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ABSTRACT 

After trypsinization and replating, BHK-21 cells spread and change shape from a 
rounded to a fibroblastic form. Time-lapse movies of spreading cells reveal that 
organelles are redistributed by saltatory movements  from a juxtanuclear position 
into the expanding regions of  cytoplasm. Bidirectional saltations are seen along 
the long axes of fully spread cells. As the spreading process progresses, the 
pattern of  saltatory movements  changes and the average speed of saltations 
increases from 1.7 tzm/s during the early stages of  spreading to 2.3 txm/s in fully 
spread cells. Correlative electron microscope studies indicate that the patterns of  
saltatory movements  that lead to the redistribution of organelles during spreading 
are closely related to changes in the degree of assembly, organization, and 
distribution of microtubules and 10-nm filaments. 

Colchicine (10 t~g/ml of culture medium) reversibly disassembles the microtu- 
bule-10-nm filament complexes which form during cell spreading. This t reatment 
results in the disappearance of microtubules and the appearance of a juxtanuclear 
accumulation of 10-nm filaments. These changes closely parallel an inhibition of 
saltatory movements.  Within 30 rain after the addition of the colchicine, 
pseudopod-like extensions form rapidly at the cell periphery, and adjacent 
organelles are seen to stream into them. The pseudopods contain extensive arrays 
of actinlike microfilament bundles which bind skeletal-muscle heavy meromyosin 
(HMM).  Therefore,  in the presence of colchicine, intracellular movements  are 
altered from a normal saltatory pattern into a pattern reminiscent of the type of 
cytoplasmic streaming seen in amoeboid organisms. The streaming may reflect 
either the activity or the contractility of submembranous microfilament bundles. 
Streaming activity is not seen in cells containing well-organized microtubule-10- 
nm filament complexes. 
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streaming microfilaments 10-nm 
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cytoplasmic 

The major type of non-Brownian intracellular 
organelle movement seen in cultured cells is 
termed saltatory movement. This type of move- 

ment has been extensively described by Rebhun 
(33, 34, 36, 37) as "discontinuous stop-go periods 
of motions, interspersed by periods of rest, i.e., 
particles may suddenly move many microns in 
seconds." The movements are generally linear 
and bidirectional (36, 37, 49). The velocity of 
saltatory movement varies from 1 to 30 tzm/s, 
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with the highest frequency of saltations in the 2 -4  
~tm/s range (37). Al though  Freed and Lebowitz  
(9) have set 4 ~,m as the smallest particle excur- 
sion considered to be a sal tat ion,  many workers  
have accepted --1 /zm as the limit (37).  Very little 
is known about  the genera t ion  of motive force for 
such movements ,  nor  is it known how the force is 
regulated or t ransmit ted  to particles to produce 
mot ion,  Three  types of cytoplasmic f i b e r s -  micro- 
tubules ,  10-nm filaments,  and m i c r o f i l a m e n t s -  
have all been implicated as the possible force- 
generat ing fibrous s t ructures  in various aspects of 
cell motil i ty (see for example ,  references 8, 14, 
i9 ,  21, 27, 32, and  42).  It is therefore  of  consid- 
erable impor tance  to examine the phenomeno logy  
of intracellular movements  and to decipher  the 
possible involvement  of cellular fibrous s tructures 
in these movements .  The present  study provides  
an analysis of changes in saltatory movemen t s  and 
organelle  dis tr ibut ion dur ing the spreading and 
shape-format ion  processes of  BHK-21 cells. Both  
organelle  saltations and  organelle  dis tr ibut ions can 
be closely related to the presence,  localization, 
and  organizat ion of microtubules  and 10-nm fila- 
ments .  

This study has also revealed that  there is an 
inhibit ion of  saltatory movemen t  and an induction 
of cytoplasmic s t reaming af ter  addit ion of colchi- 
cine to spreading BHK-21 cells. Similar observa-  
t ions have also been made  on  oocytes and  HeLa  
cells (4, 35). This s t reaming activity resembles  
that  seen in amoebo id  cells. In the present  inves- 
t igation, submembranous ,  actinlike microf i lament  
bundles  are found in areas of s t reaming activity. 
However ,  no microtubules  or  10-nm fi laments 
have been found in these areas.  These results are 
discussed in te rms of the possible contracti le activ- 
ity of microf i lament  bunldes  for s t reaming in 
cytoplasmic regions which are devoid of  microtu-  
bules and  10-nm fi laments .  

