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THE EFFECTS OF CIIRYSOTILE ASBESTOS DUST ON LUNG
MACROPHAGES MAINTAINED IN ORGAN CCLTURE
AN ELECTROX-MICROSCOPE STUDY

J. M. G. DAVIS
From the Department of Pathalogy, University of Cambridge

Recoived for publication Foliruary 15, 1967
*

Ix a previous study (Davis. 1967) a technique of organ culture was reported
which allowed lung maerophages to be maintained for at least 9-10 days. This
technique was developed in order to study in detail the uptake of ashestos dust
by these macrophages. a thing that had been difficult to accomplish in rivo,
Experiments with guinea-pigs (Davis, 1963¢. b; Holt, Mills and Young, 1964) had.
however, shown that very large amounts of dust could be taken up by individual
lung macrophages which were able to combine to produce multinucleate giant
cells in only a few days. Later many macrophages hecame converted to tibro-
blasts, the dust still remaining in the fibroblast eytoplasm, Tt was of great
interest. therefore, to tind that in the organ culture normal undusted macrophages
could undergo conversion to fibroblasts. The system was obviously well suited
to the study of this process in dusted cells.

MATERIALS AXD METHODS

The apparatus and methods of culture used previously to study normml fung tisstie
{Davis. 1967) were also uacd in this study of dusted macrophages, [t was decided 1o use
chrysntile ashestos dust as this was known to eause fow problems al etnbedding aud sectiouing
for electron-microscope examination, and a suuple of finely milled dust was alsained from
Dr. P. F. Holt of Reading University,  Thix dust was similar to that used s previous
experiments (Halt 2 al.. 1964) and consisted mainly of fibres 3 s or less in length,. Initally
it wax found diflicult to introduce the dust to the cultures in o sutisfuetory oanmner. € the
dust was simply added to the culture medium none of it penctrated into the tane ac all.
Even simple injertion of a suspeusion of dust in culture fluid was unsatisfuctory as most of the
dust was very quickly squéezed out of the cut surface of the lumg.  Finally it wis found
necessary to injeet the dust into the tip of a small lung lobe and then tie a suture ot the
injection site to retain the dust. The final method ndopted was as follows,  Cheysntile
ashestas was suspended in physiolugical saline to give n concentration of approximntely
Smg. per ml.  This suspeusion was sterilised by being brought quickly to the hoil and
was then allowed to cool during which time the dust sediments to the hottom of the container.
This allows 73 per eent of thie saline to be drawn oft and this is replaced by an equal volume of
sterile culture fluid.  The mixture which is kept at 37° is injected into the fine puints of small
lung lohies 50 s to distend the lung slightly at the injection site. A suture ix then passed
round the tip of the lohe and tightened, after which the sutured bag of tixsue is severed from
the rest of the lung and placed in a culture chamber (Fig. 1). At the end of cach experiment:
the lung tissue was divided into two lobes.  Oue was fixed in foemol saline for light tiero-
secopic study, while the other was fixed in buffered osmium tetroxide for electron-microscope
examination. Thix tissue was embedded in Araldite by the method of Davix (1959) except
that total embedding time was reduced to 3 days before the tissuc was dispensed into gelatin
capsules to harden.  Afier sectioning the tissue was stained on the grids with lead citrate
{Reynold, 1963) hefore being examined in the clectron niicroscope.

