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Abstract. Recent experiments have demonstrated that 
the behavior of the interphase microtubule array is 
cell-type specific: microtubules in epithelial cells are 
less dynamic than microtubules in fibroblasts (Pepper- 
kok et al., 1990; Wadsworth and McGrail, 1990). To 
determine which parameters of microtubule dynamic 
instability behavior are responsible for this difference, 
we have examined the behavior of individual microtu- 
bules in both cell types after injection with 
rhodamine-labeled tubulin subunits. Individual 
microtubules in both cell types were observed to grow, 
shorten, and pause, as expected. The average amount 
of time microtubules remained within the lamellae of 
CHO fibroblasts, measured from images acquired at 
10-s intervals, was significantly shorter than the aver- 
age amount of time microtubules remained within 
lamellae of PtKI epithelial cells. Further analysis of 
individual microtubule behavior from images acquired 
at 2-s intervals reveals that microtubules in PtK1 cells 
undergo multiple brief episodes of growth and shorten- 
ing, resulting in little overall change in the microtu- 
bule network. In contrast, microtubules in lamellae of 
CHO fibroblasts are observed to undergo fewer transi- 
tions which are of longer average duration, resulting 
in substantial changes in the microtubule network over 

time. A small subset of more stable microtubules was 
also detected in CliO fibroblasts. Quantification of the 
various parameters of dynamic instability behavior 
from these sequences demonstrates that the average 
rates of both growth and shortening are significantly 
greater for the majority of microtubules in fibroblasts 
than for microtubules in epithelial cells (19.8 + 10.8 
#m/min, 32.2 • 17.7/zm/min, 11.9 • 6.5/zm/min, 
and 19.7 + 8.1 /zm/min, respectively). The frequency 
of catastrophe events (1/interval between catastrophe 
events) was similar in both cell types, but the fre- 
quency of rescue events (1/time spent shrinking) was 
significantly higher in PtKI cells. Thus, individual 
microtubules in PtK~ lameUae undergo frequent excur- 
sions of short duration and extent, whereas most 
microtubules in CHO lamellae undergo more extensive 
excursions often resulting in the appearance or disap- 
pearance of microtubules within the field of view. 
These observations provide the first direct demonstra- 
tion of cell-type specific behavior of individual 
microtubules in living cells, and indicate that these 
differences can be brought about by modulation of the 
frequency of rescue. These results directly support the 
view that microtubule dynamic instability behavior is 
regulated in a cell-type specific manner. 

M 
ICROTUBULES are dynamic polymers that alternate 
stochastically between periods of assembly and 
rapid disassembly (Cassimeris et al., 1988; Horio 

and Hotani, 1986; Mitchison and Kirschner, 1984; Sammak 
and Borisy, 1988a; Schulze and Kirschner, 1988; Walker et 
al., 1988). This behavior, termed dynamic instability 
(Mitchison and Kirschner, 1984), has been directly observed 
both in living cells (Cassimeris et al., 1988; Sammak and 
Borisy, 1988a; Schulze and Kirschner, 1988) and in vitro 
using microtubules nucleated from axonemes or centro- 
somes (Belmont et al., 1990; Walker et al., 1988). 
Quantification of the various parameters of dynamic instabil- 
ity, however, reveals striking differences between microtu- 
bule dynamic behavior in vivo and in vitro. First, microtu- 
bules are rarely seen to pause in vitro (Walker et al., 1988), 
whereas microtubules in vivo have been observed to remain 

in a metastable state, during which neither growth or shrink- 
ing can be observed, for many minutes (Sammak and Borisy, 
1988a, Schulze and Kirschner, 1988). Second, the average 
rate of microtubule growth is significantly higher when mea- 
sured in living cells than when measured at similar tubulin 
concentrations in vitro (Cassimeris et al., 1988). Finally, the 
transition from growing to shrinking, catastrophe, and the 
reverse transition, rescue, occur much more frequently in 
vivo than in vitro (Walker et al., 1988). These differences are 
likely to reflect the complex environment found in living 
cells and further indicate that analysis of microtubules in liv- 
ing cells is necessary to fully understand the mechanisms 
which cells use to regulate the dynamic behavior of microtu- 
bules. 

Experiments in which the behavior of the population of 
microtubules in living cells is measured further reveal that 

�9 The Rockefeller University Press, 0021-9525/93/02/935/11 $2.00 
The Journal of Cell Biology, Volume 120, Number 4, February 1993 935-945 935 



microtubule dynamic behavior is cell-type specific. For ex- 
ample, when rhodamine-labeled tubulin subunits are injected 
into living cells and the resulting fluorescent rnicrotubule 
array photobleached (Pepperkok et al., 1990), fluorescence 
is recovered in fibroblasts much more quickly than in con- 
fluent epithelial cells. Other studies in which microtubules 
in different cell types are exposed to the microtubule de- 
stabilizing drug nocodazole have shown that disassembly of 
the microtubule population is more rapid in fibroblasts than 
in epithelial cells (Wadsworth and McGrail, 1990). Interest- 
ingly, in both studies two kinetically distinct populations of 
microtubules are detected in epithelial cells but not in fibro- 
blasts. Although these previous studies have demonstrated 
that microtubule populations in fibroblasts are more labile 
than those found in epithelial cells, the behavior of individual 
microtubules was not examined. Therefore, these results do 
not reveal which aspects of individual microtubule dynamic 
instability behavior are regulated to generate the observed 
cell-type specific behavior of the microtubule population. Fi- 
nally, although microtubules have been directly observed in 
vivo in both epithelial cells and fibroblasts (Cassimeris et al., 
1988; Sammak and Borisy, 1988a); SchuLze and Kirschner, 
1988), these direct observations have failed to detect cell- 
type specific regulation of microtubule dynamic behavior. 

To determine which parameters of individual microtubule 
dynamic instability behavior are regulated to produce cell- 
type specific differences in microtubule population behavior, 
we have injected rhodamine-labeled tubulin subunits into 
PtK1 epithelial cells and CHO fibroblasts (Wadsworth and 
McGrail, 1990) and examined individual microtubules 
within thin lamellar regions at intervals of 2 or 10 s. Quan- 
titative analysis confirms that individual microtubules in 
fibroblasts turnover more rapidly than in epithelial cells, as 
measured by the average amount of time microtubules re- 
main within an approximately equivalent field of view. The 
average rates of microtubule growth and shortening were 
also found to be significantly higher in fibroblasts. The fre- 
quency of rescue is higher in PtKI epithelial cells than 
CHO fibroblasts, whereas the frequency of catastrophe is 
similar in both cell types. In addition, a small number of 
more stable microtubules was detected in CHO fibroblasts; 
such recta-stable microtubules have been reported previ- 
ously from a wide variety of cell sources (Cassimeris et al., 
1988; Sammak and Borisy, 1988a; Schulze and Kirschner, 
1988). These results provide the first direct demonstration 
of cell-type specific behavior of individual microtubules in 
vivo and indicate that differences in interphase microtubule 
dynamics may be brought about by regulating the frequency 
of rescue events. 