M A T E R I A L S  A N D  M E T H O D S  

Cell Cultures 

Cultures of baby hamster kidney cells (BHK-21/C13) 
(47) were grown at 37~ in BHK-21 medium (Grand 
Island Biological Co., Grand Island, N. Y.) supple- 
mented with 10% calf serum, 10% tryptose phosphate 
broth, 100 U/ml penicillin, and 100 p.g/ml streptomycin. 
Subconfluent cultures were used in all experiments. 

Light Microscopy 
The procedure for the preparation of the coverslip 

cultures has been described elsewhere (10, 11). Cells 
were observed with a Zeiss photomicroscope II (Carl 

Zeiss, Inc., N, Y.) equipped with phase-contrast and 
polarized-light optics. Intracellular movements were re- 
corded on either 35-mm Plus-X film with a still camera 
or t6-mm Plus-X film with a Sage time-lapse cinematog- 
raphy system (Sage Instruments Div., Orion Research 
Inc., Philadelphia, Pa.). Cell cultures were maintained 
at 37~ with a Sage air stream incubaior. A Dvorak- 
Stotler culture chamber (Nicholson Precision Instru- 
ments, Inc., Bethesda, Md.) was used for taking 16-mm 
movies so that fresh culture medium could be introduced 
without disturbing the microscope field. 

Time-Lapse Cinernatographic Analysis 
The pattern of organelle movements was recorded at 

a rate of 120 frames per minute, or two frames per 
second. To measure movements, the films were pro- 
jected on a graphic screen with a stop-motion projector 
(Photo-optical Data Analyzer. L & W Projector, Van 
Nuys. Calif.). 

Saltatory path lengths (SPL) were determined by 
measuring the distance of individual sattations on the 
movie screen. The actual SPL was calculated by dividing 
these measurements by the total magnification factor. 
The duration of individual saltations was determined by 
dividing the number of movie frames over which the 
movement occurred by 2. For example, a certain salta- 
tion occupied eight frames of the movie film and there- 
fore spanned a period of 4 s. The speed of organelle 
movement was determined by dividing the distance 
moved by the time taken by the movement. 

Statistical Analysis o f  Particle Movement 

To determine whether or not the motility of organelles 
observed in the early stages of spreading differed signifi- 
cantly from that observed in the later stages, Student's t 
test was applied to tire data. For this purpose, SPL and 
the speeds of 106 particles were determined in 10 
different cells at stage 2 of spreading, and also of 80 
particles for 10 different cells at stage 4 of spreading. 
Standard deviations were also used to compare measure- 
ments of movements in cells at different stages of 
spreading. 

Electron Microscopy 
Cells were fixed in Petri dishes for 30 min at room 

temperature in 1% glutaraldehyde in phosphate buffered 
saline (PBS) (0.05 M KH2PO~-NaOH buffer, pH 7.2, 
containing 0.01 M sucrose, 0.03 M MgCI2, and 0.003 M 
CaCI2). After two to three brief rinses with PBS, the 
cells were postfixed for 30 min in 1% OsO4 in PBS. 
Cells were then rinsed twice with PBS, dehydrated 
rapidly through increasing concentrations of ethanol, 
and flat-embedded in Epon 812 (26). 

The Epon-embedded cells which were of interest were 
selected using a Leitz inverted microSCope (E. Leitz, 
Inc., Rockleigh, N. J.) and marked with a needle 
controlled by a Leitz micromanipulator. These cells were 
cut from the main block of plastic with a punch mounted 
in a drill press. The resulting blocks were remounted for 
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thin-sectioning parallel to the plane of cell-substrate 
contact. Sections were cut with a diamond knife on a 
SorvaU Porter-Blum MT-2 microtome (DuPont Instru- 
ments-Sorvall, DuPont Co., Wilmington, Del.) and were 
mounted on Formvar-carbon coated copper grids. The 
sections were stained with hot uranyl acetate (25) and 
lead citrate (38). Ultrastructural observations were made 
with either a JELCO 7-H or Philips 200 electron micro- 
scope. 