ASARCO ELP 0003145




380 : J. M. G. DAVIR

RESULTS

The appearance of guinea-pig lung containing asbestos dust differed fi-
normal lung slices maintained in orgau culture in two respeets.  Tn the fiest pk
it was found impossihle to injeet dust without distending the lung slightly and ¢t
made it diflicult to keep the diameter of the cultures down to the 2 mm. thro
whielt oxygen can adequately diffuse.  As a vesult contral neerosis was oft
found in the dusted enltures with a hand of fiving tissue about { mm. thick
the outsidde. o addition to this injeetion of dust containing Huid into the alve
causerl them to collapse rather more quickly than a normal lung and in so

NYLON
LUNG _SUTURE

LOBE ./

Pia. Lo A dingrunmatic representation of the methad wsed to inject ashestos dust into the
lung picces to be maintained in organ calture,

cases the original outline of the alveoli was difficult to follow after as little as 3 da;
of eulture. Apart from this. however. the lung tissue as a whole scemed unaffect:
by the presence of the ashestos dust and could be kept alive for at least 9 day
During this time the alveolar cpithelial cells and the cells forniing blood vesse
and bronchioles showed exactly the same structures as the correspouding cci
in undusted cultures when examined by both light and clectron microseap,
In fact the only difference to he seen between dusted and undusted cultures 1
light microscope methads was the presence of foamy macrophages in the tisst
spaces of the former.

Electron-microscope examination of the dusted tissue showed. however. th.
the dust is quite well distributed from the original injection site. and is very quick!
taken up by the lung macrophages,  During this study no evidence was seen the
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“he ashestas dust was taken up by any cells apart from tll.L‘ macrophages or that
he dust was able to penctrate the tizsues by mechanical action. Dust was present
xithiu the macrophages within as little as 30 min, and almost all macrophages '
sontained dust by 2 hie atter the culture was setup (Fig, 2). The macrophagesina -
lusted avea dc\'élup clongated phagueytic processes on their surface membranes
~ithin a fow min. aud if these contact a dust pacticle they surround it and fold back
mto the cell surfitee o enclose it in a phagoeytie vacuole or phagosome (Fig. 3).
The phagocvtic processes have a fairly constant thickness of about 1000 A but
zher vary considerably in length and some can be as long as 10 . Initially
ahagosomes are dilated spherical structures which. in these experiments at least,
sontain culture fluid in which the dust particles float freely (Fig. 4).  The longest
seriod that dust particles can remain in phagosomes is impossible to determine as
iresh phagocytosis oceurs to some extent throughout the experiment, but within
2 hr. of the start of the experiment some asbestos dust has escaped from the
phagosome and cant be found free in the evtoplasm (Fig. 11). It is not possible to
be certain of the reason fur phagosome rupture in all cases, Sometimes it may
be due to chemical damage to the phagoeytic membrane. but in certain cases it is
Mvious that lung dust fibres have punctured the phagosome wall by purely
mechanical action. \Whatever the cause of the membrane rupture, however. N
eytoplasmic material flows into a punctured phagosome. the membrane of which
remains intact for much of its circumference (Fig. 3).  This membrane, however.,
aventually collapses (Fig. 6) and contracts enclusing any remaining dust to form a
dense structure that in the past would have been called aeytozome, but whose
present terminoloyy is rather confused.  This point is deadt with in the discussion.
Asbestos containing ~ eytosomes " are shown in Figs. 7.8, 9 and 100 [ can he

21 that in addition to the dust. these budies contain a considerable amount of

s including portivus of membranes that often have been folded and packed to
produce laminated or " myelin ¥ structures. Dust containing = eytosote ™
structures were abseat from macrophages during the fiest few dayvs of catare and
were most cotumon after 3 or 4 days indicating that it takes some time for the
phagosome to contract fully. During the process of dust phagoeytosis it was
noticeable that the number of primary [ysosomes in the cells inereased consider-
ably. These structures ave spherical granular masses about 03 g in dianmeter
and surrounded by a single mewmbrane (Fig. 13).  They are believed to contain
tatabolic cnzymes whicle can be liberated into the phagosomes to wudertake
digestion. A few of these structures are preseat in normal fung macrophages, bt
it was found in this study that they become much more conunon fram about
48 hir. onwards.  This probably means that new ones ave produced if the macro-
phage enters a prolonged period of phagoceytic activity,

