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ABSTRACT Actin in cultured fibroblasts is organized into
a complex set of fibers. Patterns of organization visualized with
antibody to actin are similar but not identical to those visualized
with fluorescein isothiocyanate-phalloidin (Fl-phalloidin), a
chemical that binds to F-actin polymer with a dissociation
constant of 2.7 X 10~7 M [Wulf, E., Deboben, A., Bautz, F. A.,
Faulstich, H. & Wieland, T. (1979) Proc. Natl. Acad. Sci, USA 76,
4498-4502]. Fl-phalloidin reveals that transformed cells have
fewer, finer, and shorter F-actin-containing structures than do
normal cells. Two-color fluorescence microscopy of single cells
reveals that F-actin staining by Fl-phalloidin picks out the cy-
toskeletal cables more sharply than does antibody to actin, due
to a reduced intracellular background fluorescence. This im-
proved resolution permits sorting of cellular Fl-phalloidin pat-
terns into four classes ranging in organization from 90% of the
cytoplasm occupied by large cables to the absence of detectable
cables. Reproducible differences in pattern distributions be-
tween normal and transformed cell lines have been quantitated.
Fl-phalloidin together with rhodamine-based indirect antibody
to simian virus 40 tumor antigen reveals a direct relationship
between the degree of pattern change and simian virus 40 nu-
clear antigen expression in intermediate transformed 3T3 cell
lines [Risser, R. & Pollack, R. (1974) Virology 59, 477-489].

Antibody to actin or transmission electron microscopy of sec-
tions cut parallel to the adherent plane reveals F-actin bundles
in well-spread mammalian cells (1, 2). The bundles in normal
cells are different from those in tumor cells or in many virus-
transformed cell lines (3-5). In general, the difference relates
to paucity and disorganization of the bundles in the abnormatl
cell.

A major block to quantitation of this observation has been the
use of antibody to actin as the probe for actin fiber organization.
Most available anti-actin antisera, even affinity-purified anti-
sera (6), require use of a second antibody as a fluorescent probe,
thereby generating an extremely complex relationship of F-
actin concentration to fluorescence intensity (6). Recently, af-
finity-purified anti-actin has been prepared and conjugated
directly to a fluorescent moiety (7). This antibody shows no
nonspecific staining, and it generates patterns similar to those
seen by two-step immunofluorescence. Although use of di-
rect-conjugated antibody eliminates the problem of nonlin-
earity of intensity, all antisera have the drawback of intrinsic
heterogeneity insofar as they are composed of a mixture of
immunoglobulin molecules. In any event, quantitation of
patterns with fluorescent-labeled anti-actin antibodies has
depended to date upon counting the number of cells with and
the number without cables (4, 5, 8). Such scores, although
consistent and reproducible, totally mask the complexities of
the pattern seen: two cables, however fine, make a cell as pos-
itive as a full display of thick cables filling the cytoplasm at the
plane of adhesion.
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Phalloidin is a small (M, 788), stable compound that forms
a complex with F-actin with K4 3.6 X 1078 M (9) and promotes
the formation of F-actin from dimers and trimers of G-actin
(monomeric) in solution (10). Recently, phalloidin has been
specifically labeled with fluorescein (Fl-phalloidin) to produce
a M 1250 compound that retains a strong F-actin binding af-
finity (Kq = 2.7 X 1077 M) (11). We have screened a large
number of cell lines with Fl-phalloidin to determine the
quantitative effects of viral transformation on F-actin distri-
bution pattern.

METHODS

Cells and Culture Conditions. Rat posterisis lines have been
described (12, 13). They were grown in Dulbecco’s modified
Eagle’s medium supplemented with penicillin (100 units/ml),
streptomyecin (100 ug/ml), and 10% fetal calf serum (Rehatuin).
Mouse cell posterisis lines have been described (14). They were
grown in Dulbecco’s modified Eagle’s medium with penicillin
(100 units/ml), streptomycin (100 ug/ml), and 10% calf serum
(GIBCO).