Glycerination and Heavy Meromyosin 
Binding in Colchicine- Treated Cells 

Heavy meromyosin (HMM) was prepared by the 
methods of Szent-Gyorgi (48) and Pollard and Weihing 
(31). Cells with streaming activity were obtained by 
treatment of spreading cultures with colchicine (10 p,g/ 
ml) for 1 h. Glycerination and HMM binding were 
carried out according to the method described by Chang 
and Goldman (6). The cells were then processed for 
electron microscopy as described above. 

RESULTS 

Light- and Electron-Microscope 
Observations of Organelle Distribution 
during Cell Spreading 

A definite pattern of changes in shape and 
organelle distribution occurs as cells spread upon 
a substrate after trypsinization and replating. Sev- 
eral stages of the spreading process can be de- 
fined, each characterized by its overall shape, type 
of organelle movement,  and the distribution of 
organelles. These stages occur at approximately 
the same time periods after initial plating. If one 
designates stage 0 (Fig. 1 a) as the stage at which 
BHK-21 cells are round in shape in a freshly 
trypsinized cell suspension, four additional stages 
can be defined: 

STAGE 1: Approx. 30 min after attachment. 
Most of the cells are still round. Membrane ruf- 
fling and pinocytosis are seen at their peripheries 
and a prominent juxtanuclear clear region is evi- 
dent (Figs. 1 b and c). 

STAGE 2: Approx. 30-60 min after attach- 
ment.  This stage is characterized by the formation 
of large sheets of cytoplasm which expand over 
the substrate (Fig. l d ) ,  and are devoid of most 
organelles, except for a few pinocytotic vacuoles. 
Most of the organelles aggregate around the rela- 
tively clear juxtanuclear region during this stage. 
When observed with polarized-light optics, this 
clear region is birefringent (Figs. 2a  and b). 

STAGE 3: Approx. 60-120 min after attach- 

ment.  During this stage, the cells start to assume 
a fibroblastic shape (Fig. l e). Ruffling activities 
and pinocytosis are restricted to two or three 
regions located at the tips of cytoplasmic proc- 
esses. Organelles begin to move away from their 
perinuclear positions as the juxtanuclear birefrin- 
gent region becomes dispersed towards the cell 
periphery (Figs. 2c and d). 

STAGE 4: 3-4 h after attachment. The cells 
are well spread on the substrate and have attained 
the characteristic shape of fibroblasts (Fig. l f ) .  
The juxtanuclear birefringent region has disap- 
peared or is very small. Relatively little membrane 
ruffling or pinocytotic activity is seen. Many or- 
ganelles have moved into long cytoplasmic exten- 
sions (Fig. l g). Filamentous mitochondria are 
oriented with their long axes parallel to the long 
axes of these cytoplasmic extensions. When ob- 
served with polarized-light optics, a birefringent 
streak is seen frequently and is usually parallel to 
the long axis of the cell (Figs. 2e and f ) .  

To determine the relationship of microtubules, 
10-nm filaments, and microfilaments to these 
changing patterns of organelle movements,  the 
ultrastructure of cells at different stages of spread- 
ing has been studied. The birefringent juxtanu- 
clear cap observed during stages 1 and 2 of 
spreading contains a mass of 10-nm filaments 
(Fig. 3, and 3a).  Organelles are distributed ran- 
domly in the cytoplasm outside this region (Fig. 
3). In general, short segments of microtubules 
appear randomly scattered in the cytoplasm. The 
large, clear sheet of cytoplasm seen at stage 2 
primarily contains ribosomes, microfilament bun- 
dles, and membrane-bound vesicles (Fig. 4, and 
4a) .  Very few microtubules and no 10-nm fila- 
ments are seen in this region. Observations of 
cells in stages 3 and 4 indicate that the juxtanu- 
clear mass of 10-nm filaments is smaller, and that 
many filaments appear to extend out into the 
cytoplasm from the nuclear region (Fig. 5). Arrays 
of microtubules and 10-nm filaments are seen 
oriented parallel to each other along the major  
cell processes (Fig. 6). Most organelles are distrib- 
uted in the cytoplasm among parallel arrays of 
microtubules and 10-nm filaments (Fig. 6, 6a ,  
and b). 

