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ABSTRACT

The large respiratory epithelial cells within primary cultures of newt
(Tarichii granulosa) lung are uniquely suited for high resolution video-
enhanced light-microscopic studies. We show here that these cells incor

porate crocidolite asbestos fibers within 18 h by endocytosis. Once inside
the cell, fibers less than 5 tim in length are seen by video light microscopy
to undergo saltatory transport at a maximum velocity of 1.18 um/s. By
contrast, fibers over 5 um long rarely exhibit saltatory motion. Over time,
all of the fibers become preferentially located near the nucleus. This
perinuclear accumulation is largely inhibited by disassembling the cyto-

plasmic microtubules with nocodazole. Same cell correlative light and
electron microscopy reveal that fibers exhibiting saltatory behavior are
enclosed within a membrane. From these observations we conclude that,
upon incorporation into epithelial cells, asbestos fibers undergo size-

dependent active transport along cytoplasmic microtubules. Our data are
the first to link the dimension-dependent transforming ability of asbestos
fibers to a basic cellular function, i.e., the microtubule-dependent trans

port of cellular components.

INTRODUCTION

Once prized commercially for its high tensile strength, re
sistance to heat, flexibility, and durability, asbestos has become
a public health dilemma. A number of epidemiolÃ³gica! and
toxicological studies have implicated asbestos fibers, especially
crocidolite, in the etiology of various diseases including asbes-
tosis, lung cancer, and mesotheliomas of the pleura, pericar
dium, and peritoneum (reviewed in Refs. 1-3). However, de
spite much research, the mechanism(s) by which these fibers
promote oncogenesis and cell injury remain obscure (4-6).
Unlike most carcinogens, asbestos by itself does not appear to
be mutagenic (7-10).

Over the years, it has become clear that the transforming
ability of mineral fibers, including asbestos, is linked primarily
to the dimensions of the fiber [i.e., the length/width aspect ratio
(11); reviewed in Refs. 1 and 12]. In general, long thin fibers
are more tumorigenic than shorter, thicker ones. The impor
tance of fiber dimensions to carcinogenicity is not related
simply to the selective clearance of certain sized fibers by the
lungs, since the same relationship applies also to cultured cells
(9, 13, 14). Thus, as noted by Pott (15), "A fiber has to be

regarded as a physical carcinogen that works by its elongated
shape." At present, it is unknown how carcinogenicity is related

to fiber dimensions. Perhaps the strongest hypothesis is that
long thin fibers physically promote the genesis of aneuploidy
during mitosis, and that such a shift in chromosome comple
ment is then responsible for immortilization and neoplastic
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progression [(9, 14, 16, 17) reviewed in Refs. 5 and 18].
If mineral fibers are physical carcinogens, then how they

behave within the cell, and what components they interact with,
become critically important to understanding how they exert
their deleterious effects. However, despite this obvious conclu
sion, virtually nothing is known regarding the behavior of such
fibers once incorporated into the living cell. The few previous
LM3 studies remotely relevant to this topic were not concerned

with fiber behavior, but with their long term effects on cell
morphology and toxicity to cell populations (10, 19-21). In
deed, in these studies the fate of individual fibers within cells
could not be discerned due to the small size and poor optical
properties of the mammalian cell lines utilized, and to limita
tions in the (phase-contrast) LM systems used.

The respiratory epithelial cells (i.e., pneumocytes) generated
from primary cultures of newt lungs are among the largest (250-
ÃÃmdiameter) and flattest somatic cells in existence (22). In
addition, they possess unique optical properties that allow for
the examination of the distribution, interaction, and dynamic
behavior of cellular components in the living cell, with unsur
passed clarity, by video-enhanced contrast LM methods [(23,
24) reviewed in Ref. 22]. We reasoned that the behavior and
interaction of crocidolite asbestos fibers could be examined in
considerable detail once incorporated into living newt lung
epithelial cells. Our observations, which are reported here,
confirm the utility of this model system for such studies. More
over, our data clearly demonstrate that crocidolite fibers
undergo size-dependent active transport within the interphase
cellâ€”afinding that may ultimately be relevant to understanding
how the carcinogenic properties of such fibers are related to
their dimensions.