Materials and Methods 

Cell Culture and Microinjection 
PtKt epithelial cells and CHO fibroblasts were cultured as described previ- 
ously (Wadsworth and McGrall, 1990), plated on glass coverslips, and al- 
lowed to grow for a minimum of 48 h before use. Cells at the margin of 
subconfluent cell monolayers were injected with rhodamine-labeled tubulin 
prepared as described by Vigers (Vigers et al., 1988), using injection tech- 
ulques described previously (Wadsworth et al., 1989). After microinjec- 
tion, cells were returned to a 37~ incubator for at least 1 h before obser- 
vation. 

Microscopy and Image Acquisition 
Cells were held in a Rose chamber (Pose, 1958) modified as described pre- 
viously (Shelden and Wadsworth, 1992), and examined using a Zeiss IM-35 
inverted microscope. All observations were made at 35-37~ temperature 
was maintained as described previously (Shelden and Wadsworth, 1992). 
Cells were observed using a Nikon 100x 1.4 NA objective lens, and 
epifluorescent illumination was provided with a 100-W mercury arc lamp. 
To obtain the greatest light transmission, several objective lenses were 
tested before the lens used in this study was selected. Illumination from the 
mercury arc lamp was filtered using a narrow band width Zeiss filter cube 
for rhodamine excitation/emission, and greatly attenuated by defocusing the 
collector lens and placing neutral density filters in the illumination pathway. 
Illumination intensity was measured using a photodetector (IR Industries 
Inc., Waltham, MA) and locally constructed circuitry, and was typically 
0.007 mW/cm 2. For experiments in which the interval between images was 
~10 s, the epifluorescent illumination was shuttered using Uniblitz shutters 
controlled by a Masscomp computer to further reduce the total amount of 
illumination received by the cell under observation. A small amount of 
ascorbic acid (1 mM final concentration) was added to the cell culture 
medium to increase the resistance of living cells to photodamage (Borisy, 
G., personal communication). Finally, the field diaphragm of the micro- 
scope was reduced to ,~150/zm 2 to further reduce the total amount of illu- 
mination received by each cell. Images were collected using an DAGE ISIT 
video camera operated at full gain and sensitivity settings, digitized using 
the Masscomp computer, and stored, along with the time and date, on opti- 
cal discs using a Panasonic optical memory disc recorder (OMDR). 32 
video frames (,~2 s) were averaged before the final image was written to 
the OMDR. Unfortunately, the sensitivity of the ISIT camera increases 
slowly when an image is first placed on the camera faceplate. Thus, for ob- 
servations made at 10-s intervals, a short delay (typically 0.3-0.5 s) between 
illumination of the specimen and the start of image acquisition was neces- 
sary. For examination at 2-s intervals, cells were observed using continuous 
illumination for several minutes, and images were collected using a 32- 
frame running average. After some observation periods, cells were held on 
the microscope stage without illumination for several minutes and then sub- 
sequently reexamined. No long-term change in cell morphology or microtu- 
bule behavior resulting from the original observation period was detected 
using these methods (data not shown). 

Quantification and Analysis of Microtubule Dynamics 
Microtubule dynamic behavior was quantified using data generated from a 
locally written computer program running on the Masscomp computer, and 
fur~er analyzed using software written within the lab. Microtubules in se- 
quential images were traced using a mouse-driven cursor, and the computer 
maintained a record of each trace, the interval between sequential images, 
and any microtubule length changes which occurred between images. Dur- 
ing quantification of these image sequences, microtubule traces from a 
previous image could be overlayed onto the current image to facilitate the 
identification of individual microtubules from one image to the next. Only 
microtubules that could be clearly distinguished as single microtubules 
(based on fluorescent intensity and behavior; Sammak and Borisy, 1988) 
were analyzed in these experiments. 

The average amount of time microtubules spent within lamellar regions 
(lifespan) was measured from images obtained at 10-s intervals using inter- 
mittent illumination. To minimize the possible affects of photobleaching and 
photodamage on the quantitative data, and to increase the number of cells 
that could be analyzed, only the first 3 min of each sequence was used for 
most analysis. Some sequences obtained from epithelial cells were reana- 
lyzed for 6 rain to determine if stable subsets of microtubules could be de- 
tected with these longer periods of observation (see Results). 

Microtubule dynamic instability parameters were quantified from image 
sequences obtained at 2-s intervals. Due to the limit of resolution of the light 
microscope, and the presence of electronic noise in images generated by the 
ISIT camera, microtubule length changes of <0.5 ~m were considered to 
be pause events (Sammak and Borisy, 1988a). Because of this limitation, 
the minimum growth or shrinking rate detectable over a 2-s interval would 
be 15/~m/min. It should be noted that this limitation would be more severe 
at shorter intervals between images. For example, if images were collected 
using a 0.5-s interval between observations, a microtubule growth event 
would have to occur at 60/~rrdmin over this interval to be detected. Thus, 
although microtubule growth and depolymerization events of <2 s in dura- 
tion may not be detected using our techniques, increasing the number of im- 
ages collected would not necessarily increase the number of detected growth 
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and shrinking events. To detect growth or shrinking events of <15 /zm/min, 
image sequences collected at 2-s intervals between observations were quan- 
tiffed in the following manner. Two separate measurements of the microtu- 
bule's behavior were obtained as described previously, and the results of 
these two trials were averaged by the computer to minimize errors in mea- 
surement during the tracing of each microtubule. The difference in measure- 
ments made at each time point for the two trials was 3.9 5:3.5 pixels or 
0.2 + 0.2 #m, approximately the resolution of the light microscope. A plot 
of the average length changes (a "life-history ~ plot) was then placed on a 
video monitor, and reference lines representing the scale in microns were 
overlaid onto this graph. Regions of the graph that represented periods of 
microtubule elongation, pause, or depolymerization were selected using a 
mouse-driven cursor, and the rate, duration, and extent of these events were 
calculated by the computer using appropriate scaling parameters and linear 
regression techniques. Although only a limited number of microtubules 
were analyzed in this manner, this method allowed examination of a 
microtubule's entire life history and made detection of slow but extended 
growth and depolymerization events possible. Unfortunately, slow growth 
and depolymerization events of short duration may not be detected using 
these methods. 

