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ABSTRACT

Estramustine [170-estradiol 3 N bis(2-chloroethyl)carbamate;
EM] is a stable conjugate of estradiol and nor-nitrogen mustard

that is used for the treatment of human prostatic carcinoma. We
have studied the cytotoxic effects of EM on the cytoskeletal
organization of squirrelfish pigment cells (erythrophores) and
human prostatic tumor cells (DU 145) in culture. Light and whole-

mount electron microscopy studies reveal that, at /Â¿Mlevels (60
to 120 Â¿IM),EM has a dose-dependent disruptive effect on cell
shape, cytoskeletal organization, and intracellular transport.

Upon removal of the drug, the cytological effects of EM are
rapidly reversible in fish cells but not DU 145s. Immunofluores-

cent studies reveal that EM produces microtubule disassembly
in fish erythrophores and DU 145 cells. A concomitant disruption
of actin-microfilament arrays also occurs in DU 145 cells. These

morphological data suggest that EM, in contradistinction to its
constituent estradiol:nitrogen mustard species, induces cytotox-

icity as an antimicrotubule drug. The observed disruption of the
microtubules and cytomatrix of interphase cells is not reversible
in the prostatic carcinoma cells. The disruptive action of EM on
the cytoskeleton could ultimately produce a cytotoxic antimitotic
effect in dividing cells.

INTRODUCTION

EM3 is a therapeutic agent used to treat advanced prostatic

cancer (9, 10,12). Prostatic carcinoma cells in culture (6) and
more recently HeLa and Walker 256 carcinoma cells (21) have
shown a sensitivity to /Â¿Mlevels of estramustine. The cytotoxic
effects of EM in vitro are independent of the drug's constituent

steroid and alky lating agent species (20) and have been linked,
at least in part, with hydrophobic interactions with the structural
proteins of the nucleus, the nuclear matrix (21).

It has been clearly established that no electrophilic alkylating
species are produced under physiological cell culture conditions;
neither does the drug express characteristics which would sug
gest steroid activity (for review, see Ref. 20). These properties
are consistent with the relative stability of the carbamate ester
bond, which links the mustard and steroid moieties (Chart 1),
and suggest that pharmacological activity is mediated by the
complete EM molecule.

However, a definitive explanation of the cytotoxic mechanism
of EM is lacking, although much of the drug (about 75%) is
known to bind other cellular components outside the nucleus
(21). Consequently, it was of interest to determine possible
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cytomatrix effects of EM and learn how cytoplasmic related
effects of EM might ultimately produce the reported antimitotic
events in dividing cells (6).

In this paper, we have investigated possible cytotoxic effects
of EM at the cytological level. For these studies, the fish erythro-

phore or red pigment cell has been used as a model system for
investigation of the cytotoxic consequences of EM. There are a
number of attractive reasons for utilizing erythrophores for the
work described here. Erythrophores are symmetrical cells with
thousands of radially ordered microtubules which control the
directed motion of numerous red pigment granules (14, 19). At
the light microscopic level, the pigment is observed to pulsate or
to aggregate and disperse from the cell center in a cyclic fashion.
Because this pigment motion is dependent upon the organiza
tional properties of the microtubules and the elastic, contractual
properties of a MAP-2 rich microtubule cytomatrix complex (14,

17), the effects of EM on structural and functional properties of
these protein structures can be assessed directly (14, 19). We
report in this paper that EM disrupts the cytoskeletal microtu
bules and cytomatrix in fish erythrophores and DU 145 cells, a
human prostatic carcinoma cell line. These effects are reversible
in fish cells but irreversible in DU 145 cells when the drug is
removed. The significance of these results to the mechanism of
action of EM and its use as a chemotherapeutic agent is dis
cussed.