Analysis of Saltatory Movements 
Many organelles show classical saltatory behav- 

ior: they make sudden jumping movements  over 
relatively long distances through the cytoplasm; 
the movements are rapid and can last for several 
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FIGURE 1 Phase-contrast micrographs of cells at various stages of spreading. Fig. I a: An unattached, 
spherical BHK-21 cell. • 1,620. Fig. 1 b and c: Attached cells observed 30 rain after plating. Note the 
juxtanuclear clear region (arrow shown in Fig. 1 b). Active membrane ruffling (arrows) and pinocytotic 
vesicles (V) are shown in Fig. I c. • 1,400. Fig. I d: l h after plating cells. Note the presence of large 
clear sheets of cytoplasm (arrows) and the aggregation of organetles in the perinuclear region. Double 
arrows indicate the juxtanuclear clear region. • 1,350. Fig. I e: 2 h after plating. Note the fibrohlastic 
shape and the distribution of organelles such as mitochondria into the peripheral regions of cytoplasm 
(arrows). • 1,620. Fig. l f: A cell observed 4 h after plating. • 1,700, Fig. lg:  A fibroblastic process 
that contains longitudinally oriented arrays of filamentous mitochondria (arrows) and other organelles. 
4 h after plating~ x 1,700. 



FIGURE 2 A series of polarized-light micrographs of the same living cell at various stages of spreading. 
These micrographs demonstrate the typical changes in intracellular birefringence which occur during 
spreading. In each pair, micrographs are shown at opposite compensator settings. Fig. 2 a and b: Note the 
spherical birefringent region at 1 h after replating (arrows). • 850. Fig. 2c and d: At 2 h note the "reeling 
out" of the juxtranuclear birefringent region (arrows). • 525. Fig. 2e and f: At 4 h, note the presence of 
a prominent birefringent streak along the long axis of the cell (arrows). x 400. 

seconds; motions of individual organelles can oc- 
cur simultaneously in opposite directions; and, in 
general, organelle motions occur independently of 
neighboring organelles, regardless of proximity. 

Timeqapse movies reveal that the number  of 
saltatory movements and the pattern of these 
movements change considerably during the 
spreading process. Very few saltations are seen in 
round cells (stage 1). A significant increase in 
saltatory activity is observed in cells at stage 2. At  
this time, the majority of moving organelles dis- 
play bidirectional movements which occur in a 
radial fashion in the perinuclear region (Fig. 7). 
During stage 3 of the spreading process, saltatory 
movements are usually found in cytoplasmic path- 
ways leading to regions adjacent to ruffled mem- 
branes (Fig. 8). As the cells progress to stage 4, 
most saltatory movements take place along the 
long axes of the cell processes (Figs. 9 and 10). 
Movements perpendicular to the long axes of 
major cell processes have not been observed. 

To characterize more precisely the behavior of 

organelles engaged in saltatory movements,  the 
following properties have been determined: (a) 
the average speed of all saltatory movements 
monitored during all stages of spreading, (b) the 
average path lengths of saltations during specific 
stages of spreading, and (c) the average duration 
of individual saltations during specific stages of 
spreading. Saltatory movements of all types of 
cytoplasmic organelles which are easily visualized 
at the resolution of light microscopy have been 
analyzed. However, because of the abundance of 
mitochondria, pinocytotic vesicles, and various 
types of lysosomes in BHK-21 cells, most of the 
measurements result from the analysis of these 
three types of organelles. 

The speed of saltatory movements in cells at all 
stages of spreading ranged from 0.7 to 4.1 ~m/s. 
Saltatory movements during stage 2 are slower 
than those seen in stage 4. In addition, longer SPL 
are seen in stage 4 when compared to stage 2 
(Table I). Most SPL range between 2 and 4 ~m in 
stage 2 and between 4 and 8 p,m in the later stages 
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FIGURE 3 Electron micrograph of a cell fixed at the first stage of spreading. Note that the juxtanuclear 
clear region contains large numbers of 10-nm filaments (F), and organelles such as mitochondria surround 
this region (arrows). x 8,060. Fig. 3 a: High magnification of a portion of a clear region that shows 10-nm 
filaments, x 63,200. 

of spreading. In addition, the average duration of 
saltations increases during spreading (see Table 
I). The value (obtained by applying a Student 's  t 
test) for the two sets of SPL data for stages 2 and 
4 is 10. According to this value, the probability 
that the two sets of data are similar is <0 .001 ,  

indicating a significant difference in the motile 
behavior of organelles between stages 2 and 4. 

