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ABSTRACT Various investigations have suggested that cytoplasmic streaming in characean
algae is driven by interaction between subcortical actin bundles and endoplasmic myosin. To
further test this hypothesis, we have perfused cytotoxic actin-binding drugs and fluorescent
actin labels into the cytoplasm of streaming Chara cells. Confirming earlier work, we find that
cytochalasin B (CB) reversibly inhibits streaming. In direct contrast to earlier investigators, who
have found phalloidin to be a potent inhibitor of movement in amoeba, slime mold, and
fibroblastic cells, we find that phalloidin does not inhibit streaming in Chara but does modify
the inhibitory effect of CB. Use of two fluorescent actin probes, fluorescein isothiocyanate-
heavy meromyosin (FITC-HMM) and nitrobenzoxadiazole-phallacidin (NBD-Ph), has permitted
visualization of the effects of CB and phalloidin on the actin bundles. FITC-HMM labeling in
perfused but nonstreaming cells has revealed a previously unobserved alteration of the actin
bundles by CB. Phalloidin alone does not perceptibly alter the actin bundles but does block
the alteration by CB if applied as a pretreatment. NBD-Ph perfused into the cytoplasm of
streaming cells stains actin bundles without inhibiting streaming. NBD-Ph staining of actin
bundles is not initially observed in cells inhibited by CB but does appear simultaneously with
the recovery of streaming as CB leaks from the cells. The observations reported here are
consistent with the established effects of phallotoxins and CB on actin in vitro and support the

hypothesis that streaming is generated by actin-myosin interactions.

The highly organized cytoplasmic streaming exhibited by the
giant internodal cells of characean algae has long made these
cells an attractive system for the study of cell motility (4).
Accumulated evidence has suggested that motility in a variety
of eukaryotic cells is actomyosin-dependent (21). Measure-
ments of streaming-velocity profiles in characean cells have
suggested that the motive force is generated primarily at the
interface between the stationary ectoplasm and motile endo-
plasm (17). Early uitrastructural studies have revealed the
presence of microfilament bundles attached to the chloroplasts
at this interface (26). Subsequent electron and, more recently,
fluorescence microscope studies using labeling by heavy mer-
omyosin (20, 27, 29) or antiactin antibodies (45) have demon-
strated the presence of actin in these subcortical microfilament
bundles and established the unidirectional orientation of the
actin filaments (19). Other light microscope studies have sug-
gested the presence of endoplasmic filaments that appeared to
branch from the subcortical actin bundles and participate in
the generation of the motive force (1, 2).
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The demonstration of actin in characean cells has encour-
aged workers to search for evidence of myosin in these cells as
well. Using a perfusion technique that permitted manipulation
of internal pH and ion and ATP concentrations, Williamson
observed the ATP-dependent motion of endoplasmic organ-
elles along the subcortical actin bundles (41). These observa-
tions, together with recent ultrastructural studies (3, 5, 24, 44),
suggest that myosinlike molecules may be present on the
surface of these motile organelles. Biochemical extraction of
Nitella myosin has been reported (18), but its association with
motile organelles has not been demonstrated. Nevertheless, it
is now widely assumed that actin and myosin work together to
produce cytoplasmic streaming in characean algae (42).

Another method of probing microfilament-dependent cell
motility is to examine the effects of actin-binding drugs. A
number of workers have examined the effect of cytochalasins
on cytoplasmic streaming in characean algae (10, 13, 25, 40,
41). Cytochalasin B (CB) has been found to cause essentially
complete inhibition of streaming, although the concentrations
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of CB required (2-100 uM) are generally somewhat higher
than those required for inhibition of motility and disruption of
microfilaments in other cell types (37). Because the subcortical
actin bundles are thought to be an essential part of the stream-
ing mechanism, it might be expected that inhibition of stream-
ing by CB should also disrupt the ultrastructure of these
bundles. In fact, however, this disruption has generally not
been observed (10, 13, 25, 40). Only a CB effect on the
attachment of actin bundles to the cortex in rhizoid cells has
been reported (13). No such effect has been reported for
internodal cells. Other reported structural effects of CB on
characean algae include an increase in the number of mini-
vacuoles in the cytoplasm (40), an inhibition of ATP-induced
extraction of endoplasmic filaments from perfused cells (41,
44), and a reduction in the affinity of endoplasmic organelles
for subcortical actin bundles (41). Recently, it has been re-
ported that CB stabilizes subcortical actin bundles against
extraction by perfusion with a disruptive low-ionic-strength
solution (43).

The actin-specific phallotoxins, notably phalloidin and phal-
lacidin, exhibit strong binding to F-actin, promote actin poly-
merization, and stabilize F-actin against strong agents such as
0.6 M KI, DNase I, and cytochalasins (38). Unlike CB, these
bi-cyclic peptides are generally not membrane permeable (32,
35, 36, 38). However, upon microinjection, phalloidin inhibits
cytoplasmic streaming and causes ultrastructural disruption in
Amoeba proteus and Physarum polycephalum (32, 36) and in-
terferes with locomotion of fibroblastic cells (35). A recent
report suggests that phalloidin applied in the extracellular
medium stops streaming in Allium, Chara, and Nitella (28),
while another report finds no inhibition of streaming in Vauch-
eria (8).