MATERIALS AND METHODS

Cell Culture. Newt (Taricha granulosa) lung primary cultures were
prepared in Rose multipurpose chambers as detailed by Rieder and
Hard (22). Briefly, small lung fragments were cultured at 23*C on 25-
mm2 coverslips in 0.5x L-15 medium supplemented with 10% fetal calf

serum and antibiotics. Under these conditions, extensive monolayer
sheets of ciliated and nonciliated respiratory epithelia, and individual
mesothelia cells, migrate 1 to 2 mm from the lung fragments within
the first week of culture. After the first week, the medium was removed
and replaced with fresh medium containing either 0.5 mg/ml of Inter
national Union Against Cancer crocidolite asbestos (a kind gift from
Dr. T. M. Fasy, Mount Sinai Medical Center, New York, NY), or a
combination of crocidolite fibers and the microtubule-disrupting drug
nocodazole (20 ^M; Aldrich Chemical Co., Milwaukee, WI). At various
times thereafter, the coverslip cultures were removed from the culture
chambers and mounted on microperfusion chambers in fresh medium
(25). These chambers allowed cells within the cultures to be examined
with high resolution LM optics and to be rapidly perfused with fixatives
during observation.

Video-enhanced LM. The video-enhanced contrast LM system used,
and the methods used to track fiber motion, have been described in

3The abbreviations used are: LM, light microscopic; DIC, differential inter
ference contrast; PBS, phosphate-buffered saline; EM, electron microscopic; NA,
numerical aperature.
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Alexander and Rieder (26). Briefly, DIG or polarized light images of
cells were obtained on a Nikon Microphot-FX LM using a Hamamatsu
C24000 Chalnicon camera. These analogue images were then digitized
and processed with a Hamamatsu DVS-3000 image processor before
storage on optical memory discs. During data analysis, the optical disc
images were reprocessed through the Hamamatsu DVS-3000, where
they were expanded 2-8 times. Using the Hamamatsu's distance meas

uring function, calibrated to the 0.62-^m lattice spacing of the diatom
Pleurasigma angulatum, both cursors were superimposed on the edge
of a particle. The recording was then advanced one frame, and one
cursor was moved to the particle edge. The distance separating them,
and the time interval, were entered manually into Quatro-Pro where
they were analyzed and manipulated. Under the optical conditions used
(x40 objective; NA = 0.85) we could measure edge displacements on
the order of 0.1 ^m (26). Images of video recordings were photographed
on Plus-X film (Eastman Kodak Co., Rochester, NY) using a freeze-
frame video recorder (Polaroid Corp., Cambridge, England). This film
was subsequently processed in Rodinal.

Immunofluorescence LM. For immunofluorescence LM, control and
experimentally treated newt lung coverslip cultures were simultaneously
fixed and lysed in glutaraldehyde/detergent (Triton X-100), reduced,
and blocked as described by Rieder and Alexander (25). They were then
incubated in a monoclonal antibody against ,f lubuliii (TU-27B; kindly
provided by Dr. L. Binder, University of Alabama, Birmingham, AL)
at 4Â°Cfor 18 h. After washing in PBS, the cultures were treated with a

fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Sigma
Chemical Co., St. Louis, MO) at 37Â°Cfor 30 min. Subsequently, they

were washed in PBS and mounted on a slide in PBS/glycerol (pH 7.8)
containing yV-phenylenediamine.

Cells processed for the indirect immunofluorescent localization of
microtubules were examined with a Nikon Optiphot microscope
equipped with a Nikon 60X Plan Apo objective (NA = 1.4). Fluorescent
images were photographed with an automatic exposure system on XP-
1 film (Ilford Ltd., Basildon, Essex, England) using an ASA setting of
1600. This film was then commercially developed by C-41 processing.

Electron Microscopy. Asbestos-treated newt lung coverslip cultures
were mounted on perfusion chambers as described above. Selected cells
were then followed by video LM until the desired time of fixation,
during which the culture was perfused with 2% glutaraldehyde in 0.05

M phosphate buffer. After 20 min, the perfusion chamber was disman
tled and the culture postfixed in 0.05% ruthenium tetroxide for 5 min.
Ruthenium tetroxide was used during postfixation to enhance the
contrast of membranes. Once postfixed, the culture was washed in
distilled H2O, dehydrated, and flat-embedded in Epon/Araldite as
described by Rieder el al. (27). Cells previously followed in vivo were
then relocated within the embedment, excised, mounted on Epon pegs,
and serially thin (60 nm)-sectioned with a diamond knife using a Sonali
MT-6000 ultramicrotome. The ribbons of serial sections were mounted
on Formvar-coated slot grids and stained with uranyl acetate and lead
citrate. The sections were then viewed and photographed at 80 kV on
a Philips 301 electrom microscope.

