a t t e m p t  w a s  m a d e  to  d e t e r m i n e  q u a n t i t a t i v e l y  

b y  m e a n s  of  l i g h t  m i c r o s c o p y  t h e  s u r v i v a l  r a t e s  of m a c r o p h a g e s  e x p o s e d  to  

d u s t s  a n d  t h e  i n f l u e n c e  of  s o m e  m o d i f i c a t i o n s  of  t he se .  

Materials and Methods 

Media.--Eagle's minimal essential medium (MEM) 1 containing 1.8 m~  CaC12, 0.1 m~  
glycine, 0.1 m~  serine (23), and 200 units/ml penicillin and 100 units /ml streptomycin was 
used throughout. Medium A consisted of M E M  supplemented with 10-40% heat-inactivated 
bovine serum, and medium B consisted of medium A supplemented with 10% bovine serum 
but  preconditioned by 24 hr contact with a growing culture of SA7 virus-transformed hamster 
skin fibroblasts (24). After being decanted from the cells, the conditioned medium was cen- 
trifuged for 15 min at 800 g and stored at -20°C .  

Harvest of Cells.--Male or female Syrian hamsters about 6 months old were killed by cervi- 
cal fracture and placed in a sterile cabinet. The abdomen was swabbed thoroughly with 70% 
alcohol, a skin flap of 2 cm 2 was carefully removed, and 20 ml M E M  without serum but with 
5 IU heparin/ml was injected into the peritoneal cavity. In  order to avoid fibroblast contami- 
nation, the abdomen was not massaged. After 20 min a cell suspension was aspirated from 
the peritoneal cavity and used for culture. 

Cell Culture of Macrophages.--The cell suspension was centrifuged at 800 g for 5 min. For 
culture purposes, 5 cm diameter Petri dishes containing either one 22 X 40 mm cover slip, 
or nine round 10 mm diameter cover slips (both from Chance Bros. Ltd., Smethwick, Staffs., 
England), both pretreated with hot 4% NaOH and washed thoroughly in distilled water, were 
used. Before sterilization at 160°C in a hot-air oven, the 10 mm cover slips were attached to 
the floor of the dish with DePeX (George T. Gurr, Ltd., London N. W. 9, England), diluted 
5:1 with xylene. Enough DePeX was used to cover the entire floor of the dish with a thin 
layer of mounting medium. I t  had been established earlier that  DePeX medium is not toxic 
to cells in culture. The larger cover slips were allowed to remain loose in the dish. Cells obtained 
from one animal were resuspended in 15 ml of appropriate medium and 5 ml of suspension 
were inoculated into each of the Petri dishes. These were then placed on specially designed 
racks and kept at 37°C in desiccators containing 1-2 g dry ice (25). 

In order to study the influence of serum and conditioned medium on the maturation of 
mononuclear phagocytes into macrophages, the harvest  of cells from one animal was divided 
into three equal parts, centrifuged, and resuspended in medium A containing 10, 20, or 40% 
serum, or in medium A plus B (1:1) containing final amounts of 10, 15, or 25% serum. The 
cells were planted in three Petri dishes, each containing one large cover slip (22 M 40 ram), 
and were fixed on the 4th day after planting. 

In  order to investigate the number and condition of normal untreated macrophages over 
10 days, cells were planted in medium A supplemented with 40% serum. The harvest  from a 
single animal was planted into three Petri dishes containing nine 10 mm diameter cover slips. 
Single cover slips were removed daily for fixation. After 4 days of maturation, the medium 
was changed by removing 2.5 mi of old medium and replacing it with the same amount of 
medium A supplemented with 10% serum only. Thereafter, 1 ml of old medium was replaced 
every day with new M E M  supplemented with 10% serum. 

For studies of the toxicity of various samples of dust, this same culture procedure was 
adopted. Each experiment was carried out on the peritoneal harvest of a single animal. On 
the 5th day" after planting, one or more control cover slips were removed from each dish and 
fixed. 100, 200, or 400/ag of dust, suspended in 0.1, 0.2, or 0.4 ml of tryptose phosphate broth 
(Difco Laboratories Inc., Detroit, Mich.), respectively, were then added to about 5 X 10,5 

Abbreviation used in this paper: MEM,  Eagle's minimal essential medium. 
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mature macrophages per dish. All volumes were made up to 0.4 ml of tryptose phosphate 
broth per dish. The contents were swirled by hand to ensure good mixing. Cover slips were 
fixed at various intervals of time for examination and cell count. 

In an attempt to determine whether mitosis of macrophages was occurring to any marked 
extent, 2 or 4 #g of colchicine (British Drug Houses, Ltd., Poole, Dorset, England)/ml of 
medium was added to 2- or 3-day old cultures which had previously been given 200 #g of Snowit 
silica/5 X 10 ~ cells. The cells were left in contact with the colchicine for 2.5 or 4 hr, re- 
spectively, then fixed, stained, and examined for mitotic figures. 