In preliminary reports we have described the synthesis and
characterization of a fluorescent derivative of phallacidin (6, 7)
and demonstrated its use in the fluorescent labeling of actin
bundles in Chara without the inhibition of cytoplasmic stream-
ing (7). In the present paper we describe in further detail the
effects of cytochalasin B and phallotoxins on streaming and
actin bundle structure in Chara. We confirm the inhibition of
cytoplasmic streaming by CB and demonstrate that phallotox-
ins applied at high concentrations inside perfused cells do not
inhibit streaming but, in fact, accelerate recovery of streaming
after inhibition by CB. Using fluorescent heavy meromyosin
from muscle as a label for subcortical actin bundles, we find
no disruption of bundle structure by phalloidin but rather
demonstrate a previously unobserved alteration of the bundles
by CB. Using fluorescent phallacidin as an actin label, we have
studied fluorescence-labeled subcortical actin bundles during
active streaming and also during the recovery of streaming
after inhibition by CB. The results of these experiments are
interpreted in terms of established in vitro effects of phallotox-
ins on actin (38) and in terms of the recently reported findings
regarding the effects of cytochalasins on actin polymerization
(11, 12, 15, 22).

MATERIALS AND METHODS
Growth and Preparation of Chara Cells

Chara corallina Klein ex Willd,, en R. D. W. (=C. qustralis R.Br.) was
laboratory grown in plastic garbage cans. The plants were rooted in soil and
covered with modified Forsberg medium (14). Internodal cells 4-8 cm in length
were isolated from the plants and placed in petri dishes containing artificial pond
water (APW; 1 mM NaCl, 0.1 mM KCl, 0.1 mM CaCly, | mM morpholinepro-
panesulfonic acid, pH 7.2) at least 24 h before the start of an experiment.

To facilitate fluorescence microscope viewing, “windows” through the dense
chloroplast layer were produced by a modification of the technique of Kamitsubo
(16). Windows 100 um in diameter were produced by spot irradiating cells in
petri dishes for 40 s with ~30 W/cm’ of 476-nm laser light. Under these
conditions all chloroplasts disappear from the windows within 24 h after irradia-
tion. To allow sufficient time for repair of the subcortical actin bundles in the
windows, cells were incubated for another 7-10 d in APW before they were used
in fluorescence-labeling experiments.

Chemicals

Ordinary laboratory chemicals were standard reagent grade. CB was obtained
from Sigma Chemical Co., St. Louis, Mo. Four different lots of phalloidin were
obtained from Boehringer Mannheim Biochemicals, Indianapolis, Ind. Other
phalloidin was purified by column chromatography from a mixture of mushroom
toxins residual to an amanitin purification by Yocum (46). All supplies of
phalloidin showed characteristic ultraviolet absorption, ~95% purity as estimated
from thin-layer chromatography, and identical biological activity.

Fluorescein isothiocyanate-rabbit heavy meromyosin (FITC-HMM) was pre-
pared and stored as described previously (30). Immediately before use FITC-
HMM was transferred to the desired buffer by gel filtration on Sephadex G-25.

7-Nitrobenz-2-oxa-1,3-diazole-phallacidin (NBD-Ph) was prepared as de-
scribed previously (6, 7) and stored at —20°C in anhydrous methanol. Aliquots
of NBD-Ph in methanol were dried by a jet of nitrogen gas and were dissolved
in the appropriate buffer for use.

Application of Drugs to Intact Cells

In experiments testing the effects of CB or phallotoxins on intact cells, the
drugs were applied simply by immersing the intact cells in APW that contained
the drug to be tested. Phallotoxins were dissolved directly in APW. In these and
all other CB experiments reported in this paper, CB was taken from a 10 mM CB
in dimethylsulfoxide (DMSO) stock solution and added to the appropriate buffer.
In all cases, the final DMSO concentration in the buffer was 1% (vol/vol) or less.
In control experiments in which 1% DMSO was applied either outside or inside
the cells, we found no effect of DMSO on cytoplasmic streaming, FITC-HMM
labeling, or NBD-Ph labeling.

Introduction of Drugs and Fluorescent Labels
into Cells by Perfusion

Phalloidin, NBD-Ph, and CB were introduced directly into the interior of cells
through use of the vacuolar perfusion technique described in detail by Tazawa et
al. (33). The essential steps in this perfusion technique are as follows: (a) The
internodal cell is removed from medium (APW), blotted dry, and placed on a
small plastic operating table. A drop of perfusion fluid is added at each end of
the cell. () At the first signs of turgor collapse, the ends of the cell are cut off,
and one end of the operating table is elevated slightly so as to produce a gentle
flow of the perfusion fluid through the vacuole. (¢) As soon as the vacuolar sap
is fully replaced by perfusion fluid, excess fluid is blotted away and the ends of
the cell are ligated. (d) Partial turgor pressure is restored by covering the perfused
cell with 200 mM sorbitol solution. A second ligation, closer to the center of the
cell than the first, is then performed at each end of the cell. (e) The perfusion
operation is now complete, and the cell is returned to medium (APW), where it
regains full turgor pressure.

In our hands the entire perfusion operation requires ~7 min. In experiments
examining the time-course of streaming after perfusion, time (f) = 0 min was
defined as the time at which perfusion was completed, i.e., the time at which the
perfused cell was returned to APW. Tazawa’s perfusion fluid (TPF), as used in
the experiments reported here, consisted of 30 mM HEPES, 5 mM EGTA, 6 mM
MgCly, 1 mM ATP, 23.5 mM methanesulfonic acid, and 250 mM sorbitol (pH
= 7.0, as adjusted with KOH). Phalloidin and NBD-Ph were dissolved directly
in TPF, whereas CB was added from the 10 mM DMSO stock solution.

In experiments involving FITC-HMM labeling, the fluorescent label was
introduced into the cell by the perfusion technique of Williamson (41), modified
only by the substitution of TPF in place of the perfusion fluid described by
Williamson. Williamson’s technique (41) differs effectively from Tazawa’s tech-
nique (33) in that a higher rate of perfusion is used, thus sweeping away most of
the endoplasm as well as the vacuolar sap, and in that the ends of the cell are not
ligated after perfusion.

