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Abstracts. A number of morphological changes accompany the G2 blockage caused by
glucocorticosteroids in simian virus 40-transformed 3T3 mouse fibroblasts cells. Under
phase contrast microscopy dexamethasone-treated cells have darkened and raised nuclear
regions with 'lines' running over their cytoplasmic areas. They are more resistant to
trypsinization and smaller in volume. Since inhibitors of DNA and protein synthesis prevent
this 'glucocorticoid morphology', the 'darkening' may be due to the accumulation of
macromolecules within G2-blocked cells and the induction of a protein(s) may be needed for
the morphological changes. Colchicine and cytochalasin Β do not bring about the
glucocorticoid morphology, suggesting that it is not due to a general de-polymerization of
microtubules or microfilaments. With scanning electron microscopy treated cells show a
great reduction in the amount and a re-organization of microvilli and microplicae. Granules
of lead precipitate at the periphery are also clearly evident in transmission electron micrographs. These observations reveal profound morphological alterations, including cell
surface changes, induced by glucocorticosteroids.
Keywords. Cell surface; morphological changes; growth inhibition; simian virus; 3T3
mouse fibroblast cells; glucocorticoids.

Introduction
Glucocorticosteroids are modulators of cell growth both in vitro and in vivo. For
some cells glucocorticoids have been observed to enhance cellular growth (Hayashi
et al., 1978; Holley and Kiernan, 1974) perhaps by facilitating G1 progression into S
phase, while for others growth is inhibited (Fodge and Rubin, 1975; Grasso et al.,
1978; Pratt and Aronow 1966; Sarah et alb., 1986). In the latter case, apparent blocks
in both G1 (Fodge and Rubin, 1975) and G2/M (Grasso et al., 1978) have been
described. Despite the effort of many laboratories in this area the precise biochemical
mechanisms by which these steroid hormones either stimulate or prevent growth are
unknown.
The proliferation of simian virus 40-transformed 3T3 mouse fibroblasts (SV3T3) is
severely inhibited by glucocorticosteroids (Young and Dean, 1980). Typically, gluco§
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corticoids block cell division by 20-45 h after their addition to cells cultivated in low
calf serum (0·30% v/v) Dulbecco's Modified Eagle's medium (DME) supplemented
with biotin (DMEB). The growth inhibition is completely reversible, specific for
glucocorticoids and no other steroid types, seen with steroid concentrations ranging
from 5 ng/ml (for triamcinolone acetonide) to 50 ng/ml (for dexamethasone), and is
not due to increased cytotoxicity. Recent experiments (Das et al., 1983) have
indicated that after cell division is almost entirely blocked, DNA, RNA, and protein
synthesis continue, resulting in the overaccumulation of DNA and protein in glucocorticoid-treated cells. This has led to the conclusion of a blockage in late G2 or
early mitosis. Of potential significance to the problem of neoplastic transformation is the
observation that in untransformed 3T3 cells glucocorticoids are generally considered
to be growth stimulants (Hayashi et al., 1978; Holley and Kiernan, 1974).
Accompanying the growth inhibition in SV3T3 and other cells are a number
of striking morphological changes. Some of the SV3T3 structural alterations are distinctly different from those reported for other glucocorticoid-inhibited cells (Berliner
and Gerschenson, 1975; Breund et al., 1975; Burcht et al., 1979; Holbrook et al.,
1980). The objectives of this article are to describe these morphological changes in
detail for SV3T3 cells (as seen in both optical and electron microscopy), to offer
partial explanations, and to attempt to relate some of them with the growth inhibition induced by glucocorticoid action.
Materials and methods
Chemicals
The tissue culture chemical supplies, including the powdered DME and calf serum,
were obtained from Grand Island Biological Company, Grand Island, New York,
USA. Dexamethasone, colchicine, β and γ lumicolchicine, cycloheximide, and
adenine-9 -ß-D-arabinofuranoside (Ara-A) were purchased from Sigma Chemical Co.,
St. Louis, Missouri, USA. Cytochalasin Β was bought from both Sigma Chemical
Co. and Aldrich Chemical Co., Milwaukee, Wisconsin, USA and the products of
both companies were found to yield identical results. Biotin was provided by
Calbiochem-Behring Corp., San Diego, California, USA.
Cell culture
The Swiss 3T3 and SV3T3 cells (obtained originally from Robert Holley) were
maintained in DME (including 4500 mg/1 glucose and, 110 mg/1 sodium pyruvate)
supplemented with 10% (v/v) calf serum, 227 units/ml penicillin, and 33·6 µg/ml
streptomycin as described previously (Young and Dean, 1980). Cells were discarded
at 6 week intervals and new cells recovered from frozen stocks. The stock cells were
found to be free of mycoplasma contamination by [3H] -thymidine autoradiography.
