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The Advantages and Limitations of an in
Vivo Test System for Investigating the
Cytotoxicity and Fibrogenicity of Fibrous
Dusts
by S. E. Sykes,* A. Morgan,* S. R. Moores,*
W. Davison,* J. Beck* and A. Holmes*

The acute response of the rat lung to a range of fibrous materials has been investigated by broncho-
pulmonary lavage, at dose levels of 0.5 and 1.0 mg, 1 and 7 days after their administration by intratra-
cheal instillation. The materials chosen for study included UICC chrysotile A, amosite, crocidolite
and anthophyllite, and samples of S. African "long" amosite and glass fiber. In addition, the subacute
response to 1, 2 and 3 mg of chrysotile and amosite has been studied at 50 and 100 days after instilla-
tion. In the acute phase at 1 day after instillation, the response to chrysotile was greater than that to
any of the other materials, but by 7 days there was no gradation in the response to different dusts. In
the subacute phase, cell recoveries were low, and it was not possible to assess the long-term cytotoxic
or fibrogenic effects of amosite and chrysotile by analyses of lung washes, even though biochemical
and histological methods indicated gross changes in lung pathology.

Introduction
Many test systems have now been developed

which attempt to predict the fibrogenicity and tu-
morigenicity of mineral dusts. In particular, the
hemolytic activity of these materials has been corre-
lated with their ability to cause fibrosis in vivo (1)
and more recently, the activity of a range of materi-
als against V79-4 cells has been correlated with their
tumorigenic potential (2). While these test systems
can certainly tell us more about the mechanisms of
interaction between the dusts and biological mem-
branes (3), their validity as long-term predictive tests
is still open to question.

In this laboratory, we have concentrated on the
development of an in vivo system for investigating
mineral dust cytotoxicity. The test materials are ad-
ministered to rats by intratracheal instillation and
the response of the lung assessed by bronchopulmo-
nary lavage. Following the instillation of quartz and
other mineral dusts into the lung, we have observed
a marked influx of polymorphonuclear leukocytes

Atomic Energy Research Establishment, Harwell, Oxford-
shire, UK.

(PMN) into the alveolar spaces which reached a maxi-
mum at approximately 24 hr after dust administra-
tion. For cytotoxic materials such as bentonite and
noncytotoxic materials (such as titanium dioxide)
which are not fibrogenic, the acute inflammatory re-
sponse of the lung was short-lived, and the free cell
population of the lung returned to normal within a
few weeks. For quartz, however, which is both cyto-
toxic and fibrogenic, the influx of PMN was followed
by a subacute phase in which the inflammatory re-
sponse persisted and was even exacerbated over a
period of at least three months (4, 5). This prolonged
inflammatory response is now known to occur both
in experimentally induced fibrosis in animal models
(6) and in patients with idiopathic pulmonary fibrosis
(7).

In this study, the application of the test system to
work with fibrous dusts has been investigated. First
the acute response to a range of materials was as-
sessed in an attempt to determine the relative cyto-
toxicities of the different dusts in vtivo and, second,
the subacute response to amosite and chrysotile was
studied with a view to assessing the usefulness of in-
tratracheal instillation and bronchopulmonary lav-
age for long-term toxicity testing of fibrous dusts.



Materials and Methods
Instillation and Lavage
The animals were an inbred strain of rats from the

MRC Radiobiological Unit, Harwell.
The materials chosen for study of the acute re-

sponse were the UICC standard reference samples
of chrysotile A, amosite, crocidolite and anthophyl-
lite and a sample of Cape S. African amosite ("long"
amosite), in which the average length of the fibers
was 117 gm and at least 63% fell within the range
50-150 pm. In addition, a sample of glass fiber was in-
cluded (TIMA) of nominal diameter 1.5 pm and vary-
ing in length from 10 pm to > 100 ,um. UICC
chrysotile, UICC amosite and "long" amosite were
also included in the study of the subacute response.
The method of preparation of the dusts and instil-

lation were as described previously (8). For the acute
response, each of the UICC materials was adminis-
tered in a single instillation at doses of 0.5 mg and 1.0
mg. Long amosite and glass fiber were administered
at a single dose only (0.5 mg and 1.0 mg, respec-
tively). For the subacute response, chrysotile and
amosite were instilled at doses of 1, 2 and 3 mg.
These quantities were fractionated so that one-third
of the dose was given in each of three instillations
over a period of one week. Long amosite was in-
stilled at the two lower doses, but at the top dose of 3
mg, there was significant mortality and the UICC
sample was preferred.