Mouse and rat precrisis fibroblasts were obtained from em-
bryos and used in the third to seventh passages. They were
cultured in Dulbecco’s modified Eagle’s medium plus 10% calf
and fetal calf serum, respectively. SV80 is a simian virus 40
(SV40)-transformed human cell line obtained from W. Topp
(Cold Spring Harbor Laboratory).

All cells were kept at 37°C in an atmosphere of 10% COg/
90% air and 100% humidity. Cultures were fed twice weekly
and dissociated for transfer with 0.25% trypsin/0.02%
EDTA.

Fixation and Staining. Cells were plated on coverslips at a
density of 2.4 X 103 cells per cm? in 10% fetal calf serum. One
day later, medium was switched to 1% serum. After an addi-
tional day, cells on coverslips were fixed in 10% formalin in
phosphate-buffered (pH 7.1) saline (P;/NaCl) for 20 min, rinsed
with P;/NaCl and extracted with 1% Nonidet P-40 in P;/NaCl
for 20 min. Subsequent steps varied with the stain desired.
Phalloidin concentrations were determined in concentrated
stock solutions by absorbance at 300 nm (corrected for the
fluorescein absorbance by measurement at 492 nm). For FI-
phalloidin staining, 10 ul of Fl-phalloidin (1 ug/ml in Pi/NaCl;
gift of T. Wieland, West Germany) was incubated with cells
at 37°C for 30 min. Coverslips were then rinsed three times
in P;/NaCl and mounted on microscope slides with Aqua-
mount.

For double staining with antibodies to actin and Fl-phalloi-
din, a two-step incubation was used. First, fixed cells were in-
cubated with rabbit anti-actin (25 ug/ml in P;/NaCl; gift of K.

Abbreviations: Fl-phalloidin, fluorescein isothiocyanate-phalloidin;
P;/NaCl, phosphate buffered saline; SV40, simian virus 40; T antigen,
tumor antigen.
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Burridge, Cold Spring Harbor Laboratory) (15) at 37°C for 1
hr. After three P;/NaCl washes, cells were then incubated with
a mixture of rhodamine-conjugated goat anti-rabbit IgG (0.4
mg/ml in P;/NaCl; Cappell Laboratories, Cochranville, PA)
and Fl-phalloidin (1 ug/ml). For double staining with antibody
to SV40 tumor antigen (T antigen) and Fl-phalloidin, the same
procedure was used but the first stain was hamster anti-T an-
tigen (0.2 mg/ml in P;/NaCl, National Institutes of Health) and
the second stain was a mixture of Fl-phalloidin (1 ug/ml) and
rabbit anti-hamster IgG (0.3 mg/ml in P;/NaCl, National In-
stitutes of Health). In all cases, coverslips were rinsed three times
after the second stain and mounted with Aquamount.

Immunofluorescence. Stained coverslips were examined
with a Leitz Orthoplan microscope. A Zeiss Planapo X683 oil-
immersion objective was coupled with a Leitz L2 exciter-barrier
filter cube to reveal fluorescein or with a Leitz N2 exciter-
barrier filter cube to reveal rhodamine. This apparatus com-
pletely separated the fluorescences due to rhodamine and flu-
orescein. Before examination, labels on all slides were blind-
coded by someone other than the scorer.

Fl-phalloidin specificity for F-actin was determined in the
following preincubation controls. G-actin, purified from ace-
tone powder of chicken gizzard (refs. 16 and 17, J. Feramisco,
personal communication) was converted to F-actin by the ad-
dition of KCl to a final concentration of 0.1 M. Actin prepara-
tions were mixed with Fl-phalloidin for 20 min at room tem-
perature and then applied to coverslips of fixed 3T3 cells for
20 min at 37°C. Fl-phalloidin staining was completely blocked
by F-actin at 1 mg/ml, not blocked by G-actin at 2 mg/ml, and
only partially blocked by G-actin at 10 mg/ml. At this high
concentration of G-actin, approximately 1% (or 0.1 mg/ml) is
expected to be polymerized. Thus, staining with Fl-phalloidin
was sensitive to the polymerized state of the actin. Staining by
antibody to actin was completely blocked by 45-min preincu-
bation with G-actin at 2 mg/ml.