Previous investigators have defined rescue frequency as the inverse of the 
average duration of microtubule depolymerization events, and catastrophe 
frequency as the inverse of the average duration of microtubule growth 
events (Walker et al., 1988; Cassimeris et al., 1988). However, in these 
previous studies microtubules rarely paused. In contrast, microtubules in 
PtK1 epithelial cells undergo frequent pause events (see Results). Because 
microtubules in these cells could undergo several short growth and pause 
events before undergoing a single catastrophe event, the average duration 
of growth events inaccurately describes the interval between catastrophe 
events. We have have therefore reinterpreted the original definition of catas- 
trophe events to mean the inverse of the average duration of time between 
the cessation of one rapid shortening event and the initiation of the next 
rapid shortening event regardless of whether the microtubule grows or 
pauses during this time. In a system where microtubules do not pause, the 
duration of time described in this manner is equivalent to the average dura- 
tion of growth events, and thus, the values reported here can be directly 
compared to the values obtained from previous work. Similarly, we have 
defined a rescue event as the cessation of rapid shortening, regardless of 
whether the microtubule then undergoes a pause or a growth event. 

Values for percent time paused were calculated by computing the total 
time spent paused for all microtubnies, and dividing this figure by the total 
observation time for all microtubules. The frequency of transitions per 
microtubule was calculated by dividing the average number of excursions 
made per microtubule by the average microtubule lifespan. Finally, statisti- 
cal comparisons were made using two-tailed t tests. 

Figure 1. Individual microtubule dynamic behavior in PtK~ cells 
examined at 10-s intervals. Individual microtubules are clearly ob- 
served to grow (g), shrink (s), and pause (p) in the larnella of this 
PtK~ cell during the 50-s interval shown. A microtubule that 
moves sideways (laterally) is also observed within this larnella (ar- 
rows point to the microtubule and the original location of its plus 
end). Only one of the microtubules present in the first panel leaves 
the field of view during the interval shown (asterisk). Bar, 4 izrn. 

of  view dur ing  the interval  shown (Fig. 2, compare  with 
Fig. 1). 

Quanti ta t ive analysis of  these and other  image sequences 
reveals that the average l ifespan of  microtubules  in  lamel lar  
regions (measured as the average amoun t  of  t ime a microtu-  
bn le  spends within the ~ 1 5 0  # m  2 field of view) is 59 + 

R e s u l t s  

W h e n  image sequences of  f luorescent microtubules  are col- 
lected at 10-s intervals and  examined,  microtubules  in lamel-  
lar  regions of  PtK~ epithelial cells and C H O  fibroblasts are 
observed to grow (g), shr ink (s) and pause (p), as expected 
(Figs. 1 and  2). Careful inspect ion of  microtubule  behavior  
in  PtKI epithelial  cells (Fig. 1) reveals that microtubules  
which  begin  depolymer iza t ion  frequently stop depolymer-  
izat ion and  either pause or  resume growing (rescue). Only  
one  of  the microtubules  visible wi thin  the PtK~ lamella  
shown in  Fig. 1 can be observed to depolymer ize  out  of  the 
field of  view dur ing  this 50-s per iod (asterisk, Fig. 1), and 
the overall  a r rangement  o fmic ro tubu les  remains  remarkably  
cons tan t  (compare Fig. 1 a wi thf .  Note that sideways move- 
men t  (parallel  to the edge of  the lamella)  of  some microtu-  
bu les  is occasional ly  detected (arrows, Fig. 1). In  contrast ,  
much  more  extensive changes in the micro tubule  arrange-  
men t  are observed dur ing  similar  periods of observat ion in 
C H O  fibroblasts (Fig. 2, compare  with Fig. 1). These 
changes result  f rom microtubules  depolymer iz ing  out of  
(asterisks, Fig. 2) and enter ing into (arrows, Fig. 2) the field 

Figure 2. Individual microtubule dynamic behavior in a CHO 
lamella examined at 10-s intervals. Many of the individual microtu- 
bules detected in this lamella leave the field of view during the 50-s 
interval shown (asterisks). In addition, several new micmtubules 
are observed to enter the field of view during this interval (arrows). 
Many microtubules appear and disappear completely during the 
10-s interval between two images. Bar, 4 #m. 
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Figure 3. Distributions of 
microtubule lifespans in PtKI 
epithelial ceils and CHO fi- 
broblasts demonstrate that 
most microtubules in PtKt 
epithelial cells remain within 
the field of view longer than 
microtubules in CHO fibro- 
blasts. MT lifespans were ob- 
tained from images acquired 
at lO-s intervals. Most micro- 
tubules in PtK1 epithelial cells 
(a) spend more time within 

the field of view than microtubules in CliO fibroblasts (B) when the first 3 min of each sequence is examined. Many microtubules in PtK~ 
cells remain within the field of view for the entire 3-rain sequence (a); however, analysis of the first 6 min of these sequences (c) demonstrates 
that only a single distribution of microtubules is detected in PtK~ epithelial cells using these methods. 

51 s for 195 microtubules in five CHO cells and 88 5:57 s 
for 148 microtubules in five PtK~ cells. For this analysis, 
images of microtubules in living cells were obtained at 10-s 
intervals, and the first 3 min of each sequence were exam- 
ined. Distributions of the amount of time individual microtu- 
bules spent within the field of view further demonstrate that 
most microtubules remained within the field of view longer 
in PtK~ epithelial cells than in CHO fibroblasts (Fig. 3, a 
and b, respectively). In addition, these distributions reveal 
that many microtubules in the lamellar region of PtK~ epi- 
thelial cells remain within the field of view for the entire 
3-min observation period (Fig. 3 a). To determine if these 
microtubules represent a separate and more stable popula- 
tion of microtubules, image sequences from four PtK~ epi- 
thelial cells were requantified using the first 6 min of each 
sequence. The average amount of time microtubules remained 
within the field of view, when measured in this manner, was 
125 + 93 s. However, a histogram of the time individual 
microtubules remained within the field of view during these 
longer image sequences reveals that only a single population 
of microtubules can be detected in the lamellae of PtK~ epi- 
thelial cells using these methods (see Discussion) (Fig. 3 c). 