The fate of asbestos dust in macrophages that has just been described. where
the dust is either finally liberated futo the cvtoplasm or walled up in * vesidual
bodies ™, is by far the most usual one,  In some cells. however. the phagosome
seems neither to rupture or contract and as new phagosomes are formed the cel :
takes on the highly vacuolated appearance of a ** foamy macrophage ™. In these .
cells most of the dust is retained in phagosomes for several davs and vers little of
it is ever found free in the cytoplasm.  How these cells differ from normal macro-
phages is uncertain but most of the cell structures including mitochondria are
quite normal so that it does not scem likely that a foaming macrophage is simply
a dying cell. - -

\

)
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In the previous paper on the structure of normal lung maintained in ore
culture it was reported that the lung macrophages were actively phagocytic 1
they did not combine to form giunt cells. In dusted cultures, however, d:
containing macrophages quickly combine and quite large giant cells can be forn:
within 24 hr. The process of giant cell formation in eultuce is exactly similar
that described by Davis (19636) for giant cell formation in live guinea-pig Tun
The macrophage phagoeytic processes become entangled and contract to bind t
cells togrether (Fig. 12),  Eventually the dividing cell walls between the individs
macrophages break down and a traly multinucleate cell is produced. This proe:
can occur very quickly and some such cells were found after as little as 24 hr.,

EXPLANATION O PLATES

Fre, 2. An alvgolar raperophage from guinea-pig lune maintained in organ culturo for 2 hr.
In thes sliort. tine the cell as phagoeytosed o considecnblo anmount of asbiestos dust much of
which is still eontaiued in the phagosutnes but some of which (uecowed) is alveady lying freo
in the coll eyfopltsm, 22200,

P 3. -\ phagoeytie process from a guinen-pig ung mncrophago engulling erystals of chryso-
tilo astiestox dust,  Thix cell had been maintained in organ culture for 2 he. 260,000,
Fre 4. -\ bundlo of chicyratile erystals contained in o phagosono feom a guinea-pig lung

mnecophage,  This eoll had been maintained in organ culture fue 1 he,

T -\ phagosutne from o puinew-pig g maerophage in the process of rapturing.  The
pueticle of astustos dust (arrowed) appears to o exscaping into the cell eytoplusm. At the
same time exfaplasmie material can be seen flowing intu tho phagosote.  This celt had been
manintained in organ culturo for 24 he, 342,000,

Fic. 6, - A punetured pliggosome from o guninen.pig lung macrophage.  Much of the contained
chiryxntile ashestos dust has remained within tho phagoseme and the phagosome membranc
is eollapsing anud contructing around it.  This macrophage was maintained in organ culture
for 48 hr. 2 GR.000, .

Fius. 7, 8. 9 and 10.~ These 4 figs. «how stages in the contraction of phagosomes containing
ashestas dust.  Tho photographs were tuken from guinea-pig lung macrophages maintained
in orzan culturo for 3 days. Most of these contracting phagusomes contain cell debris,
especially snombranes, in additivn to the asbestos dust. ¥ 54,000 in cach case.

F1c. 11.—An aren of extoplasm from a guinea-pig lung macrophage naintained in organ culture
for 3 days. Crystals of chrysotilo asbustus uce shown lying completely freo in the cell
eytoplasm.  » 34000,

Fre. 12.—Cuinca-piy lung macrophages combhining in thoe carly stages of ginnt cclt formatiun.
The phagoeytic prucesses of theso cclis have interdizitated and the cclls are effectively tied
together. Theso macrophages had been maintained in organ culture tor 24 he,  X1S.000.

Fre. 13.—A multinucleats giaat coll fuund in guinea-pig lung after only 24 hr. of organ culture.
In this short tito the junction line between the individual macrophages had disappeared and
the coll membranes have fused. Phasueytic processes are, however. still present on the
surfoco of this giant ccll (arrowed) and it therefuro scems likely that the cell could still pick
up ashestos dust. X §,300. .