MATERIALS AND METHODS

Human prostatic DU 145 tumor cells were maintained in culture as
described previously (7,18). Cells are plated at a density of 106 cells/ml

in 35-mm Retri dishes or on carbon-coated plastic coverslips, incubated

overnight, and used the following day.
Erythrophores and epithelial cells are cultured from the scales of the

squirrelfish Holocentrus ascensionus (rufus) using procedures of Stearns
and Ochs (19). Freshly plucked scales are washed 6 times in sterile CM-
PBS; then, the flap of skin containing epithelial cells on the scale's

surface is peeled back to reveal the subdermal layer of chromatophores.
After brief flushing with CM-PBS, the scales are incubated with sterile
CM-PBS, containing 0.15% hyaluronidase (type II; Sigma), 0.2% colla-

genase (type IV; Worthington), and 1.5% bovine serum albumin (type V;
Sigma) for 45 min at room temperature. Pigment cells and epithelial cells
are then removed from the skin by gentle flushing with sterile CM-PBS.
The cells are pelleted by centrifugation for 5 min at 6000 x g in a table-
top clinical centrifuge. The cells are resuspended in Eagle's basal medium

containing 15% fetal calf serum. Cultured erythrophores or DU 145 cells
are grown on carbon-coated, glow-discharged coverslips. For experi

mental studies, cells are washed twice with fresh medium or PBS and
exposed to medium or PBS at pH 7.3 and 23Â°C, containing EM. The

drug is removed by washing cells with fresh medium or PBS. The effects
of EM are recorded directly by phase-contrast microscopy of live cells

or after glutaraldehyde fixation and immunolabeling for epifluorescent
microscopy studies. /5Tubulin monoclonal antibodies made against pig
brain tubulin were a gift of Dr. Lester I. Binder, University of Virginia,
Charlottesville, VA. (2).

For electron microscopy studies, cells are fixed with 2% glutaralde-
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Chart 1. Chemical structure for EM. Estradici is connected to nor-nitrogen
mustard through a carbamate:ester linkage. EM functions as a drug which induces
cell death without steroid activity and without alkylating activity (20).

Table 1
Time (min) required for increased concentrations of EM to cause a complete

cessation ol pigment motion and the reversibility of this effect by 60 min in fresh
medium

Identical results were achieved when EM was applied to erythrophores still on
the isolated scales of fish (i.e., not subcultured onto coverslips), except the time
required for inhibition of transport was approximately doubled.

EM concentration
Reversibility in

Effect in min Fish cells DU 145

3060120240None802015YesYesNoPartialNoNo

hyde in PBS, pH 7.3, at 23Â°C for 10 min and processed by standard

procedures (19). For fluorescent microscopy studies, cells are fixed in
2% glutaraldehyde in PBS, pH 7.3, washed with PBS, treated with 3
changes of NaBH4 (10 mg/ml) in PBS for 10 min (to reduce aldehyde
groups), and washed with PBS for fluorescent labeling by routine pro
cedures (19).

RESULTS

Cultured fish erythrophores, plated on glow-discharged and
carbon-coated coverslips, attached and spread to form sym
metrical, circular cells resembling erythrophores on the scales of
fish. The cultured erythrophores retain an ability to aggregate
and disperse, or pulsate, their pigment granules from the cell
center in a normal manner. In addition to the pulsatory pigment
behavior, in the dispersed state, the individual pigment granules
saltate bidirectionally from the cell center (1, 19).

Following the addition of EM at 120 //M, there is a rapid
inhibition of pigment pulsation. After 2 to 3 min, the pigment
comes to rest in either the dispersed or the aggregated state. In
dispersed cells, "saltatory" motion still continues after 2 to 3 min

of treatment with EM. Complete cessation of pigment motion
occurs after 20 min and is concentration dependent (Table 1). If
erythrophores are pretreated with 2.5 mM caffeine, a phospho-

diesterase inhibitor, the pigment always remains dispersed (Fig.
1a). The effects of EM on caffeine-treated cells are reported in

the following studies. EM inhibits the saltatory transport of
pigment in a progressive manner, starting at the cell periphery
(by 5 min; Fig. 1a) and moving gradually towards the centralized
centrosomal structure where a complete inhibition of saltatory
transport occurs by about 20 min. As motion is inhibited, the
pigment often accumulates in small clumped "pigment-patches."

