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Abstract. Individual microtubule dynamics were ob-
served in real time in primary cultures of newt lung
epithelium using video-enhanced differential interfer-
ence contrast microscopy and digital image processing.
The linear filaments observed in cells corresponded to
microtubules based on three criteria: (@) small parti-
cles translocated along them; (b) the majority of them
disappeared after incubation in nocodazole; (c) and the
distribution observed by differential interference con-
trast correlated with anti-tubulin immunofiuorescence
staining of the same cell. Microtubules were most
clearly observed at the leading edge of cells located at
the periphery of the epithelial sheet. Microtubules ex-
hibited dynamic instability behavior: individual

microtubules existed in persistent phases of elongation
or rapid shortening. Microtubules elongated at a veloc-
ity of 7.2 pm/min + 0.3 SEM (n = 42) and rapidly
shortened at a velocity of 17.3 pm/min + 0.7 SEM (n
= 35). The transitions between elongation and rapid
shortening occurred abruptly and stochastically with a
transition frequency of 0.014 s~ for catastrophe and
0044 s for rescue. Approximately 70% of the rap-
idly shortening microtubules were rescued and re-
sumed elongation within the 35 X 35 um microscopic
field. A portion of the microtubule population ap-
peared differentially stable and did not display any
measurable elongation or shortening during 10-15-min
observations.

polymers that exist in an equilibrium with a cytoplas-

mic pool of tubulin subunits (11, 23, 27). Dynamic
microtubule polymers are essential for the rapid rearrange-
ments of the microtubule cytoskeleton which occur during
the transitions between the interphase and mitosis portions
of the cell cycle. In addition, dynamic remodeling of micro-
tubules is important in cell morphogenesis and directed cell
motility (5, 6, 33).

Although several models have been proposed to explain
the mechanism of microtubule assembly behavior, studies of
highly purified tubulin have identified dynamic instability as
the mechanism of microtubule assembly dynamics in vitro
4, 9, 13, 15, 16, 24, 36). In this model microtubules exist
in one of two phases: they are either elongating or rapidly
shortening, with rare, abrupt, and random transitions be-
tween these phases. The entire microtubule population be-
haves heterogeneously because these transitions occur ran-
domly; at any given time most microtubules will be growing
at a relatively slow rate while fewer microtubules will be
shortening at a relatively faster rate (15, 16).

Recently, Horio and Hotani (9), Walker et al. (36), and
Salmon et al. (24) have directly visualized the dynamic insta-
bility behavior of microtubules in vitro, in real time, using

THE great majority of cellular microtubules are labile
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light microscopic methods. These real-time observations
have provided essential information on the dynamic instabil-
ity behavior of microtubules that could not be obtained from
analysis of samples fixed at time points. Detailed analysis of
microtubule assembly by Walker et al. (36) has led to the fol-
lowing model of the dynamic history of a microtubule in
vitro undergoing dynamic instability: a microtubule is initi-
ated at a nucleating center (an axoneme fragment or a centro-
some) and elongates at constant velocity for a variable length
of time. It then undergoes an abrupt transition (catastrophe)
and rapidly shortens at constant velocity. A rapidly shorten-
ing microtubule may either completely disassemble or un-
dergo an abrupt transition (rescue) and resume elongation.
Real-time observations of microtubule assembly at video
frame rates (30 frames/s) enabled Walker et al. (36) to deter-
mine accurately the rates of elongation and rapid shortening,
the frequencies of catastrophe and rescue, and the kinetic
constants for the association and dissociation reactions (36).

Studies of microtubule dynamics in vivo suggest that dy-
namic instability is also the mechanism of microtubule as-
sembly within the cell. First, fluorescence photobleaching
studies have shown that the tubulin subunits within microtu-
bules rapidly exchange with the cytoplasmic subunit pool
(23, 26, 27). Second, when microtubule assembly in cells is
blocked with the drug nocodazole, the resulting rate and pat-
tern of microtubule disassembly is rapid and occurs heter-
ogeneously within the microtubule population (3). Third,
when labeled tubulin subunits are injected into cells, assem-
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bly of labeled segments occurs on the distal ends of preexist-
ing microtubules and from new microtubules elongating from
the centrosome (28, 29, 31).

