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ABSTRACT Phase contrast cine results demonstrate that erythrophores maintain saltatory par-
ticle motion for hours after permeabilization with 0.001% digitonin in a cytoskeletal stabilizing
solution at 23°C. High voltage electron microscopy (HVEM) studies reveal that cytoskeletal
elements are retained intact, except in immediate subplasmalemmal regions where the plasma
membrane is punctured by digitonin. During digitonin treatments, cells are permeable to ions,
small molecules, and antibodies. We find that motion is Ca®* and ATP-sensitive, and optimal
in PIPES buffer (pH 7.2) containing 1 mM Mg2*/ATP and EGTA-Ca®* (1077 M Ca®") at 37°C.
Experiments testing the inhibitory effects of vanadate (0.4-10 uM), ouabain (100-600 uM), N-
ethyl maleimide, and the cytochalasins B and D indicate that a dyneinlike ATPase may provide

the motive force for driving saltatory pigment motion in erythrophores.

The cyclic aggregation and dispersion of pigment granules in
fish chromatophores provides an ideal system for studies of
intracellular motility. The appeal of the chromatophore system
resides with the fact that two types of particle motion occur in
this cell, a nonsaltatory, uniform movement during pigment
aggregation (25), and a saltatory motion during pigment gran-
ule dispersion (25). The cytoplasmic processes governing these
movements of pigment granules are only beginning to be
understood.

Morphological evidence and studies of the effects of anti-
microtubule agents on pigment migration have demonstrated
that numerous radially arrayed microtubules are important, at
least in establishing the direction of pigment translocations (1,
4, 21, 25, 29, 36). In addition, thin section work on erythro-
phores (25) and on melanophores (32) has shown that micro-
tubules disassemble, in part, with each aggregation and that
they reassemble during dispersion. The significance of this
phenomenon to pigment motion is not clear.

Green (18) first proposed that pigment granules behave as if
they are embedded in an elastic gel that “contracts” during
pigment aggregation and “expands” during pigment dispersion.
The structural properties and interactions of this matrix with
pigment were later made clear in morphological studies on
chromatophores. Based on stereo high voltage electron micro-
scope (HVEM) images of melanophores and erythrophores,
Porter and colleagues (4, 21), and Schliwa (29, 32) described a
gel consisting of a latticework of cross-linking filaments, termed
microtrabeculae, in which microtubules and pigment are sus-
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pended. HVEM observations at various phases of pigment
translocation suggested an involvement of these microtra-
beculae in the processes of granule movement (4, 21). Indeed,
during pigment aggregation and dispersion, the microtrabecu-
lar lattice undergoes organizational transformations interpreted
to be contractions and expansions of lattice filaments important
for pigment motion (4, 21).

Stossel and Hartwig (34) and others have reported that
myosin is involved in cytoplasmic gel contractions in diverse
cell systems. Thus, some coincidence of content and behavior
in the cytoplasmic matrix of chromatophores is possible though
no convincing evidence has yet emerged to directly support
such conjectures.

Elucidation of the force generating mechanisms regulating
the two types of particle motion in model erythrophore systems
is important and may be possible from immunochemical and
biochemical studies. In this regard, Obika, et al. (22) have
demonstrated an extensive network of actin microfilaments in
fish melanophores which they presume is important for pig-
ment translocations. Based on electron microscopy and im-
munofluorescent techniques, Schliwa, et al. (31) have found a
subplasmalemmal network of actin in angelfish melanophores,
but no actin filaments are reported in association with radial
arrayed microtubules or with pigment in central motile areas
of the cell. Further, stress fibers and microfilament bundles are
not observed in melanophores or erythrophores indicating, in
contrast to Obika’s results, that actin is not directly involved in
the processes of pigment motion.
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Our awareness of the complexities of microtubule directed
motion could be benefited by the development of cell models
for studying transport. Cande and colleagues (6, 7) have re-
cently developed techniques for manipulating chromosome
movements at anaphase in Brij-58 lysed mitotic spindles. They
discovered that chromosome motion is ATP-requiring and is
driven in part by a vanadate-sensitive dynein ATPase. This
movement of chromosomes at anaphase is at a constant veloc-
ity, and is similar, except in rate, to the motion of aggregating
pigment granules which suggests that both phenomena may
involve identical mechanisms. Thus, the advantages of cell
models in dissecting out components important for motility
events has made it useful to develop permeabilized cell systems
for investigating mechanisms of pigment translocation.

In this paper, we report methods for selectively permeabil-
izing the plasma membrane of cultured erythrophores using
the cholesterol binding steroid glycoside, digitonin. These cells
are readily permeable to agents ranging from divalent cations,
nucleotides, and small molecules to antibodies. Using these
models, buffer conditions adjusted for pH, Ca®" ions, Mg**/
ATP, and temperature have been determined for the mainte-
nance, stopping, and reinitiation of saltatory transport in dis-
persed cells.

In this system the saltations of pigment parallel the saltatory
action of chromosomes during early metaphase. Whether, in
both instances, the motion is an expression of the action of a
contractile component in the microtrabecular lattice (i.e., a
dynein ATPase) is an intriguing possibility. We have investi-
gated the effects of different drugs (vanadate, ouabain, cyto-
chalasins, and N-ethyl moleimide [NEM]) which permit dis-
crimination between the role of dynein and actomyosin con-
tractile systems in cell motility events. The results indicate that
dyneinlike ATPases provide the motive force for saltatory
motion in erythrophores.

MATERIALS AND METHODS
Materials

Vanadate free ATP, and ADP were purchased from Bochringer-Mannheim
Biochemicals, Indianapolis, IN. All other reagents were purchased from Sigma
Chemical Company, St. Louis, MO. Anti-porcine HMW-MAPs have been pre-
viously characterized as specific for HMW-MAP 1 and 2 (11-13) and was a
generous gift from Drs. Vitauts Kalnins and Joe Connolly, University of Toronto,
Toronto, Canada. Antitubulin was a gift from Dr. Paul Burton, University of
Kansas, Lawrence, KS, and was characterized as described in an earlier paper
(23).