Fl-phalloidin staining was blocked by preincubation of fixed
cells with unlabeled phalloidin at 1 mg/ml (18) or the coincu-
bation with a mixture of Fl-phalloidin (1 ug/ml) and phalloidin
(1 mg/ml). Fixed cells preincubated with phalloidin at con-
centrations up to 100 ug/ml showed normal antibody staining
with anti-actin. Thus, phalloidin blocked specific binding of
Fl-phalloidin but not of actin antibody.

Photography. Photographs were taken with a Leitz Ortho-
mat camera on Kodak Tri-X film developed in Microdol-X (1:3)
at 22°C for 13 min. Prints were made on Kodak Polycontrast
SC paper or Agfa TP6-WP, as contrast demanded.

RESULTS

Comparison of Fl-phalloidin and Anti-actin Patterns in
Single Cells. Wulf et al. (11) have shown that Fl-phalloidin
generates patterns that are qualitatively similar to those gen-
erated by antibody to actin. However, those studies did not
include comparative examination of the two stains on the same
cell populations. With two-color fluorescence, we were able to
detect Fl-phalloidin and anti-actin patterns in the same cell.
In cells of three types with widely varying cytoskeletons, the
patterns were similar but not identical in any cell (Fig. 1). In
the normal precrisis mouse embryo fibroblast cell, both com-
pounds stained the large actin-containing stress fibers or cables
(Fig. 1 A and B). However, the antibody stain also diffusely
filled the perinuclear region of the cytoplasm as well as the
nucleus (Fig. 1A); the Fl-phalloidin did not (Fig. 1B). Asa re-
sult, Fl-phalloidin also revealed fine filaments in MEF whose
intensity did not exceed the diffuse background of antibody-
stained cells (Fig. 1B).

Patterns in the postcrisis growth-controlled cell 3T3 showed
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Fi1G. 1. Fl-phalloidin and rhodamine anti-actin patterns in MEF
cells (A, B), 3T3 cells (C, D), and SV101 cells (E, F). Cell cultures were
fixed, stained with rabbit antibody to actin, and then exposed to a
mixture of Fl-phalloidin and goat anti-rabbit IgG. Single cells were
illuminated for rhodamine (A4, C, E) or fluorescein (B, D, F) and
photographed. See Table 1 for properties of these cells. (Bar, 20
pm.)

a similar difference (Fig. 1 C and D): the cables were in general
thicker, but still Fl-phalloidin was capable of revealing finer
cables than was the antibody. In the tumorigenic transformed
SV101 (19), the antibody and Fl-phalloidin detected both a
diffuse actin distribution and a multiplicity of short fine cables
(Fig. 1 E and F) similar to those reported from an electron
microscope study of these SV40-transformed 3T3 cells (20).
Thus, Fl-phalloidin microscopy confirms a loss of size and
length of actin-containing structures in these transformed cells
and reveals that the structures can be replaced by thinner or
shorter ones as well as by a diffuse distribution of actin.

States of Organization. The multiplicity of different Fl-
phalloidin-generated patterns fell into four major classes (Fig,
2). In all cases the central portion of the cell was examined and
scored. Class 1 cells have heavy distinct cables that cross more
than 90% of the central area of the cell; 50% of which span the
breadth of the cell. Class 2 have fine cables and at least two
heavy distinct cables that enter the central half of the cell and
extend more than half the breadth of the cell. Class 3 cells have
only fine cables. Class 4 cells have no detectable cables in the
central area but do have a diffuse fluorescence. Some class 4
cells have fine cables solely at their periphery. In addition,
rounded cells and cells with radial polar cables have been seen
in some cultures, but under standard conditions of culture these
were not more than 10% of the total in any cell line.
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FIG. 2. Four categories of F-actin distribution used for scoring cultures stained with Fl-phalloidin. (4) Category 1; >90% of cell area filled
with thick cables. (B), Category 2; at least two thick cables running under nucleus, and rest of cell area filled with fine cables. (C), Category 3;
no thick cables, but some fine cables present. (D) Category 4; no cables visible in the central area of the cell. (Bar, 20 um.)