Measurement of the Rate of
Cytoplasmic Streaming

Measurement of cytoplasmic streaming rates was accomplished by combining
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stopwatch timing with microscope observation through a calibrated eyepiece. For
each data point the rate of streaming was sampled at a number of locations in the
cell, and the rate recorded was the fastest speed observed in the cell at the
indicated time.

Probably reflecting the relative success of individual perfusion operations, the
rate and persistence of streaming in perfused cells showed considerable cell-to-
cell variability. After cells were perfused with TPF, for example, streaming
persisted for times ranging from 1 to 3 h. Because of this large variability, curves
presented here showing the time-course of streaming in perfused cells represent
data averaged for six to nine different cells. Error bars shown on these curves are
standard deviations arising from individual variations within the cell population
rather than from measurement precision limitations. In contrast to perfusion
experiments, experiments testing the effects of drugs on intact cells revealed
relatively little (usually <20%) cell-to-cell variability. Hence each curve presented
here showing the time-course of streaming in intact cells represents data averaged
for just two different cells.

Fluorescence Microscopy and Photography

Fluorescence microscopy was carried out by use of either blue excitation light
from a mercury lamp or 476-nm light from a krypton ion laser. Red chloroplast
autofluorescence was blocked by use of our special liquid barrier filter as
described previously (27). Images of FITC-HMM fluorescence were recorded
directly on Kodak Tri-X film. Images of NBD-Ph fluorescence were recorded on
Kodak Tri-X film after intensification by a NVC-100 image intensifier (NI-TEC,
Inc., Niles, I1L.). Film negatives were scanned with a Joyce Mark 111 C microden-
sitometer (Joyce, Loebl & Co., Ltd., Gateshead, England). The response of the
photographic film as exposed in the microscope was determined by recording a
sequence of equal-time exposures over a range of light levels measured by the
microscope photometer. The characteristic film curve thus obtained was used to
convert scans of fluorescent bundle images from density to corrected linear
exposure.

RESULTS
Effects of Drugs on Streaming in Intact Cells

Cytoplasmic streaming in intact Chara cells was strongly
inhibited by the presence of 50 uM CB in the extracellular
medium (Fig. 1). The rate of streaming dropped by 30% within
10 min of the application of CB and approached full inhibition
within 90 min. On the other hand, Fig. 1 also shows that 1 mM
phalloidin in the extracellular medium caused no change in
cytoplasmic streaming over 150 min. We have applied 1 mM
phalloidin in the extracellular medium of Chara continuously
for 72 h, after which cells still showed normal appearance and
vigorous streaming (results not shown). Preincubation of intact
cells for 150 min in 1 mM phalloidin had no effect on the
inhibition of streaming by 50 uM CB (Fig. 1).

Effects of Drugs on Streaming in Perfused Cells

Because phallotoxins are not membrane permeable for many
cell types (32, 35, 36, 38), the effects of these drugs can be
tested reliably only when the drugs are introduced directly into
the cytoplasm. We have used the perfusion technique of Ta-
zawa et al. (33) to introduce drugs into the interior of Chara
cells. Although only the vacuolar sap is replaced during the
perfusion, the EGTA in the perfusion fluid (EPF) causes
dissolution of the tonoplast within 10-20 min after the cell is
returned to APW at the completion of perfusion (33), so that
chemicals dissolved in the TPF then become directly available
in the cytoplasm.

Fig. 2 confirms the earlier work of Tazawa et al. (33) and
shows that cells perfused by this technique typically recovered
streaming to >50% of the preperfusion rate within 10 min and
then continued streaming for >100 min.

Streaming in cells perfused with TPF containing either
phalloidin at 1 mM or the fluorescence-labeled phallotoxin
NBD-Ph at 30 uM was not significantly different from stream-
ing in cells perfused with TPF alone (Fig. 2). Higher concen-
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trations of NBD-Ph were not tested.

Perfusion with TPF containing 100 uM CB produced 100%
inhibition of streaming <2 min after perfusion (Fig. 3). Stream-
ing began a slow recovery 25-35 min later and accelerated to
25% of the preperfusion rate at ~80 min. This recovery was
seen first as slow movements in the endoplasm located within
a few cell diameters of the ends of the cell. It was usually 10-
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FIGURE T Effect on streaming of drugs applied in the bathing
medium of intact cells. At t = 0 min, cells were placed in APW
(closed circles and open circles) or in 1 mM phalloidin in APW
(open squares). At t = 150 min, the bathing medium was changed
to APW containing 1% DMSO (closed circles), 50 uM CB, and 1%
DMSO (open circles), or 50 uM CB, 0.67 mM phalloidin, and 1%
DMSO (open squares). Average original streaming rates were 82
(closed circles), 83 (open circles), and 77 um/s (open squares).
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FIGURE 2 Effect on streaming of phallotoxins applied intracellularly
by Tazawa'’s perfusion technique. Perfusion was completed at t =0
min. Cells were perfused with TPF (closed circles), 1 mM phalloidin
in TPF (open circles), or 30 uM NBD-Ph in TPF (open squares).
Average preperfusion streaming rates were 78 (closed circles), 87
(open circles), and 91 um/s (open squares). Error bars are drawn
symmetrically about the corresponding data points and represent
standard deviations.
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FIGURE 3 Effect on streaming of drugs applied intracellularly by
Tazawa’s perfusion technique. Perfusion was completed at t = 0
min. Cells were perfused with TPF containing 1% DMSO (closed
circles), 100 uM CB, and 1% DMSO (open circles), or 100 uM CB, 1
mM phalloidin, and 1% DMSO (open squares). Average preperfu-
sion streaming rates were 90 (closed circles), 81 (open circles) and
81 um/s (open squares). Error bars are drawn symmetrically about
the corresponding data points and represent standard deviations.