Animals were sacrificed 1 and 7 days after instilla-
tion for studies of the acute response and 30, 50 and
100 days after instillation for studies of the subacute
response. The method of bronchopulmonary lavage
was as described by Morgan et al. (8). Lungs were
lavaged four times with 8 mL of balanced salt solu-
tion (BBS, Gibco-Biocult) and ten times with 8 mL of
physiological saline (PS).

Analytical Methods
The methods of cell counting and differentiation

were as described by Morgan et al. (8) Lactate dehy-
drogenase (LDH) activities and protein concentra-
tions were assessed in the supernatants of the BSS
washes only. LDH was assayed as described by
Moores et al. (9). Protein concentrations were deter-
mined by the method of Lowry et al. (10).

Lung Biochemistry and Histology
At 50 and 100 days after the instillation of chryso-

tile and amosite, lungs were assessed for signs of
pathological changes by both biochemical and histo-
logical methods. The lungs were excised and lobes A,
C, D and E removed and weighed. They were homog-

enized in 10 mM Tris-HCl (pH 7.6) and freeze dried.
The dry weights were recorded and the freeze-dried
extracts taken for measurements of total protein and
hydroxyproline content. Hydroxyproline was as-
sayed as described by Moores et al. (11).

For histological studies, lobe B of each lung was
fixed by inflation with buffered formalin and embed-
ded in paraffin wax. Sections 5 ,um thick were cut and
stained with hematoxylin and eosin (H & E), reticulin
and Van Gieson.

Results
Acute Response
The effects of the fibrous dusts on lung weights at

1 and 7 days after instillation are shown in Figure 1.
To overcome the influence of variations in animal
size, lung weights were calculated as percent of body
weights. At both time points, the response to chryso-
tile was greater than that to the other dusts and
showed some dependence on dose. The effects of an-
thophyllite and glass fiber were not significant when
compared to saline controls, and by 7 days, only
chrysotile- and amosite-treated animals showed any
persisting response. There were no apparent differ-
ences in the effects of the two samples of amosite.

In Figure 2, the numbers of PMN recovered and
the activity of LDH in the lavage fluids are shown at
1 day after instillation, and it is clear that there was
some correlation between these two parameters. In
both cases, the largest response was seen with chrys-
otile, but there was no evidence of any dose-depen-
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FIGURE 1. Changes in lung weights at 1 and 7 days after the
instillation of 0.5 (0) or 1.0 mg (0) of fibrous dusts. Values
are means + SEM.
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FIGURE 2. Numbers of PMN recovered and the activity of

LDH in lavage fluids at 1 day after the instillation of 0.5 (0)
or 1.0 mg (0) of fibrous dusts. Values are means ± SEM.
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FIGURE 3. Numbers of PMN recovered and the activity of
LDH in lavage fluids at 7 days after the instillation of 0.5
(0) or 1.0 mg (0) of fibrous dusts. Values are means ± SEM.

dence. At the 0.5 mg dose level, long amosite gave
rise to a much larger influx of PMN than the same
dose of the UICC material and, correspondingly,
higher levels of LDH. Very little response to antho-
phyllite, crocidolite or glass fiber was detected.

Similar data at 7 days after instillation are pre-
sented in Figure 3. The numbers of PMN recovered
from chrysotile- and amosite-treated animals had
fallen to around 1 x 106 cells, whereas numbers of
PMN from animals given anthophyllite, crocidolite
or glass fiber were approximately the same as at 1
day. Similar trends were seen in the results of the
LDH measurements with the exception of 1 mg of
UICC amosite, where LDH levels were around 44
milliunit (mU)/mL, compared to only 19 mU/mL at 1
day after instillation.
The numbers of macrophages recovered from the

same animals are given in Table 1. There was no sig-
nificant increase in macrophage numbers for any ma-

Table 1. Recoveries of alveolar macrophages (AM) at
1 and 7 days after the instillation of 0.5 mg or 1.0 mg of

fibrous dusts (means ± SEM).