F-actin Pattern Changes in Transformation and Reversion
of Mouse Fibroblasts. Mouse cells were examined by using
Fl-phalloidin and distributed into categories according to the
criteria in Fig. 2. For each line, some cells fell into each cate-
gory. However, the distributions were reproducibly different
for different cell lines. Table 1 summarizes the properties of
these cell lines and also lists two single-number measures of
F-actin organization derived from the histograms. The per-
centage of cells in classes 1 and 2 is a single score emphasizing
large cables. The percentage of cells in classes 1, 2, and 3 is a

The precrisis mouse embryo fibroblasts and normal cell line
3T3 had F-actin pattern distributions that were undistin-
guishable both by histogram (Fig. 3 A and B) and by either
single threshold score (Table 1). The histogram for the trans-
formed cell SV101 had shifted due to reduction both in cells
with large cables and in cells with fine cables (Fig. 3C). The
SV40 T-positive partial phenotypic revertant FISV101 (19) had
many cells with fine cables, but only a few cells had regained
the large cables of classes 1 and 2 (Fig. 3D).

In this set of related lines, Fl-phalloidin showed that SV40

single score recording all visible cables.

transformation reduced the size and number of F-actin-con-

Table 1. Properties of mouse, rat, and human cells

Agar growth! F-actin cables, %*
Cell Pre/Post* Virus Clone of RPE CVI Tumors! 1+2 1+2+3
Mouse:
MEF Pre — == <1073 ND 0/7 72 94
3T3 Post — — <1073 ND 0/4 76 90
SV101 Post SV40 3T3 27 ND 5/16 11 37
FISV101 Post —_ SViol 0.01 ND 0/2 25 82
SVR42 Post SV40 3T3 <1073 ND ND 33 67
SVR63 Post SV40 3T3 <1073 ND 0/2 32 86
SVR13 Post SV40 3T3 0.2 ND 0/2 39 76
SVR85 Post SV40 3T3 10.6 ND ND 8 22
SVR87 Post SV40 3T3 38.6 ND 3/4 1 10
Rat:
REF Pre — — <1 1.6 0/6 69 93
Rat 1 Post — — 7% 1073 13 2/3 16 61
14B Post SV40 Rat 1 15 380 3/3 1 1
1-4 Post — 14B 3 X103 21 0/4 4 24
3-8 Post — 14B 4% 103 1 0/4 26 80
MCA Post — 1-4 5.4 4200 3/3 2 14
Human:
SV80 Post SV40 — 1.6 ND 0/201 16 90

MEF, mouse embryo fibroblast; REF, rat embryo fibroblast.

* Precrisis strain or postcrisis established line.

T Relative plating efficiency (RPE) measured colonies >0.2 mm in diameter in agar as a percentage of the colonies on the plastic dish. Colony
volume increase (CVI) measured the total increase in cell number in agar culture (14, 21-23). ND, not done.

t Nude mice with tumors at 6 months/total animals (23, 24) injected with 107 cells.

§ Data taken from histograms of F-actin pattern distribution by Fl-phalloidin staining of adherent cells on coverslips; cells were divided into
four classes (see Fig. 2).

1 8V80 is not tumorigenic in nude mice unless the animals are heavily irradiated (ref. 25; 8. Shin, personal communication).
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FI1G. 3. F-actin pattern distribution in mouse cell lines. Cells were
examined by fluorescence microscopy and sorted into one of the four
categories described in Fig. 2. For each line, 200 cells were scored, on
at least two coverslips each. Results are mean 3 SD for each score of
each category. (4) Mouse embryo fibroblasts (MEF). (B) 3T3 normal
cell line. (C) SV101-transformed cell lines. (D) FISV101 revertant cell
lines.

taining cables; partial phenotypic reversion was accompanied
by an increase in number, but not a return to original cable
distribution.