To facilitate thin (60-nm) serial sectioning, and to prevent tearing
and distortion within the regions containing asbestos during the sec
tioning process, the asbestos fibers were largely removed from the
embedded cells before sectioning by a brief treatment with hydrofluoric
acid at 4Â°C(28). As a result of this treatment, conspicuous holes were

produced in the plastic where the asbestos had been located.

RESULTS

Newt Lung Epithelia Incorporate Crocidolite Fibers. After an
18-h exposure to 0.5 mg/ml crocidolite fibers, many T. granu
losa lung epithelial cells possessed a variable number of fibers
within their cytoplasm. That these fibers were asbestos was
subsequently demonstrated by X-ray microanalysis (data not
shown). They were easily detected in the living cell by through-
focus DIC (cf. Fig. 1, A and D) or polarized (Figs. IE and 2)
LM. Sixty-five h after exposure, 52% of the cells containing
asbestos (n = 123 cells from 3 cultures) showed a striking
preferential accumulation of fibers near the nucleus (Fig. 1, D
and E). It has previously been reported that Syrian hamster
embryo cells phagocytize crocidolite asbestos fibers within 24
h of treatment, and that these fibers are concentrated around
the nucleus of fixed cells 24-48 h after exposure (5). Such a
perinuclear accumulation could result simply from passive dif
fusion of the fibers within the cell that ultimately favors a net
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Fig. 1. Differential interference-contrast (A, D, F), antitubulin immunofluorescent (B, C), and polarized light (E) micrographs of newt lung epithelial cells before
(A-C) and after (D-F) incorporating crocidolite asbestos fibers. The cell contains an extensive array of cytoplasmic microtubules (/?), which is completely disassembled
by a 2-3-hr treatment with 20 Â¿IMnocodazole (C). Pneumocytes with an intact cytoplasmic microtubule complex concentrate all of the asbestos fibers around the
nucleus (D and E). By contrast, those lacking microtubules (F) incorporate fibers into the cytoplasm, but only some fibers are positioned immediately adjacent to the
nucleus. The majority remain randomly dispersed throughout the cytoplasmic volume with the exception that they are excluded from the thin regions of the cell
periphery. A, D, E, and F are of living cells. Bar, 25 ^m.
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Fig. 2. Selected micrographs, from a time-lapse video-enhanced polarized LM sequence, of asbestos fibers (dark masses) undergoing saltatory transport within the
cytoplasm of a newt lung epithelial cell. The cell nucleus, which is not within the field of view, occupied an area just below the bottom of each micrograph. Arrowhead
in A and B, particle that moves over 12 urn within a selected 10-s period. Arrow in C-F, another particle that undergoes a lengthy excursion over a 70-s period.
Elapsed time in min: s, relative to A (bottom right corners). Bar, 25 um.
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Fig. 3. Velocity versus time plot of the asbestos fiber noted by the arrowhead
in Fig. 2, A and B. Within this 40-s plot the fiber exhibited a characteristic pattern
of saltatory motion including highly variable positive velocities followed by abrupt
stops, and even negative velocities (reversals of motion). Note that the fiber
reached a maximum velocity of over 60 *im/min.

movement from the thin peripheral regions into the thicker
perinuclear region. Alternatively, the accumulation of crocidol-
ite fibers around the nucleus could also be mediated by a more
active process that is analogous, for example, to the microtu-
bule-mediated transport of endosomes and lysosomes that re
sults in the accumulation of these organelles around the nucleus
(e.g., Refs. 29-31). Indeed, when newt lung epithelia are treated
with the microtubule disrupting drug nocodazole at the time of
asbestos exposure, only 7% (n = 111 cells from 3 cultures)
exhibited a perinuclear accumulation of fibers at the end of 65
h comparable to that of controls. Under these conditions, the
cytoplasmic microtubule network was completely disassembled

within 1 to 2 h (cf. Fig. 1, B and C) but fiber incorporation was
not inhibited (Fig. IF). Some of the fibers within the cytoplasm
of nocodazole-treated cells were positioned near the nucleus
but, with the exception that they were largely excluded from
the thin peripheral regions, most were distributed randomly
throughout the cytoplasmic volume (cf. Fig. l, D and F). These
observations on living cells support our hypothesis that croci-
dolite fibers become concentrated in the thickest (perinuclear)
region of the epithelial cell by movement along cytoplasmic
microtubules.