15 min later before similar movements could be observed in
the endoplasm located near the middle of the same cell (results
not shown).

Perfusion with TPF containing both 100 uM CB and 1 mM
phalloidin likewise produced full inhibition of streaming within
2 min (Fig. 3). In these cells, however, streaming began a slow
recovery only 10-15 min later and by 50 min had accelerated
to 30% of the preperfusion rate.

The Distribution of Actin Bundles as Visualized
by FITC-HMM Labeling

Cells were treated with drugs and labeled with FITC-HMM
through a sequence of perfusions of the type described by
Williamson (41). The particular sequence of perfusion solutions
and time durations used for each experiment is given in the
accompanying figure captions. It is to be noted that these
perfused cells (Figs. 4 and 5) differ from intact streaming cells
in two significant aspects. First, these perfusions were carried
out using ATP-free TPF (TPF less ATP) to obtain FITC-
HMM binding. ATP is required for streaming (41), however,
so the cells as shown in Figs. 4 and 5 were not streaming.
Second, much of the endoplasm is swept out of cells during
perfusion by the Williamson technique (41). Because the cells
of Figs. 4 and 5 were each perfused several times during the
course of labeling and rinsing, these cells became essentially
devoid of endoplasm.

Cells perfused with FITC-HMM in the absence of ATP
showed heavily labeled filament bundles (Fig. 44 and b). If
cells were perfused with FITC-HMM in the presence of 10
mM ATP, filament bundles labeled so weakly that images on
film negatives appeared only dimly, if at all. Control cells
perfused with FITC-antimouse IgG fraction or with free fluo-
rescein showed no fluorescent bundles (results not shown).
Because of the thick layer of bound FITC-HMM, actin bundles
in labeled cells were often large enough to be visualized by
bright-field microscopy as well as by fluorescence microscopy
(results not shown). Bundles in intact cells or in perfused but
unlabeled cells were rarely visible by bright-field microscopy.
Chloroplast fluorescence appearing in Figs. 4 and 5 is not
FITC-HMM fluorescence but yellow autofluorescence induced
by prolonged illumination (27).

The distribution of FITC-HMM-labeled actin bundles in
window areas was studied 7-10 d after window formation and
compared (to the extent permitted by the optical interference
from the chloroplasts) with the distribution of bundles under
intact chloroplasts. Examination of window areas revealed a
layer of labeled bundles ~1-3 um inside the plasma membrane
(Fig. 44a). This was the location of the new ectoplasm-endo-
plasm interface within the pocket region left vacant by removal
of the chloroplasts. About 7 um closer to the center of the cell,
another layer of labeled bundles was found at the same level
as the endoplasmic face of the chloroplasts at the edge of the
window (Fig. 4b). These inner bundles spanned the open
pocket region of the window area and, at the edges of the
window, merged directly into the intact subcortical actin bun-
dle layer attached to the endoplasmic face of the chloroplasts.
This merging was most easily observed along the lateral edges
of the windows (Fig. 5c¢). By focusing up and down between
the two layers of bundles (Fig. 44 and b), it could be seen that
bundles in the outer layer (Fig. 44), upon reaching the edges
of the pocket region, generally turned inward and also merged
with the intact layer 'of subcortical actin bundles.

Za

FIGURE 4 FITC-HMM flabeling of actin bundles in a chloroplast
window in Chara. Labeling was accomplished by Williamson-type
perfusions that left the cell essentially devoid of endoplasm. Perfu-
sion sequence: 15 min with TPF; 3 min with ATP-free TPF (TPF less
ATP); 20 min with 0.57 mg/ml FITC-HMM in TPF less ATP; 5 min
with TPF less ATP. (a) Fluorescence micrograph with piane of focus
slightly inside the plasma membrane. (b) Fluorescence micrograph
of the same field as in a but with plane of focus 7 pum closer to the
center of the cell. Bars, 10 um.

When compared with subcortical actin bundles attached to
intact chloroplasts, the bundles in the outer layer (Fig. 44q)
were more frequently branched or frayed and hence appeared
smaller in size but greater (about two times) in number. In
contrast, the bundles in the inner layer (Fig. 4 b) were somewhat
fewer in number than subcortical actin bundles in intact areas.
A few of these inner bundles appeared exceptionally large,
apparently because of lateral aggregation of two or three
subcortical actin bundles in the span across the pocket region
(Fig. 5 a).

The apparent division of the subcortical actin bundle layer
into two spatially separated layers, outer (Fig. 4a) and inner
(Fig. 4b), was observed only in window areas. Intact areas
without windows showed FITC-HMM staining on only a single
layer of subcortical bundles attached to the chloroplasts. Hence
this apparent division of the subcortical bundles into layers can
be regarded as an artifact associated with window formation.
The inner layer of bundles (Fig. 4 b), being located at the same
level as subcortical bundles attached to chloroplasts and ap-
pearing more intact (not branched or frayed), was judged to be
more like a native layer of subcortical actin bundles than was
the outer layer of bundles (Fig. 44). Thus, subsequent micro-
graphs (Figs. 5-7) are focused on only those bundles found in
the inner layer, i.e., bundles similar to those shown in Fig. 45.

To test whether FITC-HMM-labeled actin bundles were
capable of transverse motions, we perfused labeled cells at high
flow rates (~1 cm/s) first in one direction and then in the
other. Observation of the fluorescent actin bundles during this
perfusion reversal revealed that actin bundles in the inner layer
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(e.g., Fig. 4b) did not swing around during flow reversal and
were capable of only very small (<1 pm) transverse motions.
Actin bundles in the outer layer (e.g., Fig. 4a) showed no
detectable motion during these perfusions.