Dusts.--The two forms of silica, kindly provided by the Safety in Mines Research Estab- 
lishment, Sheffield, England, were: (a) reground and freshly alkali-etched crystalline silica 
Snowit (X9947) of size range 15% 2.5 #, 49% 2.5-5 #, 30% 5.0-7.5 #, 5% 7.5-10 #, and of 
specific surface area 6.79 m2/g; and (b) alkali-etched amorphous silica Fransil (X5843 from 
X5663) of size range 0.1-0.5 # and of specific surface area 32.82 m2/g. 

The asbestos dusts were standard, finely ground UICC reference samples (26) kindly pro- 
vided by the Pneumoconiosis Research Unit of the South African Medical Research Council, 
Johannesburg. The following specific surface areas were obtained: crocidolite 8.88 m2/g; 
amosite 5.55 m2/g, and after elimination of large fibers by flotation and sedimentation 
12.39 mS/g; chrysotile 23.54 mS~g, and after elimination of large fibers by flotation and 
sedimentation 34.18 m~/g. Surface areas of all dusts were determined by krypton adsorp- 
tion. 

Dusts were prepared freshly before each experiment by suspending 10 mg in 10 ml of tryp- 
tose phosphate broth. 

For certain experiments, suspensions of 10 mg of Fransil silica or 10 mg of chrysotile in 8 
ml of tryptose phosphate broth were prepared. The suspensions were boiled in a water bath 
for 15 min and then left at 37°C overnight. This procedure was repeated two to three times 
after which the suspensions were made up to 10 ml with tryptose phosphate broth and kept at 
--20°C until used. 

Staining Procedure.--Cover slips were washed briefly in 0.95% NaC1, fixed in 1% glutaral- 
dehyde diluted with 0.95% NaC1, stained with Ehrlich's hematoxylin (Gurr) for 20 min, and 
mounted in DePeX (Gurr). 

Cell Counts.--Fixed and stained cultures were used to evaluate the influence of the amount 
of serum and conditioned medium on the spreading ability and maturation of macrophages, 
and also to determine the survival rates over 72 hr of macrophages incubated with various 
amounts and different preparations of silica and asbestos dusts. The average number per cm 2 
of cells which had spread out, that is cells with ruffled membranes and extended pseudopodia, 
was obtained by making counts under a 40 X objective in 20 areas equally distributed over the 
entire cover slip. This gave a total of 600-800 cells per control count which was then taken as 
the 100% value for that particular experiment. Cells without any pseudopodia or ruffled mem- 
branes were considered pyknotic or dead and were not counted. The effective amount of dust 
was calculated as 36% of the amount added because the nine glass cover slips only covered 
36% of the area of the dish. 

Photography.--Photography under the light microscope (Zeiss Photomicroscope II) of 
fixed and stained preparations was carried out with pan F film (Ilford Ltd., Ilford, Essex, 
England). 

RESULTS 

Macrophage Culture Conditions.--Throughout t he  s t u d y  cells were  o b t a i n e d  

w i t h o u t  pr ior  s t imu la t ion  of t he  an imal  w i th  glycogen.  I n  order  to  f ind the  bes t  

possible  cu l ture  cond i t ions  for es tab l i sh ing  h a m s t e r  pe r i tonea l  m a c r o p h a g e s  in 
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vitro, cells were planted in nledium supplemented with varying m o u n t s  of 
inactivated bovine serum. A second medium was made up of 50% of the above 
medium and 50% of conditioned medium (the supernatant of tumor cell cul- 
tures). 

After inoculation of the peritoneal harvest into the dish, the phagocytic 
monocytes became attached to the glass, established themselves there, and 
matured into true macrophages with ruffled membranes and pseudopodia within 
4 days. This took place most effectively and in greatest number in either me- 

120 

100 

J 
J 
I,l.I 
C.} 
u 6~ 
o 

n l  

m 4c 
x 

z 

20 

I 

i 
i 

i I 
l0 15 20 L o 40 

AMOUNT OF SERUM (%[ 

Fro. 1. Number of macrophages (as %) after 4 days of culture in MEM supplemented 
with various amounts of serum (open histograms), and in MEM supplemented with the same 
amounts of serum but containing 50% conditioned medium (cross-hatched histograms). 

dium with a high serum content or in medium with a high serum content and 
also containing 50% conditioned medium (Fig. 1). 

The average number of macrophages/cm ~ on the 4th day under these condi- 
tions was 7-8 X 104 cells/cm 2 when cells from the peritoneum of a single ham- 
ster were planted into three 5 cm diameter Petri dishes, each containing one 
large glass cover slip (22 X 40 ram). Ceils kept in medium with a low serum con- 
tent and no conditioned medium were few in number and very often pyknotic. 

Hamster peritoneal macrophages were maintained in culture for at least 10 
days without any gross change of morphology or marked decrease in number. 
Fig. 2 shows the number of cells per cm 2 from the 1st to the 10th day after 
planting. The time in which cytotoxicity tests were carried out is indicated. 
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I t  can be seen that the period between the 5th and 8th days is clearly the most 
suitable for such tests. 