Recently, Sammak and Borisy (25) reported observations
of microtubule dynamic instability in living cells by follow-
ing the behavior of microtubules which had incorporated
rhodamine-labeled tubulin. The major limitations of this
study were the long time intervals (1.4 + 0.8 min) between
the recording of successive fluorescent images and the possi-
ble effects of microinjected rhodamine-tubulin analogues on
the natural dynamics of cytoplasmic microtubules (34). Be-
cause of the long intervals between samples, the microtubule
excursions demonstrated by this method are likely to be an
underestimate of the true dynamic nature of the microtu-
bules. :

In this study we describe observations of individual micro-
tubule assembly dynamics obtained in living cells in real
time (0.033 s video frame rate) using video-enhanced differ-
ential interference contrast (DIC)' microscopy and digital
image processing (1, 10, 12). These observations clearly
demonstrate that microtubules in vivo exhibit dynamic insta-
bility behavior. In addition, we have measured the rates of
elongation and rapid shortening of individual microtubules
and obtained estimates of the frequency of transition between
phases. These real-time observations of dynamic instability
in vivo allow an accurate determination of individual micro-
tubule behavior, which was not previously possible using
measurements of the average behavior of populations of mi-
crotubules.

Materials and Methods

Newt lung culture

Primary cultures of newt lung epithelial cells were grown on glass coverslips
as described by Rieder et al. (21). Cells were maintained at room tempera-
ture (23°C) and were used on the fourth or fifth day after each culture was
begun.

Light microscopy

For DIC observations coverslips were mounted on glass slides with small
pieces of parafilm as spacers, and sealed with valap (beeswax, lanolin, and
petrolatum in a 1:1:1 mixture). Typically, small regions of the cells were ob-
served for 10-15 min.

The microscope equipped for high resolution DIC, video, and digital en-
hancement has been described previously (19, 24, 37). Briefly, cells were
observed with a 100x/1.25 NA Zeiss Plan lens, appropriate Zeiss DIC
prisms, and 1.4 NA Zeiss condenser on a Zeiss photomicroscope I. To pro-
tect cells from deleterious illumination effects, heat-cut and 546-nm inter-
ference filters were used.No changes in cell behavior were noticed over the
course of our observations. Furthermore, mitotic newt cells followed for
2-3 h under constant illumination with the same microscope system pro-
gressed normally through mitosis.

Images were projected onto a video camera (model 67; Dage-MTI Inc.,
Wabash, MI) and then digitally enhanced with a laboratory-built image
processor that consisted of Max Video (Datacube, Peabody, MA) digital im-
age processing boards installed in a bus computer (model VME; Force Inc.,
Los Gatos, CA). A real-time exponential average of two frames and back-
ground subtraction were used to reduce electronic noise (37). Images were
recorded on video tape using a tape recorder {model 5800 H, 3/4”; Sony
Corporation of America, Park Ridge, NJ). Micrographs were made by pho-
tographing the image from a video monitor using Pan-X film (Eastman Ko-
dak Co., Rochester, NY).

1. Abbreviation used in this paper: DIC, differential interference contrast.
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Nocodazole perfusion

Cells were perfused with a solution of 10 pg/ml nocodazole (Sigma Chemi-
cal Co., St. Louis, MO) in culture medium. Nocodazole was prepared as
a 10-mg/ml stock solution in DMSO and stored at ~20°C.

Immunofluorescence

For immunofluorescent localization of tubulin, cells previously observed
using DIC were perfused with a fixative solution (0.5% glutaraldehyde in
80 mM Pipes, 5 mM EGTA, 0.5 mM MgCl,, pH 6.9) and fixed for 5-10
min on the microscope stage. The area of interest was marked with a circular
diamond scribe and the coverslip was removed from the slide, rinsed in PBS
(8 mM Na,HPO,, 1.5 mM KH,PO,, 0.137 M NaCl, and 2.7 mM KCl, pH
7.3), and postfixed in ice-cold methanol for 5 min. After fixation each cover-
slip was processed for anti-tubulin immunofluorescence as described previ-
ously (3).