In all experiments cells were trypsinized with 1:250 trypsin (Gibco) and inoculated
in 0·3% (v/v) calf serum-DMEB (DME with 100 ng/ml biotin added) at a concentration of 4 ×104 cells/20 ml/3·5 cm dish (or 2 × 105 cells/l0 ml/10 cm dish for the
scanning electron microscopy experiments). Three hours later dexamethasone at a
final concentration of 200 ng/ml (the stock solution was prepared as in Young and
Dean, 1980) and/or other additives, when called for, were added to appropriate
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dishes in a total, combined volume which did not exceed one-tenth the original
medium volume. The medium was then not replaced for the entire duration of the
experiment. In some cases subsequent additions of various inhibitors were made
hours or even days later as explicitly described in the figure legends.
Scanning electron microscopy
Cells grown on glass coverslips in 10 cm dishes were fixed by immersion of the
coverslips in a fixative consisting of 2% paraformaldehyde and 1·6% glutaraldehyde
in 0·06 Μ s-collidine buffer, pH 7·3, at room temperature for a minimum of 2 h. The
cover slips were next loaded into a silicon rubber grid holder (Baratz, 1976) and
remained there through all subsequent processing. The specimens were washed in
0·1 Μ s-collidine buffer, pH 7·3, exposed to 1% osmium tetroxide in the same buffer
for 30 min and, following a brief rinse in this buffer, were dehydrated using graded
acetone solutions (70, 95 and 100%). The samples were then quickly placed in an
acetone filled boat in a pressure-bomb type critical point dryer and dried using liquid
CO2 as the exchange medium. The specimens were then affixes to aluminium stabs
with silver paint and a film of gold-palladium was evaporated on the surface using an
argon ion-sputtering device (final film thickness ~ 10 nm). The processed samples
were then transferred to the stage of the scanning electron microscope (ISI model
#60) and examined at 30 kv. Photographs were made with Polaroid type 55 P/N
film.
Transmission electron microscopy
Cells were fixed on their tissue culture dishes by exposure for 1 h with 2·5%
glutaraldehyde in 0·1 Μ sodium phosphate buffer, pH 7·4. They were then rinsed
with 6·4% sucrose in this buffer and treated with 2·0% osmium tetroxide dissolved in
the sodium phosphate buffer. After another rinse in 6·4% sucrose-0·1 Μ sodium
phosphate, pH 7·4, the specimens were dehydrated with ethanol and then stained
with either uranyl acetate (Stempak and Ward, 1964) and lead citrate (Reynolds,
1963) or uranyl acetate and phosphotungstic acid (Hall et al., 1945). The uranyl
acetate-lead citrate staining followed two slightly different protocols: either 3%
methanolic, ethanolic uranyl acetate for 12 min followed by 0·3% lead citrate for
2 min or 2% methanolic uranyl acetate for 20 min then 1% lead citrate for 7 min.
Either process produced identical results. The uranyl acetate-phosphotungstic acid
staining involved exposure to 2% uranyl acetate for 5 min and 1% phosphotungstic
acid for 10 min. The actual electron micrographs were taken with a Phillips EM 300 at the
Electron Microscope Service Facility of the Dana-Farber Cancer Institute,
Boston, Massachusetts, USA
Results
Structural changes as seen in phase contrast optical microscopy
In the presence of the synthetic glucocorticoid, dexamethasone, SV3T3 cell division
usually stops by the second day after steroid addition. At this time the morphology
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Figure 1. Dexamethasone-induced morphological changes in SV3T3 cells as seen in
optical microscopy. The cells were inoculated into low serum DMEB (a) without or (b) with
dexamethasone as described in 'materials and methods'. Photographs were taken (a) 2 days
(i.e., ~ 48h) and (b) 4 days later. Typically, on day 1 (or 24 h later) these changes are
apparent in only a few cells, by day 2 they appear in greater than 70% of the cells and by day
4 in over 90%. In these and in most of the optical photographs (figures 1-3) the culture
media were removed and replaced with phosphate buffered saline just prior to photography.
Phase contrast, × 150.

of the majority (~ 70-80%) of the cells in culture, as viewed under phase contrast,
has also undergone dramatic changes (figure la,b). Dexamethasone-treated cells
have prominent, darkened or condensed centers; this darkening or 'thickening' under
phase contrast denotes an increase in optical interference and suggests a build-up of
cellular material. On the other hand, the cytoplasmic regions appear much lighter,
and one can occasionally discern 'lines' running over their surfaces. The combination
of these morphological changes gives the impression of cells shrinking or contracting
from the dish's surface, especially at the edges of colonies, but in reality, the steroidtreated cells are probably more tightly attached to the substratum since their
trypsinization is more difficult. Upon suspension the cells are found to be considerably
smaller in volume (by about one-third to one-half) as observed both in the light
microscope and via light scattering measurements employing a flow microfluorometer. These morphological changes do not occur in glucocorticoid-treated 3T3
cells.