When individual microtubules in the lamellar region of 
PtK~ cells are examined at 2-s intervals, multiple, brief epi- 
sodes of growth and shortening, which are not detected in 

images obtained at lO-s intervals, are observed (Figs. 4 and 
5). For example, the single microtubule near the bottom of 
each panel in Fig. 4 grows '~1.9 #In (Fig. 4, a to b), and 
depolymerizes ,',,1.2 #m (Fig. 4, b to c). This microtubule 
therefore appears to grow at a rate of 28 #ra/min, and 
depolymerize at a rate of 17 #m/min. Importantly, if the im- 
ages of this microtubule had been taken at 8-s intervals, the 
apparent change in microtubule length between a and c 
would have been 0.7 gm, and the measured growth rate 
would have been 5.3 #m/min. Furthermore, the depolymer- 
ization event detected between b and c would not have been 
detected. The depolymerization event seen in b-c is followed 
by a second growth event (c-d), a pause event of ~12 s in 
duration (e-h), and a third growth event (h-i). Therefore, 
five discrete events of growth, shrinking, or pause are ex- 
hibited by this microtubule in the 36-s interval shown in Fig. 
4. Similar behavior of microtubules in the lamella of another 
PtK~ epithelial cell is shown in Fig. 5. In this example, im- 
ages are shown at 2-s intervals. An individual microtubule 
is clearly detected in the lower region of each panel, and has 
been marked in each case with the location of its plus end 
in the previous image to more clearly reveal the changes in 
MT length which occurred between images. Although the 
final depolymerization event occurs over the duration of sev- 
eral images (r-t), many growth (a-b, j -k,  l-m) and depoly- 

Figure 4. Individual micmtubules are observed 
to undergo frequent episodes of growth, short- 
ening and pause when images of microtubules 
in PtK~ cells are obtained at 2-s intervals. The 
interval between displayed images is 4 s. An in- 
dividual microtubule can be observed to un- 
dergo three growth events (a-b, c-d, g-j), a de- 
polymerization event (b-c), and a pause event 
(d-g) during the 36-s interval shown (see also 
Fig. 6 a). The arrowhead marks the starting lo- 
cation of this micmmbule's plus end, and a sec- 
ond arrowhead marks its plus end in b and f 
Other microtubules can be observed to enter or 
leave this lamellar region during the interval 
shown, Bar, 4 ttrn. 
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Figure 5. Some microtubule 
growth and shrinking events ob- 
served in PtKt epithelial ceils are 
~2 s in duration. Images of in- 
dividual microtubules in a PtKI 
cell obtained at 2-s intervals are 
shown. An individual microtu- 
bule is clearly detected in the 
lower region of each panel and 
has been marked in each case 
with the location of its plus end 
obtained from the previous panel. 
Growth events (a-b, j-k, l-m) 
and depolymerization events (h-i, 
k-l) of 62 s in duration are ob- 
served. Bar, 4 #m. 

merization (h-i, k-l)  events of 6 2-s interval between images 
are observed. A microtubule is considered to have paused 
when the location of the microtubule in a previous image 
coincides with its present location (a, c, n-p). Thus, 
microtubules in PtK1 epithelial cells appear to undergo fre- 
quent growth, depolymerization, and pause events of short 
duration. 

The behavior of microtubules in PtK1 lamella has also 
been examined by plotting the change in microtubule length 
as a function of time 0~ig. 6) (see Methods). The trace shown 
in Fig. 6 a was obtained from analysis of the microtubule 
marked by the arrowheads in Fig. 4, and the interval shown 
in Fig. 4 is marked with arrows. Additional representative 

examples of microtubule "life histories" (Cassimeris et al., 
1988) obtained from PtKt cells are shown in Fig. 6, b-d. 
These life history plots further demonstrate that micmtu- 
bules in epithelial cells undergo frequent conversions be- 
tween growth, shortening, and pause. 

Finally, it should be noted that some microtubule length 
changes observed here could be due to microtubule move- 
ment, rather than growth and depolymerization events. 
However, previous studies have demonstrated that turnover 
of lamellar microtubules occurs primarily through microtu- 
bule growth and depolymerization rather than microtubule 
translocafion (Sammak et al., 1987). In addition, microtu- 
bule fragments are occasionally observed within the lamel- 
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Figure 6. Life history plots 
obtained from individual mi- 
crotubules in PtK1 cells fur- 
ther reveal that microtubules 
in these cells undergo frequent 
length changes of short dura- 
tion and extent. A life history 
plot obtained from the micro- 
tubule shown in Fig. 4 is shown 
in a. The interval shown in 
Fig. 4 is marked with arrows 
(a). Numerous growth and 
shrinking events occur during 
the observation periods shown 
for this microtubule (a) and 
for other representative mi- 
crotubules (b-d). The axes 
are marked in microns (verti- 
cal) and seconds (horizontal). 
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lae of these cells (present study), and these fragments often 
undergo length changes similar to those observed for intact 
microtubules (data not shown). In these cases, because both 
ends of the fragment are visible, we can be certain that the 
observed length changes result from assembly and disassem- 
bly of the microtubule. 

Examination of individual microtubules in CHO cells re- 
veals that the behavior of microtubules in CHO cells is strik- 
ingly different from the behavior of microtubules observed 
in PtK1 ceils. In Fig. 7, a single microtubule is clearly ob- 
served to grow and then shrink across nearly the entire field 
of view. This microtubule elongates •6.8 #m in 20 s, or at 
a rate of 20.4/zm/min between a andfi The growth event seen 
in a- f  is immediately followed by an episode of rapid short- 
erring (f-i), during which the microtubule depolymerizes to 
its original length in 12 s, a rate of 34/~rn/min, and subse- 
quently leaves the field of view (not shown). Note that in this 
particular lamella, many microtubules could not be quan- 
tified (upper portion of micrographs). In some cases, this 
results from insufficient clarity in regions where the cell was 
particularly thick or microtubules particularly numerous. In 
other cases, the increased brightness and apparent thickness 
of fibers suggested that microtubules were laterally as- 
sociated, or bundled (Sammak and Borisy, 1988b) and thus, 
were not included in these measurements. Finally, a microtu- 
bule fragment is clearly observed in this lamella, and re- 
mains relatively stable for the observation period. Such free 
microtubules were observed infrequently in both cell types; 

Figure 8. Dynamic and stable microtubdes are detected in CHO 
fibroblasts. Images obtained at 2-s intervals are shown; the interval 
between displayed images is 4 s. Numerous microtubules can be ob- 
served to grow (g) or shrink (s) rapidly across this region of a CHO 
fibroblast. A single microtubule that does not appear to grow or 
shrink during the 44-s interval shown is also detected (asterisk). 
Bar, 4/~m. 