Data analysis

Rates of microtubule elongation and rapid shortening were measured from
real-time tape recordings using an Apple II computer analysis system de-
scribed previously (19, 37). Although the video recordings have a time reso-
lution of 0.033 s, the measurement time resolution during analysis was ap-
proximately one-half second due to microtubule movements in and out of
focus.

Results

We observed the dynamic instability of linear filaments in
primary cultures of newt lung epithelial cells using video-
enhanced DIC microscopy and digital image processing (see
Figs. 1,2, 3, and 6). These linear filaments were most clearly
visualized in cells located at the edges of the epithelial sheet,
distal from the tissue explant. Because cells in the central
regions of the epithelial sheet tend to overlap slightly, it was
not always possible to see filament ends with clarity in these
cells. In addition, filaments could only be observed in
~10-20% of the cells of any given culture. Within a cell
where we could clearly observe linear filaments there were
also areas where we could not see these filaments. For exam-
ple, it was not possible to track filaments with certainty into
the dense central regions of the cell. We have limited our ob-
servations to the thin cytoplasm at the periphery of cells lo-
cated at the edge of the epithelial sheet, and we have ob-
served an area 35 X 35 um at the edge of the cell.

The linear filaments corresponded to microtubules by
three criteria. First, we observed saltatory translocation of
small particles along the filaments, and particle movement
is known to occur along microtubules in animal cells (30).
Fig. 1 shows the movements of an oblong particle, probably
a mitochondrion, along a linear filament. As the linear fila-
ment bends (Fig. 1, d and e) the particle remains attached
and takes on the contour of the filament. For any given parti-
cle, movement was bi-directional as well as saltatory (Fig.
1, e and f).

Second, treatment of newt lung epithelial cells with the
drug nocodazole, which promotes microtubule disassembly,
resulted in a significant reduction in the number of filaments.
After ~20 min in nocodazole-containing medium, 70-90%
of the linear filaments were no longer present (data not shown).
Due to focus changes during perfusion, it was not possible
to record nocodazole-induced microtubule disassembly in
real time.

Third, the linear filaments observed using DIC micros-
copy correlate with anti-tubulin immunofluorescent staining
of the same cell. Fig. 2 shows a portion of a cell observed
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Figure 2. (a) Micrograph of a region of a cell
viewed with video-enhanced DIC microscopy and
digital image processing ~1 min before fixation.
Many linear filaments are present. (b) The corre-
sponding immunofluorescent micrograph of the
same area of the cell after fixation and staining for
tubulin. The microtubules present in this micro-
graph correlate with the linear filaments in a. One
filament in the DIC micrograph disassembled before
fixation (arrowhead, a). Note the distinctive curved
filament in a and the corresponding microtubule in
b (arrows). (¢) Inmunofluorescent micrograph of
the cell shown in &. This micrograph shows the
overall distribution of microtubules in the cell.
The area within the white box corresponds to the
area observed by DIC microscopy. Bars: (a and b)
5 pum; (¢) 10 pum.



with DIC microscopy ~1 min before fixation (Fig. 2 a) and
the corresponding microtubule image (Fig. 2 b). The linear
elements present in the DIC image correlate with microtu-
bules in the immunofiuorescent image. A distinct bent mi-
crotubule (arrow) is clearly present in both images. Fewer
microtubules are seen in the DIC image than in the im-
munofluorescent image because of the extremely shallow
depth of field of DIC microscopy.

Hayden and Allen (7) used correlative DIC light micros-
copy and whole mount electron microscopy to demonstrate
that individual microtubules can be observed in living cells
using video-enhanced DIC microscopy. In addition, Osborn
and Weber (18) have shown that the immunofluorescent im-
ages of microtubules at the periphery of cells are equivalent
to individual microtubules. If a tight cluster of multiple
microtubules were responsible for generating the linear fila-
ments in our DIC images then the immunofluorescent images
would be brighter than the corresponding images of single
microtubules (Fig. 2). We found that for any individual lin-
ear filament observed with DIC, the corresponding immu-
nofluorescent image had the intensity of a single microtu-
bule, indicating that the linear filaments observed by DIC
corresponded to individual microtubules.