E~ects of Standard Dusts on Macrophages.--Macrophages on the 5th day of 
culture (Fig. 3 A) were incubated with moderate amounts of crystalline silica 
Snowit, amorphous silica Fransil, and with standard UICC samples of asbestos. 
Figs. 3 B-3 F show that these dusts had different effects on the cells. Macro- 
phages which had taken up crystalline silica survived for at least 3 days without 
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FIG. 2. Number of macrophages/cm 2 glass cover slip between the 1st and the 10th day 
after planting in MEM supplemented with 40% serum. Determinations of cytotoxicity of 
dusts were carried out between days 5 and 8. 

showing any cytotoxic effect, whereas amorphous silica, even in small amounts, 
was toxic within hours of ingestion. Cells which had phagocytosed amosite 
and crocidolite showed no specifically damaging effect although a certain num- 
ber of cells were lost from the culture within 3 days due to overingestion of 
particles. Chrysotile, however, exhibited a typical cytotoxic effect virtually 
from the start of the experiment. 

(a) Crystalline silica Snowit: Certain preparations of this type of quartz have 
been reported to be immediately toxic when phagocytosed by macrophages (5, 
6, 9). In the present study however, although particles were actively and uni- 
formly taken up, about 90 % of the cells remained morphologically intact inso- 
far as ruffled membranes, extended pseudopodia, and active movement were 
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concerned (Fig. 4). Hours after the phagocytosis of fairly large amounts of 
dust, the cells looked almost healthier than the controls (Fig. 3 B). 

(b) Amorphous silica Fransil: Unlike the crystalline silica described above, 
Fransil showed a typical cytotoxic effect within an hour of incubation, even at 
low concentration (Fig. 3 C). This damaging action was first recognized by the 
foaming appearance of the cytoplasm. Later, the outer membranes appeared to 
disintegrate and the contents of many of the cells clumped together to form 
amorphous masses of granular material containing scattered pyknotic nuclei. 
As Fig. 5 shows, half of the macrophages were killed within 18 or 12 hr, respec- 
tively, when fed with 72 or 144/~g of Fransil/5 X 105 cells. 

(c) Amosite: This asbestos dust, even when given to inacrophages in amounts 
which allowed each cell to phagocytose at least several fibers, did not give rise 
to any typical cytotoxic effect (Fig. 3 D). Some loss of cells, however, occurred 
in the cultures over 3 days as is illustrated in Fig. 6. This is probably due to 
the fact that  some ceils had phagocytosed more than others and had rounded 
up and floated off the cover slips. The remnants of these ceils, together with the 
dust which they had phagocytosed, could be taken up by other macrophages. 
This recycling of asbestos fibers seems to be independent of the amount  of dust 
given to the culture within ranges of concentration allowing each cell to phago- 
cytose at least several fibers. 

(d) Crocidolite: This dust had almost the same effect on macrophages as 
amosite (Fig. 3 E). In  this case too, cells were reduced in number (Fig. 7). Those 
remaining on the cover slips had ingested large amounts of fiber, again suggest- 
ing a recycling of dust derived from dead cells which had earlier ingested exces- 
sive amounts. 

(e) Chrysotile: In  contrast to the effects of amosite and crocidolite, chrysotile 
had a specific cytotoxic effect on hamster peritoneal macrophages. This first 
became evident in a vacuolization of the cytoplasm (Fig. 3 F), the collapse of 
ruffled membranes, and the appearance of large numbers of pyknotic cells 
stuck together in lumps. I t  was found that  the effect of chrysotile depends on 
the amount  given and the length of time during which the cells are exposed to 
the dust (Fig. 8). For example, 72 #g of fiber had killed 50% of the 5 >( 105 
cells per dish by the end of 36 hr. This decline should be seen against the much 

Fla. 3. Hamster peritoneal macrophages fixed and stained with hematoxylin. X 480. All 
treated cells were given dusts on the 5th day of culture. A. Untreated cells on 6th day of 
culture. B. Treated with crystalline silica Snowit (144/zg/5 X 105 ceils). Photographed 72 hr 
after administration of dust. C. Treated with amorphous silica Fransil (72 i~g/5 X 10 a cells). 
Photographed 4 hr after administration of dust. Note pronounced cytotoxic effects. D. Treated 
with UICC amosite (144/zg/5 X 105 cells). Photographed 72 hr after administration of dust. 
Note fibroblast at center showing no phagocytosis. E. Treated with UICC crocidolite (144 
#g/5 X 105 cells). Photographed 72 hr after administration of dust. F. Treated with UICC 
chrysotile (72 #g/5 X 105 cells). Photographed 4 hr after administration of dust. Note pro- 
nounced cytotoxic effects. 
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Fro. 4. Number of macrophages (as % of control) treated with crystalline silica Snowit. 
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FIG. 6. Number of macrophages (as % of control) treated with UICC amosite. 
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#g/5  X 105 cells; • 72 ~g/5 X 105 cel ls ; /k 144 #g/5 X 105 cells. 
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more gradual reduction in number of cells in the control culture between the 5th 
and 8th days during which the cytotoxicity experiments had been carried out. 