Intracellular Movemen t s  o f  Colchicine- 

Treated B H K - 2 1  Cells 
Within 30 rain after the addition of colchicine 
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FIGURE 4 Thin section through large clear sheet of cytoplasm shown in Fig. l d. This micrograph 
demonstrates that this area contains primarily ribosomes, vesicles, and microfilament bundles (MFB). • 
5,760. Fig. 4a: Higher magnification of the same area showing a portion of an MFB. • 68,000. 

(10 p.g/ml of culture medium) to cells in stages 2 
or 3, saltatory movements cease. Membrane ruf- 
fling continues in the presence of colchicine (Fig. 
l l a ) .  Temporary cytoplasmic extensions which 
resemble pseudopods form, and organelles lo- 
cated in nearby areas stream unidirectionally into 
these extensions (Fig. 11 b-e). Organelles, such as 
mitochondria, appear to be carried in a passive, 
rolling fashion in the streaming cytoplasm. In any 
one pseudopod, streaming activity continues for 
1-2 min, until the pseudopod becomes filled with 
cytoplasmic organelles (Fig. 1 le) .  Shortly there- 
after, the streaming activity ceases and the pseu- 
dopod is retracted (Fig. 11 f-i). During the retrac- 
tion of the pseudopods, organelles are withdrawn 
into the main body of the cell. The sequential 
events of pseudopod formation and cytoplasmic 
streaming are seen frequently during a 2-h period 
after the addition of colchicine. Occasionally, a 
streaming current passes through the nuclear re- 
gion and causes the nucleus to move in the 
direction of streaming, often resulting in the nu- 

cleus being positioned at the extreme periphery of 
the cell. 

Within 2-3 h after the addition of colchicine, 
the formation of pseudopods and cytoplasmic 
streaming are greatly diminished. The fibroblastic 
shape of BHK-21 cells is altered to a more 
epithelial-like shape (10). Observations with 
phase contrast reveal the presence of a region free 
of organelles adjacent to the nucleus (Fig. 12a), 
Polarized-light observations demonstrate that 
these juxtanuclear regions are birefringent (Fig. 
12b). 

The effect of colchicine is reversible.When col- 
chicine is removed after 1-2 h of treatment, 
cytoplasmic streaming ceases and saltatory move- 
ments are reinitiated. Within 2-3 h after the 
effects of colchicine are reversed, the cells regain 
their fibroblastic shape and the large juxtanuclear 
birefringent region disappears. Organelles are ob- 
served to regain their organized distribution in the 
cytoplasm (see also reference 10). 

Electron microscopy reveals that microtubules 
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FIGURE 5 Electron micrograph of a cell fixed at the third stage of spreading that demonstrates the 
extension of 10-rim filaments (F) from a juxtanuclear position towards the cell periphery; organelles such 
as mitochondria are also distributed into peripheral regions of the cytoplasm, x 4,000. 

are absent  in colchicine-treated cells. 10-nm fila- 
ments  are seen almost  exclusively in the juxtanu-  
clear birefr ingent  region (Fig. 13, and 13a) .  Sub- 
m e m b r a n o u s  bundles  of microf i laments  are the 
only fibrous structures dis tr ibuted normal ly  (Fig. 
14, and 14a) .  These  are most  p rominen t  just  
benea th  the adhesive surface of  cells. 

Cells with colchicine-induced pseudopods  were 
selected for electron microscopy from flat-embed- 
ded prepara t ions  on the basis of their  resemblance  
to cells seen in live preparat ions .  These  cells were 
circled out  with a micromanipula tor  by using an 
inverted microscope,  and pseudopod position was 
noted.  The blocks were processed for thin-section- 
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ing so that sections parallel to the plane of cell- 
substrate contact were obtained. Serial sections 
were prepared beginning in the region of cell- 
substrate adhesion and ending at their nonadhe- 
sire surfaces. Examination of these sections has 
demonstrated that microfilament bundles are 
found in regions of the cortical cytoplasm (adja- 
cent to the substrate) of pseudopods (Fig. 15 and 
15a). These microfilament bundles are arranged 
with their long axes oriented along the length of 
pseudopods, and therefore correspond to the 
streaming direction. 20 pseudopods have been 
sectioned and no microtubules nor 10-nm fila- 
ments have been found in streaming areas. How- 
ever, ribosomes, mitochondria, lipid droplets, pi- 
nocytotic vesicles, and other organelles have been 
seen in thin-sections of cytoplasmic areas not 
adjacent to cell substrate contact (Fig. 16). 