Except for the formation of filopodia and some cell arborization,
there is no marked change in cell shape. By comparison, fish
epithelial cells (coculture with the erythrophores) exhibit an ex
tensive blebbing of their cell margins followed by an eventual

disappearance of the blebs at 10 min (Fig. 1c) and an accumu
lation of cytoplasmic material around the nucleus at 20 min. The
cytological effects of EM are completely and rapidly reversible
by 40 min upon washing of the cells (erythrophores and epithelial
cells) with fresh Eagle's basal medium. Erythrophores recovering

from 120 MMEM treatment initially begin saltatory movement of
their pigment at the cell center by 5 min. There is a progressive
linear recovery of this motion toward peripheral margins of the
cell within a time frame of 40 min (Fig. 1e). Following complete,
or nearly complete, recovery of saltatory motion, the pulsatory
behavior of erythrophores also starts (Fig. 1, e and f). Over a
similar time course, the epithelial cells redistribute their cyto
plasmic contents and recover their normal appearance.

Erythrophores observed in situ (i.e., on fish scales) appear to
respond to EM exactly like cultured cells. There is a cessation
of pigment motion after 40-min treatment with 120 U.MEM (Fig.

1cf), and the effects are reversible.
Fluorescent microscopy images of cells labeled with antibodies

to /3-tubulin (Fig. 2) show that a principal disruptive effect of EM

is to induce the disassembly of the thousands of radially arrayed
microtubules normally found in erythrophores (compare a and b
of Fig. 2). The microtubule disassembly occurs in a progressive
fashion from the peripheral margins toward the cell center.
Microtubule disassembly is coincident with the linear inhibition
of saltatory motion. During recovery, the microtubules reassem
ble from the cell center when EM is removed (Fig. 2c), and this
event corresponds with the onset of saltatory motion. In recover
ing cells, pigment transport begins at the cell center or the center
of origin of the microtubules. Upon the completion, or near
completion, of microtubule reassembly, the pulsation of pigment
granules is reinitiated. Fully recovered erythrophores regain their
normal pigment transport patterns, indicating that cells do not
suffer residual cytotoxic side effects as a result of the EM
treatments. Dosage-dependent results from the above types of

studies are summarized in Table 1.
Fig. 3 shows that DU 145 cells respond to 120 U.MEM in a

fashion resembling primary fish epithelial cells, except there is a
more striking loss of cell shape or rounding up of cells and a
very marked, progressive formation of small transparent vesicles
(compare a and b of Fig. 3). After 20 min of treatment, the
numerous vesicles and the cytoplasmic cytomatrix are observed
to accumulate around the nucleus (Fig. 3o, arrows; Fig. 7).
Antibody labeling studies (Fig. 4, a and b) show that the normal
array of microtubules (Fig. 4a) is disassembled during EM treat
ment (120 MMfor 20 min; Fig. 4b).

In contrast to the observed response of primary fish epithelial
cells, the effects of EM are not reversed in DU 145 cells after
removal of drug. The majority of the microtubules do not reform,
and the cells retain a rounded appearance after 1 h or 5 h in
fresh medium. If reduced levels of EM are used (below 60 MM),
the effects on DU 145 cells are partially reversible (Table 1).

Using rhodamine:phallacidin, a fluorescent molecular probe
that specifically binds actin microfilaments in live and fixed cells,
studies of EM-treated DU 145 cells reveal that the organization
of "stress-fiber-like" microfilament arrays is disrupted by 20-min

exposure to EM at 120 MM(Fig. 5, a and b). In some cases, a
disassembly of the stress fibers may occur during a "drawing-
up" of the microfilament fibers towards and around the cell

nucleus. Since erythrophores do not contain stress fibers and
have only small amounts of actin in their filopodial regions (14),
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similar actin-labeling studies did not reveal any changes in micro-

filament arrangement in these cells.
Whole-mount electron microscopy studies show that, besides

microtubules and microfilaments, DU 145 cells and erythrophores
also contain a fine cytoplasmic network of filaments termed the
cytomatrix network (Fig. 6) by Porter and Stearns (15). Fig. 6a
shows that untreated DU 145 cells or thin, flattened cells with a
fine 3-dimensional cytomatrix pervading the cytoplasm (see Fig.