Some of these morphological alterations can be prevented and even apparently reversed by the use of inhibitors of macromolecular synthesis. For instance, if Ara-A, an inhibitor of DNA synthesis, is added together with dexamethasone, the intense darkening of the cell center does not occur in a
large percentage (60-80%) of the dexamethasone -treated culture (figure 2a)
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These cells also appear more broadened or spread out. Similarly, cycloheximide
addition simultaneously with dexamethasone prevents the development of the 'glucocorticoid morphology' (figure 2b); even the cell shape is virtually indistinguishable
from normal. Cycloheximide can also be added one day after dexamethasone, a time
before major morphological changes are evident, with the retention of normal morphology. This is seen in figure 2c in which cycloheximide was added 22 h after dexamethasone, and the micrograph taken two days later. In experiments in which
cycloheximide was introduced 3 days after dexamethasone, at which time the glucocorticoid-induced changes are expressed in nearly all the cells, a partial restoration of
the normal morphology was observed by the next day (figure 2d). The return to
normality is not instantaneous so that even at 24 h some cells still possess the
glucocorticoid morphology.
It is possible to interpret these results by attributing some of the darkening in the
cell's center to the accumulation of macromolecules (for example DNA and protein)
within a smaller volume, i.e. denser cells, which is prevented by the inhibition of
DNA and protein synthesis. This interpretation is supported by biochemical measurements which show that dexamethasone-treated cells have a higher than normal
content of DNA and protein (Das et al., 1983). However, the results of the
experiments involving the delayed addition of cycloheximide do not so easily
conform to this interpretation unless one assumes protein turnover on a large scale.
An alternative explanation, although not mutually exclusive with the above, might
hold that, while some of the darkening may be due to the accumulation of macromolecules, the continued synthesis of a glucocorticoid-induced protein(s) is required
for the initiation and maintenance of the morphological changes (Das et al., 1983).
Since alterations in cell shape are often mediated by the organizational state of
microtubules and microfilaments, the possible involvement of these structural components in the glucocorticoid-induced changes was tested. Neither colchicine
nor cytochalasin Β is capable of eliciting the same morphological alterations as
dexamethasone (figure 3a,b). In general, both agents cause the appearance of multi
nucleated cells, the nuclei of which, unlike the glucocorticoid case, seem clear or
transparent. The cells are larger and more broadened (i.e., with greater cytoplasmic
volume) than with dexamethasone treatment. Cells in colchicine concentrations of
004/µg/ml and above sometimes have spike-like projections on their periphery
radiating towards the substratum. Furthermore, while dexamethasone is not toxic
over a broad concentration range (Young and Dean, 1980), both colchicine and
cytochalasin Β begin to kill these cells within a few days in the concentrations used
here. It should be noted that lumicolchicine, and analog which does not bind to
tubulin, does not evoke any of the colchicine effects. All of these results taken
together demonstrate that the glucocorticoid morphology is not brought about by a
large and generalized increase in the de-polymerization of microtubules or
microfilaments.
Nevertheless, these observations do not exclude a rearrangement (i.e., a transient
de-polymerization-re-polymerization) of microtubules and/or microfilaments by
glucocorticoids. For instance, it has been proposed (Berliner and Gerschenson, 1975)
that in RLC-GAI epithelial cells glucocorticoids may elicit the cell spreading seen in
that case by acting through microfilaments, since the cell spreading is blocked by
cytochalasin B. When dexamethasone is combined with colchicine or cytochalasin Β in the
V3T3 system, the appearance of the culture no longer closely resembles that
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of typical dexamethasone-treated cells (figure 3c,d). With simultaneous colchicine
addition (figure 3c) the cells appear broader or larger with more cytoplasm than their
dexamethasone counterparts and some possess the colchicine morphology in having
multiple nuclei and spike-like projections. Other cells, however, still show a darkening or thickening at their centers reminiscent of dexamethasone treatment. The reduction in dexamethasone-induced morphological changes is more pronounced with
cytochalasin Β (figure 3d). Here the cells are even larger than with the combination of
colchicine and dexamethasone and, while some have dark, thick centers, this darkening is less intensely concentrated than in the colchicine and dexamethasone case.
Again, some cells which are very large with multiple nuclei seem to exhibit only the
cytochalasin Β morphology. Both colchicine and cytochalasin Β reduce dexamethasone
action in a dose dependent manner, since lower doses allow for a larger proportion
of the culture to assume the dexamethasone morphology. It is interesting to consider
that, while both agents are toxic for these cells within a few days, the presence of
dexamethasone protects against this toxicity and greatly increases the survivability
of the cultures. Unfortunately, no single unequivocal interpretation can be given for
the above observations, so that although it is possible that dexamethasone acts in
this system through microtubules and/or microfilaments, it is also reasonable to
conclude that the colchicine and cytochalasin Β effects are simply being superimposed upon those produced by dexamethasone.