Effects of Drugs on the Appearance of
Subcortical Actin Bundles as Visualized by
FITC-HMM Labeling

Cells pretreated for 30 min with 1 mM phalloidin and then
labeled with FITC-HMM in the presence of phalloidin con-
tained fluorescent actin bundles (Fig. 5a) that could not be
distinguished from bundles in control cells not treated with
phalloidin. (Cf. Fig. 4b; note that this micrograph does not
precisely illustrate the control treatment because the fluorescent
bundles of Fig. 45 were partially photobleached during the
prior photographic exposure of Fig. 4a. Examination of many
bundles in several cells revealed no significant difference be-
tween control and phalloidin-treated bundles.)

Cells pretreated for 30 min with 100 uM CB and then labeled
with FITC-HMM in the presence of CB contained fluorescent
actin bundles (Fig. 5 b) that appeared diminished compared to
those in control cells. The intensity of bundle staining was
sufficiently low that it was necessary to decrease the printing
time for Fig. 5b to one-fifth the time used for Fig. 54 and c.
When an attempt was made to print the negative for Fig. 5b at
the same exposure as used for Fig. 5a and c, the fluorescent
bundles disappeared into the black background. Original film
negatives for Fig. 5a—c were all exposed and processed under
identical conditions. In some CB-treated cells, aggregates of
intensely staining material occasionally appeared in association
with the bundles (see arrows in Fig. 5b).

The effect of this CB treatment on actin bundles in perfused
cells was further characterized by microdensitometric scanning
of the negative film images of the FITC-HMM-labeled bun-
dles. Six film negatives from two different CB-treated cells
were scanned as were six film negatives from control (no CB)
cells. After background subtraction, the average peak height
exposure measured on CB-treated bundles was 18 + 8% of that
measured on control bundles. The full-width at half-height of
CB-treated bundles was 0.40 + 0.05 pum, whereas the corre-
sponding width of control bundles was 0.64 + 0.12 um. The
term “diminished” will be used to describe CB-treated bundles
that show these combined reductions in FITC-HMM staining
intensity and apparent width.

Cells pretreated for 30 min with | mM phalloidin, another
30 min with 1 mM phalloidin and 100 pM CB contained
fluorescent actin bundles that appeared indistinguishable from
actin bundles in cells not treated with CB (Fig. 5¢). No
aggregates of brightly staining material were observed.

NBD-Ph Labeling of Actin Bundles in Actively
Streaming Chara

Intact Chara rhizoids (more optically transparent than inter-
nodes) immersed for 10 h in APW containing 30 uM NBD-Ph
showed vigorous cytoplasmic streaming but no evidence sug-
gesting internalization of the fluorescent marker.

To introduce NBD-Ph into the cytoplasm, we perfused
internodes by the Tazawa technique (33) with TPF containing
NBD-Ph. Preliminary experiments revealed that the quality of
staining observed was quite sensitive to NBD-Ph concentration,
with the optimal level being ~30 uM. At higher concentrations,
staining of the actin bundles was obscured by diffuse back-
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FIGURE 5 Fluorescence micrographs of FITC-HMM labeling of
drug-treated subcortical actin bundles in windows in Chara. Drugs
were applied by Williamson-type perfusions that left the cells
essentially devoid of endoplasm. {a) Phalloidin-treated actin bun-
dles. The exceptionally large bundles appear to be lateral aggregates
of several ordinary bundles. Aggregation is also observed in control
cells and is not dependent upon drug treatment. Perfusion se-
quence: 30 min with 1 mM phalloidin in TPF; 1 min with TPF less
ATP; 20 min with T mM phalloidin and 0.43 mg/ml FITC-HMM in
TPF less ATP; 5 min with T mM phalloidin in TPF less ATP. (b) CB-
treated actin bundles. Arrows indicate aggregates of FITC-HMM
stained material. The print exposure time used for this micrograph
was one-fifth that used for a and c. See text. Perfusion sequence: 30
min with 100 uM CB and 1% DMSO in TPF; 1T min with 100 uM CB
and 1% DMSO in TPF less ATP; 20 min with 100 uM CB, 1% DMSQO,
and 0.43 mg/ml.FITC-HMM in TPF less ATP; 5 min with 100 uM CB
and 1% DMSO in TPF less ATP. {c) Phalloidin-pretreated, CB- and
phalioidin-treated actin bundles. Perfusion sequence: 30 min with
1 mM phalloidin in TPF; 30 min with T mM phalloidin, 100 uM CB,
and 1% DMSO in TPF; 1 min with 100 uM CB and 1% DMSO in TPF
less ATP; 20 min with 1 mM phalloidin, 100 uM CB, 1% DMSO, and
0.43 mg/ml| FITC-HMM in TPF less ATP; 5 min with T mM phalloidin,
100 uM CB, and 1% DMSO in TPF less ATP. Bars, 10 pm.

ground fluorescence because of excess NBD-Ph in the endo-
plasmic/vacuolar and ectoplasmic regions. At concentrations
<30 uM, bundle staining was weak and comparable in intensity
to a diffuse, variable autofluorescence that appeared to arise



primarily from the cell wall in chloroplast-free windows.

Fig. 6a shows fluorescence-stained actin bundles in a cell
perfused with TPF containing 30 uM NBD-Ph. This micro-
graph was recorded 35 min after perfusion, at which time the
cell was still very actively streaming at ~74 um/s. NBD-Ph-
labeled actin bundles in streaming cells generally exhibited no
or only small (<1 um) transverse motions. <1% of the fluores-
cent bundles observed did, however, exhibit larger undulations
of ~5 um amplitude. In contrast to results obtained with FITC-
HMM staining, staining with NBD-Ph did not increase the
bright-field visibility of the actin bundles.