Numbers of AM recovered x 106
1 day 7 days

Material 0.5 mg 1.0 mg 0.5 mg 1.0 mg
Saline 9.5 ± 2.1 12.9 ± 2.6
Chrysotile 8.7 ± 0.8 5.4 ± 0.6 8.7 ± 1.5 7.5 ± 0.7
UICC amosite 10.7 ± 2.0 10.6 ± 0.6 10.5 ± 0.9 8.3 ± 0.1
Long amosite 12.9 ± 2.9 - 13.4 ± 1.3 -

Anthophyllite 11.9 8.4 16.1 12.2
Crocidolite 8.5 ± 0.1 8.2 ± 3.3 12.5 ± 1.9 14.4 ± 1.6
Glass fiber - 10.3 ±1.3 - 11.4 ± 1.1

terial at either time point. With one exception (1 mg
crocidolite at 7 days) fewer cells were recovered
from animals given a dose of 1 mg of each dust com-
pared to those given only 0.5 mg.

Subacute Response
The effects of chrysotile and amosite on lung

weights are shown in Figure 4. For chrysotile, lung
weights were elevated at all times compared to con-
trol values, and at the 3 mg dose level, this effect in-
creased with time after instillation. For amosite, the
results are complicated by the inability to use long
amosite at the top dose. At the 1 mg dose level, lungs
were heavier than those from saline controls but
there was no change with time after instillation. At 2
mg, however, there was a dramatic increase in lung
weights between 50 and 100 days after dust adminis-
tration. Unfortunately, a similar increase using 3 mg
of UICC amosite was not observed.
The recoveries of PMN and AM in the subacute

response are shown in Figure 5. At all time points
and all three dose levels, the numbers of PMN were
very similar at about 1-2 x 100 cells compared to val-
ues of <0.1 x 106 for saline controls. There was no
evidence of any time or dose dependence in this re-
sponse. The numbers of macrophages recovered
were generally depressed compared to saline con-
trols. For amosite, at 50 days, this depression in-
creased with increasing amounts of dust instilled.
For chrysotile, at doses of 1 and 2 mg, the recoveries
of AM were not significantly lower than control val-
ues, but at the top dose, only about 5 x 106 cells
were washed out of the lung.
The results of measurements of LDH activities

and protein concentrations in lavage fluid superna-
tants are given in Table 2. In all cases, levels of LDH
were elevated compared to saline controls, but val-
ues were very similar for both dusts at all time
points and all doses. The response to amosite was
consistently greater than that to chrysotile. Simi-
larly, protein levels were raised compared to con-
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FIGURE 4. Effects of chrysotile and amosite on lung weights
up to 100 days after instillation: (*) 1 mg; (o) 2 mg; ( x ) 3 mg;
(A) data for saline-instilled controls.
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FIGURE 5. Numbers of PMN and AM recovered at 50 (0) and
100 (1) days after the instillation of 1, 2 or 3 mg of chryso-
tile or amosite, compared to saline controls. Values are
means + SEM.

Table 2. LDH activities and protein concentrations
in lavage fluid at 50 and 100 days after the instillation of
1, 2 and 3 mg of chrysotile and amosite (means + SEM).

LDH, Protein,
Material Time, days Dose, mg mU/mL jAg/mL
Chrysotile 50 1 18.4 ± 2.3 105 ± 2

2 12.8 ±1.2 68 ±2
3 24.0 ±0.1 122 ± 10

100 1 15.8 ±2.4 96 ±4
2 22.8 ± 1.2 87 ± 6
3 27.4±11.1 158±36

Amosite 50 1 27.4 ± 2.6 96 ±4
2 22.5±2.7 93±3
3 25.9 ± 5.9 115 ± 15

100 1 36.6 ± 16 144 ±26
2 22.7 ± 1 109 ± 9
3 34.4 ± 0.2 165 ± 47

Saline 50,100 - 10.6 ± 2.1 73 ± 5

trols, but there was no evidence of dose dependence
in this response or any significant change with time
after instillation.