Based on the behavior of the linear filaments observed by
DIC microscopy, microtubule assembly behavior in these
cells is best described by the dynamic instability model.
Many individual microtubules were observed to elongate or
rapidly shorten, as shown in Fig. 3. Several dynamic micro-
tubules are shown in this series of micrographs taken from
a real-time recording. One microtubule (solid arrowhead)
elongated (Fig. 3 @) until it reached the cell margin (b), rap-

idly shortened (c), and then elongated again (d-f). Another
microtubule (open arrow) also elongated (Fig. 3, a—c) until
it reached the cell margin and then rapidly shortened (d-f).
Several other microtubules in the field also exhibited dy-
namic instability. A differentially stable microtubule was
also present (white arrowhead, Fig. 3, b-f).

Many microtubules exhibited repeated cycles of elongation
and rapid shortening during the time of observation. Some
microtubules elongated to the cell margin before rapidly
shortening, but in many cases rapid shortening began before
elongation proceeded to the cell margin (Fig. 4, a, b, and c).
In addition, many microtubules that elongated to the cell
margin appeared to bend away from the edge of the cell and
continued elongating. Occasionally, microtubules were ob-
served to elongate into the field of view from more central
regions of the cell (data not shown).

To determine elongation and rapid shortening rates, the
ends of individual dynamic microtubules were tracked in
real time using a computer-driven analysis system. We were
careful to analyze only those microtubules where we could
unambiguously track the microtubule end during elongation
or rapid shortening. This analysis excluded microtubules
whose length changes were below our limit of resolution (0.5
nm) and these were regarded as stable. Fig. 4 shows four
dynamic history graphs for microtubules analyzed by this
method. Although the video recordings have a time resolu-
tion of 0033 s, the actual time resolution during analysis was
~0.5 s because the microtubule ends moved in and out of fo-
cus. Microtubule ends could be followed for distances up to
25 pum. Fig. 4 a shows the behavior of one microtubule
shown in Fig. 3 (solid arrowhead) over a longer time inter-

Figure 3. A series of micrographs taken from a real-time video tape recording to demonstrate the dynamic assembly and disassembly of
microtubules. A microtubule (black arrowhead) elongates to the cell margin (a and b), rapidly shortens (b and ¢), is rescued, and resumes
elongation (d—f). Another microtubule (open arrow) elongates (a—c) to the cell margin and rapidly shortens (d-f). A differentially stable
microtubule (white arrow) is also present (b—f). The time in seconds is given in each frame. Bar, 10 um.
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Table 1. Dynamic Instability of Newt Lung Cell Microtubules

Elongation Rapid shortening Catastrophe Rescue
Rate (um/min)* 7.2 +£ 0.3 (42) 17.3 + 0.7 (35) n.a. n.a.
L (pm)t 8.5 + 7.0 (14) 6.5 + 43 (19) n.a. n.a.
1 (s)* 71 + 61 (14) 22 + 15 (19) n.a. n.a.
k (s n.a. n.a. 0.014 0.044

* Mean rate + SEM (SEM is determined from SD/y/n) determined from the slopes of dynamic history graphs. Numbers in parentheses are the number of observed

events,

1t Length of the mean microtubule length excursion (L) and time spent in each phase (f) + SD determined as described in the text. Numbers in parentheses are

the number of observed events.

§ Transition frequencies between phases, determined as described in the text.

n.a., not applicable.

val. As shown by these dynamic history graphs, individual
microtubules underwent repeated phases of elongation and
rapid shortening, with each phase occurring at a relatively
constant velocity.

The mean rate of microtubule elongation, determined
from the slopes of dynamic history curves (Fig. 4) of 42
elongation events in 17 cells, was 7.2 um/min + 0.3 SEM
(Table I). The histogram of the distribution of elongation
rates (Fig. 5) shows little variation.