Figure 7. Individual microtubules in CHO fibroblasts undergo 
growth and depolymerization events which result in extensive 
microtubule length changes. A series of images from a sequence 
obtained at 2-s intervals is shown; the interval between displayed 
images is 4 s. An individual microtubule is dearly detected in the 
lower portion of each image and has been marked with the location 
of its plus end in the first image. The microtubule grows rapidly 
across the region of the cell under observation (a-e) and then 
depolymerizes back to its starting location (f-i). It subsequently 
leaves the field of view (not shown). Other microtubules that either 
grow (8) into or shrink (s) out of the field of view are also detected. 
Bar, 4/~m. 

however, the number of fragments did not increase during 
long observation periods (data not shown) suggesting that 
they do not result from cellular damage. Microtubule frag- 
ments have also been observed in other cells using different 
methods of observation (Chen and Schliwa, 1990). 

The behavior of individual microtubules in CHO cells in 
further revealed in Fig. 8. Many microtubules are observed 
to make long excursions as they polymerize and depolymer- 
ize (Fig. 8). In this example, a "stable" microtubule, which 
does not grow or shrink during this 44-s sequence, is also 
detected (asterisk, Fig. 8). Finally, it is of interest to note that 
although microtubules are observed to bend and to move 
laterally in PtK1 epithelial cells (Fig. 2), CHO lamella are 
characterized by the straight, almost "stiff" appearance of 
many microtubules (Fig. 8). At the present time, the basis 
for the differences in microtubule morphology is not known. 

Life history plots of microtubules behavior in CHO cells 
are shown in Fig. 9. A plot of the behavior of the microtubule 
examined in Fig. 7 demonstrates that a single growth and a 
single depolymerization event occurred during the period the 
microtubule was visible (Fig. 9 a). Additional examples, il- 
lustrating other typical microtubule behaviors observed in 
CHO fibroblasts, are shown in Fig. 9, b-d). A minority of 
microtubules in these cells are observed to pause for ex- 
tended periods of time (Fig. 9 d). However, regardless of the 
pause duration, a single depolymerization event frequently 
results in the complete disappearance of CHO microtubules 
from the field of view. Thus, the behavior of microtubules 
in CHO fibroblasts is qualitatively different from the be- 
havior of microtubules seen in PtK~ epithelial cells. 

The various parameters that characterize microtubule dy- 
namic behavior in CHO fibroblasts and PtK1 epithelial cells 
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Figure 9. Life history plots of 
microtubules in CHO fibro- 
blasts demonstrate that most 
microtubules in these ceils un- 
dergo long periods of growth 
and depolymerization with in- 
frequent conversions. (a) A 
life history plot obtained from 
the microtubule indicated in 
Fig. 7 is shown. Only a single 
growth and depolymerization 
event occurs during the period 
this microtubule remains visi- 
ble. (b and c) Additional ex- 
amples of typical microtubule 
behavior in CHO fibroblasts; 
single growth or depolymer- 
ization events result in exten- 
sive changes in microtubule 
length. (d) A minority of mi- 
crotubules in these cells ap- 
pear to remain in a paused 

state for some period of time. However, these microtubules do undergo growth and depolymerization excursions before and after pausing 
(d). The axes are marked in microns (vertical) and seconds (horizontal). 

have been quantified from images obtained at 2-s intervals 
(Table I). Microtubules in PtK~ epithelial cells are charac- 
terized by frequent episodes of growth and shrinking which 
are of short duration and extent. Although the average dura- 
tions of  these events measured in PtK~ cells are both longer 
than the 2-s interval between observation (Table I), it is pos- 
sible that some very brief events were not detected using 
these methods. The average rates of growth and shrinking 
events (11.9 + 6.5 and 19.8 5:10.8 #m/min,  respectively) are 
both substantially higher than rates reported previously for 
fluorescent microtubules in vivo (Sammak and Borisy, 1988; 
Schulze and Kirschner, 1988) and are close to the values 
reported from analysis of  microtubule behavior using DIC 
optics and 0.5-s intervals between observations (Cassimeris 
et al., 1988). Particularly noteworthy however, is the obser- 
vation that most microtubules undergoing depolymerization 

events in PtK~ cells were rapidly rescued (Table I) and thus 
result in little overall changes in microtubule length; only 
11% of the depolymerization events in PtK~ ceils resulted in 
microtubules leaving the field of view. 

In contrast, microtubules in CHO fibroblasts are charac- 
terized by events of longer average duration and by infre- 
quent conversions between the two states (Table I). The du- 
ration of microtubule growth and depolymerization events 
for the majority of microtubules in these ceils (9.6 + 7.0 and 
7.4 + 4.2 s, respectively) was significantly greater than the 
duration of these events in PtK~ epithelial cells (P -g.< 0.01). 
In addition, the rates of  microtubule growth and depolymer- 
ization for these microtubules (19.7 + 8.1 and 32 + 17.7 
#m/min,  respectively) are also significantly higher than rates 
measured here in PtK~ cells (P < 0.01). As a result, the 
proportion of depolymerization events that resulted in a 

Table L MT Dynamic Parameters Measured in PtKI and CHO Cells at 2-s Intervals 

PtK (19) CHO (18) CHO (stab) (7) 

Growth rate* 11.9 + 6.5 19.7 + 8.1 21.2 • 11.7 
Growth length* 1.3 + 0.9 3.2 • 2.5 2.6 + 2.3 
Growth durationw 7.9 • 6.6 9.6 • 7.0 7.6 + 5.3 
Depolymerization rate* 19.8 + 10.8 32.2 • 17.7 21.1 • 11.5 
Depolymerization length* 1.6 • 1.4 4.3 • 3.3 3.2 • 3.2 
Depolymerization durationw 5.1 • 3.8 7.4 + 4.2 7.4 + 4.6 
Pause durationw 8.5 • 5.5 8.0 • 4.6 26.6 • 19.9 
Interval between catastrophesw 18.5 • 15.0 16.5 • 10.1 31.3 + 26.5 
Interval between rescuesw 5.1 • 3.8 7.7 • 3.9 7.3 • 4.9 
Catastrophe frequency (s -m) 0.0541 0.0606 0.0319 
Rescue frequency (s -m) 0.1961 0.1299 0.1370 
Lifespanw 97 • 50 48 + 31 102 • 31 
Events/MT/min 7.3 4.0 4.0 