Effect of Modified Dusts on Macrophages.--Three of the dusts described above 
were modified as follows: (a) a smaller particle size range was obtained for amo- 
site and chrysotile. (b) Fransil silica and chrysotile were boiled several times in 
tryptose phosphate broth to see if this procedure in any way altered the surface 
properties of the dusts. (Boiling of dusts in tryptose phosphate broth and subse- 
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Fro. 8. Number of macrophages (as % of control) treated with UICC chrysotile, r--n 36 
/~g/5 X 10 a cells; • 72 ~g/5 X 105 cells;/x 144 #g/5 X 105 cells. 

quent incubation of the suspension at 37°C was originally introduced as a 
sterilization procedure.) 

Particles of small size range: When large fibers of amosite or chrysotile are 
removed by flotation and sedimentation, the particle: weight and the surface: 
weight ratios are altered. This could affect tile extent to which active surface of 
the dusts is exposed to the cell. Fig. 9 shows that there is no difference in toxicity 
between chrysotile with a surface area of 23.54 m2/g and chrysotile with a 
surface area of 34.18 m2/g. Similarly no difference in effect was obtained for two 
samples of amosite of different surface areas. 

Effect of boiling in tryptose phosphate broth: The effect on macrophages incu- 
bated for 72 hr with freshly suspended chrysotile in tryptose phosphate broth 
was compared with that of chrysotile boiled several times. Fig. 10 shows that 
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the modified form of chrysotile was as toxic as the freshly prepared, nontreated 
material but that the cytotoxic effect of the former appeared earlier. Fransil 
silica, after being boiled in tryptose phosphate broth, showed no difference in 
toxicity compared with untreated Fransil. 
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FIG. 9. Number of macrophages (as % of control) treated with standard UICC chrysotile 
and a modification of this; 72 #g/5 X 105 cells. • • standard chrysotile of specific sur- 
face area 23.54 mS/g; 0 .. . .  C) treated by flotation and sedimentation for larger surface area 
34.18 m2/g. 

DISCUSSION 

The choice of a meaningful experimental model is of particular importance 
in silicosis and asbestosis research (17). The use of experimental animals is one 
possibility, cell culture experiments another. The present work is concerned 
with the latter. 

I t  has been found in many studies that the macrophage is a particularly 
suitable and obviously relevant cell for studies of the biological effects of 
mineral dusts. There is general agreement that monocytes migrate from the 
circulation and mature into typical tissue and exudative macrophages, normally 
without any further division in vivo. Such maturation is accelerated in inflam- 
matory processes. I t  has been established (21) that such in vivo maturation 
closely resembles those events taking place under in vitro culture conditions. 

In an investigation of mouse macrophages from the peritoneum, lung, and 
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other sites, Bennett  (27) found slight differences in their ability to spread, to 
phagocytose, and~under appropriate conditions, to divide. According to these 
properties, macrophages were classified into three groups: peritoneal and periph- 
eral blood macrophages, bone marrow, spleen, and liver macrophages, and lung 
macrophages. With regard to the effect of silica dust on macrophages in cul- 
ture, Allison, Harington, and Birbeck (9) found little difference between alveo- 
lar or peritoneal cells. In the present work, peritoneal cells were used since these 
are easier to obtain in large quantities than cells from the lung. The peritoneal 
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FIG. 10. Number of macrophages (as % of control) treated with standard UICC chrysotile 
and a modification of this; 72 #g/5 X 105 cells. • - - - -@ standard chrysotile; O .... O same 
chrysotile boiled in tryptose phosphate broth. 

exudate of the hamster, without any prior stimulation by glycogen, consists 
predominantly of mononuclear phagocytes with a small proportion of lympho- 
cytes and fibroblasts (28). 

When the ceils from a peritoneal exudate are planted in vitro under conditions 
first described by Chang (29), the monocytes and fibroblasts attach firmly to 
the glass while the l)nnphocytes do not and are washed away in the course of 
culture. Monocytes require several days in which to adapt to culture conditions 
and to mature into macrophages (21). Mature macrophages in culture, as 
compared to monocytes, are ceils which have spread out and which have active 
pseudopodia limited by ruffled membranes. They also have extended mitochon- 
dria and an increased number of lipid-containing organ•lies and hydrolase- 
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containing dense granules (30). When conditioned medium (the supernatant 
from fast-growing cells) is Present, mononuclear cells from spleen or bone mar- 
row form colonies in agar (31). Virolainen and Defendi (32) showed that peri- 
toneal macrophages can be stimulated to grow logarithmically 2-3 days after 
planting over a period of 10 days if growth factor(s) produced by fast growing 
primary cultures or by established cell lines are continuously supplied. Similarly, 
in the course of separate experiments carried out in this laboratory, the persist- 
ent presence of macrophages in tissue culture explants of SA7 hamster tumors 
was noticed. 