Measurements on Lung Homogenates
The results of these measurements are shown in

Figure 6. At both time points, the dry weights of the
lungs from all experimental animals were increased
compared to saline controls. This effect was more

pronounced for chrysotile than for amosite, but for
both dusts, there was no progressive response with
time after instillation.

Levels of lung hydroxyproline were raised in ex-

perimental animals compared to controls, and in this
case the response did increase with time after instil-
lation. By 100 days, the hydroxyproline content of
lungs from animals treated with either of the fibrous
dusts had more than doubled compared to control
values.

Histology

At 50 days after the instillation of all thlee doses
of chrysotile, there was some infiltration of macro-

phages into the alveolar spaces and a few PMN were
present, mostly in the interstitium. At 100 days, no
marked cellular infiltration was apparent. At both
time points, and again for all doses of chrysotile, the
most notable feature was the occurrence of nodules,
mainly in the bronchioles and alveolar ducts, which
appeared to have a full covering of epithelium
around them. In some cases, they formed protrusions
into the bronchioles and, in the terminal bronchioles,
appeared to occlude the airways. At the higher
doses, the nodules were larger and more obtrusive
but did not appear to be more frequent. Within the
epithelial layer, these nodules were also encapsu-
lated by a layer of collagenlike fibrous material, en-

closing mononuclear cells, some fibroblasts and a few
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FIGURE 6. Effects of 3 mg chrysotile or amosite on lung dry

weights and on protein and hydroxyproline contents at 50
(0) and 100 (a) days after instillation. Values are means

SEM.

PMN. For chrysotile, it was not possible to detect
the location of the fibers themselves.

For amosite-treated lungs, again there was some
cellular infiltration at all doses and at 50 and 100
days after instillation, but this was not extensive.
Similar nodules were observed as those described
for chrysotile and in this case the amosite fibers
were clearly visible within the nodules. A few fibers
were also seen in the alveolar spaces. For animals
given 2 mg of long amosite, these nodules were very
large, and there was massive reticulin staining. In
comparison, the effects of 3 mg of UICC amosite
were qualitatively similar but less extensive.

Discussion
At 1 day following instillation, the acute response

to the fibrous dusts was greatest for chrysotile, but
was very simiar for amosite, anthophyllite, crocido-
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lite and glass fiber. Compared to quartz (5), the re-

sponse to chrysotile was similar in terms of effects
on lung weights and LDH levels, but the numbers of
PMN recovered were less than 50% of those recov-

ered from quartz-treated animals. There was no ad-
vantage in the use of doses of 1 mg rather than 0.5
mg of the dusts, agreeing with previous data (5), in
which it was shown that it is still possible to detect
and quantify changes in cell recoveries and enzyme

activities at low doses, thus avoiding the dangers of
saturation of the lung response. In the same report,
it was suggested that the size of the acute response

to mineral dusts in vivo may reflect the extent of in-
teraction between each material and cell mem-
branes. Since the hemolytic activities of mineral
dusts are also reliant on these kinds of interactions,
then there should be some correlations in the results
of the in vivo and in vitro test systems. On using
measurements of "free" LDH in lavage fluids as an
index of in vivo cytotoxicity, from this study and re-

sults reported previously (5) the cytotoxicity of the
mineral dusts decreases in the order: bentonite >
chrysotile and quartz > amphiboles and glass fiber.
The corresponding order for hemolytic activities (12)
is bentonite > chrysotile > quartz > anthophyllite >
amosite, and crocidolite, with there being very little
difference between values for amphiboles. More
recently, in a study by Woodworth et al. (3), the
cytotoxicities of different dusts were shown to
decrease in the order montmorillonite > chrysotile >
quartz. The only apparent difference therefore is the
equivalence of quartz and chrysotile in in vivo
testing and the greater cytotoxicity of chrysotile
than quartz in in vitro systems. This may relate to
the differences in surface change between these two
dusts (13), resulting in the modification of their
properties in vivo to different extents.