Cell Culture and Permeabilization Procedures

Erythrophores were isolated and cultured from scales of the squirrel fish,
Holocentrus ascensionis, according to a modification (21) of the method described
by Byers and Porter (4). After enzyme dissociation from the scale, cells were
seeded onto either carbon-coated cover slips or onto Formvar and carbon-coated
gold grids (21). Both cover slips and grids were glow-discharged with ionized
aluminum to ensure attachment and spreading of the cells. Before permeabili-
zation with digitonin, cells were routinely induced to disperse their pigment with
2.5 mM caffeine added to the culture medium. During permeabilization steps,
cells attached to cover slips and grids were transferred to a slide for light

microscopy observations. A thin layer of silicon grease on each side of the slide
was used as a spacer and cover slips were placed on several drops of medium
(cell side down) and sealed with Valap, leaving openings on each side for
exchange of solutions. Cells were permeabilized with digitonin solutions by
adding a drop on one side of the cover slip, waiting several minutes for solutions
to equilibrate, then slowly removing ~1 drop from the other side with tissue
paper. Five to ten changes of this type over about 3 min resulted in the
permeabilization of 100% of the cells, although most cells were punctured within
10 s of exposure to digitonin.

In all these studies the behavior of cells was recorded by phase contrast
cinematography (Zeiss Universal Microscope) at 120 frames/min and films
analyzed with a stop motion projection from images projected sequentially on a
6-ft screen. The average rates of pigment motion were determined from five
measurements of the distances moved by ten granules.

Electron Microscopy

For HVEM, cells plated on gold grids were fixed by addition of drops of 2.9%
glutaraldehyde in Hank’s balanced salt solution (HBSS) at 37°C for 30 min. Cells
were then washed three times with HBSS, postfixed with osmium tetroxide for 2
min at 4°C, and washed with HBSS. After three rinses in distilled water, cells
were dehydrated using a graded acetone series and dried by the critical-point
method. Cells were lightly coated with layers of carbon and stored in a vacuum
dessicator. Erythrophores were examined in the HYEM' under an accelerating
voltage of 1,000 kV. This whole-cell fixation procedure is similar to that described
previously by Wolosewick and Porter (37). The cells were lightly coated by
vacuum evaporation of Pd/Au (6 mm) for examination of the plasma membrane
in the HVEM.

Experimental Solutions

Solutions used in tissue culture and in the permeabilization experiments were
sterilized by vacuum filtration through a 0.22-um millipore filter (Millipore Corp..
Bedford, MA). Precise Ca®* /EGTA solutions with free Ca’* ion levels (assumed
KEca = 10".) in the range of 0.01 to 10 uM were prepared using a computer
program written by John Gilkey that took into account the pH, the ionic strength,
and Mg jon concentration of the final solution. A stock solution of 100 uM
vanadate was freshly prepared by solubilization in 0.1 M NaOH and appropriate
aliquots added to experimental solutions. In vanadate studies, reversal was
achieved by adding drops to cell solutions from a stock 100 mM pyrocatechol
solution freshly prepared in 1 mM HCL, until ~1 mM levels were reached or,
alternatively, vanadate was washed out with fresh buffer. Digitonin stock solu-
tions at 0.4% were made in 50% ethanol and diluted to 0.001% in experimental
solutions. Solution temperatures were maintained using a water bath and cells
kept at a constant temperature using an air current incubator.

Antibody Experiments

With the exception of those shown in Figure 14, permeabilized cells were
exposed to tubulin and HMW-MAPs antisera diluted 1:10 in permeabilization
solutions for 30 min at 23°C. While still alive, these cells were then fixed by
immersion in —20°C methanol, washed three times in phosphate buffered saline
(PBS) pH 7.2 and incubated with fluorescein isothiocyanate (FITC) coupled to
goat anti-rabbit (GAR) IgG (Miles Research) diluted 1:20 with PBS. After three
rinses in PBS, the cells were mounted on slides with a mixture of 50% glycerol
and 50% PBS, pH 7.8 and examined in a Leitz-Orthoplan microscope with
epifluorescent illumination. Images were recorded on Tri-X film (ASA 400) and
developed in diafine. In some studies (Fig. 18) cells were treated with permea-
bilization solutions and were then rapidly fixed by immersion in ~20°C methanol,
incubated with anti-tubulin (1:10 in PBS) followed by FITC (1:20 in PBS), and
then prepared for light microscopy. Cells were washed three times with PBS
between each of the above steps. The cell shown in Figure 14 was incubated in

' JEOL 1000 located at the Laboratory for High Voltage Microscopy,
Boulder, CO, a resource facility supported by the National Institutes
of Health.

FIGURE 1 Shows an erythrophore before (a-d) and after (e-f) permeabilization with digitonin. The cell shape and overall
dispersed distribution pattern of pigment granutes remains unchanged after permeabilization. The saltatory motion of individual
granules (arrowheads) can be followed from ato cand bto c. d shows the cell immediately before detergent treatment. Saltations
resuit in small changes in overall pigment distribution, and the cell is divided into quadrants intersecting at the celi center and an
arrow marks the direction of motion of the granules indicated with arrowheads in each quadrant. The same cell is shown in Fig.
15 after 2 h in permeabilization buffer and after exposure to vanadate. X 2,500.
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the presence of 10 ug/ml digitonin with tubulin antibody, washed three times by
drawing 3 vol of fresh permeabilization buffer under the cover slip, incubated
with Rhodamine isothiocyanate (RITC)-IgG, washed three times, and photo-
graphed using epifluorescent optics and rhodamine filters. After fluorescent
imaging, the cell was examined by time-lapse microscopy to determine the extent
of motion remaining in the cell. In the above studies, note that as much as 50%
of the cells are lost during methanol fixation steps and about 50% of the cells
retained exhibit no, poor, or diffuse fluorescent patterns.