Structural changes seen with electron microscopy
When scanning electron microscopy was employed, the initial observations made
with the optical microscope were reinforced and, in addition, differences in surface
structure were noted. In general, untreated specimens (figure 4a, b) display a flattened
nuclear region devoid of microvilli or other surface specializations except for circular
elevations which also appear in treated cells. Immediately peripheral to the nuclear
zone is a broad band of microvilli and microplicae which extend from one-half to
one-third of the distance from the limit of the nuclear zone to the border of the cell.
This is surrounded by a relatively unremarkable peripheral zone.
Treated cells (figure 4c,d), on the other hand, are generally more rounded up than
untreated with prominently raised nuclear regions. This is probably responsible for
the darkening or 'thickening' seen under phase contrast. Even more striking changes
are evident in the zone of microplicae and microvilli. This perinuclear zone in
dexamethasone-treated cells is greatly reduced and the structural organization of
these surface irregularities also appear to be altered. For instance, the fine 'halo' that
surrounds the untreated nucleus is replaced by a coarser 'crown of thorns' which in
the light microscope appear as 'lines' running over the cytoplasmic region.
Closer examinataion of the cell surface under higher magnification and using
transmission electron microscopy revealed a major difference in the ability of the
treated cell surface to interact with lead stains. As seen in figure 5 (a-c) black
granules are clearly evident along the periphery of dexamethasone-treated cells
stained with lead citrate. They do not appear in untreated cells (figure 5d,e) or if lead
citrate is replaced with phosphotungstic acid (figure 5f). These grains are apparently
lead precipitate and may have been caused by a glucocorticoid-induced change in the
carbohydrate composition of the cell surface.
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Discussion
There are a number of reports in the literature describing alterations in the
morphology of various cell types produced by exposure to glucocorticoids. In comparing them with the present case it appears that, while there are some similarities,
the response shown by SV3T3 cells is clearly different. For instance, hepatoma cells
(Freund et al., 1975), SV40-transformed human skin fibroblasts (Furcht, 1979), and
RLC-GAI epithelial cells (Berliner and Gerschenson, 1975) exhibit an increased
resistance to trypsinization, a reduction in the number of microvilli, a tendency to
form only monolayers and not pile up, or all 3 properties. These changes, some of
which can be explained by an increase in fibronectin production or a rearrangement
of its placement in the extracellular matrix (Furcht et al., 1979), are also observed
with SV3T3 cells. However, in all of the other cell types plus C6 glioma cells
(Holbrook et al., 1980), there is a pronounced flattening or spreading out of the cells
which never occurs in dexamethasone-treated SV3T3 cultures. To the contrary,
treated SV3T3 cells appear more rounded with raised nuclear regions. Also, to our
knowledge, no one has yet reported the nuclear darkening, the re-organization of
surface irregularities, and the precipitation of lead at the cell surface observed
in the SV3T3 case.
The changes seen in SV3T3 cells may, in fact, be closely associated with the growth
inhibition provoked by glucocorticoids. From biochemical studies (Das et al., 1983),
it appears that SV3T3 cells are blocked in late G2 or early mitosis and
overaccumulate DNA and protein. The darkening or thickening seen under phase
contrast probably reflects this increase in macromolecular density. The transmission
electron micrographs also show a high percentage of cells with condensed chromatin.
Furthermore, it should be noted, the rounding up of treated cells is a likely conesquence of this G2 or mitosis block, since cells round up prior to cell division.
In regard to a possible mechanism whereby the steroid effects these structural
changes and inhibits cellular proliferation, this morphological study provides no
simple answers. Although colchicine and cytochalasin Β do not produce the same
structural changes as dexamethasone, a more specialized and selective involvement
of glucocorticoids in microtubule and/or microfilament organization cannot be
totally ruled out. Indeed, interference by dexamethasone in microtubule formation,
especially during mitosis, still remains an attractive possibility. Another candidate
might be a mechanism operating through the cell surface. The reduction in microvilli
and the ability of the treated cell surface to interact with and precipitate lead indicate
profound changes in the cell surface. However, whether this signals equally far-reaching
functional ramifications in the membrane, such as hormone receptor or nutrient
transport activity, must be tested by biochemical means. Thus, although this structurally-oriented, investigation has not yielded a solution to the problem of how glucocorticosteroids modulate cellular growth, it has revealed major morphological
changes elicited by a single hormone and provided clues for new avenues of experimentation.
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