Colchicine-treated cells with pseudopods which 
contain streaming cytoplasm have been glyceri- 
hated and treated with rabbit skeletal-muscle 
HMM. The overall morphology and shape of the 
pseudopods is preserved throughout the steps 
involved in glycerination, HMM-treatment, and 
preparation for electron microscopy (Fig. 17). 
HMM-decorated microfilament bundles could be 
found oriented along the length of the pseudopods 
(Fig. 18). HMM could be removed from microfil- 
aments by treatment with Mg++-pyrophosphate 
(39). These results demonstrate that the microfil- 
aments found in pseudopods are actinlike in na- 
ture. 

DISCUSSION 

The organization, distribution, and localization of 
microtubules, 10-nm filaments, and microfila- 
ments are associated with the distribution and 
movements of organelles in spreading BHK-21 
cells. It appears that these fibrous components are 
the cytoskeletal and contractile structures involved 
in at least three major types of intracellular move- 

FIGURE 6 Electron micrograph taken of a region along 
the length of a fibroblastic process. Note the parallel 
arrangement of microtubules (MT), 10-nm filaments 
(F). Microfilament bundles (MFB) are also present 
nearer the plasma membrane. Mitochondria (M) and 
rough endoplasmic reticulum (RER) are also located 
along this parallel distribution of cytoplasmic fibers. 
• 11,080. Fig. 6a: Close association of microtubules 
(MT) and 10-nm filaments (F) with various types of 
membrane bound organelles, x 41,660. 
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FIGURE 6b Higher magnification view showing filamentous mitochondria (M), microtubules (MT), 
and 10-nm filaments (F). • 53,500. 
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FIGURE 7 A figure that shows the pattern of saltatory pathways in a cell that has progressed to the 
second stage of the spreading process. Organelles and granules are seen to move in all directions between 
the nucleus and the cell periphery. This diagram and those seen in Figs. 8-10 are based on time-lapse 
cinematographic analyses. C represents the juxtanuclear clear region. 

FIGURE 8 A figure that shows the pattern of saltatory pathways in cells at the third stage of spreading. 
Note that saltations occur in regions leading toward ruffled membranes (arrows). 

FIGURE 9 A figure that demonstrates the pattern of saltatory pathways in a fully spread cell (4 h after 
initiation of culture). The majority of organelles exhibit bidirectional saltatory movements along the long 
axis of the cell. 

F m u ~  10 A figure that shows the pattern of saltatory pathways in a major fibroblastic process. Most 
organelles move in directions parallel to the long axis of this process. Movements perpendicular to this 
long axis have not been seen. 

ments :  (a)  organelle distr ibution from the cell 
center  to the per ipheral  regions during spreading 
and shape format ion,  (b )  bidirectional saltatory 
organelle movements ,  and (c) the cytoplasmic 
s t reaming which is induced when  microtubules-  
lO-nm fi lament complexes are disrupted with col- 
chicine. 

Organelle Distribution 

The sequence of events  which lead to the distri- 
but ion of organelles within the cytoplasm corre- 
sponds closely to the format ion of parallel arrays 
of microtubules  and  lO-nm filaments.  In freshly 
trypsinized cells, the major i ty  of microtubules  and  
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TABLE I 

Comparison o f  SPL, Duration, and Speed o f  
Organelle Movements in Cells at Stages 2 and 4 o f  

the Spreading Process 

Aver- Aver- 
Range of age du- age 

Stage n* Average SPL SPL ration speed 

t an  ~zn s ~ .n / s  

2 106 3.6 -+ 1.5:~ 1.9-16.7 2.1 1.7 
4 80 6.8 +_ 2.5~ 2.9-15.5 3.1 2.2 

* n = Number of organelles observed. 
Standard deviation. 