* In ~,m/min. 
t In/~m. 
w s. 
The values of microtubule dynamic instability parameters measured from images obtained at 2-s intervals. The numbers in parentheses represent the number of 
individual microtubules analyzed for each group. MT, microtubule. 
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microtubule leaving the field of view (48 %) is much higher 
in these cells than in PtKl cells. In addition, although the 
frequency of catastrophe was similar in both cell types, 
microtubules in CHO fibroblasts were rescued less fre- 
quently than in PtKI epithelial cells (P ~< 0.01). Finally, be- 
cause the duration of microtubule growth, shrinking, and 
pause events is greater in CHO fibroblasts in PtKt epithelial 
cells, the total frequency of transitions is lower in CHO 
fibroblasts than in PtKl cells (Table I). Taken together, 
these data reveal that individual microtubules in epithelial 
cells make frequent transitions of short duration resulting in 
little overall change in the microtubule network. In contrast, 
most microtubules in CHO fibroblasts undergo fewer transi- 
tions, but microtubule length changes during these events are 
greater than those seen in epithelial cells, and result in more 
rapid turnover of the microtubule array. 

A small number of more stable microtubules is also de- 
tected in CHO fibroblasts (average lifespan, 102 + 31 s). Al- 
though these microtubules represent only 28% of the in- 
dividual microtubules examined in CHO cells, 72 % of the 
total time microtubules were observed to pause in these cells 
could be accounted for by these more stable microtubules. 
In addition, both the rate of microtubule depolymerization 
and the frequency of catastrophe events for these microtu- 
bules are significantly lower than these values measured for 
the majority of microtubules in these cells (Table I; P ~< 0.05 
and P <~ 0.01, respectively). However, no other significant 
differences in the value of microtubule dynamic parameters 
were detected between these microtubules and the majority 
of microtubules observed in CHO cells (Table I). 

Finally, we have analyzed images of microtubules in PtKl 
epithelial cells obtained at 2-s intervals using only every fifth 
image. The rates of microtubule growth and depolymeriza- 
tion obtained in this manner are significantly lower than rates 
obtained by analyzing all images (Table II), and are similar 
to the values obtained by other investigators using images 
obtained at 10-s intervals (Sammak and Borisy, 1988a; 
Schulze and Kirschner, 1988). Furthermore, the number of 
events per microtubule detected using a 10-s observation in- 
terval is lower than the number of events detected using 2-s 
intervals. Finally, the average duration of growth, depoly- 
merization, and pause events is significantly greater when 
measured at 10-s rather than 2-s intervals (see Discussion). 

Discussion 

Microtubules Dynamics Are Cell-1)lpe Specific 

Our observations of individual microtubules in CHO fibro- 
blasts and PtK~ epithelial cells reveal that on average in- 
dividual microtubules remain within lamellar regions for 
longer periods in epithelial cells than in fibroblasts. These 
observations are consistent with previous studies which 
demonstrate that the population of interphase microtubules 
turns over more rapidly in fibroblasts than in epithelial cells 
(Pepperkok et al., 1990; Wadsworth and McGrail, 1990). To 
determine which aspects of individual microtubule behavior 
are involved in generating this cell type-specific difference, 
we have examined individual microtubules in small regions 
of interphase cells at 2-s intervals. Quantitative analysis re- 
veals that microtubules in CHO fibroblasts polymerize and 
depolymerize much more rapidly than those found in PtKl 

Table IL Comparison of MT Dynamic Parameters in 
PtKI Cells Measured at 2- and lO-s Intervals 

2 s (19) 10 s (10) 

Growth rate* 11.4 5- 6.2 5.15 5- 2.8 
Growth durationw 6.7 5- 6.2 18.9 5- 10.8 
Growth length* 1.0 5- 0.85 1.4 5- 0.86 
n 113 31 
Depolymerization rate* 17.2 5- 10.3 13.8 5- 14.1 
Depolymerization durationw 4.4 5- 3.5 11.4 5- 4.5 
Depolymerization length* 1.3 • 1.3 2.0 5- 1.2 
n 72 21 
Catastrophe frequency (s -1) 0.054 0.0217 
Rescue frequency (s -l) 0.225 0.0735 
Pause durationw 8.5 5- 5.4 15.8 5- 9.9 
Percent time paused 46.3 27.6 
ps/MT 4.5 2.0 
gr/MT 5.9 3.1 
sr/MT 3.8 2.1 

* In t~m/min. 
* In/zm. 
w 
Values for dynamic instability parameters were determined from images ac- 
quired at 2-s intervals and analyzed at 2- or 10-s intervals. The numbers in 
parentheses repersent the number of individual microtubules analyzed for each 
group, gr, growth; sr, shrinking; ps, pause; n, number of observed events. 

epithelial cells. Surprisingly, this analysis further reveals 
that the total frequency of microtubule transitions is greater 
in PtKI epithelial ceils than in CHO fibroblasts. However, 
microtubules undergoing depolymerization are rapidly res- 
cued in PtKI cells, resulting in little overall change in the 
length of individual microtubules. In contrast, microtubules 
in CHO fibroblasts are rescued much less frequently than 
those found in PtKI cells; the catastrophe frequency for the 
majority of microtubules observed in CHO fibroblasts is 
slightly but not significantly higher than for microtubules in 
PtK1 cells. Thus, although the total frequency of microtu- 
bule transitions is lower in CHO fibroblasts than in PtKl 
epithelial cells, individual growth, and depolymerization 
events in CHO ceils result in extensive microtubule length 
changes and rapid turnover of the microtubule array. 