RESULTS
Saltatory Transport in Permeabilized Cells

Fig. 1 a-c shows images printed from time-lapse cine records
of a cultured erythrophore after caffeine treatment. The pig-
ment granules are observed to exhibit a constant bidirectional
saltatory motion to and from the cell center. With subsequent
permeabilization using a 0.001% digitonin solution, 100% of
the caffeine-treated cells maintain their shape and a uniformly
dispersed pigment granule arrangement (Fig. 14). Some of the
caffeine-dispersed granules remain in clusters at the cell pe-
riphery where they generally do not move unless the cell is
stimulated to aggregate its pigment. After permeabilization
with digitonin (Fig. 14-f) pigment continues to move bidirec-
tionally from the cell center at rates approximating those
observed for granules in intact cells (3-5 um/s). Transport will
continue for hours in these cells, although with time (1 h) the
motion tends to become restricted to radially aligned regions
of the cell which are divided by other regions where little or no
transport occurs. In addition, granules will sometimes aggregate
into small clumps of pigment which then move as a unit
through the cytoplasm. One immediate clue that cells are being
permeabilized in these experiments is the appearance of free-
floating membrane vesicles due to digitonin-induced vesicula-
tion of the plasma membrane. The linear motion of several of
the granules (arrowheads) can be followed from Fig. le to f
taken at a 2-s interval.

An interesting bonus arising from stop-motion tracking of
granule motion in these cells was that granules migrating away
from the cell center tend to return to the same spot in the cell
periphery from which they originated before beginning a new
journey to the cell center (not shown). This behavior is prob-
ably a reflection of the highly ordered nature of the lattice
matrix controlling pigment migration (26).

Attempts to induce cycles of aggregation and dispersion of
pigment granules after permeabilization have been unsuccess-
ful. Cells permeabilized without caffeine treatment respond by
irreversibly aggregating their pigment. Cells permeabilized in
the caffeine-dispersed state and then exposed to aggregating
agents such as 100 mM KCl, or to solutions lacking caffeine,
also aggregate their pigment and this effect is not countered
with caffeine. Thus, all the results in this paper are reported on
saltatory transport mechanisms in cells treated with 2.5 mM
caffeine and permeabilized for <1 h.

Another indication of permeabilization is in part illustrated
in studies of the effect of Ouabain on pigment distribution.
Intact cells will normally respond to Ouabain (100 uM), a Na™/
K* ATPase inhibitor, to reversibly aggregate their pigment.
Fig. 2 shows that permeabilized cells can no longer aggregate
their pigment in the presence of Ouabain (100-600 uM) but
will continue to exhibit saltatory motion, except when ex-
tremely high (toxic) amounts of Ouabain (1 mM) are applied.

Permeabilization Buffer

The composition of the permeabilization solution used is
detailed in Table I. Digitonin used at 0.001% levels in this
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FIGURE 2 Ouabain sensitivity of transport in permeabilized eryth-
rophores. Ouabain did not affect transport rates at 100 to 600 uM
levels tested but stopped motion irreversibly, presumably as a result
of toxic effects, at 1 mM.

TABLE |
Permeabilization Sofution

Digitonin 0.001%
PEG 6000 1.3%
Hank’s Balanced Salt Solution *

PIPES 33 mM
MgCl, 2 mM
EGTA 2 mM
ATP 1T mM
Caffeine 2.5 mM
Aprotinin (proteolytic inhibitor) 0.1%
pH 7.2

* HBSS is diluted to %4 normal concentration, and Ca2* is added to make the
final free Ca®* concentration 1077 M. Osmolarity is ~235 mOsm.

FiGuRe 3 HVEM low magnification image of a whole cell permea-
bilized with 0.001% digitonin for 30 min at 23°C. The cell was metal
coated with Pd/Au to reveal holes in the plasma membrane. Cen-
troplast (C); Nucleus ( N'}. Bar, 10 uM. X 1,400.

solution permits the gradual removal of plasma membrane
components by 10-30 s. Figs. 3, 4, and 5 show that this
treatment creates visible holes of various sizes in the plasma
membrane of cultured erythrophores. The reader should com-
pare Fig. 4 and 5 with Figs. 6 and 7 of a nonpermeabilized
cell. HVEM images of metal-coated cells in Figs. 6 and 7 show



FIGURE 4 Iflustration of the extent of permeabilization in the cell
in Fig. 3. Note that there are numerous small holes as well as some
larger ones distributed in an irregular pattern on the cell surface.
Bar, 1.0 uM. % 5,900.

that the plasma membrane surface of intact cells is normally
smooth in contour.

The gentle and gradual exchange of solutions is important
in these experiments to ensure that a reasonably intact, yet
permeabilized plasma membrane is retained. Under these con-
ditions, 100% of the cells are routinely found by scanning
electron microscopy (SEM) and HVEM to be punctured and
100% of the cells also remain competent to move their pigment
for at least 2 to 3 h. The rapid exchange of cell growth medium
with detergent solutions inevitably produces cell lysis, thereby
stopping transport and resulting in pigment granule release. It
is possible to use digitonin levels reduced to 0.0001% and still
obtain permeabilized cells, but all the results reported here are
with 0.001% digitonin, since at 0.001% levels the extent of
permeabilization and cell extraction remains constant for 2 to
3h

To stabilize cytcskeletal elements (microtubules, microtra-
beculae) against possible fluctuations and disruptive effects of
pH or Ca’" ion levels during permeabilization steps, HBSS
containing PIPES (Good Buffer), PEG, EGTA, and Mg?t/
ATP is used. A pH range of 6.8 to 7.2 was optimal for the
maintenance of transport (Fig. 8) and a pH of 7.2 was used in
most of the experiments described.

HVEM Studies

HVEM images show that cells permeabilized under the
above conditions retain their normal shape and much of their
cytoskeletal morphology (see Figs. 3 and 9). Stereo pictures
printed at high magnification demonstrate that microtubules
and cross-linking microtrabecular lattice filaments are still
present in these cell models in an arrangement similar to that
of intact cells (compare Fig. 9 with Fig. 35 in Luby and Porter
[20]). In areas where large amounts of the plasma membrane
is removed, most of the microtubules and lattice are also
removed (Figs. 5 and 9). After metal coating of cells with Pd/
Au, areas where the plasma membrane is removed, can easily
be identified and the lack of internal structure is apparent in
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these images, even at low magnifications (see Figs. 4 and 5).
Note that some of the holes are much larger than others,
especially near the cell center, possibly a result of tearing of
the digitonin weakened membrane. We do not believe that any
resealing of the holes takes place by fusion of the upper and
lower plasma membrane surfaces, although regions where these
membranes are closely juxtaposed (i.e., in filopodia), appear
less susceptible to digitonin’s effects.