SV40 infection of 3T3 generates a continuum of transformed
phenotypes when clones are isolated nonselectively after in-
fection (14, 26). These phenotypes range from T-antigen-
negative minimal transformants which can grow in reduced
serum but not in agar, through intermediate transformants
which contain small amounts of SV40 T antigens or are stable
mixtures of T-antigen-positive and T-antigen-negative cells and
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F1G. 4. F-actin patterns in nonselectively isolated SV40-trans-
formed cell lines. Scores were obtained as in Fig. 3. (A) Minimally
transformed SVR42. (B) Average scores of two fully transformant
lines, SV85 and SV87. (C) Average scores of two intermediate trans-
formed lines, SVR63 and SVR13. SV40 T antigen was absent from
the minimal transformant, present in about 50% of the cells of the
intermediate lines, and present in all cells of the full transformant.
(D) Resolution of intermediate lines into two patterns. Open bars,
T-antigen-negative intermediate cells; hatched bars, T-antigen-
positive intermediate cells.
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which grow slowly and poorly in agar, to full transformants
which contain large amounts of SV40 T antigen and which
grow very well in agar (14). We examined representatives of
these classes of transformants (Fig. 4; Table 1). The F-actin
pattern of minimal transformants and intermediate transfor-
mants deviated slightly from that of 3T3 as the major category
shifted from cells with at least two large cables to cells with only
fine cables (Fig. 3B; Fig. 4 A and B). Full transformants were
comparable to SV101, with most cells lacking any detectable
cables (Fig. 4B).

F-actin Patterns and Nuclear SV40 T Antigen. The corre-
lation of reduction in F-actin cable size and number with SV40
T antigen in these nonselected transformants suggests that T-
antigen-positive cells should have fewer and finer cables than
T-antigen-negative cells in the intermediate transformed lines.
Using double-immunofluorescence with rhodamine-labeled
antibody to T antigen and Fl-phalloidin, we examined two
intermediate cell lines. The patterns of T-antigen-positive and
T-antigen-negative cells within these cloned lines were sig-
nificantly different, the T-antigen-positive cells having fewer
and finer cables (Fig. 4D).

F-actin Pattern Changes in SV40 Transformation and
Reversion of Rat Cells. We carried out a series of transfor-
mations and reversions of a rat cell line (Table 1). The
growth-controlled cell line Rat 1 was used as the initial line (27,
28). From it, 14B was isolated after transformation with SV40
DNA (28); 14B contains SV40 large and small T antigens and
one copy of integrated SV40 DNA (28). T-antigen-negative
total phenotypic revertants 1-4 and 3-8 were isolated from 14B
(29). 1-4 retained SV40 DNA; 3-8 lacked it. From 1-4, the
phenotypically transformed subline MCA was isolated as a rare
colony in agar (13); it, too, lacked SV40 T antigens.

The F-actin distributions of these lines closely mirrored those
of the mouse cell lines (Table 1) in that in the more transformed
lines the pattern was dominated by cells in classes 3 and 4.
However, significant differences appeared upon a close com-
parison of the mouse and rat sets of cell lines.

Precrisis (REF and MEF) distributions were very close, but
the posterisis normal lines differ (Table 1). Rat 1 had many
more cells in classes 3 and 4 than did 3T3. Transformed cells
14B essentially lacked cables. Both rat revertants had some cells
with fine cables, and revertant 3-8 in addition had regained a
considerable number of cells with large cables. Neither rever-
tant had returned to the pattern of Rat 1. The spontaneous re-
transformant MCA was almost devoid of cells with cables but
was hardly different in this regard from its parent, the revertant
line 1-4. Although the revertant 1-4 lacked T antigen (29) and
was anchorage-dependent (29) and nontumorigenic (23),
nevertheless it had an F-actin pattern distribution quite similar
to that of the tumorigenic lines 14B and MCA.

DISCUSSION

The actin-based cytoskeletal framework of cultured fibroblasts
visualized by fluorescence microscopy is formidably com-
plex in its organization. The generally accepted criteria of cy-
toskeletal actin organization, which up to now have been based
on work with antibodies, are now redefined in terms of the
patterns generated by interaction of cellular F-actin with a
chemical of totally known structure and well-described prop-
erties (9, 11, 18, 30). By binding with high affinity to native
F-actin (11), Fl-phalloidin can generate patterns whose re-
producibility permits quantitation.