Finally, the results of the acute study show that
the correlations between in vivo and in vitro cytotox-
icity tests are closer when LDH measurements are
used as the in vivo parameter, rather than numbers
of PMN recovered. This suggests that the properties
determining in vivo cytotoxicity may not be the
same as those which influence the extent of chemo-
tactic attraction for PMN into the lung.

In the study of the subacute response to chrysotile
and amosite, the results from bronchopulmonary lav-
age suggest that only limited areas of the lung are

being sampled successfully and that no real assess-
ment of the processes going on in the lung is being
made. This is important, since it questions the valid-
ity of using intratracheal instillation and lavage for
monitoring the long-term damage to the lung from fi-
brous dusts. In other studies, using similar tech-
niques, Schoenberger et al. (14) have looked at the ef-
fects of 25 mg of chrysotile in the guinea pig lung,
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and Pickrell et al. (15) have looked at the response of
the hamster lung to crocidolite and glass fiber. In
both cases, the use of bronchopulmonary lavage to
monitor the lung responses appeared satisfactory, al-
though Pickrell et al. did comment on the limitations
of the instillation technique and the possibilities of
local overdosing.

In addition, a detailed study of the advantages and
limitations of intratracheal instillation has recently
been published from this laboratory (16). The main
recommendations of this report included the use of
sonicated dust suspensions to ensure complete deliv-
ery, the use of multiple instillations to achieve opti-
mum dust distribution and the limitations on the
doses administered to a maximum of 0.6 mg/g fresh
weight of lung and in a volume not exceeding 0.3
mL/g to avoid excess stress to the animals or even
fatalities.

However, even following these precautions, the
results of histological analyses in the present study
have shown that there are significant accumulations
of fibers and cellular material both in the bronchioles
and alveolar duct regions. These may arise either as
a result of poor distribution of the dust when in-
stilled or as a result of the attempts of the lung clear-
ance mechanisms to remove the insult from the alve-
olar regions. The result of these accumulations is the
blockage of certain areas of the lung so that they are
not effectively sampled by lavage. In addition, AM
and PMN have been observed concentrated around
long fibers in lung washings, and since the recovery
of these fibers from the lung is low, they may exag-
gerate the retention of free cells within the lung
spaces during lavage. It is possible therefore that the
shortcomings of the methodology may lie mainly
with the use of bronchopulmonary lavage as a sam-
pling technique rather than with the use of intratra-
cheal instillation for dust administration.
The biochemical and histological measurements

that we have reported indicate that the fibrogenicity
of the materials chosen decreases in the order long
amosite > UICC chrysotile < UICC amosite. This is in
agreement with the findings of other workers who
have commented on the increased fibrogenicity of as-
-bestos dusts with increasing fiber length. Recently,
Brown et al. (2) emphasized the importance of fiber
length in a study of the effects of amphiboles on V79-
4 cells. They proposed a threshold length of 6.5,m,
below which the cytotoxicity of the fibers falls
abruptly, and on this basis they estimated that ap-
proximately 30% of fibers in the UICC sample of
amosite would be active. Whether a similar thresh-
old is operative in vivo is not known.

In conclusion, although the techniques of instilla-
tion and lavage have proved useful for investigating
the immediate cytotoxicities of fibrous dusts in vivo,

they do not appear to be adequate in assessing long-
term effects. Many of the difficulties may arise from
the limitations of the lavage technique rather than
those of instillation, and it is difficult to visualize a
successful method of sampling the affected lungs
where fibrotic changes are localized in such obstruc-
tive and discrete nodules as are found in association
with fibrous dusts.
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technical assistance.

REFERENCES

1. Harington, J. S., Allison, A. C., and Badami, D. V. Mineral
fibers: chemical, physiochemical and biological properties.
Adv. Pharmacol. Chemother. 12:291-402 (1975).