10-nm f i laments  are  c o n c e n t r a t e d  in the  per inu-  
c lear  reg ion ,  as are  mos t  o f  the  organe l les .  Micro-  
f i l ament  bundles  are  seen  in the  c lear  shee t s  o f  
cy top lasm which fo rm at the  cell pe r iphe ry  dur ing 
the ear ly  s tages of  spread ing .  H o w e v e r ,  no  la rger  
o rgane l les  such as m i t o c h o n d r i a  o r  o t h e r  m e m -  
b r a n e - b o u n d  s t ruc tures  are  seen  within these  a reas  
w h e n  they  first appea r  dur ing  sp read ing .  La te r ,  
o rganel les  migra te  into these  c lear  a reas  coinci-  
den t  with the  ex tens ion  and  assembly  o f  microtu-  
bules  and  10-nm f i laments .  In fully sp read  cells,  
o rgane l l e s  are  invariably found  in c lose associa t ion  
with parallel  ar rays  of  mic ro tubu les  and  10-nm 

FIGURE 11 A sequence of phase-contrast micrographs that demonstrates the process of pseudopod 
formation and cytoplasmic streaming in cells that have been treated with 10 /zg/ml colchicine for 30 rain. 
x 750. Fig. 1 I a and b: Single arrow points to a forming pseudopod. Fig. l I c-e: Organelles move into the 
pseudopod (single arrow). Note the formation of another pseudopod (double arrows). Fig. l l f:  The 
pseudopod is filled with organelles. Fig. 11 g-i: The pseudopod retracts into the main cell body. 
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FmuP.E 12 Formation of the juxtanuclear-birefringent region in cells treated with colchicine (10 p.g/ml) 
for 3 h. The cells had attached and spread in normal medium for 3 h before the addition of colchieine. Fig. 
12a: A cell viewed with phase-contrast optics that demonstrates the evident juxtanuclear clear region 
(arrow). x 560. Fig. 12b: A cell viewed with polarized-light optics showing the strong birefringence 
observed in the juxtanuclear region (arrow). x 560. 

filaments. These observations suggest that these 
two fibrous components define channels along 
which organelles are dispersed. 

Similar morphological relationships between 
microtubules and 10-nm filaments (neurofila- 
ments) have been reported in nerve axons (30, 
40, 41, 43, 44). We have also seen microtubule- 
10-nm filament associations in several other types 
of mammalian fibroblasts (unpublished observa- 
tions). In other cell systems, microtubules alone 
have been implicated in organelle distribution (see 
for example, references 18, 20, 32, and 37). 

Saltatory Movements 

The translocation of organelles within the cyto- 
plasm of BHK-21 cells is primarily saltatory in 
nature. Saltations occur at speeds ranging from 
0.7 to 4.1 /xm/s. These speeds are comparable to 
those measured in other cell types (9, 37). Re- 
bhun (37) has suggested that both the maximum 
speed and the maximum path length of organelles 
vary inversely according to their size and the local 
viscosity of cytoplasm. These suggestions may 
ultimately help to explain in part the range of 
speed and SPL described in this study. In addition, 
the significant changes in speed, SPL, and direc- 
tion of organelle movements which accompany 
spreading and shape formation in BHK-21 cells 
are closely related to the changes seen in the 
organization and localization of microtubules and 
10-nm filaments. Intracellular movements de- 
scribed in other cell systems have also been related 

to the presence of cytoplasmic fibrillar compo- 
nents (see e.g., references 1-3, 5, 8, 14, 18, 28, 
29, and 51). Therefore, the relationship between 
organelle movements and cytoplasmic fibers ap- 
pears to be a general one. 

Comparison of  Intracellular Motility 
between Post-trypsinized Cells 
and Postmitotic Cells 

Although the majority of observations have 
been made on BHK-21 cells during spreading 
after trypsinization and replating, similar changes 
in cell shape and in the complement of cytoplasmic 
fibers have been observed in daughter cells after 
mitosis (7, 13). BHK-21 cells gather together to 
divide, and after cytokinesis each daughter cell 
respreads on the substrate. During spreading, the 
changes in the pattern of intracellular birefrin- 
gence and in the assembly and distribution of 
cytoplasmic fibers are similar to those that occur 
during the spreading process of a trypsinized cell 
(14, 13). In addition, we have found that there 
are changes in intracellular organelle distribution 
and saltatory movements in postmitotic cells 
which appear identical to the activities described 
in post-trypsinized cells (unpublished observa- 
tions). Therefore, the information obtained in this 
study appears to be applicable to postmitotic cells, 
and may ultimately help to explain the redistribu- 
tion of cytoplasmic organelles in spreading daugh- 
ter cells after completion of cytokinesis. 
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FIGURE 13 Electron micrograph of a colchicine-treated cell that demonstrates the juxtanuclear accumu- 
lation of 10-nm filaments (F). x 6,000. Fig. 13a: Higher magnification of 10-nm filament region, x 
68,000. 