We have chosen to quantitate F-actin patterns by distributing
cells into four classes (Fig. 2). These classes expand the “plus/
minus” scoring system used in previous studies (3, 4, 8) in that
they generate two distinct thresholds of organization (Table 1).
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In general, the threshold that emphasizes large cables (classes
1 and 2 as percentage of total cells) reproduces quite well the
fraction of ““cable-positive” cells reported in studies with anti-
actin (4, 5, 8, 23). Apparently, finer cables were not routinely
detected in those studies. In light of the capacity of G-actin to
completely block anti-actin but not Fl-phalloidin, it is likely that
this is at least in part the consequence of antibody recognition
of fixed cellular G-actin. Because affinity-purified anti-actin
that has been directly conjugated to a fluorescent moiety does
not show perinuclear fluorescence (7), the perinuclear fluo-
rescence seen here may be due to nonspecific binding.

Comparisons of patterns in similar types of cells of different
species reveals significant variation. For example, the normal
established mouse line 3T8 has more heavy cables than the
corresponding normal established rat line Rat 1 (Table 1). The
SV40-transformed cell lines SV80 (human), SV101 (mouse), and
14B (rat) all have fewer cables than their respective parents but
are not similar to each other, with SV80 having the most cables
and 14B having essentially no cables at all.

We used two sets of cell lines descended from each other
through selection for transformation or reversion, coupled with
two-color immunofluorescence, to study the role of SV40 viral
gene expression in changes of F-actin patterns. The results from
a set of SV40-transformed 3T3 mouse cell lines suggest that, in
these lines, SV40 gene expression in a given cell (i.e., nuclear
T antigen) was necessary for maximal shift in F-actin pattern
(Figs. 3 and 4). The results from a set of lines descended from
the SV40 DNA-transformed Rat 1 rat cell line, however, show
that SV40 gene products need not be present for this pattern
shift (Table 1). Both the revertant 1-4 and its spontaneous re-
transformed subclone MCA almost completely lack detectable
F-actin cables, yet neither has any SV40 large or small T anti-
gen. Perhaps in those cell lines the F-actin perturbation is

maintained by transformation-specific molecules coded for by -

the host cell. We have recently shown that a 54,000-dalton
protein is present in large amounts in 14B and MCA but in
much smaller amounts in Rat 1 and the 14B revertants and is
absent from precrisis rat fibroblasts (13).

Viral transformation is not the only perturber of F-actin
pattern distribution. Qur results show that establishment, the
transition from precrisis cell to clonable line, can be accompa-
nied by a significant shift: the majority of rat embryo fibroblasts
are in class 2, but the majority of Rat 1 cells are in class 3 (Table
1). The cytoskeletal F-actin pattern of human fibroblasts re-
sembles that of MEF but is changed in cells from patients with
various familial colonic neoplasms (31). Such cells have patterns
quite similar to those of minimal or intermediate SV40-trans-
formed mouse 3T3 cells and an SV40-transformed human fi-
broblast line, SV80. Microinjection of Fl-phalloidin into live cells
or very gentle treatment, such as 1 min in 0.01% Nonidet P-40,
followed by 1 min in the presence of Fl-phalloidin at 1 pg/ml
yields images comparable to those seen here (unpublished data).
Such patterns are therefore unlikely to be the result of differ-
ential extraction during the preparation of the cells.

1t is likely that the classes we have used here are arbitrary
boundaries within a continuum of F-actin cable length, num-
ber, and distribution. However, proof of this will require more
measurements per cell than we can make by eye. Because the
emitted light from Fi-phalloidin is proportional to F-actin, we
can couple fluorescence images to a vidicon-based digitalized
image analyzer (32). In this way differences in cytoskeletal
F-actin organization will result in signals that can be stored in
our computer—for example, for prospective studies of cultured
skin biopsy cells from persons at risk for cancer (31, 33).
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