6a, inset) in a pattern which resembles that observed in a number
of diverse cell types (15). With EM treatment (120 MM,20 min),
a coarsening of the cytomatrix or 3-dimensional microtrabecular

lattice component (15) occurs in both DU 145 cells (Fig. 7a) and
erythrophores (not shown). Increases in the volume of the spaces
between cytomatrix filaments are observed, and the cytomatrix
eventually "contracts" around the cell nucleus resulting in a

rounding of the cells after 20 min at 120 MMEM (Fig. 70).
Control studies using estradiol (120 MM) on either erythro

phores or DU 145 cells did not cause any of the changes in cell
shape or ultrastructural organization observed with EM. In ad
dition, nor-nitrogen mustard, although producing toxicity in both

cell types at 25 MM, did not produce specific antimicrotubule
effects (data not shown).

Calcium Studies. To test the possibilitythat calcium influences
EM activity, we exposed cells to calcium:ethyleneglycol bis(0-
aminoethyl ether)-/V,A/,A/',A/'-tetraacetic acid:PBS with in
creased Ca2+ ion levels (1Q-8 M Ca2+, 10"6 M Ca2+, HT5 M Ca2+).

EM at dosages of 120 MM had the same effect (as reported
above) on erythrophores, epithelial cells, and DU 145 cells at all
Ca2+ ion concentrations tested.

Interestingly, cold treatment did augment the effects of EM.
Pretreatment of cells at 4Â°Cfor 60 min followed by exposure to
60 fiM EM at 4Â°Cfor 10 min (or direct exposure of cells to 60
MMEM at 4Â°Cfor 10 min) affects cells in a manner equivalent to
120 UMEM treatment for 20 min at 23Â°C.The effective threshold
concentration of EM is reduced to 30 MM at 4Â°C for 20-min

treatment.

DISCUSSION

The results demonstrate that the antiprostatic tumor drug EM
causes a rapid disruption of cytoskeletal organization in both fish
epithelial and DU 145 cells. It is known that there is virtually no
cleavage of the carbamate ester bond by cultured DU 145 cells
(6). Hence, this disruption is manifested by the parent compound
binding to constitutent proteins of the cytoskeleton. The stability
of the mirotubules is immediately affected by EM, and a rapid
disassembly of the tubules, apparently from their distal ends
inwards, takes place. The effects of EM closely resemble the
antimicrotubule drugs nocodazole, vinblastine, and colchicine
(9). Nocodazole and colchicine, however, bind tubulin on a 1:1
molar basis (9) and are effective on erythrophore microtubules
at low concentrations of 0.1 MMto 1.0 MM(1), whereas EM works
at concentrations of approximately 60 MM at 23Â°Cor 30 MMat
4Â°C.Sixty MM is an approximate 90% inhibitory concentration

value (6) in DU 145 cells as judged by clonogenic assay. If cell
proliferation is used as a measure, the 90% inhibitory concentra
tion value is increased to approximately 80 MM. Both values are
for a 24-h incubation. Hence, the observed cytomatrix effects
are obtained with a pharmacologically meaningful concentration.

Presumably, these differences in drug concentrations required

to cause tubule disassembly reside with differences between the
mechanism of action of EM and other antimicrotubule com
pounds. We propose that, in contrast to nocodazole, which binds
tubulin directly (8), EM works by interaction in a "detergent-like"

manner to disrupt microtubule structures, possibly by binding
tubulin molecules or MAPs on the tubule surface. In other words,
EM produces dissociations of the microtubule proteins or micro-
tubule-bound cytomatrix components, indirectly resulting in mi

crotubule disassembly. Because microtubules are less stable at
low temperatures (9), lower EM concentrations are required to
produce the same pharmacological effects. Our recent studies
(18) using a novel fluorescent probe, dansylated EM, have shown
that the drug enters DU 145 cells in vesicles, even at 4Â°C.