In order to establish optimal culture conditions for macrophages we therefore 
supplemented the planting medium with 50% conditioned medium obtained 
from fast-growing SA7 transformed cell cultures. Little difference was seen in 
the number of cells per cm 2 on the 4th day between cultures planted in medium 
with a high serum content and cultures planted in medium containing less 
serum but 50% conditioned medium (Fig. 1). The number of cells, and their 
ability to spread, that is the degree of maturation, is somewhat greater when 
conditioned medium is used in conjunction with large amounts of serum. This 
suggests that there are factors present in the 24 hr supernatant of fast-growing 
tumor cell cultures which induce proliferation of phagocytes and help them to 
establish themselves in culture and to mature into true macrophages. All ex- 
periments described here, however, were carried out on cells which had been 
planted in medium containing 40 % serum only. This was done because condi- 
tioned medium is not universally available for tests of the type described here 
and because the quality of such medium varies according to the type of cell 
conditioning it. I t  was also considered desirable to use a culture medium which 
would produce stable cultures by not stimulating mitosis. 

Fig. 2 shows clearly that the number of macrophages/cm 2, planted and main- 
tained under the conditions described above, increases steadily up to the 4th 
day of culture. Thereafter, the number declines very gradually up to day 8. 
From day 10 onwards the macrophages degenerate into multinucleated giant 
cells and fibroblast overgrowth may occur. The increase in the number of 
macrophages over the first 4 days of culture could be due to mitosis, to cells 
which had earlier appeared pyknotic and which for this reason had not been 
accounted for, or to migration of cells from the surrounding areas to the alkali- 
treated glass cover slips. 

Taking each of these possibilities separately, it can be said that a few mitotic 
figures were seen after colchicine treatment but not in numbers sufficient to 
suggest active mitosis. From about the 9th day onwards, mitotic figures were 
seen frequently in  clusters of fibroblasts which were beginning to overgrow the 
culture. The reason for the apparent paucity of mitosis in the macrophage 
cultures may lie in the fact that after 4 days' adaptation the cultures were kept 
on medium with 10% serum only, and with only 1 ml of the medium being 
changed every day. 
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With regard to pyknosis, about 20% of the increase in the number of cells up 
to day 4 could be accounted for by the subsequent stretching out of previously 
pyknotic cells. Finally, there remains the possibility that  cells might have mi- 
grated from surrounding areas to the cover slips. In our view, this migration 
accounts for most of the increase in cell number as it has been found that  macro- 
phages prefer a glass surface to DePeX. 

For the study of toxic effects of mineral dusts on macrophages, the period 
from the 5th to 8th day after planting was chosen, as by this time cultures are 
well established and stable (Fig. 2). The use of Petri dishes each containing nine 
cover slips made it possible to carry out complete investigations over optimal 
periods of time on any particular ceU population obtained from individual 
animals. In this way, for example, the effects of three concentrations of dust 
over 3 days could be studied on the harvest of cells taken from a single ham- 
ster, thus avoiding biological variation. 

Dusts were added to the Petri dishes in such amounts that  aU cells were able 
to phagocytose at least several particles. The results show that  crystalline silica 
Snowit had no cytotoxic effect whatsoever on macrophages over 72 hr (Fig. 4), 
although all particles had been phagocytosed within the 1st hour. The reason 
for the present divergence of opinion on the toxicity of crystalline silica is most 
probably due to the difference in conditions under which macrophages are 
brought into contact with this mineral. The amorphous form of silica Fransil 
which was used had, on the other hand, a specific toxic effect on hamster peri- 
toneal macrophages, this being dependent on the amount given (Fig. 5). Fransil 
has already been shown to be taken up into phagosomes of macrophages and 
to cause disintegration of subcellular organelles, leading to the death of the 
cells (9). 

Standard UICC samples of amosite and crocidolite in amounts of 36, 72, and 
144/zg/5 X 105 macrophages did not show significant effects on the number of 
cells/cm 2 and their ability to remain spread out over long periods of time (Figs. 
3 D and E, 6 and 7). This was evident in spite of the fact that  phagocytosis 
had been completed within the 1st hr of the experiment. When excessive 
amounts of crocidolite and amosite, for example 200/zg per Petri dish, were 
given the macrophages phagocytosed continuously until they were virtually 
filled with fiber, rounded up, and floated off. This appears to be a mechanical 
effect rather than a direct cytotoxic one, and can be seen when any other ap- 
parently "inert" dust is given in sufficient amounts to macrophages. Neverthe- 
less, it is possible that released fibers could be recycled through other healthy 
cells and in this way lead to a delayed disruptive effect. Chrysotile, if given in 
the same amounts as arnosite and crocidolite, exhibits a typical cytotoxic effect 
on macrophages, the extent of which again depends on doge (Fig. 8). 