Untreated control cells which are directly fixed in glutaral-
dehyde are prepared during each experiment (Figs. 6 and 7).
Although 100% of the cells exposed to digitonin are punctured,
the controls exhibited only occasional small holes in their
membrane (Fig. 7).

Antibody Studies

Figs. 10 and 12 demonstrate that radially arrayed microtu-
bules and some centrosomal material are labeled when tubulin
or HMW-MAPs antibodies are included in the permeabiliza-
tion solutions for 30 min at 23°C. Time-lapse cine records of
cell(s) incubated in the presence of antibody show that the
binding of either HMW-MAPs or tubulin antibodies to micro-

FIGURE 5 High magnification view of part of the cell outlined in
Fig. 3. Microtubules (m), pigment (P), and cross-linking lattice
filaments (arrows) are largely removed from subplasmalemmel re-
gions subjacent to where the membrane is removed by digitonin.
The upper and lower membranes remain distinct and do not seem
to fuse during permeabilization. Bar, 1.0 gM. X 20,000.
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FIGURE 6 HVEM image of a nonpermeabilized cell fixed with its
pigment in the dispersed state. The cell consists of a centralized
centroplast ( C) towards which pigment granules normally aggregate
and disperse in radial arrays. Bar, 10 oM. X 2,400.

| e a8 + - *ﬁ _ 3
FIGURE 7 High magnification view of the area outline in Fig. 6. The
cell was lightly coated with Pd/Au to demonstrate that the cell
surface is normally smooth in contour. Pigment granules are visible
beneath the plasma membrane but other structures are obscured
by the Pd/Au. Bar, 1.0 pM. x 23,000.

tubule structures did not interfere with or prevent saltatory
transport (see below). The presence of antibody was subse-
quently demonstrated by fixing the cells with methanol and
secondary labeling with FITC-IgG. In control studies where
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digitonin was omitted from the solutions tubulin and MAPs
antibodies did not enter the cells as demonstrated by a lack of
microtubule staining. (Fig. 11).

One critical problem arising with the interpretation of the
antibody labeling studies is the existence of red autofluorescent
pigment granules in intact cells (Fig. 13) and to a lesser extent
in methanol extracted cells (Fig. 11). Often the extracted cells
contain no pigment at all and this is the reason for our resorting
to methanol fixation to visualize the antibodies rather than
simply examining live cells for the presence of tubulin antibody
bound to FITC-IgG. Admittedly, Fig. 13 is an extreme example
of the problem.

In attempts to overcome this difficulty and visualize anti-
bodies in live, functional cells, we very recently (at the sugges-
tion of Dr. J. Bryan, Baylor College of Medicine) used Rho-
damine Isothiocyanate (RITC) coupled to IgG as a fluoro-
chrome probe. The pigment granules emit very little light at
fluorescent wavelengths used for RITC (Fig. 14a). Fig. 14qis
of a live, intact cell imaged on the fluorescent microscope using
filters for RITC. The same cell is shown in a phase-contrast
picture in Fig. 14b after permeabilization with digitonin (10
pg/ml), incubation in the presence of tubulin antibody (1:10
dilution) for 30 min, washing with fresh buffer, incubation in
RITC-1gG for 30 min, and washing (all in the presence of
digitonin). The treatments did not affect the cells basic shape
or behavior. Reexamination of the cell with the fluorescent
microscope shows that the antibodies (tubulin and RITC-IgG)
invade the cell, binding to radially arrayed structures (presum-
ably microtubules) as well as staining diffuse cytoplasmic
material (presumably tubulin). Comparison of Figs. 10, 12, and
18 with 14¢ indicates that the diffusely staining material (Fig.
b) is probably removed during methanol treatments. Control
studies using RITC-IgG alone did not produce staining, indi-
cating that the staining pattern observed in Fig. 14 ¢ is a result
of tubulin antibody binding. Some specificity of staining is
indicated by the distinct lack of label associated with the
nucleus and the central zone of the centrosomal structure
(arrowheads).

Time-lapse studies have consistently demonstrated that tu-
bulin and HMW-MAPs antibodies do not effect saltatory
transport in erythrophores (Figs. 10 and 12). Similarly, during
the course of the experiment described in Fig. 14, tubulin
antibody and RITC-IgG did not inhibit motion. Fig. 14e-g
show that many of the granules are saltating bidirectionally
along radial pathways emanating from the cell center in the
antibody-labeled cell. Many granules exhibit no apparent mo-
tion in the 6-s sequence shown. ~50% of these granules are
frozen in place as a result of UV damage during epifluorescent
imaging of the cell.

ym/s
W B

6.0 6.4 6.8 7.2 7.6 8.0
pH

FiGure 8 The pH dependency of pigment transport at 23°C. Trans-
port rates are optimal at a pH of 6.8 to 7.6. Bars represent rates + SE.



Calcium Studies

Table II shows that, after exposure of the permeated cells to
different CaZ*/EGTA solutions, calcium concentrations for the
continuation of transport fall in the range of 0.1 to 0.5 uM.
Transport stops by ~10 min in all the cells examined when
Ca?* levels are raised above 1 uM or reduced below 0.01 uM.
Transport is reinitiated after 10 min in cells exposed to 0.01
M Ca, if Ca is increased to 0.1 pM levels. We have been
unable to restart transport in those cells exposed to Ca*
concentrations >1 pM. In all these studies the omission of
Mgz*/ATP from the reactivation solutions usually did not
affect the ability of the cell to reinitiate pigment motion by 60
min, although the addition of 2 mM EDTA in Mg**-free
solutions did inhibit the continuation of pigment transport.