Other studies have shown that EM can inhibit the assembly,
or cause disassembly, of microtubules in vitro (11). Further, EM
does not compete for colchicine and nocodazole binding sites
on tubulin molecules.4 Most importantly, a microtubule stabilizing

agent taxol (16) prevents the EM-induced disassembly of micro

tubules, whereas exogenously supplied native stabilizing agents
like MAPs fail to do so (11). Our interpretation is that EM may
bind MAP in vivo, a conclusion which is indirectly supported by
observations that pigment motility, a MAP-2-dependent function,

is inhibited by EM. Prelimary work in our laboratory also indicates
that EM causes MAP-2 aggregation into discreet patches along
the surfaces of taxol-stabilized microtubles in cultured erythro

phores.
Since cytomatrix organization and stress-fiber distributions

are also simultaneously affected by EM and because these
effects cannot be totally accounted for by tubule disassembly
events, we believe EM may have some affinity for other cyto
matrix proteins as well. Alternatively, EM could perturb ionic
balances, nucleotide levels, or phosphorylating enzymes to in
terfere indirectly with structural properties of protein polymers
comprising the cytomatrix. We have not ruled out the possibility
that EM can affect these factors and thereby produce the ob
served microtubule disassembly and accompanying cytomatrix
and microfilament collapse. We have ruled out calcium influxes
from extracellular sources as possible mechanism of EM-induced

tubule disassembly.
The nonreversible nature of the effect of EM on DU 145 cells

is unusual but not unexpected. Several authors have shown that
prostatic tumor cells contain a M, 46,000 protein with a high
affinity for EM (4, 5). It is possible that, because of this EM
binding protein, EM accumulated by DU 145 cells is not released,
as in the fish cells, so that the recovery of cell shape and
cytoskeletal organization cannot ensue. This possible function
of EM is reflected further by binding interactions within nuclear
compartments. Since the nucleus and cytoplasmic matrix com
ponents have been shown to be contiguous (13), it is reasonable
to conclude that the drug may influence both compartments,
although EM appears to have a preferential affinity for cytoskel
etal proteins (21).

From an experimental standpoint, EM provides a novel phar
macological tool with a rather specific antimicrotubule activity.
The existence of such a compound with an ability to dissociate
MAPs from tubules could prove to be of immense significance in
cell biological research. The eventual elucidation of the biochem
ical mode of action of EM could certainly provide insights into

4M. Wallin, personal communication.
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the intricate mechanisms regulating MAPs microtubule-depend-
ent interactions with other cell structures (e.g., 10-nm filaments,

microfilaments, vesicles, and pigment granules) and their involve
ment in vital transport processes (18).

The "mitotic blocking" activity of EM could be explained, at

least in part, by an EM-induced disorganization of vital, MAPs-

triggered microtubule assembly processes. With regard to this,
the differences reported here in sensitivity between interphase
fish epithelial cells and malignant DU 145 prostatic cells during
recovery from EM could be a favorable factor in determining the
therapeutic efficacy of EM. Consideration of the antineoplastic
properties of EM will reflect its reported antimitotic properties in
dividing cells (7).

REFERENCES

1. Beckerte, M. C.. and Porter, K. R. Analysis of the role of microtubules and
actin in erythrophores Â¡ntracellularmotility. J. Cell Biol.. 96: 354-362, 1983.

2. Caceres, A., Payne, M. R., Binder, L. I., and Oswald, S. Immunocytochemical
localization of actin and microtubule-associated protein MAP-2 in dendritic
spines. Proc. Nati. Acad. Sci. USA,80: 1738-1742,1983.

3. DeBrabander,M., Geuens,G.. DeMey,J., and Joniau, M. Nucleatedassembly
of mitotic microtubules in living PtK2 cells after release from nocodazole
treatment. Cell Motil., 1: 469-483, 1981.

4. Forsgren, B., Bjork, P., Carlstrom, K., Gustafsson, J. A., Pousette, A., and
Hogberg, A. Purification and distribution of a major protein in the rat prostate
that binds estramustine, a nitrogen mustard derivative of estradiol. Proc. Nati.
Acad. Sci. USA, 76: 3149-3153, 1983.