The results of the present work indicate that under the experimental condi- 
tions described, standard samples of amosite and crocidolite asbestos and a 
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form of crystalline silica are not obviously toxic to hamster peritoneal macro- 
phages, whereas chrysotile asbestos and a form of amorphous silica are specifi- 
cally cytotoxic. 

There is at present a considerable divergence of opinion concerning the degree 
of cytotoxicity of various mineral dusts or forms of these (5-15). One reason for 
this may be the degree of maturation of the cells used. The phagocytic activity 
of the mononuclear phagocyte is fully expressed only after the cell has estab- 
lished itself as a mature macrophage (21). On these grounds, it is perhaps to be 
expected that mature phagocytes may behave differently towards particulate 
materials such as mineral dust than immature phagocytes. 

Other factors responsible may lie in the type of animal used. Little is known 
about the in vivo effects of mineral dusts on the hamster. There is evidence that 
the expression of silicosis in the hamster is atypical compared to that seen in 
other experimental animals (33). The present study, however, is related to 
another in which the interrelationship of hamster macrophages and fibroblasts 
in the presence of mineral dusts is being considered3 

Yet another difficulty concerns the wide variation in type and state of mineral 
dust used. While standard UICC reference samples of at least four different 
types of asbestos are available (34, 35), no such facility exists for a supply of 
silica. A result of this is that many diverse types of this mineral are used, in- 
cluding quartz, tridymite, cristobalite, stishovite, and various forms of amor- 
phous silica. While it is undoubtedly important that the various biological 
effects of all of these be known, the inclusion of standard reference samples of 
silica as agreed to for example, at international level, seems to be long overdue 
(36). 

With regard to pretreatment of dust, a smaller particle size-range for amosite 
and chrysotile was obtained by flotation and sedimentation. Thus, the surface: 
weight ratios (that is the particle: weight ratios) for both dusts were increased 
by about 100% for amosite and 50% for chrysotile. Increase in the surface area 
of amosite was not associated with a decrease in the number of macrophages 
over the duration of the experiment. This was to be expected because of the 
particular shape of the dose-response curves for the three increasing concentra- 
tions of untreated dust. Each of these offer a 100 % increase in the total surface 
area available to the cells (Fig. 6). In the case of chrysotile, a decrease in the 
number of macrophages fed with the same amount of dust but with a greater 
specific area was to be expected according to the data given in Fig. 8. This, 
however, did not occur (Fig. 9) and might be accounted for by the possibility 
that the weight of fiber used, i.e. the actual dose given, is more important 
than the actual surface area. Were this not the case a 50% increase in surface 
area, for example, should have produced a significant effect. At the same time it 

2 Harington, J. S., P. C. King, and K. Miller. Manuscript in preparation. 



1166 CYTOTOXIC EFFECTS OF MINERAL DUSTS 

should be mentioned that the peculiar properties of chrysotile fibers do not 
allow accurate determinations of surface area to be made (37). 

I t  has been postulated by Robock (38) that the damaging effect of various 
modifications of silica on macrophages depends on the activation energy of 
their electron-adhesion points, this being explained by catalytic activity accord- 
ing to the electron theory of catalysis (39). We tested this by incubating macro- 
phages with dust suspensions boiled in tryptose phosphate broth, a procedure 
which might have been expected to influence surface properties. In the case of 
chrysotile, a slight but significant increase in toxicity was regularly observed in 
the early stages of the experiments (Fig. 10). Thus, pretreatment of this fiber 
may have altered the electronic surface structure of the dust (38), perhaps by 
leaching out of ions (40, 41) or by adsorption of materials from the tryptose 
phosphate broth on to the surface of the dust. However, there is no difference 
in the effect of boiled compared to unboiled Fransil on macrophages. 

In conclusion, it is felt that, provided a correlation can be established between 
events in vivo and those in vitro, experimental procedures of the type described 
here should prove to have considerable practical advantages over corresponding 
in vivo systems. The experimental model dealt with here not only provides/or 
the quantitative evaluation of the cytotoxicity of various dusts but also makes 
it possible to test a large number of different samples in a comparatively short 
time. 

SUMMARY 

Hamster peritoneal macrophages were grown in cell culture and their re- 
sponse to various conditions was examined. The cultures responded favorably 
to high concentrations of serum and to medium which had been preconditioned 
by contact with tumor cells. After 2-3 days of adaptation, they entered into 
a period of stability which lasted from the 4th to the 9th day. Macrophage cul- 
tures in this stable phase were treated with various samples of mineral dusts 
and their response determined by counting the number of viable macrophages/ 
cm °" at intervals over a period of 72 hr. Crystalline silica Snowit was found to be 
nontoxic. Amorphous silica Fransil caused a characteristic cytotoxic effect and a 
rapid decline in cell population at doses less than 150 ~g/5 >( 105 cells. Of the 
three different kinds of asbestos used, chrysotile was toxic and amosite and 
crocidolite nontoxic at equivalent concentrations. A comparison of two prepara- 
tions of chrysotile which differed in surface area showed that weight rather than 
surface area determines toxicity. Pretreatment of chrysotile with tryptose 
phosphate broth under drastic conditions accelerated but  did not increase the 
final intensity of the cytotoxic effect. 