Oxidative Phosphorylation Inhibitors

The effects of several specific inhibitors of oxidative phos-
phorylation are to rapidly inhibit pigment transport in 100% of
the cell models. Sodium azide (10 ug/ml) and 2,4 dinitrophenol
(2 X 1075 M) both stopped saltatory motion by 2 to 5 min at
23°C. Table II shows that inhibition is not reversed in reacti-
vation solutions lacking Mg?*/ATP or containing the nonhy-
drolyzable nucleotide analogues ADP, or AMP-PCP in place
of ATP. Inhibition is countered with 1 mM Mg**/ATP and a
gradual recovery of transport occurs by ~10 min at 23°C and
by 5 min at 37°C. No recovery occurs at 4°C. Several studies

STEARNS AND OCHS

FIGURE 9@ High magnification stereo
view showing a part of the permeabil-
ized cell shown in Figs. 3 to 5 before
being coated with Pd/Au. The pigment
(P), microtubules (m}), and the cross-
linking microtrabecular lattice fila-
ments (arrows) are maintained rela-
tively intact except in areas where the
membrane is removed. Note that
pieces of SER are visible in the cyto-
plasm. These cells are completely un-
stained except for brief OsO,. Bar, 1.0
wM. X 25,000.

showed that 1 mM ITP, GTP, and UTP will substitute for ATP
to promote recovery of transport by ~10 min at 37°C.

In all these studies, the recovery of transport involves an
initial stage where short saltations of pigment occur after 2 to
3 min, followed by saltations of longer duration and distance.

Vanadate Effects

Vanadate at concentrations of 0.4 to 10 uM reversibly in-
hibits saltatory transport in a dose-dependent fashion in 100%
of the cells (Figs. 15-17). At the micromolar levels of vanadate
tested, particle motion become shorter in duration until it was
frozen altogether (with the exception of Brownian motion of
some particles). Some localized aggregation of the granules
takes place in response to vanadate but for the most part the
distribution of pigment is not affected (Fig. 15). Note that there
is very little change in cell shape and the pigment does not
aggregate to the cell center during experimental treatments.
Increasing the pH of solutions to 7.6, near the pka value of
vanadate, did enhance the effects of vanadate by decreasing
the time required for inhibition of transport (Fig. 16).

Vanadate inhibition is reversed by ~10 min with 1 mM
catechol. Frames from time lapse images in Fig. 15 show the
effects of vanadate and vanadate reversal with pyrocatechol.
After recovery, granule motion and distribution often resem-
bles that observed in freshly permeabilized cells. These exper-
iments can be repeated three or four times before the cells lose
their ability to recover. Fig. 15 ¢—-f shows that some change in
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FIGURES 10-13 Indirect immunofluorescence of permeabilized
cells incubated with tubulin (Fig. 10) and HMW-MAPs (Fig. 12}
antibodies for 30 min at 23°C and then fixed with methanol and
stained with GAR-FITC. In both these experiments, transport con-
tinued although the microtubule network is bound by the anti-
bodies. Note that some aggregation of microtubules has occurred
in Fig. 12 and the nuclear envelope is stained brightly. Fig. 11 shows
a non-permeabilized cell incubated with tubulin antibody and fixed
with methanol. Fig. 13 shows a cell photographed live with a
fluorescent microscope equipped with fluorescein filters (495 nm).
Normally, red autofluorescent pigment granules are removed during
methanol fixation steps (20) but the bright images in Figs. 11 and 13
are produced by the red pigment. Figs. 10 and 11, X 2,000. Figs. 12
and 13, X 2,900.

FIGURE 14 Light microscopy images of a chromatophore permea-
bilized in the presence of tubulin antibody. (a) a fluorescent image
showing that pigment granules in the untreated cell do not autoflu-
oresce at UV. wavelengths selective for the fluorochrome rhoda-
mine. (b) a phase-contrast picture of the erythrophore after 10-min
exposure to 10 ug/ml digitonin. The cell’s shape is not affected
except for some arborization of the filopodia. (¢) a fluorescent
image of the cell in b taken after incubation in the presence of
tubulin antibody (30 min at 23°C), washing 3 times, exposure to
secondary antibody coupled to rhodamine isothiocyanate (RITC),
then again washing 3 times and photographing. The image shows
that tubulin antibody has entered the permeabilized cell and bound
radially arrayed microtubules. A considerable amount of diffuse
staining of cytoplasmic tubulin is visible also. (a-c) large arrow-
heads mark the cell center and a filopia. The area outlined in b is
shown at higher magnification in d-g, and d is an enlargement of
b. e- g demonstrate that granule motion continues after incubation
in permeabilization buffer containing 1° then 2° antibody (pictures
are taken at 2-s intervals). Single white arrowheads mark the motion
of one granule seen in e and f and double white arrowheads mark
the motion of a second granule seen in fand g at different positions.
Other granules whose motion could not be traced are marked with
white arrows. Black arrowheads mark the filopodia seen in b. (a-c¢)
x 3,000. (d-g) X 4,500.
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TasLE I
Calcium Effects on Saltatory Motion

[Ca] M Saltatory motion Recovery
10 min
1x1078 - +
1% 1077 + (3t05um/s) —
5% 1077 + —
1X%x10°° - +
5x107° - —
1x 107 - —

The effects of increasing free Ca®* levels an saltatory transport in permeabil-
ized cells. + denotes that transport continues or is rescued; — indicates that
transport stops. Recovery of saltatory transport from Ca®* treatments was
monitored in permeabilization solutions containing 1077 M Ca**

TABLE 1l

Effects of Nucleotides on Stimulating Recovery of Transport in
Na Azide Treated Cells

Extent of transport

Nucleotide observed

TmM
Control ++++ (3 to 5 um/s)
No ATP —
ATP ++++
ADP -
AMP-PCP -
GTP ++ (71to 3 pum/s)
ITP +++ (3to4um/s)
UTP ++

+ Indicales relative amount of transport observed, as determined qualitatively
from time-lapse records after 10-min incubation. The rates and amounts of
particle mation varied widely during these early stages of recovery and the
extent was therefore assessed by qualitative means.

~ Indicates little or no transport.

cell shape and pigment distribution (see area outlined) occurs
as a result of the saltatory motion. Some particles remain in
place and some move in a sporadic fashion but most exhibit
normal saltations to and from the cell center (compare Fig. 154
and b with d-f). In denser areas the motion of granules cannot
be readily followed.