Microtubule Subpopulations Are 
Detected in Some Cells 

Previous investigation has demonstrated the presence of two 
kinetically distinct microtubule subpopulations in epithelial 
cells but not fibroblasts (Pepperkok et al., 1990; Wadsworth 
and McGrail, 1990), and in both epithelial cells and fibro- 
blasts (Schulze and Kirschner, 1988). In the present study, 
we detect populations of more stable microtubules in CHO 
fibroblasts but not in epithelial cells. The reasons for the ap- 
parent absence of microtubule subpopulations in the lamel- 
lae of epithelial cells in the present study are not clear; how- 
ever, it is possible that dynamically distinct microtubule 
subpopulations could be found within lamellar regions of ep- 
ithelial cells under different culture conditions (Pepperkok 
et al., 1990). Alternatively, only a small region of the cell 
periphery could be examined in the present study (see Meth- 
ods), and less dynamic microtubules are often concentrated 
near the cell center (Schulze and Kirschner, 1986). Finally, 
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Table IlL Comparison of MT Dynamic Parameters 

PiKe* CHO* Newt lung* X. neuronw X. interphaselt X. mitoticU 

Catastrophe rate (Is) 0.054 0.061 0.014 0,012 0,018 0.116 
Rescue rate (Is) 0.196 0.130 0.044 0.029 0.011 0.027 

* Present study. 
* Newt lung epithelial cells; Cassimeris et al., 1988. 
w Xanopus neuron; Tanaka and Kirshner, 1991. 
U Xenopus extracts; Belmont et al., 1991. 

only a small fraction of the total number of cellular microtu- 
bules has been examined. It is therefore possible that more 
stable microtubules are present in these epithelial cells, but 
are not detected using our methods. 

Our observations do reveal the presence of a small per- 
centage of dynamically distinct microtubules in CHO fibro- 
blasts. These microtubules spent longer periods of time in 
a paused state, during which neither growth nor depolymer- 
ization could be detected, than the majority of microtubules 
observed in these cells. Although the functional significance 
of these meta-stable microtubules has not yet been deter- 
mined, quantitative analysis reveals that the frequency of 
catastrophe events and the rate of microtubule depolymer- 
ization are significantly lower than for the majority of 
microtubules in CHO cells. A similar decrease in the depo- 
lymerization rate for meta-stable microtubules has also been 
reported for individual microtubules in PtK~ and BSC cells 
(Schulze and Kirschner, 1988). Finally, recent in vitro ex- 
periments have shown that both the rate of microtubule poly- 
merization and the frequency of rescue are increased by 
microtubule-associated protein (MAP) ~ binding (Bre and 
Karenti, 1990; Pryer, 1989). Importantly, however, our anal- 
ysis reveals that the more stable CHO microtubules do not 
differ significantly from the majority of microtubules found 
in CHO cells with respect to either of these parameters. Our 
findings, therefore, suggest that the behavior of these less dy- 
namic microtubules in CHO fibroblasts may be regulated by 
a different mechanism, 

Regulation of lnterphase Microtubule Dynamics 
Regulation of catastrophe and rescue frequencies has been 
postulated to play a role in the organization and behavior of 
diverse microtubule arrays in interphase cells. For example, 
it has been suggested that reducing the frequency of microtu- 
bule transitions is involved in the polarization of cultured ep- 
ithelial cells (Bre et al., 1990; Pepperkok et al., 1990) and 
that increasing the number of rescue events may contribute 
to the formation of stable axonal microtubule arrays during 
axon outgrowth (Tanaka and Kirschner, 1991). Here, we 
demonstrate that microtubules in fibroblasts, which are ac- 
tively ruffling and capable of locomotion, have a lower fre- 
quency of rescue than microtubules in stationary epithelia. 
In addition, although values obtained for rescue and catas- 
trophe frequency from amphibian epithelial and neuronal 
cells (Table III) are lower than and more similar to each other 
than values obtained from mammalian tissue culture cells 
(this report), examination of the reported values reveals 

1. Abbreviation used in this paper: MAP, microtubule-associated protein. 

greater differences in the frequency of rescue than catas- 
trophe among interphase cells of both groups (Table III). For 
example, although the frequency of rescue was not directly 
measured in Xenopus nerve growth-cones, the calculated 
rescue frequency of microtubules in nerve growth cones 
(Tanaka and Kirschner, 1991) is lower than the rescue fre- 
quency measured in newt lung epithelial ceils (Cassimeris et 
al., 1988) (Table HI), whereas the values reported for catas- 
trophe frequency in these two cell types are similar. These 
results suggest that variation in microtubule behavior among 
interphase cells involves cell type-specific regulation of 
microtubule rescue frequencies, regardless of cell origin. 

Although the transition from interphase to mitosis also in- 
volves changes in microtubule dynamic instability behavior, 
it is not clear if the frequency of rescue events is regulated 
during this transition. For example, in Xenopus oocyte ex- 
tracts, the catastrophe frequency in mitotic extracts is ap- 
proximately sixfold higher than for microtubules in inter- 
phase extracts (Belmont et al., 1990); the frequency of 
rescue was also increased slightly in the mitotic extracts (ap- 
proximately twofold). However, the measured frequency of 
rescue events in beth types of extracts (Belmont et al., 1990) 
is much lower than values obtained from living interphase 
cells (Cassimeris et al., 1988; Tanaka and Kirschner, 1991; 
present study). The low value of microtubule rescue fre- 
quency measured from interphase Xenopus oocyte extracts 
may indicate that interphase conditions present in undiffer- 
entiated oocytes are not directly comparable to interphase 
conditions in nonembryonic cells. Alternatively, the low 
values for interphase rescue frequency may reflect the 
difficulties in reproducing in vivo conditions in in vitro ex- 
tracts. It should be noted that a decrease in the frequency of 
rescue events has also been postulated to occur as cells enter 
mitosis (Cassimeris et al., 1988). Direct observation of the 
behavior of microtubules in living cells as they progress into 
mitosis will be necessary to resolve this issue. 

Imaging Techniques Affect the Measurement of 
Microtubule Dynamic Behavior 
Our results directly demonstrate that the interval between 
successive observations greatly affect the values obtained for 
the parameters of dynamic instability behavior. For example, 
the average rates of microtubule growth and shrinking are 
significantly greater when measured at 2-s rather than 10-s 
intervals. The rates of microtubule growth and shortening 
measured at 2-s intervals are also much greater than growth 
and shortening rates measured in vitro (Walker et al., 1988), 
in vivo at longer observation intervals (Sarnmak and Borisy, 
1988a; Schulze and Kirschner, 1988), or from immuno- 
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localization of tubulin analogues after microinjection and 
fixation (Schulze and Kirschner, 1986; Bre et al., 1990; 
Wadsworth and McGrail, 1990), indicating that these latter 
methods may seriously underestimate the in vivo rates of 
microtubule growth and shrinking. In addition, fewer catas- 
trophe and rescue events are detected in PtK1 epithelial 
cells from images taken at 10-s rather than 2-s intervals. 
Thus, our data reveal that both the number of events which 
can be detected and the rates of growth and shrinking are 
significantly effected by the interval between observations. 