Rapid shortening proceeded at a mean rate of 17.3 um/min
+ 0.7 SEM (based on 35 events in 15 cells), a rate 2.5 times
faster than the rate of elongation (Table I). The histogram of
rapid shortening rates shows a greater variation in rates than
that found for assembly (Fig. 5). There appears to be a
broad, continuous range of shortening rates. We cannot ex-
plain this broad distribution, but the variation could be due
to a differential cellular distribution of unknown microtubule
stabilizing factors.

Transitions between phases were abrupt and asynchronous
for the observable microtubules of a given cell (Figs. 3 and
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4). To determine the frequency of catastrophe we measured
the time individual microtubules spent in the elongation
phase before a transition (catastrophe) to the rapid shorten-
ing phase. A mean time was calculated from 14 samples
where we could clearly observe the entire elongation phase
(for example, from 85 to 160 s in Fig. 4 a). The mean time
of elongation before catastrophe was 71 + 61 s (Table I). The
high standard deviation indicates that catastrophe is a sto-
chastic process. The frequency of catastrophe (0.014 s™'; Ta-
ble I) was determined from the inverse of the mean time
spent in the elongation phase.

The frequency of rescue (the transition from rapid shorten-
ing to elongation) was determined by the same method. The
mean time a microtubule spent in the rapid shortening phase
was 21 + 15 s Table I). The high standard deviation again
indicates that rescue is also a stochastic process. The fre-
quency of rescue (0.044 s™!; Table I) was much higher than
the frequency of catastrophe. The majority of microtubules
in the rapid shortening phase were rescued within the field
of view. We estimate that 70% of the rapidly shortening

Figure 4. Four dynamic history
graphs of individual microtubule
assembly dynamics. In each graph
the position of the microtubule
end is plotted vs. time (in seconds).
Since 90% of the cells showed lit-
tle or no movement, a point along
the edge of the video screen was
used as a reference point and each
data point is a measure of the dis-
tance of the microtubule end from
the edge of the video screen at a
particular time point. The time
resolution during analysis is ~0.5
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end was out of focus. On each
graph the approximate position of
the cell margin is noted with an
arrow on the y-axis. Microtubules
exist in persistent phases of either
elongation or rapid shortening
with each phase proceeding at
relatively constant velocity. The
transitions between phases are
abrupt.
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Figure 5. Histograms of microtubule elongation and rapid shorten-

ing rates determined from dynamic history graphs (see Fig. 4). Ar-
rows denote the mean rate of either elongation or rapid shortening.

microtubules were rescued within ~35 pm of the cell pe-
riphery.

A portion of the microtubule population appeared differ-
entially stable (Fig. 3), confirming previous reports of a sub-
population of stable microtubules (3, 26, 27, 28, 29) in inter-
phase cells. If stable microtubules elongate and/or shorten
the length of these excursions is below our limit of resolution
(0.5 um). It has not been possible to determine the exact per-
centages of labile and differentially stable microtubules be-
cause not all microtubule ends are clearly visible in a single
microscopic field.

In addition to the assembly behavior described above, we
have observed lateral and bending movements of microtu-
bules. Although microtubules move laterally they rarely ap-
peared to form contacts with neighboring microtubules. Mi-
crotubules occasionally formed bends (Fig. 6), but whether
this bending is the result of continued microtubule assembly
once the microtubule reached an obstruction (such as the cell
margin) has not been determined. A few microtubules were
observed to bend while rapidly shortening and several pre-
viously bent microtubules shortened and maintained this bent

path (data not shown). The latter two observations suggest
that bending can occur without concurrent microtubule
growth.

Over the time course of our observations ~90% of the
cells showed no appreciable movement (<5 um). In a few
cases cells appeared to extend the lamellipodium under ob-
servation, but in other cases the lamellipodium retracted.. We
have not observed any obvious differences in microtubule be-
havior correlated with these different cell behaviors.

Discussion

Newt lung epithelial cells have proven to be a useful cell type
for the quantitative analysis of microtubule behavior in vivo
because the length changes of individual microtubules can be
accurately followed in real time using video-enhanced DIC
microscopy and digital image processing. Our observations
demonstrate that microtubules exist in persistent phases of
either elongation or rapid shortening, with random and
abrupt transitions between these phases, as described by the
dynamic instability model of microtubule assembly (15, 16).