Colchicine-lnduced Cytoplasmic Streaming 

Colchicine affects cell shape,  locomotion,  and 
pa t te rn  of intracellular  birefr ingence in BHK-21 

cells caused by the d isappearance  of microtubules  
and the format ion of a juxtanuclear  accumulat ion 
of 10-nm filaments (13, 14). In addit ion,  the 
present  study and those of R e b h u n  (35) and 
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FIGURE 14 Electron micrograph of a cell treated with 10 t.tg/ml colchicine for 2 h. Note the abundance 
of microfilament bundles (MFB) adjacent to the adhesive surface of the cell, x 6,300. Fig. 14a: Higher 
magnification of microfilament bundle from a similar region. • 68,000. 

Bhisey and Freed (4) demonstrate that the action 
of colchicine converts intracellular movements 
from a saltatory type to localized cytoplasmic 
streaming. As microtubule-10-nm filament asso- 
ciations are disrupted in colchicine-treated BHK- 
21 cells, organelles appear to move because of a 
bulk flow of cytoplasm which is reminiscent of the 
streaming cytoplasm seen in amoeboid organisms 
and acellular slime molds. These observations 
further indicate that a normal distribution of mi- 
crotubule-10-nm filament complexes may oppose 
the bulk flow of cytoplasm by the formation of a 
rigid cytoskeletal network. 

The results of this study also indicate that the 
streaming activity seen in cotchicine-treated cells 
may be a direct reflection of the contractile nature 
of microfilament bundles. This possibility stems 
from the observation that actinlike microfilament 
bundles, which are capable of binding rabbit mus- 
cle HMM, are the only class of cytoplasmic fibers 
distributed within the streaming regions. Other 
evidence in support of the possible contractile 

nature of microfilament bundles stems from the 
immunofluorescence observations which indicate 
that the stress fibers that correspond to these 
bundles contain myosin, tropomyosin, and a-ac- 
tinin (12, 15-17, 22-24, 50, 52). 

SUMMARY 

It must be emphasized that the exact nature of 
force-generation of intracellular organelle move- 
ments in BHK-21 cells, as well as other cell 
systems, remains unknown. The overall results 
from observations of normal and colchicine- 
treated cells indicate that microfilament bundles 
may generate the force for organelle movements 
and that microtubute-10-nm filament complexes 
may act as a cytoskeletal system involved in 
directing such movements. However, there is also 
the possibility that microtubules and 10-nm fila- 
ments are directly involved in motive force pro- 
duction. Possible cross bridges have been reported 
to exist between 10-nm filaments and microtu- 
bums in BHK-21 cells (14). It is therefore possible 
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FIGURE 15 A section through the adhesive surface of a pseudopod that shows microfilament bundles 
(MFB). x 5,050. Fig. 15a: Higher magnification of microfilament bundles within a pseudopod, x 
68,000. 

that  these two classes of  fibers could move  relative 
to each o ther  and thus provide forces which are 
directly or indirectly involved in organelle move- 
ments .  Obviously,  a much  more  biochemical  ap- 
proach is needed to de te rmine  the nature  of  the  
relat ionships be tween lO-nm fi laments and micro- 
tubules.  The recent  deve lopment  of techniques  for 

the isolation and  biochemical  character izat ion of  
10-nm fi laments from BHK-21 cells may pave the 
way for such investigations (45, 46). 
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for many thoughtful discussions, This work was per- 
formed in partial fulfillment for the PhD degree of E. 
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FIGURE 16 Electron micrograph of a thin section through a region of a pseudopod that is not adjacent 
to cell-substrate contact. Note ribosomes, pinocytotic vesicles, mitochondria (M), and lipid droplets (L), 
x 9,840. 
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FIGURE 17 Glycerinated cell containing a pseudopod 
that has been flat embedded in Epon-812.  The overall 
shape of the pseudopod (arrow) is retained. Phase 
contrast, • 480. 

FIGURE 18 Electron micrograph of a thin section 
taken just beneath the plasma membrane  of the sub- 
strate side of a pseudopod in a glycerinated-HMM. • 
37,000. 
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