Acquisition of images at 2-s intervals (using the imaging 
system available for these experiments) requires continuous, 
although greatly attenuated, illumination of the cell area un- 
der observation. Although efforts were made to minimize 
any adverse effects of illumination on the cells (see Meth- 
ods), it has been demonstrated previously that fluorescent 
microtubules in vitro can be damaged and may break at cer- 
tain levels of illumination (Vigers et al., 1988). However, 
several observations strongly suggest that our experimental 
conditions do not measurably effect microtubule behavior in 
vivo. First, when sequences collected at 2 s are analyzed at 
10 s, the results are similar to values obtained from the anal- 
ysis of images obtained at 10-s intervals (present study; 
Schulze and Kirschner, 1988). Second, damage to fluores- 
cent microtubules in vitro is accompanied by photobleaching 
(Vigers et al., 1988), and we do not detect loss of microtu- 
bule fluorescence during our observation periods. Third, 
microtubules were never observed to break during the se- 
quences used for our analysis although microtubule frag- 
ments were occasionally detected. Finally, high rates of 
microtubule growth and depolymerization and high rescue 
and catastrophe frequencies were observed during our ex- 
periments. These observations are inconsistent with the di- 
minished microtubule dynamic behavior that results from 
photodamage (Schulze and Kirschner, 1988). We therefore 
conclude that brief exposure to low levels of continuous illu- 
mination over small areas of the cell, in the presence of 
1 mM ascorbic acid does not result in detectable alterations 
of microtubule behavior in vivo. 

Although the observations of microtubules at 2-s intervals 
represent the greatest temporal resolution thus far reported 
for images of fluorescent microtubules in living cells, only 
a limited area of the cell could be examined during these ex- 
periments. It is important to consider the effect of this limita- 
tion on the quantification of microtubule dynamic instability 
parameters. For example, microtubule growth and shrinking 
events resulting in an microtubule entering or leaving the 
field of view are only partially detected in these experiments, 
and the measured duration of such an event therefore un- 
derestimates its actual duration. Because the duration of 
growth and depolymerization events is used to calculate the 
frequency of catastrophe and rescue events, these latter 
values may in turn be overestimated. In PtKI cells, only a 
small minority of microtubule growth and depolymerization 
events result in a microtubule entering or leaving the field of 
view. Thus, the degree to which the behavior of the total 
population of microtubules in these lamellae could be mis- 
represented is small. In contrast, half of the observed 
microtubule depolymerization events and over one third of 
the observed growth events in ClIO fibroblasts result in a 
microtubule leafing or entering the field of view (see 
Results). As a result, our analysis may underestimate the ex- 

tent and duration of microtubule growth and shortening 
events in CHO fibroblasts, and overestimate the frequency of 
rescue and catastrophe events in these cells. Therefore, the 
differences between microtubule behavior in CHO fibro- 
blasts and PtK~ epithelial cells may actually be greater than 
indicated by our results. 

Microtubule Dynamics and IntraceUular l~ul in  
Concentration May Be Interrelated 

Previous experiments have demonstrated that the behavior of 
individual rnicrotubules in vitro is strongly affected both by 
the presence of MAPs (Pryer, 1989; Horio and Hotani, 
1986) and the concentration of free tubulin subunits (Walker 
et al., 1988), and it is of interest to consider whether the 
differences in microtubule dynamic behavior observed in the 
present study can be explained by these mechanisms. MAPs 
bound to individual microtubules in vitro increase the rate 
of microtubule polymerization and frequency of rescue 
events, decrease the frequency of catastrophe, and may de- 
crease the rate of microtubule depolymerization (Bre and 
Karsenti, 1990; Horio and Hotani, 1986; Pryer, 1989). Fur- 
ther, injection of MAPs into living cells has been shown to 
increase the total amount of microtubule polymer. Interest- 
ingly, the increase in polymer is limited by the available free 
tubulin (Drubin and Kirschner, 1986), suggesting that addi- 
tion of MAPs can lower the concentration of free tubulin. 
These observations suggest that many of the differences in 
microtubule behavior observed between CHO fibroblasts 
and PtK1 epithelial cells can be explained by the cell-type 
specific expression of MAPs in PtK1 epithelial cells. The 
presence of MAPs in PtK~ epithelial cells may reduce the 
concentration of free tubulin, thus decreasing the rate of 
microtubule polymer~tion as compared with CHO ceils, 
whereas MAPs and the concentration of tubulin may have 
opposing effects on catastrophe. We therefore predict that 
PtK~ epithelial cells contain higher concentrations of MAPs 
than CHO fibroblasts or a unique type of MAP not found in 
CHO fibroblasts and that the concentration of free tubulin in 
PtK~ epithelial cells is lower than that found in CHO 
fibroblasts. 

Such a model, in which the behavior of microtubules and 
the intracellular concentration of free tubulin are interdepen- 
dent, is supported by several lines of evidence. First, the con- 
centration of free tubulin in living cells is known to be au- 
toregulated at the level of tubulin mRNA translation (Yen et 
al., 1987), suggesting that the concentration of free tubulin 
is of physiological importance. Second, transient increases 
in the concentration of free tubulin by microinjection of 
tubulin subunits have been shown to result in an increased 
rate of microtubule growth (Schulze and Kirschner, 1986) 
and the plus end-dependent elongation of kinetochore 
microtubules in anaphase (Shelden and Wadsworth, 1992). 
These experiments demonstrate that important aspects of 
microtubule behavior may be regulated by the concentration 
of free tubulin in vivo. 

Conclusion 
In summary, the results of this study provide direct evidence 
of cell type-specific microtubule behavior. The average 
amount of time individual microtubules under observation 
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remain within lamellar protrusions is significantly higher in 
epithelial cells than in fibroblasts. Our observation of micro- 
tubules at 2-s intervals reveals that microtubules in the lamel- 
lae of epithelial cells are less dynamic than the majority of 
rnicrotubules found in CHO fibroblasts due to a higher fre- 
quency of rescue and a lower rate of microtubule growth and 
depolymerization; the frequency of catastrophe for these mi- 
crotubule populations is not significantly different. 
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