We have interpreted the observed dynamic length changes
of these microtubules as representing microtubule assembly
and disassembly. Because we cannot either mark a region of
a microtubule or see both ends of a microtubule, we cannot
directly rule out sliding of microtubules as a mechanism
responsible for the observed changes in microtubule lengths.
However, recent reports from several laboratories have pro-
vided strong indirect evidence that in typical animal cells
microtubules are undergoing dynamic instability (3, 26, 28,
29, 31). In addition, Sammak and Borisy (25) used fluores-
cence photobleaching techniques to demonstrate directly
that fluorescently labeled microtubules at the cell periphery
do not slide. There is no evidence to suggest that centrosomal
microtubules slide against each other or against a cellular
matrix. Microtubule-microtubule sliding between noncen-
trosomal microtubules has been observed in specialized pro-
tozoa (Reticulomyxa and Allogromia) which rapidly remodel
their cellular extensions (14, 32, 33). However, the rate of
sliding in these cells is an order of magnitude faster than the
rates of microtubule elongation and shortening observed in
the present study (14, 32). Since there is overwhelming evi-
dence that centrosomal microtubules do not slide, we have
interpreted our data on microtubule length changes based
solely on microtubule assembly and disassembly reactions.

Using real-time analysis, we determined that in newt lung

clearly bends. The time in seconds is given in each frame. Bar, 10 pm.
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cells at room temperature, microtubules elongate at a rate of
7.2 um/min (189 dimers/s) and rapidly shorten at a rate of
17.3 um/min (460 dimers/s). The dynamic history graphs
(Fig. 4) show that microtubule elongation and rapid shorten-
ing proceed at relatively constant velocities. The actual data
points align into nearly straight lines with very little scatter.
The small amount of scatter in the data may be caused by the
movement of the microtubule end laterally in the plane of fo-
cus, or in and out of the plane of focus, or from small bends
in the microtubule. For example, a momentary bend would
result in an apparent slower elongation rate. Conversely,
relaxation of a bend would result in an apparent increase in
the elongation rate. The scatter might also represent actual
stochastic variations in microtubule association and dissoci-
ation reactions. Currently, we cannot differentiate between
these possibilities.

Previous estimates of microtubule elongation and rapid
shortening rates have been calculated from methods that
sample cell populations at time points (3, 28, 29), image
fluorescently labeled microtubules at time intervals (25), or
lacked the resolution to identify individual microtubules
(22). The results of these studies are summarized in Table
11. The estimate of microtubule rapid shortening determined
from real-time analysis of the reduction in birefringence of
sea urchin mitotic spindles after microinjection of colchicine
(22) correlates closely with the rapid shortening rate deter-
mined in this study. In contrast, elongation (28, 29) and rapid
shortening (3) rates obtained by sampling cell populations at
time points and data derived from fluorescent images col-
lected at long time intervals (25) are all considerably slower
than the rates determined here.

The difference in interphase microtubule assembly rates
determined previously and those presented here may be ex-
plained in three ways. First, microtubule elongation and
rapid shortening rates in amphibian and mammalian cells
may be inherently different. Second, tubulin subunits labeled
with biotin or rhodamine may alter the normal dynamics of
microtubules and this effect may be critical during the iliumi-
nation of fluorescently labeled microtubules (34). Third, the
difference in rates may be due to the limitations of techniques
with insufficient sampling frequency. Because the transitions
between elongation and rapid shortening are abrupt (Fig. 4),
this third possibility may contribute significantly to the dif-

Table I1. Comparison of Microtubule Elongation and
Rapid Shortening Rates In Vivo Determined by
Various Methods