5. Forsgren, B., Gustafsson, J. A., Pousette, A., and Hogberg, A. Binding
characteristics of a major protein in rat ventral prostate cytosol that interacts
with estramustine. a nitrogen mustard derivativeof 17/i-estradiol.CancerRes.,
39:5155-5164,1979.

6. Hartley-Asp, B., and Gunnarsson, P. 0. Growth and cell survival following
treatment with estramustine, nor-nitrogen mustard, estradiol, and testosterone
of a human prostatic cancer cell line, (DU 145). 727: 811-822,1982.

7. Hartley-Asp, B. Estramustine induced mitotic arrest in human prostatic carci
noma cell lines DU 145 and PC3. Prostate, 5: 93-100,1984.

8. Hoebeke,J., Van Nijen,G., and DeBrabander,M. Interactionof nocodazole(R
17934),a new antitumoraldrug, with rat brain tubulin. Biochem. Biophys.Res.
Commun., 69: 319-324, 1976.

9. Hyams,J. S., and Stebbings, H. Microtubuleassociatedcytoplasmictransport.
In: K. Roberts and J. S. Hyams (eds.), Microtubules, pp. 488-510. New York:
Academic Press, Inc., 1979.

10. Joonsson, G., Hoogberg, B., and Musson,T. Treatment of advancedprostatic
carcinoma with estramustine phosphate. Scand. Urol. Nephrol., 11: 231-238,
1977.

11. Kanje, M., Deinum,J., Wallin, M., Ekstrom, P., Edstrom, A., and Hartley-Asp,
B. Effect of estramustine phosphate on the assembly of isolated bovine brain
microtubules and fast axonal transport in the frog sciatic nerve. Cancer Res.,
45: 2234-2239,1985.

12. Madajewicz, S., Cantane, R., Mittleman, A., Wajsman, Z., and Murphy, G. P.
Chemotherapyof advanced, hormonallyresistant prostatic carcinoma.Oncol
ogy (Basel),37: 53-56,1980.

13. Penman, S., Capeo, D. G., Fey, E. G., Chatterjee, P., Reiter, T., Ermish, J.,
and Wan, K. The three-dimensional structural networks of cytoplasm and
nucleus. Function in cells and tissues. In: J. R. Mclntosh (ed.), Modem Cell
Biology, Vol. 2, pp. 385-415. New York: Alan R. Uss, Inc., 1983.

14. Porter, K. R., Beckerle, M., and McNiven, M. Cytoplasmic matrix. In: J. R.
Mclntosh (ed.), Modem Cell Biology, Vol. 2, pp. 259-302. New York: Alan R.
Liss, Inc., 1983.

15. Porter, K. R., and Steams, M. E. Stereo microscopy of whole cells. Methods
Cell Biol., 22:53-54, 1980.

16. Schiff, P., Fant, J., and Horwitz, S. Promotionof microtubuleassemblyin vitro
by taxol. Nature (Lond.),277: 665-667, 1979.

17. Steams, M. E., Binder, L. I., and Payne, M. R. MAP-2and MAP-1 involvement
in pigment transport in erythrophores. J. Cell Biol., 97: 201a, 1983.

18. Steams, M. E., Jenkins, D., and Tew, K. D. Dansylatedestramustine, a novel
probe for studies of estramustine uptake and identification of mtracellular
targets. Proc. Nati. Acad. Sci. USA, in press, 1985.

19. Stearns, M. E., and Ochs, R. L. A functional in vitro model for studies of
intracellularmotility in digitonin permeabilizederythrophores. J. Cell Biol., 94:
727-739, 1982.

20. Tew, K. D. The mechanismof action of estramustine. Semin. Oncol., 70: 21-
26, 1983.

21. Tew, K. D., Erickson, L. C., White, G., Wang, A. L., Schein,P. S., and Hartley-
Asp, B. Cytotoxicity of estramustine, a steroid-nitrogen mustard derivative,
through non-DNAtargets. Mol. Pharmacol.,24: 324-328, 1983.