Fio. 14.—A lung moerophago from guinca.-pig lung maintained in organ culture fuor 24 hr.
The ccll is still actively phagocytic but considerable numbers of new a-cytomembranes have
recontly heon produced (arrowed).

F1c. 15.—~An area of ccll extuplasm from a guinea-pig lung macrophage maintaited i organ
culturo for 4 days. New a-cytomembrancs aro present a3 well a3 crvstals of chrysotule
ashestos dust Jving freo in tho cytoplasm. This photogeaph shows 2 typical primary
Iysosomes which ars accowed. x42,000.

Fi16. 16.—A ccll from guinca-pig lung maintained in organ culture fur 6 days.  The cell contains
& particle of asbestos dust (arrowed) and numbers of long a-cytomembranes,  This cell was
found surrvunded by collagen or reticulin tilires and had no phaseeytic processes on its
surface membrane. The a-cytomembranes are not short or dilated enough foe the eell to be
considered a typical fibroblust and it probably represents an intermedinte stago in the
conversion of dust containing macrophage to dust containing fibrolduse. v 26,000,

F1a. 17.—A fibroblast from guinca-pig lung maintained in orzan culture for 6 days.  The cell
contains erystals of cheysotilo asbestos dust (arrowed) and the aeytomembranes have
becomo dilated to form sacs which appenr to be tilled with amerphous material. Banded
collugun ur roticulin libres can be seen outside the cell. - 416w,
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culture (Fig. 13). Once formed giant cells did not appear to change for the
whole 9-10 days of the experiment.

In normal guinea-pig lungs the macrophages contain mauy ribosomes but fow
if any a-cytomembranes. Within 24 hr, of culturing, however, many macro-

‘phages produced sheaves of long x-cytomembranes and this often occurs while the
_cell 13 still actively phagoeytic (Fig. 14). Eventually this type of macrophage

loses its phagoeytic processes (Fig. 16) and the long 2-cytomembranes break up
into short dilated lengths (Fig. 17). The cells finally exhibit the strueture that is
normally cousidered typical of fibroblasts, and are usually found surrounded by
masses of collagen on reticulin fibres.

From these observations it will be seen that the pathological changes previously
reported for dusted guinea-pigs in vivo can all be produced in picces of lung
maintained in organ culture. This system should therefore he useful for studying
the effect of various chemicals on asbestos uptake and it is hoped in the ncar
future to study the cffect of P 204 on cultures dusted with chrysotile.

DISCUSSION

In this study it was reassuring to find that the fate of asbestos dust in organ
culture is exactly the same as that previously demonstrated in dusted aujmals aud
known to occur in human lungs. Dust is taken up only by the lung macrophages
and these may either combine to form giant cells or at a rathev later stage become
converted into fibroblasts, In this vespecet the svstem of organ culture is ideally
suited for a cytological study of the changes produced by asbestos. It would’be

less satisfactory for examining the pathological stimulus of colligen production hy

asbestos beeause. as was shown in the preceding paper. fibrasis can oceur in the
later stages of organ culture of normal lung tissue. "This, however. does not
invalidate the suggestion that asbestos dust causes (ibrosis by direet action on the
macrophage cytoplasm. but werely emphasises the fact that tibrosis is a normal
pathological process that can be initinted by a number of different stimuli,

This study hus conficmed the previous suggestion (Davis, 1636) that giant cell
formation docs not necessarily result from the presence of foreign material too
Iarge to be phagoeytosed by a single macrophage. Giant cells formed in the
dusted cultures within 24 hr. and none of them was found to contain any dust
pacticles more than 34 in length. The veasons for giant cell formation ave
probably scen by comparing normal and. dusted organ cultures of lung tissue.
In normal cultures the macrophages are actively phagoevtic but remain eveuly
distributed throughout the tissue and giant cells do not form. It scems likely that
in these cultures the stimutus to phagoeytose is widespread and the macrophages
do not aggregate in any particular aren. In dusted cultures. however, the dust
fibres tend to oceur in clumps and many macrophages become attracted to smaldl
areas where they aggregate. \When this occurs their phagocevtic processes inter-
twine and giant cells ave formed. From this evidence it would appear that giant
cell formation results from a localisation of foreign material and the size of this
material is not important.