The specificity of NBD-Ph binding to actin bundles was
tested by perfusing cells with TPF containing both 30 uM
NBD-Ph and 2 mM phalloidin. Cells perfused in this manner
showed no fluorescent actin bundles (Fig. 6 b) but did show
diffuse fluorescence in the endoplasmic/vacuolar and ecto-
plasmic regions. Cells perfused with NBD-chloride and NBD-
ethanolamine also showed only diffuse fluorescence and no
fluorescent actin bundles (results not shown).

NBD-Ph Staining in Cells Recovering from
CB-induced Streaming Inhibition

To follow actin bundles during recovery of streaming in CB-
treated cells, we perfused cells with TPF containing both 100
uM CB and 30 puM NBD-Ph. This concentration of NBD-Ph
was high enough to allow visualization of the actin bundles
but was low enough to avoid the acceleration of the rate of
recovery found at | mM phalloidin (Fig. 3).

Fig. 7a is a fluorescence micrograph recorded through a
window located near the middle of a cell that had been perfused

FIGURE 6 NBD-Ph labeling of subcortical actin bundles in chloro-
plast windows in streaming Chara. Fluorescence micrographs show-
ing competitive labeling. (a) Cell perfused by Tazawa technique
with TPF containing 30 uM NBD-Ph. Micrograph recorded 35 min
after completion of perfusion. (b} Cell perfused by Tazawa tech-
nique with TPF containing 30 uM NBD-Ph and 2 mM phalloidin.
Micrograph recorded 33 min after completion of perfusion. Bars, 10
um.

FIGURE 7 Fluorescence micrographs demonstrating delayed NBD-
Ph staining of subcortical actin bundles in cells inhibited by CB. (a)
Cell perfused by Tazawa technique with TPF containing 30 uM
NBD-Ph, 100 uM CB, and 1% DMSO. Window area near middle of
cell at 49 min after completion of perfusion. Local streaming rate
=<1 um/s. No labeled bundles were visible in any plane of focus. (b)
Same cell and field as in a, 55 min after completion of perfusion.
Local streaming rate = 8 um/s. NBD-Ph labeied bundles are now
visible. (¢) Control cell perfused by Tazawa technique with TPF
containing 30 uM NBD-Ph and 1% DMSO. Window area 26 min
after completion of perfusion. Streaming rate = 67 um/s throughout
the cell. NBD-Ph labeled bundles are already visible. Bars, 10 gm.

49 min earlier with TPF containing both CB and NBD-Ph.
Streaming in the area had just begun slow recovery after CB
inhibition and was <1 pm/s. No fluorescent actin bundles were
visible in any plane of focus. Fig. 75 shows the same field 55
min after perfusion, by which time the local streaming rate had
recovered to 8 pum/s and NBD-Ph labeling had begun to appear
on the actin bundles.

This simultaneous recovery of streaming and development
of NBD-Ph staining of actin bundles could be observed more
than once in a single cell having several windows through the
chloroplast layer. The resumption of streaming and onset of
fluorescent staining of bundles could be seen first in windows
located within a few cell diameters of the ends of a cell at 1 =
30—40 min after perfusion. After first observing this simulta-
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neous pair of events near an end of a cell, we found that rapid
refocusing on a window near the middle of the cell allowed
observation of the simultaneous onset of streaming and staining
of actin bundles again after an additional 5-15 min had
elapsed.

For comparison, the time-course of NBD-Ph staining of
actin bundles was studied in cells perfused with 30 yM NBD-
Ph but no CB. These cells showed prompt recovery of rapid
streaming throughout the cell (Fig. 2), and then later, at ~20-
23 min after perfusion, NBD-Ph labeled bundles appeared
dimly above background (Fig. 7 c). By 30 min after perfusion,
the labeling reached maximum intensity. Labeling developed
uniformly throughout the cells, i.e., labeled actin bundles did
not appear in windows near ends of cells sooner than in
windows near the middle of cells.

DISCUSSION

This work began with an examination of the effects of extra-
cellularly applied CB and/or phalloidin on cytoplasmic stream-
ing in Chara corallina. Confirming earlier results (10, 13, 25,
40), strong inhibition of cytoplasmic streaming by 50 uM CB
was observed (Fig. 1). In apparent disagreement with a recent
report (28), no evidence was found to suggest that extracellu-
larly applied phalloidin has any influence on cytoplasmic
streaming, even when the drug is applied at | mM concentra-
tion for several days.

Because many cell types lack rapid plasma membrane
permeability for phallotoxins (32, 35, 36, 38), streaming was
also studied in Chara cells where CB and/or phallotoxins were
applied intracellularly by perfusion techniques. These experi-
ments showed that CB applied intracellularly at 100 uM stops
streaming <2 min after perfusion (Fig. 3). Recovery from this
inhibition begins within 25-35 min, probably because of leak-
age of CB from the cell. This recovery occurs first near the
ends of the cell and later in the middle, presumably because
CB molecules near an end can escape through both the sides
and the ends.

No inhibition of cytoplasmic streaming could be produced
with 1 mM phalloidin applied intracellularly even during
experiments continuing for several hours (Fig. 2). That phal-
loidin is active in Chara and that it does enter the cell via
perfusion are indicated by the result of perfusion with both 1
mM phalloidin and 100 uM CB together. In this case, streaming
stops, as with CB perfusion alone, but recovery of streaming is
accelerated by ~20 min (Fig. 3). Moreover, perfusion with
fluorescence-labeled phallotoxin, NBD-Ph, stains cytoplasmic
bundles (Fig. 6 ). Addition of 2 mM phalloidin together with
30 uM NBD-Ph prevents staining of the bundles although a
diffuse (nonspecific?) background fluorescence remains.