We thank the National Inst i tute for Metallurgy, Johannesburg, for determinations of 
specific surface areas of samples of silica and asbestos, and Mr. D. Rendall of the Pneumo- 
coniosis Research Unit, Johannesburg, for determinations of particle size distribution. 



ELKE BEY AND 7. S. HAR.INGTON 1167 

BIBLIOGRAPHY 

1. St6ber, W. 1966. Silikotische Wirksamkeit und physikalisch-chemische Eigen- 
schaften verschiedener Siliziumdioxid-Modifikationen. Beitr. SiIikose-Forsch. 
89:1. 

2. KlosterkStter, W. 1967. Stand der Biologischen Grundlagenuntersuchungen. 
In Fortschritte der Staublungenforschung. H. Reploh und H. J. Einbrodt, 
editors. Niederrheinische Drukerei GmbH, Dinslaken., Wo Germany. 2:29. 

3. Bruch, J., and H. Otto. 1967. Electron-microscopic observations of alveolar 
macrophages in the lungs of rats after quartz dust inhalation. Silikosebericht 
Nordrhein-Westfalen. 6:141. 

4. Heppelston, A. G. 1969. The fibrogenic action of silica. Brit. Med. Bull. 25:282. 
5. Pernis, B., E. C. Vigliani, and L. Monaco. 1960. A study of the action of silica 

particles on macrophages in vitro. Mecl. Lay. 51:3. 
6. Kessel, R. W. I., L. Monaco, and M. A. Marchisio. 1963. The specificity of the 

cytotoxic action of silica-a study in vitro. Brit. J. Exp. Pathol. 44:351. 
7. SchlipkSter, H. W. 1964. Neue Wege zur Behandlung der Silikose. In Jahrbuch 

1964 des Landesamtes ffir Forschung Nordrhein-Wesffalen. Westdeutscher 
Verlag GmbH, Opladen, W. Germany. 451. 

8. KlosterkStter, W., H. J. Einbrodt, W. Ritzerfeld, and S. Zeifler. 1965. Untersuch- 
ungen fiber die cytopathogene Wirkung von Steuben. In  Ergebnisse von Un- 
tersuchungen auf dem Gebiet der Staub-und SilikosebekAmpfung im Stein- 
kohlenbergbau. H. BSsmann, GmbH, Detmold, W. Germany. 5:65. 

9. Allison, A. C., J. S. Harington, and M. Birbeck. 1966. An examination of the 
cytotoxic effects of silica on macrophages. J. Exp. Med. 124:141. 

10. Secch, G. C., and E. Parazzi. 1968. Azione citolesiva in vitro di differendi dosi di 
polveri minerali. Lay. Med. 22:137. 

11. Gernez-Rieuz, Ch., C. Voisin, and M. C. Aerts. 1965. Etude microcin~mato- 
graphique du comportement des macrophages alv6olaires de cobaye, apr~s 
phagocytose in vitro ou in vivo de diff6rents types de silice. Action protectrice du 
P 204. Beitr. Silikose-Forsch., Sonderb. 6:115. 

12. Rasche, B., and W. T. Ulmer. 1966. Untersuchungen fiber den Kohlehydratstoff- 
wechsel von Meerschweinchen-Alveolarmakrophagen und permanenten MEuse- 
fibroblasten nach Phagocytose von Quarz-und Korundstaub verschieden hoher 
Konzentrationen in vitro. Int. Arch. Gewebepathol. Gewebehg. 22:35. 

13. Collet, A., J. C. Martin, C. Normand-Reuet, and A. Policard. 1965. Recherchez 
infra structurales sur l'evolution des macrophages alv~olaires et de leurs r~ac- 
tions aux poussi~res min~rales. In Inhaled particles and vapours. C. N. Davies, 
editor. Pergamon Press, Ltd., Oxford, England. 2:155. 

14. Davis, J. M. G. 1967. The effects of chrysotile asbestos dust on lung macrophages 
maintained in organ culture. Brit. J. Exp. Pathol. 48:379. 

15. Munder, P. G., E. Ferber, M. Modolell, and H. Fischer. 1967. StSrung des Phos- 
pholipidstoffwechsels yon Makrophagen nach Phagocytose yon silikogenen 
Partikeln. In Fortschritte der Staublungenforschung. H. Reploh und H. J. 
Einbrodt, editors. Niederrheinische Drukerei GmbH, Dinslaken, W. Germany. 
2:129. 



1168 CYTOTOXIC EFFECTS OF MINERAL DUSTS 

16. Sakabe, H., A. Kajita, and K. Koshi. 1961. Fibrogenic activity of quartz of dif- 
ferent surface properties. Bull. Nat. Inst. Ind. Health, Kawasaki. 6:28. 