CANCER RESEARCH VOL. 45 AUGUST 1985

3894

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2422982/cr0450083891.pdf by guest on 19 M

ay 2023



ANTIMICROTUBULE EFFECTS OF EM

Fig. 1. Phase-contrastpictures of a caffeine-treated (2.5 HIMfor 2 min)dispersed erythrophore exposed to EM (120 pM at 23Â°C)for Omin (a), 5 min (Ã¹),and 20 min

(c). The untreated cell exhibits evenly dispersed pigment granules (the dark material, arrows), and in response to EM, the cell begins to arborize slightly by 5 min, and
"pigment-patching"(arrows)occurs as "saltatory" motion stops in the peripheralmargins. By 20 min, the cells have arborized further, and pigment motion has completely
stopped. Epithelialcells (EC)exhibit an extensive blebbing by 5 min, and they change shape (comparea with Fig. 2, b and c) and round-up as the cytoplasm appears to
accumulate around the nucleus (W)and as the peripheralmargins become transparent, d shows that EM has similar effects on erythrophores (Â£)and on scales. Some
irridiphores (/) are visible, and they are not affected, e and f, shows that the erythrophore seen in a to c, has recovered from EM after 60 min in fresh medium. The cell
recovered an ability to aggregate (e) and disperse ( f) its pigment and to move its pigment in a saltatory manner. Both erythrophores and epithelial cells recover their
normal shape, x 430.

Fig.2. Glutaraldehyde-fixederythrophores stained with /i-tubulin monoclonalantibody after EM (120 ^M) treatment for Omin (a),20 min (b), and after recovery from
EM treatment, 60 min (c). Microtubule (M) staining gives the fibrillar pattern in a and c. EM treatment drastically reduces the fibrillar staining pattern (b) with only
occasional microtubules remaining.The dense staining of the centriolar complex (C) and lighter nuclear staining (W)indicate the presence of tubulin in these structures.
X430.
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Fig.3. Phase-contrast images of untreated (a) and EM-treated (b) DU 145 cells. The EM (120 JIMfor 20 min) produces cell rounding, vesicle formation (arrows),and
an accumulation of cytoplasmic material around the nucleus. See also Fig. 50. x 430.

Fig.4. Glutaraldehyde-fixed DU 145 cells stained with Â¿-tubulinantibody and fluorescein isothiocyanate:lgG. The bright microtubule pattern observed in a is not
preserved following EM treatment at 120 ^M for 20 min (b). Incubation of the treated cells in fresh medium for 2 h produces some random reassemblyof microtubules
(o), but the cells usually do not reform a normal microtubule array, and they remain rounded, x 1600.

Fig. 5. Glutaraldehyde-fixed, rhodamineiPhallacidin-stainedDU 145 cells following EM treatment at 120 tÂ¡Mfor 20 min (a). The fluorescent picture (a) shows the
remaining microfilaments collected at a focus of origin (arrows) over the nucleus (W),and the phase image shows that cell rounding has occurred (b). Normally, cells
exhibit numerous parallelarrays of microfilaments,but this pattern was disrupted with EM. x 430.
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Fig. 6. Whole-mount, 100-kV electron microscopic picture of DU 145 cells. Nucleus (W), mitochondria (M), filamentous cytomatrix (arrows) are shown, b shows a high
magnification view of the area outlined in a. The cytomatrix consists of a cross-linking 3-dimensional network of filaments (3- to 9-nm diameter) termed the cytomatrix or
microtrabecular lattice by Porter ef al, (14). No microtubules or microfilament bundles are visible here, a, x 3,200; b, x 38,000.

Fig. 7. Whole-mount electron microscopy images of DU 145 cells exposed to 120 I*M EM for 5 min (a) and 20 min (b). The cytomatrix coarsens in appearance by 5
min as spaces or holes in the cytomatrix increase in size (a). By 20 min, the cytomatrix contracts around the nucleus as the cell rounds up (6). Compare Fig. 6, a and b,
with a. The cytomatrix in b was too thick for high-resolution images of its substructure, a, x 3,200; inset, x 25,000; b. x 3,900.
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