2. Brown, R. C., Chamberlain, M., Griffiths, D. M., and Tim-
brell, V. The effect of fibre size on the in vitro biological
activity of three types of amphibole asbestos. Int. J. Can-
cer 22: 721-727 (1978).

3. Woodworth, C. D., Mossman, B. T., and Craighead, J. E.
Comparative effects of fibrous and nonfibrous minerals on
cells and liposomes. Environ. Res. 27: 190-205 (1982).

4. Moores, S. R., Sykes, S. E., Morgan, A., Evans, N., Evans,
J. C., and Holmes, A. The short-term cellular and biochemi-
cal response of the lung to toxic dusts. An in vivo cytotox-
icity test. In: Proceedings of the First International Work-
shop on the in Vitro Effects of Mineral Dusts. R. C. Brown,
I. P. Gormley, M. Chamberlain and R. Davies, (Eds). Aca-
demic Press, New York-London, 1980.

5. Sykes, S. E., Morgan, A., Evans, J. C., Evans, N., Holmes,
A., and Moores, S. R. Use of an in vivo test system to inves-
tigate the acute and sub-acute responses of the rat lung to
mineral dusts. Ann. Occup. Hyg. 26: 596-605 (1982).

6. McCullough, B., Collins, J. F., Johansson, W. G. and
Grover, F. L. Bleomycin-induced diffuse interstitial pulmo-
nary fibrosis in baboons. J. Clin. Invest. 61: 79-88 (1978).

7. Haslam, P. L., Turton, C. W. G., Lukoszet, A., Salsbury,
A. J., Dewar, A., Collins, J. V., and Turner-Warwick, M. J.
Bronchoalveolar lavage fluid cell counts in cryptogenic fi-
brosing alveolitis and their relation to therapy. Thorax 35:
328-339(1980).

8. Morgan, A., Moores, S. R., Holmes, A., Evans, J. C., Evans,
N., and Black, A. The effect of quartz administered by in-
tratracheal instillation on the rat lung. I. The cellular re-
sponse. environ. Res. 22: 1-22(1980).

9. Moores, S. R., Black, A., Evans, J. C., Evans, N., Holmes,
A., and Morgan, A. The effect of quartz administered by in-
tratracheal instillation on the rat lung. II. The biochemical
response. Environ. Res. 24: 275-285 (1981).

10. Lowry, 0. H., Rosebrough, N. L. J., Farr, A. L., and Ran-
dall, R. J. Protein measurement with the folin-phenol re-
agent. J. Biol. Chem. 193: 265-275 (1951).

11. Moores, S. R., McFarland, C. D., and Wood, J. C. An im-
proved technique for the determination of collagen in lung
tissue. U. K. Atomic Energy Authority, Atomic Energy
Research Establishment Report 9351 (1979).

12. Morgan, A., Holmes, A., and Talbot, R. J. The haemolytic
activity of some fibrous amphiboles and its relation to their
specific surface areas. Ann. Occup. Hyg. 20: 39-48 (1977).



CYTOTOXICITYAND FIBROGENICITY OFFIBROUSDUSTS 273

13. Light, W. G., and Wei, E. T. Surface charge and haemolytic
activity of asbestos. Environ. Res. 13: 135-145 (1977).

14. Shoenberger, C., Hunninghake, G., Gadek, J., and Crystal,
R. Inflammation and asbestosis: characterization and main-
tenance of alveolitis following acute asbestos exposure.
Chest 80: 708 (1981).

15. Pickrell, J. A., Strauss, F. C., Rebar, A. H. and Villa, D. A.
Relative response of Syrian hamsters to insulation fibres

after intratracheal instillation -early effects. In: ITRI An-
nual Report, Lovelace Biomedical and Environmental Re-
search Institute, Albuquerque. (R. F. Henderson, J. H. Diel
and B. S. Martinez, Eds.), 1978, pp. 468-472.

16. Pritchard, J. N., Holmes, A., Evans, J. C., Evans, N.,
Evans, R. J. and Morgan, A. The distribution of dust in the
rat lung following administration by inhalation and by single
intractracheal instillation. Environ. Res., in press.