As expected, both NBD-Ph and FITC-HMM stain subcor-
tical bundles resembling those found in other studies to contain
unidirectional actin filaments (19, 20, 27, 29, 45). Fluorescence-
stained actin bundles are most clearly observed in windows
through the chloroplast layer. However, FITC-HMM staining
of these bundles has revealed that window formation is often
accompanied by an apparent artifact, the separation of the
subcortical actin bundles into two distinct layers. A new outer
layer of bundles (Fig. 4 4) appears within the pocket formed by
removal of the chloroplasts. The inner layer of bundles (Fig.
4 b) appears unperturbed but may have lost some bundles to
the outer layer formed in the pocket. Photon correlation ex-
periments have shown that longitudinal and transverse stream-
ing velocities are not measurably altered by window formation
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(31), so it seems that any alteration of streaming by this
separation of bundles into layers was too small to measure.
Nevertheless, this artifact must be kept in mind when inter-
preting micrographs showing bundles or filaments in chloro-
plast windows. Earlier reports (1, 2) have included Nomarski
interference micrographs showing fibrillar structures in chlo-
roplast windows of Nitella cells in which streaming had been
transiently stopped. The fibrillar structures reported there ap-
pear morphologically identical to the fluorescent actin bundles
shown in Fig. 44 and b. The earlier studies reported that these
fibrillar structures exhibited large (~5 pm) undulations during
streaming, although direct observation of these undulations
could be achieved only in exceptional cases (1, 2). In the
present study, only a few (<1%) of the NBD-Ph-labeled bun-
dles in streaming cells were found to be capable of transverse
motions comparable to those described previously (1, 2). The
present work cannot rule out the suggestion that these undu-
lations generate streaming (1, 2), but the alternative suggestion
that these are merely passive undulations of broken bundles
(20) can also not be ruled out.

Fluorescence labeling of actin bundles was used in experi-
ments examining the mechanism of action of actin-binding
drugs in Chara. The results presented here show that CB
applied in sufficient dosage (30-min preincubation at 100 uM)
causes actin bundles to appear diminished in FITC-HMM
fluorescence in cells perfused with a solution (TPF) that would,
if not for the presence of CB, support streaming. Aggregates of
fluorescent material sometimes associated with bundles (Fig.
5b) may be comparable to the aggregates of actin observed in
CB-treated fibroblastic cells (34). Microdensitometer measure-
ments on photographic images of the CB-treated, FITC-HMM-
stained actin bundles revealed that the diminished appearance
arises from both a reduction in fluorescence staining intensity
and a reduction in the apparent width of the bundles. The
apparent widths of labeled CB-treated bundles (0.40 + 0.05
um) and labeled control bundles (0.64 + 0.12 ym) are both
greater than the 0.2-um width usually reported for unlabeled
bundles (2). The larger apparent widths of the bundles as
observed here by fluorescence microscopy may be attributed
to the thick layer of bound FITC-HMM and to the limited
theoretical resolving power (0.26 pm) of the objective lens used
to record the fluorescent images.

Inhibition of streaming by CB precedes the diminished
appearance of the bundles shown in Fig. 5. Total inhibition
of streaming occurs within 2 min after perfusion with 100 uM
CB (Fig. 3), whereas the diminished appearance shown in Fig.
5b occurs only after 30-min preincubation with 100 uM CB.
Less change in bundle appearance was observed at preincu-
bation time <30 min, and extrapolation to 2 min suggests that
visible effects on the bundles would be negligible at the time
when streaming is stopped. A conjecture about the mechanism
that diminishes the actin bundles is suggested by some of the
following experiments.

Use of the fluorescent actin probe NBD-Ph in perfused,
streaming cells has permitted more direct investigations of the
mechanism of CB inhibition of streaming in Chara. Unlike
FITC-HMM, NBD-Ph can be used under conditions that
permit streaming so that fluorescence staining and CB-inhibi-
tion experiments can be conducted simultaneously in the same
cell.

When cells are perfused with 100 uM CB together with 30
uM NBD-Ph, no labeling of actin bundles is seen before active
streaming begins (Fig. 7 ) but labeling does appear simulta-



neously with the recovery of streaming (Fig. 7 5). These obser-
vations do not necessarily imply, however, that actin bundles
are absent from cells during CB inhibition. Because 30 yM
/NBD-Ph normally stains the actin bundles to an intensity that
is only slightly greater than that of the diffuse background, any
circumstance that significantly impairs the binding of NBD-Ph
to the bundles can be expected to prevent the detection of
bundle staining above the background intensity. Such a circum-
stance could arise if NBD-Ph were in some way prevented
from reaching the vicinity of the actin bundles or, alternatively,
if NBD-Ph reached the actin bundles as usual but binding to
the bundles were in some way impaired.

The experiments reported here show that phalloidin by itself
does not alter either cytoplasmic streaming (Fig. 2) or the
visible properties of actin bundles (Fig. 5 ). It does, however,
modify both the CB inhibition of streaming (Fig. 3) and the
CB-diminished appearance of FITC-HMM-labeled actin bun-
dles (Fig. 5 ¢). In contrast, the effect of microinjected phalloidin
in amoeba (32, 36) and 3T3 cells (35) is complete inhibition of
movement and in Physarum (32) is complete, irreversible ces-
sation of streaming in the area of microinjection. The results
reported here for Chara are similar to the results recently
reported by Blatt et al. (8), who found that phalloidin alone
had no direct effect on streaming in the alga Vaucheria but did
protect against CB inhibition of streaming. In Vaucheria, how-
ever, phalloidin is apparently able to cross the plasma mem-
brane, as these effects were observed with extracellularly ap-
plied drugs (8).