Crocidolite Fibers Undergo Size-dependent Saltatory Motions
within the Cell. The inhibitory effect of nocodazole on the
perinuclear accumulation of crocidolite suggests that these fi
bers are actively transported within the cytoplasm along micro-
tubules. To evaluate this hypothesis, we followed living croci-
dolite-containing newt lung epithelial cells by time-lapse video-
enhanced DIG or polarized LM. Under these conditions, many
of the fibers were seen to undergo rapid and conspicuous, but
transient, movements (Fig. 2). As a rule, these fibers ranged in
length from less than 1 urn to 5 /Â¿m,and in width from less
than 0.4 jum (the resolution limit of our 0.85 NA objective lens)
to 1.5 Mm.Fibers over 5 ÃŸinlong rarely exhibited such saltatory
motions. The average rate of transport was found to be 0.48
fim/s (25 particles undergoing a total of 32 translocations, SD
= 0.25 Mm/s) with a maximum velocity of 1.18 ntn/s. The rate
and characteristics of this transport (Fig. 3) were similar in
every respect to the saltatory movements recently described by
Alexander and Rieder (26) for organelles within newt lung
epithelial cells. Moreover, the saltatory movement of crocidolite
fibers, like that of the organelles, was completely inhibited by
nocodazole treatment.

Crocidolite Fibers are Transported through the Cytoplasm as
Membrane-bound inclusions. To distinguish whether asbestos
fibers are transported as membrane-bound inclusions, or as
demembranated fibers, we followed crocidolite-containing newt
lung epithelial cells in vivo by time-lapse video-enhanced polar-
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ized LM, and then fixed these cells during observation for
subsequent serial section EM analyses. Using this same-cell
correlative LM/EM approach, we examined the ultrastructure
of 8 asbestos fibers, over 3 cells, that we knew had undergone
saltatory motion before fixation (Fig. 4). In all cases, the moving
fiber was enclosed within a membrane (e.g., Fig. 4, E to G).

DISCUSSION

The large diameter of the newt lung epithelial cell, its flat
nature, and its optically clear cytoplasm provide a unique model

system for examining the behavior and interaction of mineral
fibers within the living cell by high resolution video LM meth
ods. Our results clearly demonstrate that once within the cell,
crocidolite asbestos fibers exhibit a previously undescribed size-

dependent dynamic behavior. Such a behavior would be difficult
to detect in the mammalian (e.g., hamster and human) cells
commonly used for asbestos studies because these cells are
extremely small and round considerably after incorporating
fibers.

In an ultrastructural study, Brody et al. (32) found that many
of the chrysotile asbestos fibers ingested by rat aveolar epithelial

Fig. 4. Same-cell correlative light and electron microscopy of asbestos fibers undergoing saltatory motion. A and B are selected micrographs, from a time-lapse
video-enhanced polarized light microscopic sequence, of an asbestos fiber (arrow Â¡nA and B) undergoing a saltation. Time, in min:s. is at the bottom corner of each
micrograph. The DIC micrograph in C is of the same cell after fixation. Bar, 20 ^m. An analysis of the complete video sequence revealed that 3 other particles (open
arrowhead, asterisk, and dark arrowhead in A-C). in addition to that noted by the arrow in A and B, also underwent saltatory motions during the observational period.
Three of these fibers (arrow, asterisk, and dark arrowhead) are included within the low-magnification electron micrograph in D, which is from one of the serial
sections cut from the cell. Bar. 10 ^m. A high-magnification electron microscopic analysis of the series revealed that all 4 fibers that underwent translocations during
the filming sequence were surrounded by endocytotic membranes. Three of these (open arrowhead, arrow, and asterisk in A-C) are shown in E-G, respectively. Bar, 1
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cells, after a 1-h inhalation exposure, were ultimately trans

ported across the cells to the interstitial compartments. A
subsequent ultrastructural examination revealed that actin fil
aments were associated with newly phagocytized fibers within
the aveolar cells (33). This finding prompted these investigators
to hypothesize that the transport of chrysotile across the pul
monary epithelium to the interstitial compartments was me
diated by actin-containing microfilaments (33). However, al
though actin filaments are known to be necessary for endocy-
tosis (34, 35), there is currently no evidence that they are
involved in the saltatory transport of phagocytosed mineral
fibers within cells.

The saltatory transport of cellular organelles is known to
occur along the surface of microtubules (36-38). Recent bio
chemical and in vitro data convincingly demonstrate that this
process is mediated by several mechanochemical proteins, in
cluding cytoplasmic dynein and kinesin, that appear to bind to
both the organelle membrane and the microtubule (reviewed in
Refs. 39-41). The largely inhibitory effect of nocodazole on the
perinuclear accumulation of asbestos suggests that these fibers
are actively transported within the cytoplasm along microtu
bules. Indeed, when newt epithelial cells containing crocidolite
fibers are viewed by video-enhanced DIC or polarized LM,
many are seen to undergo size-dependent saltatory movements
similar to those reported for other organelles (26) within the
cytoplasm. Since this motion is inhibited by nocodazole, a drug
that disrupts cytoplasmic microtubules, we can conclude that
the transport of crocidolite in interphase newt lung epithelial
cells is mediated by cytoplasmic microtubules.