By the usc of organ culture it has been possible to follow the uptalke of ashestos
dust into a phagoeytic vacuole or ¢ phagosome * and to study the way in which
these vacuoles collapse to form * residual bodies ™. This, however, raises the
problem of terminology. Originally, all the structures mentioned here in con-

35
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neetion with the phagocytosis of asbestos were given the general name of cytosome
(Carasso and Favard. 1958; Gieseking, 1938; Kacrer, 1958), but now the impor-
tance of the different types is recognised. In order to discuss their terminology,
however, it will be necessary to summarise the present concepts of the enzymatic
digestion of phagocytosed materials and the role of the lysosome. It is now
believed that the digestion of phagocytosed materials is carried on inside the
phagosome by katabolic enzymes that are scercted into the vacuoles by structures
called Iysosomes. These lysosomes are dense granular bodics bounded by a
single membrane. The enzymes they carry are either inactive or unable to
damage the cell because they are separated from the cytoplasmic structures by a
membrane, Onee in the phagosome the enzymes are activated and digest any
organic material present. It is in the subsequent fate of the phagosome and the
lysosome enzymes it contains that the coufusion arises..

When the phagosome contracts to form a vesidual body it ofton contains the
remains of membrane structures that become packed together to give a
“ myelinated " appearance. The residual body is very much smaller than the
original phagosome. It contains dense granular material and is surrounded by a
single membrane.  In fuct the residual body is very much like a lysosome except
for the debuis it contains and some workers have used the word lysosome to
describe these structures. Both de Duve (1963) and Loldfischer (Goldfischer.
Essner and Novikoft, 1964) consider that the primary lysosome, the phagosome
and its resicual body should all be included under the general term * lysosome ™.
As fur ag the phagosome is concerned this scems undesicable.  If the primary
lysosome is to be considered as o bayg of enzymes ready for use. thien the phagosome
is an entirely separate steucture which iy formed from the cell surface during
phagocytosis. The fact that the Iysosome enzymes may be injected into the
phitgosonic dues not alter this fundamental difference.  When the phagosome has
contracted to form a residual body. however. it does show asimilar structure to the
primary lysosome apart from containing n certain amount of debris,  This fact
suggests the idea that the lysosome enzyuwes may not be used up or inactivated
during digestion in the phagosome and are retained in the residual hady in o form
inwhich they could be reinjected intoanother phagosome. Tf this is the case then

. the residual body could well be ealled a * secondary lysosome , but until this is
definitely proved it would be best to retain the term * vesidual body 7. To call
such a structure a lysosome unless it can be proved still capable of acting as a
source of usable enzymes would obvivusly be incorrect.

SUMMARY

Chrysotile asbestos dust was injected into small picees of adult guinea-pig lung
maiuntained in organ culture for 10-14 duys.  This dust was taken up by thé lung
macrophages i & matter of hours, but dust was not found in any of the other celly
during the course of these experiments. The macrophages in contact with dust
produce elongated phagocytic processes on the cell surfuce and these encircle the
dust and fold back onto the cell to form phagoceytic vacuoles or phagosomes.
The dust may remain in the phagosomes for some time or it can quickly escape into
the cytoplasm perhaps by mechanical action, If the dust remains in a phagosome
this eventually contracts to forin a small dense structure usually cxrlled a residual
body. In the cultured lung it was found that dust containing macrophages couid
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EFFECT OF ASBESTOS DUST ON LUNG MACROUIAGES 383

quickly combine to form giant eells. and quite large specimens were often found
within 24 hr.  Some macrophages eventually become converted into fibroblasts
with asbestos dust still retained in the fibroblast eytoplasm.
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