These marked differences in response to phalloidin suggest
that there are significant differences between the molecular
mechanisms driving streaming in Chara and Vaucheria and the
mechanisms driving streaming and movement in Amoeba,
Physarum, and fibroblastic cells. If phalloidin acts in vivo as it
does in vitro to promote actin polymerization and prevent
depolymerization (15, 23, 38), then the failure of phalloidin to
inhibit streaming implies that cyclic polymerization/depolym-
erization of actin, thought to be a necessary part of motility in
some systems (21, 35, 36), is not a necessary step in the
generation of cytoplasmic streaming in Chara. In the case of
Amoeba and fibroblasts, the entire cell must be able to move
and, with this translocation, change the distribution of actin.
Physarum, a syncytium, grows outward and must be able to
integrate the actin in the old areas with the actin in the new
areas. In contrast to Amoeba, fibroblast, and Physarum cells,
the internodal cells of Chara do not actively change their
position. Once the cell has reached its full size, there is no need
to alter its actin bundles. The insensitivity of Chara to phallo-
toxins would therefore be a reflection of the long-term stability
of the actin polymer bundles used for cytoplasmic streaming.

The observations presented here, taken together with the
established effects of phallotoxins (38, 39) and cytochalasins
(11, 12, 15, 22) on actin in vitro, suggest a hypothesis for the
mode of CB inhibition of cytoplasmic streaming in characean
algae. We propose that CB inhibits streaming by causing a net
release of actin monomers and/or oligomers from the subcor-
tical actin bundles into the endoplasm. The force-generating
interaction between the presumptive endoplasmic myosin and
the subcortical actin bundles may be competitively inhibited
by this same released actin. Interaction between the presump-
tive endoplasmic myosin and free actin monomers (9) and/or
oligomers could not itself generate the organized, directed force
required to drive streaming. This mechanism inhibits streaming
without gross disruption of the subcortical actin bundles. It

only requires release of some actin monomers and/or oligomers
that may leave the subcortical actin bundles for the most part
quite intact. Prolonged exposure (30 min) to CB during per-
fusion would lead to the continuous release and removal of
more actin and thus to the appearance of a diminished bundle
system long after streaming is stopped (Fig. 5 b).

The proposed CB-induced net release of actin monomers
and/or oligomers from the subcortical bundles might be
achieved by various mechanisms. If there normally occurs even
a very low level of actin cycling between depolymerized and
polymerized forms in Chara, then CB may cause a net release
of actin from the subcortical bundles by blocking the readdition
of monomer actin to the bundles (11, 12, 22). Alternatively,
CB may attack the surface filaments of subcortical actin bun-
dles, causing breaks (15) and releasing actin monomers and/or
oligomers by a more direct mechanism.

Just as the in vitro destabilization of F-actin by CB (11, 12,
15, 22) is inhibited by phalloidin (15, 23), so too Chara actin
bundles seem to be protected in cells preincubated with phal-
loidin and then treated with CB and phalloidin (Figs. 55 and
¢). When CB and phalloidin are added together to Chara cells,
however, streaming is totally inhibited initially (Fig. 3). We
attribute this to faster penetration of CB through the tonoplast.
The perfusion technique used in these experiments requires
10-20 min before tonoplast dissolution occurs (33) and begins
to allow passage of substances such as phalloidin to which the
cell is not normally permeable. CB, which can enter the intact
Chara cell, would, therefore, reach actin filaments much faster
than phalloidin. The resumption of streaming that is acceler-
ated by phalloidin occurs at approximately the time when
tonoplast dissolution should allow entry of phalloidin into the
cytoplasm, i.e., 10 min after perfusion (Fig. 3). Subsequently,
phalloidin may speed repolymerization of the actin that was
disrupted by CB and thereby also accelerate the recovery of
streaming,.

The hypothesis that CB inhibits streaming by releasing actin
monomers and/or oligomers into the Chara endoplasm sug-
gests an interpretation of the observed simultaneous recovery
of streaming and appearance of labeled bundles in cells per-
fused with both CB and NBD-Ph (Fig. 7). In addition to
competitively inhibiting streaming, released actin may also
impair the binding of NBD-Ph to the actin bundles by polym-
erizing in the presence of NBD-Ph to form short soluble
filaments that bind and divert NBD-Ph away from the bundles.
Because actin polymerized in the presence of phallotoxin will
bind about six times as much phallotoxin as will prepolymer-
ized actin (39), released actin may be especially effective in
binding NBD-Ph.

The proposed hypothesis for the mechanism of CB inhibition
of streaming implies that the streaming endoplasm of chara-
cean algae normally contains only very low levels of free G-
actin. This result is consistent with the observation that stream-
ing is not inhibited by phalloidin (Fig. 2) and also suggests a
partial test of the hypothesis itself: perfusion of Chara with
exogenous actin should induce at least a transient inhibition of
streaming. These experiments are now in progress.

The results of experiments presented here are consistent with
the hypothesis that cytoplasmic streaming in characean algae
is driven by an interaction between subcortical actin bundles
and a presumptive endoplasmic myosin. Results obtained with
phallotoxins and CB emphasize the importance of the actin
component of the system. The presumptive endoplasmic
myosin component requires further investigation.
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Note Added in Proof: It has recently been found that microinjected
phalloidin does not inhibit axonal transport (Goldberg, D. J., D. A.
Harris, B. W. Lubit, and J. H. Schwartz. Inhibition of axonal transport
by proteins that depolymerize actin. Proc. Natl Acad. Sci. U. S. A. In
press.). We have recently found that perfusion with exogenous actin at
0.1 mg/ml strongly inhibits cytoplasmic streaming in Chara (Nothnagel
¢t al., manuscript in preparation).
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