17. Thomas, K. 1965. Zur biologischen Wirkungsweise fester SiO2-Modifikationen. 
Beitr. Silikose-Forsch. Sonderb. 6:21. 

18. Robock, K. 1967. Die Messung der Lumineszens verschiedener Siliciumdioxid- 
Modifikationen als Beitrag zur Frage der Silikoseentstehung. Beitr. Silikose- 
Forsch. 92:1. 

19. Harington, J. S., and A. C. Allison. 1965. Lysosomal enzymes in relation to the 
toxicity of silica. Med. Lay. 56:471. 

20. Vigliani, E. C. 1967. Zytotoxische Aktion des Quarzes auf Macrophagen und deren 
Verhiitung mit synthetischen Polymeren. Beitr. Silikose-Forsch. 118:25. 

21. Cohn, Z. A. 1968. Structure and function of monocytes and macrophages. In 
Advances in Immunology. F. J. Dixon and H. G. Kunkel, editors. Academic 
Press, Inc., New York. 9:163. 

22. Pearsall, N. N., and R. S. Weiser. 1970. In The Macrophage. Lea & Febiger. 
Philadelphia, Pa. 48. 

23. Freeman, A. E., P. H. Black, R. Wolford, and R. J. Huebner. 1967. Adenovirus 
type 12-rat embryo transformation system. J. Virol. 1:362. 

24. Whitcutt,  J. M., and J. H. S. Gear. 1968. Transformation of newborn hamster 
cells with Simian Adenovirus SAT. Int. ]. Cancer. 3:566. 

25. Bey, E. M., and J. M. Whitcutt. 1969. Photomicrography of living cells in cul- 
ture. S. Aft.  J. Med. Sci. 34:73. 

26. Harington, J. S., K. Miller, and G. Macnab. 1970. Hemolysis by asbestos. En- 
viron. Res. In press. 

27. Bennett, B. 1966. Isolation and cultivation in vitro of macrophages from various 
sources in the mouse. Amer. J. Pathol. 48:165. 

28. Ptak, W., Z. Porwit-BSbr, and Z. Chlap. 1970. Transformation of hamster macro- 
phages into giant cells with antimacrophage serum. Nature (London). 225:655. 

29. Chang, Y. T. 1964. Long-term cultivation of mouse peritoneal macrophages. 
J. Nat. Cancer Inst. 32:19. 

30. Sutton, J. S., and L. Weiss. 1966. Transformation of monocytes in tissue culture 
into macrophages, epitheloid cells, and multinucleated giant cells. J. Cell. Biol. 
28:303. 

31. Ichikawa, Y., D. H. Pluznik, and L. Sachs. 1966. In vitro control of the develop- 
ment of macrophage and granulocyte colonies. Proc. Nat. Acad. Sci. U.S.A. 
56:488. 

32. Virolainen, M., and V. Defendi. 1967. Dependence of macrophage growth in vitro 
upon interaction with other cell types. In Growth Regulating Substances for 
Animal Cells in Culture. V. Defendi and M. Stoker, editors. The Wistar Institute 
Press. Philadelphia, Pa. 67. 

33. Gross, P., A. J. de Villiers, and R. T. P. de Treville. 1967. Experimental silicosis. 
The "atypical" reaction of the Syrian hamster. Arch. _Pathol. 84:87. 

34. Rendall, R. E. G. 1969. The data sheets and the chemical and physical properties 
of the UICC standard reference samples of asbestos. In Pneumoconiosis: Proc. 
Internat. Conf. Johannesburg. H. A. Shapiro, editor. Oxford University Press, 
Cape Town, S. Africa. 23. 



ELKE BEY AND J. S. HARINGTON 1169 

35. Timbrell, V. 1969. Characteristics of the International Union Against Cancer 
standard reference samples of asbestos. In Pneumoconiosis: Proc. Internat.  
Conf. Johannesburg. H. P. Shapiro, editor., Oxford University Press, Cape 
Town, S. Africa. 28. 

36. Gilson, G. C., and D. Rendall. 1970. In Discussion, 3rd International Symposium 
on Inhaled Particles and Vaponrs. London. Unwin Bros. Ltd., London, En- 
gland. In  press. 

37. Hodgson, A. A., and A. White. 1967. Measurement of the surface area of asbestos 
fibres. In The Physics and Chemistry of Asbestos Minerals. Abstracts of papers 
from the Conference on asbestos minerals, Oxford, England, 1967. Papers 2-10 
(I). 

38. Robock, K. 1968. A new concept of the pathogenesis of silicosis. Staub. 28"15. 
39. Schwab, G. M. 1955. Recent reflections on the nature of heterogenous catalysis. 

Angew. Chem., 67:433. 
40. Clark, S. G., and P. F. Holt. 1960. Dissolution of chrysotile asbestos in water, 

acid and alkali. Nature (London). 185:237. 
41. Clark, S. G., and P. F. Holt. 1961. Studies on the chemical properties of chrysofile 

in relation to asbestosis. Ann. Occup. Hyg. 3:22. 