Fig. 17 charts the reaction of transport in a single cell during
the course of permeabilization, vanadate inhibition, and recov-
ery. The recovery time in these studies is reduced to 5 min from
10 min when 1 mM ATP, UTP, or ITP is added to recovery
solutions, but 1 mM ADP or AMP-PCP did not decrease the
time significantly. Also, the amount of recovery is improved if
the temperature is increased to 37°C in comparison to recovery
at 23°C (Fig. 17). Control studies in nonpermeabilized cells
show that pigment motion is not affected by vanadate (10-100
uM levels).

In addition to directly inhibiting transport mechanisms, van-
adate treatments also have some anomalous effects on micro-
tubule stability. We initially observed that when 1 mM ATP is
added to solutions, vanadate levels >4 uM are required to
inhibit pigment motion. Studies of time-lapse cine images taken
of vanadate (2 uM) treatments in the absence of ATP, show
that granule motion in the peripheral cell margins often be-
comes disoriented, and granules move in many different direc-
tions across the radial axis of cells (not shown) before inhibition
of transport occurs. Tubulin antibody staining patterns in Fig.
18 demonstrate that these cells suffer from a loss (disassembly)
of their normal complement of microtubules (compare Fig.
184 with ¢). 1 mM GTP or ATP (Fig. 18) will prevent this
disassembly effect, especially at the lower levels of vanadate
tested (< 2 gM), but 1 mM ADP and 1 mM AMP-PCP did not
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interfere with microtubule disassembly in 2-uM vanadate. Al-
ternatively, increased Mg®" ion levels of 10 mM also stabilized
the microtubules against vanadate and at the same time did
not interfere with vanadate’s ability to inhibit transport. Thus,
where microtubule disassembly has occurred, recovery in part
involves the reassembly of microtubules. Fig. 18 shows that,
afier 2-uM vanadate treatment for 10 min in the absence of
ATP, the reincubation of these cells in recovery solutions
containing 1 mM ATP or GTP produces a full complement of
microtubules arranged in their normal radial pattern. Note that
microtubule reassembly will occur in the absence of added
ATP or GTP but the recovery time is approximately doubled
(see discussion below).

NEM and Cytochalasin B and D Effects

In determining the role of actin microfilaments in transport,
permeabilization solutions containing 4, 6, and 12 mM NEM
were tested for 20 min at 23°C in the presence and absence of
1 mM ATP. We found that celis exposed to NEM did not
demonstrate recognizable changes in their behavior. Similarly,
addition of 0.1 ug/ml and 10 pg/ml levels of cytochalasins
tended to cause an invagination of the cell margins, but this
event had no direct effect on the transport of pigment.

DISCUSSION

We report procedures for making functional cell models using
the steroid glycoside, digitonin, to permeabilize erythrophores
in cytoskeleton-stabilizing solutions. This report represents the
first demonstration of detergent-permeabilized cells which can
function in saltatory transport, although Cande and colleagues
(6, 7) have earlier shown that mitotic spindles lysed with Brij-
58 at anaphase will continue to move their chromosomes to
the poles and undergo cleavage.

There are several possible reasons why the digitonin cell
models retain an ability to function in vitro. Most important is
that digitonin preferentially binds cholesterol and other B-
hydroxysterols (28), and it is thought to intercalate into the
membrane, weaken its structure and thereby cause vesiculation
in fragile regions of the plasma membrane. With the removal
of membrane, numerous holes subsequently appear in the cell
surface in 100% of the cells. Because of the high molar ratio of
cholesterol to phospholipids (1:4) in the plasma membrane and
the low levels of cholesterol (<3%) in other membranes (mi-
tochondrial, endoplasmic reticulum, and lysosomal), the
plasma membrane is selectively permeabilized with digitonin,
without loss or impairment of the normal morphology of most
organelles (9). We believe therefore, that a minimal disruption
of intracellular structures and associated membrane material
occurs during permeabilization as a result of the reduced
digitonin levels (0.001%) used. Consequently, cytoskeletal
structural components and cytosolic proteins important for
transport are also retained under these mild conditions (Fig.
9). We have found that when higher levels of digitonin
(>0.001%) are used, or if cells are rapidly flushed with the
permeabilization solutions, all the plasma membrane is re-
moved, cell lysis results, and pigment granules are released.
Even under such severe lysis conditions, however, mitochon-
drial, endoplasmic reticulum, and lysosomal membranes, plus
some cytosolic proteins, are still retained along with the cyto-
skeleton (unpublished results). Thus, digitonin provides a
unique advantage over other commonly used agents such as
Triton, Brij-58, or glycerol as these agents are relatively non-
specific in their effects on membranes and cytosolic proteins,
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FiGUre 16 Graph showing vanadate inhibition of transport at dif-
ferent pHs. Increasing the concentration of vanadate from 0.4 to 10
uM reduces the time of complete inhibition of transport from ~5
min to 30 s at pH 7.2 (@). At pH 6.4 (A) there is little change in the
times required for stopping transport, but at pH 7.8 (M}, near the
pKa value of vanadate, decreases the inhibition time to some extent.
0.1 mM ATP is included in the solutions used.
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FiIGUre 17 Graph made from time-lapse observations showing in-
hibition by vanadate and reversal of vanadate effects. Cells exposed
to 0.001% digitonin at 23°C at 5 min (first arrow) show some
reduction of transport and motion is stopped completely by 15 min
with 10 pM vanadate added at 12 min (second arrow). Addition of
1 mM catechol at 15 min (third arrow) reverses vanadate’s effects
by ~10 min at 23°C. Increasing the temperature to 37°C (fourth
arrow) restores transport to levels approaching that of intact cells.

and generally have a disruptive effects on intracellular motion
in cultured cells (unpublished results).