Upon endocytosis by macrophages, epithelial cells, and fibro-
blasts, asbestos and other mineral fibers become membrane-
bound endosomes (14, 42-44). Over time, such endosomes
would undoubtedly tend to move, by random diffusion from the
exceedingly thin peripheral margins of the cell to the thicker
perinuclear region that contains most of the cytoplasmic vol
ume. Indeed, our time-lapse observations indicate that even the
largest crocidolite fibers undergo random diffusion (e.g., the
large fibers in Fig. 2, bottom). However, when newt lung cells
are treated with nocodazole at the time of exposure to croci
dolite, few fibers acquire a perinuclear location, and those that
do are much less tightly packed than in controls not treated
with nocodazole (cf. Fig. 1, D and F).

It is known that lysosomes accumulate preferentially around
the nucleus, and that the translocation of endosomes, their
eventual fusion with lysosomes, and the translocation of lyso
somes are all mediated by cytoplasmic microtubules (29-31).
Our finding that the expeditious perinuclear accumulation of
crocidolite fibers is microtubule-dependent is consistent with
the hypothesis that after endocytosis, asbestos fibers are trans
ported along microtubules as endosomes, and eventually accu
mulate within secondary lysosomes located near the nucleus.
In this hypothesis, the perinuclear accumulation of asbestos
fibers in part reflects the distribution of lysosomes, the perinu
clear location of which is known to be maintained by the
cytoplasmic microtubule network (29, 30).

We observed that the microtubule-dependent saltatory trans
port of endocytosed crocidolite fibers is primarily restricted to
those fibers equal to or less than 5 urn in length. There are
several possible reason(s) why longer fibers are largely inhibited
from undergoing such transport. First, longer fibers may inter
act with many microtubules, all of which attempt to move them
in different directions. Such fibers may also be sterically inhib
itedâ€”e.g., once entangled within the anastomosing network of

intermediate (keratin and vimentin) filamentsâ€”from exhibiting
rapid and extensive linear motions. Alternatively, longer fibers
may have a propensity to become demembranated. Indeed, it is
not uncommon to see mineral fibers within the cytoplasm of
cells containing endocytosed asbestos fibers that are not sur
rounded by an endosomal membrane (42-46). Whether this
demembranation is selectively related to fiber length is un
known, and is an important consideration for ultimately under
standing the mechanism(s) by which asbestos affects cellular
processes. In all of the cases we examined by same cell correl
ative LM/EM, the (smaller) fibers undergoing saltatory trans
port were shown to be surrounded by a membrane. Although
we cannot conclude that demembranated fibers do not undergo
saltatory transport, it seems highly unlikely that they do so
considering what is currently known regarding the dependence
of such transport on a surrounding membrane (see above). It is
also notewothy that if fiber demembranation occurs after lyso
somes fuse with the asbestos-containing endosÃ³me, then asbes
tos cytotoxicity may be due, in part, to the resulting release of
deleterious hydrolytic enzymes into the cytoplasm (47).

The perinuclear accumulation of crocidolite fibers positions
them to interact with the forming mitotic spindle during cell
division. However, it has been shown that the robust radial
arrays of astral microtubules generated by the separating spin
dle poles transport membrane-bound vesicles, lysosomes, and
other organelles away from the region of the forming spindle,
i.e., either towards the astral periphery or into the astral center
(30, 48, 49). Therefore, the smaller membrane-bound asbestos
fibers capable of saltatory motion would presumably be trans
ported away from the region of the forming spindle along with
other organelles. By contrast, larger membrane-bound asbestos
fibers, and demembranated fibers, may not be as efficiently
translocated by the astral microtubules. As a result, these fibers
would be preferentially positioned to interfere with spindle
formation and chromosome movement. This pathway is con
sistent with the hypothesis that asbestos promotes transforma
tion by interfering with the normal course of chromosome
distribution during mitosis to produce aneuploid cells, and
provides an explanation for why longer fibers possess greater
transforming ability than shorter ones. We are currently testing
these ideas by examining the interaction of asbestos fibers with
the mitotic spindle in newt lung epithelial cells.
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