Calcium Requirements for Transport

From in vivo work using ionophores, shifts in free Ca ion
levels are proposed to regulate saltatory transport along micro-
tubule structures (33). In this paper, the use of cell models has
eliminated the necessity of using ionophores which may have
nonspecific effects influencing the behavior of cells. We have
found that pigment transport continues after permeabilization
at concentrations of 0.1 to 0.5 uM Ca, but is discontinued at
levels below 0.01 M. In addition, a maximum Ca®* level exists

for pigment translocations in vitro (1.0 uM) above which
motion initially becomes random in the peripheral margins,
and then gradually stops. Unfortunately this motion is not
reinstated when Ca®* levels are reduced, perhaps due to micro-
tubule disruption or Ca®*-triggered contractions of microtra-
becular lattice components (33). In this regard, Schliwa, et al.
(31) have recently found that micromolar amounts of Ca** will
cause microtubule disassembly from their distal ends in lysed
cells. Thus, an irreversible microtubule disassembly could con-
ceivably occur in response to increased Ca®', and this in
conjunction with contraction events could be sufficient to stop
transport. Further correlative HVEM and immunofluorescent
images will help resolve this question.

The data generally indicate that large amounts or large
increases in intracellular Ca®* are not required for the contin-
uation of saltatory motion. This result is similar to recent in
vitro data of others showing that the activation of cilia or
flagella beating in vitro requires little Ca®* (3) (~1 uM), and
that increases in Ca®* ions are not necessary for furrowing

FIGURE 18 Tubulin antibody-labeled fluorescent images of per-
meabilized erythrophores treated for 5 min with solutions contain-
ing (a) T mM ATP, no vanadate; (b) 10 uM vanadate plus 1T mM
ATP; (c) 2 1M vanadate, with no ATP added; (d) 1 mM ATP for 5
min after exposure to solution (c). Note that a fuli complement of
microtubules is present in cells which are not exposed to vanadate,
or are allowed to recover from vanadate in ATP-containing solutions.
Cells exposed to excess vanadate (10 pM) still retain some micro-
tubules if ATP is included in the solution. In the absence of ATP,
vanadate induces microtubule disassembly before and during the
inhibition of transport activities. X 2,000.

FIGURE 15 Phase contrast cine images showing the effects of vanadate (5 pM) on permeabilized erythrophores. a and b are taken
30 s apart after exposure to vanadate for 5 min. All linearly directed motion was discontinued and as a result numerous granules
(arrowheads) can now be found in the same spot in a and b (see encircled area). The changes in overail pigment distribution are
due to brownian motions moving some granules in and out of the plane of focus. c—f show recovery of saltatory transport with the
addition of 1 mM pyrocatechol to solutions. ¢ is after 5-min recovery and d-f are taken at 2-s intervals after 10-min recovery. The
linear motion of some of the granules (arrowheads) can be followed by progressing from d to f where the same granules are
marked with arrowheads. Arrows mark the direction of motion in d and e for each quadrant. Dramatic changes in pigment
distribution and some changes in cell shape occur as a result of the saltatory events (see area encircled). Note that motion is to-

and-from the cell center where the quadrants intersect. X 2,500.
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activity in lysed mitotic spindles (5), or for cytoplasmic con-
tractions in glycerinated pigmented epithelium (24). In con-
trast, in smooth muscle and striated muscle, motility is induced
by small increases (to I pM) in Ca®* (14, 15, and 19) from a
free Ca®" level of 0.05 to 0.10 uM in unstimulated muscle.
Increased Ca’" levels are also known to trigger contractions of
gelled cytoplasmic extracts (10, 35).

Our results are dissimilar from observations by Luby (20) on
intact cells where she showed that higher Ca®* levels of 5 X
107° M were required to cause an aggregation of pigment. In
Luby’s work, Ca®* and ionophore are probably affecting both
membrane and cytoskeletal related events to produce their
effect, whereas in our system, the Ca®" is interacting directly
with cytoskeletal components to influence their behavior.

So far we have been unable to duplicate Luby’s in vivo
observations on permeabilized cells. In the presence of caffeine
(2.5 mM) the cells do not aggregate their pigment to the cell
center in response to high Ca** levels (>107° M). With the
removal of caffeine from solutions, the cells can aggregate their
pigment irreversibly even in the presence of reduced Ca®*
levels (10~ M). We propose that higher Ca®* levels serve to
trigger wholesale contractions of the microtrabecular lattice
that mediate pigment aggregation, while reduced Ca®" levels
as well as smaller shifts in Ca** modulate the saltation events
in dispersed cells. We are currently attempting to develop
permeabilization solutions that permit the cyclic pulsing of
pigment granules to and from the cell center.

Oxidative Phosphorylation Inhibitors

In this paper we have used cell models to investigate the
importance of ATP for saltatory movements in caffeine-dis-
persed cells. The results show that pigment motion is temper-
ature- and ATP-dependent. Inhibition of cellular ATP supplies
using metabolic inhibitors or reduction of temperatures to 4°C
causes a rapid termination of motion in 100% of the cells. This
effect is completely reversible with ATP and increased temper-
atures, indicating a direct dependence of transport on ATP
supplies. The ability of EDTA to inhibit recovery further
indicates that Mg?*-ATP is important in motion. This infor-
mation is in agreement with recent in vivo observations of
Luby and Porter (21) showing that oxidative phosphorylation
inhibitors can gradually inhibit energy-dependent steps impor-
tant for pigment redispersion. We do not understand the
molecular mechanism of ATP action but one possibility is that
ATP provides energy for ATPase-mediated processes such as
shifting Ca®* levels important in the regulation of molecular
events (i.e., contractions and expansions of the microtrabecular
lattice). Alternatively, microtubule-associated, dynein ATPase-
driven motility events exhibit a direct dependence on ATP
supplies in cilia and flagella (17) and similar ATPases may be
involved in pigment motion as discussed below.

Vanadate Effects

The resuits demonstrate that vanadate can reversibly inhibit
pigment motion in erythrophores. The significance of this
evidence is not entirely clear, but we believe that a vanadate-
sensitive dyneinlike ATPase is important for saltatory transport
in these cells. In support of this interpretation is evidence by
others that micromolar amounts of vanadate in the +5 oxida-
tion state can reversibly inhibit dynein-ATPases (17), but does
not inhibit actomyosin ATPase, F1 ATPase from mitochon-
dria, or the Ca-ATPase from sarcoplasmic reticulum (8). More
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importantly, vanadate prevents the beating of flagella and cilia
(5, 17), stops anaphase movement of chromosomes, and inhibits
spindle elongation in PtK; cells (6, 7). Taken together, these
results suggest that a microtubule-linked dynein mechano-
chemical system could conceivably exist in all microtubule-
directed motility systems. Sakai, et al. (27) has demonstrated
that chromosome movement is blocked by antibodies raised
against dynein, indicating a direct role for dynein ATPases in
this type of transport. Thus, the structural integration of dynein
into the microtubule associated-microtrabecular lattice com-
ponent may mediate at least some phases of granule motion in
erythrophores.

We cannot rule out the possibility that vanadate may also
inhibit transport, at least in part, by affecting activities in
addition to a dynein-ATPase. At the level of vanadate tested
(2 uM) we found that | mM ATP is needed to maintain the
structural integrity of the cytoskeleton and transport. The
removal of ATP from solutions at these concentrations of
vanadate results in microtubule disassembly and a rapid inhi-
bition of transport. We suggest, therefore, that vanadate also
has nonspecific disruptive effects on cytoskeletal elements,
perhaps by interfering with ATPase synthesis, and indirectly
with nucleotide hydrolysis for the maintenance of energy levels
in the cell. In part, this might explain why nucleotides and
Mg?" ions can counter the effects of vanadate on microtubules
since both promote the assembly and the stability of microtu-
bules. This interpretation is supported by in vitro observations
of Cande and Wolniak (7) showing microtubule assembly is
not affected by vanadate.

One interesting aspect of this work is that free tubulin protein
from microtubule disassembly does not appear to diffuse out
of the cell during the exposure of cells to vanadate. Microtu-
bules are rapidly reassembled after the removal or reduction of
vanadate, presumably from the same subunits. The intriguing
question which arises is whether tubulin subunits or protomers
of tubulin are temporally incorporated into the lattice for the
reassembly of microtubules when favorable conditions occur
(studies in progress).

Quabain Effects

Intact erythrophores respond to ouabain and rapidly aggre-
gate their pigment, indicating that membrane-bound Na*/K*
ATPases can regulate pigment translocations, at least in cul-
tured cells. Because these cells are rendered insensitive to
ouabain effects during permeabilization steps, we believe that
the holes made in the plasma membrane must permit the free
exchange of ions, thus eliminating membrane potential effects
on transport events. The fact that antibodies, vanadate, and
Ca®" will rapidly enter into permeabilized cells confirms this
notion of free exchange taking place. More importantly, the
ability of transport to continue in detergent- and ouabain-
treated cells indicates that intracellular Na*/K* ATPases are
not important for saltatory motion. In support of the above
suggestion, Cantley, et al. (8) have demonstrated that vanadate
normally stops ouabain-sensitive Na*/K* ATPases and that
this effect is enhanced with increased Mg®* ion levels of 20
mM. Our results show that vanadate is not enhanced in its
action by Mg?", again indicating that a Na*/K* ATPase is
unimportant for pigment saltations.

Our inability to reverse the aggregating effects of 100 mM
KCl in the permeabilized system may reflect an involvement
of the plasma membrane Na*/K* ATPases and Na*/K" bal-
ances in various stages of this phenomenon (pigment disper-



sion). Why KCl can induce aggregation in permeabilized cells
in the first place is unclear, unless KCl-triggered changes in
related membrane-lattice interactions can still occur. The ef-
fects of KCl and caffeine deserve more attention. Both may
have an effect on intracellular membrane compartments, like
mitochondria or ER, in addition to the lattice. Caffeine is
known to inhibit phosphodiesterase and indirectly raise CAMP
levels. In addition, caffeine can induce a localized leakage of
Ca®" from intracellular membrane compartments.

NEM has been shown to inhibit myosin ATPases and the
contraction of actomyosin in the presence of Mg®*/ATP while
cytochalasins B and D disrupt actin filaments and actin lattice-
works to interfere with actin-dependent motility. Neither NEM
nor cytochalasin B or D has a striking effect on the continuation
of transport in permeabilized cells. In the presence of NEM
granule transport continues uninterrupted for hours and at
increased cytochalasin levels (1 pg/ml) (30 min or longer),
some arborization of the cell margins occurs but there is no
direct interference with transport. This occurs because the cell
margins contain an actin network for ruffling and this is
eventually dissolved in the presence of cytochalasins (unpub-
lished immunofluorescence results). Taking these results, in
conjunction with the vanadate data, we conclude that actin
and myosin are not involved in the saltatory phase of pigment
motion in dispersed cells. Of course, we cannot rule out the
possible importance of actomyosin or microfilaments in stages
of nonsaltatory pigment aggregation.

Summary

In conclusion, we have demonstrated that it is possible to
make functional cell models for monitoring saltatory transport.
By changing the composition of the permeabilization solution
we can speed up, slow down, stop (freeze), and reinitiate
saltatory transport. Using these detergent cell models, it is now
feasible to further examine the regulatory role of Ca®*, Mg®*,
phosphorylation, and other possible factors in saltatory trans-
port. We intend to carry out HVEM analyses of the effects of
these agents on cell structure and related functions to evaluate
the role of organizational changes in the microtrabecular lattice
in organelle transport.

Several preliminary reports of saltatory transport by our-
selves and others were presented at the 21st American Society
for Cell Biology Meetings (Nov. 1981). Dr. David Forman has
kindly provided us with a preprint of his paper submitted to
Exp. Cell Res. {now in press) showing that vanadate inhibits
saltatory movement in Brij-58-permeabilized fibroblasts. In
support of the work reported here, M. Beckerle and K. R.
Porter (2) have recently reported observations on microinjected
erythrophores showing that the dynein ATPase inhibitors,
vanadate and EHNA, will inhibit granule transport in intact
cells.

We wish to thank Dr. Keith Porter for allowing us the opportunity to
pursue topics of our choosing while in his laboratory. We also express
our thanks to George Wray for this assistance with the HVEM.
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