Cell type Elongation Rapid shortening Reference
um/min um/min

BSCl1* 3.5 ND 28, 29

Human fibroblastst 35 +32 43 +5.7 26

Human monocytes$ ND 12 3

Sea urchin embryosl ND 18 22

Newt lung cells 72 +£03 17.3 + 0.7 This paper

* Mean rate determined from lengths of biotin-labeled microtubules in cells
fixed at time points.
# Mean + SD determined from fluorescent images of rhodamine-labeled
microtubules collected at ~1.4-min intervals.
§ Determined from numbers of microtubules remaining in cells fixed at time
ints after incubation in nocodazole.
Determined from real-time analysis of loss of spindle birefregence after in-
jection of colchicine.
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ferences in elongation and rapid shortening rates between
this study and previous reports. A microtubule could un-
dergo several long elongation and rapid shortening excur-
sions, but two samples at long intervals could miss these
events completely. For example, our data shows that on aver-
age, a microtubule elongates for 71 s (8.5 pm), undergoes
a catastrophe, shortens for 22 s (6.5 pm), undergoes a res-
cue, and elongates again. If microtubules in amphibians and
mammalian cells persist in elongation and rapid shortening
phases for similar lengths of time, then our data suggests that
within 1.5 min a microtubule could elongate 8.5 pm and
shorten 6.5 um. Observations at two time points 1.5 min
apart would erroneously indicate that the microtubule’s
length had only changed by 2 um.

Using real-time observations of microtubule assembly from
highly purified tubulin (16 uM) in vitro at 23°C, Walker,
R. A., S. Inoue, and E. D. Salmon (unpublished observa-
tions) determined an elongation rate of 1.37 wm/min and a
rapid shortening rate of 22 um/min for microtubule plus
ends. A tubulin concentration of 16 uM was selected because
this is within the range of estimates of the tubulin concentra-
tion in tissue cells (8). Rapid shortening rates in vivo and in
vitro are not statistically different (independent #-test), but
the rate of elongation in vitro was ~v5 times slower than the
rate in vivo, Thus, the conditions in the cell must promote
microtubule assembly without affecting the rate of rapid
shortening. Extrapolation from studies of the effects of heat-
stable porcine brain microtubule-associated proteins on mi-
crotubule assembly in vitro (Pryer, N. K., R. A. Walker,
M. FE. Soboeiro, and E. D. Salmon, manuscript in prepara-
tion) have shown that microtubule-associated proteins could
promote the assembly of 20 uM tubulin at an elongation rate
of ~7 um/min. This corresponds well to the in vivo rate
presented here. However, given these tubulin and microtu-
bule-associated protein concentrations, and these buffer con-
ditions in vitro, catastrophes would be extremely rare (ca-
tastrophe frequency <0.0001), and rapid shortening would
proceed at half the in vivo rate. These results suggest the ex-
istence of different microtubule-associated proteins or other
factors in the cell that contribute to the regulation of microtu-
bule assembly. Factors that can promote microtubule elonga-
tion, permit a higher frequency of catastrophe, and yet not
decrease the rate of microtubule rapid shortening may be im-
portant regulators of microtubule assembly.

We find that the transitions between elongation and rapid
shortening are abrupt and stochastic for the dynamic popula-
tion of microtubules (Fig. 4). Catastrophes occurred with a
frequency of 0.014 s™', which corresponds to about one
catastrophe every 71 s. The frequency of rescue was high,
0044 s or about one rescue every 22 s. The high fre-
quency of rescue resulted in few rapid shortening events
proceeding out of the microscopic field of view. We estimate
that 70% of rapidly shortening microtubules were rescued
within 35 um of the cell edge. Sammak and Borisy (25) also
found a very high frequency of rescue; ~80% of the shorten-
ing microtubules began to elongate again. Previously, we
analyzed the lengths of interphase microtubules in human
monocytes (3), and the histogram of microtubule lengths can
be generated by dynamic instability only if rescue occurs at
a high frequency. It appears that a high frequency of rescue
is a characteristic of most interphase microtubules in a vari-
ety of cell types.
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It is interesting to compare the data presented here for the
dynamics of newt lung cell interphase microtubules with
previous fluorescence photobleaching studies of microtubule
turnover in newt lung cell mitotic spindles. The half-time of
fluorescence recovery for bipolar spindles is ~75 s (35).
Therefore, the life span of an average spindle microtubule is
108 s (derived from #,/In2), and if spindle microtubules
elongate at 7 um/min, they will elongate ~10 um before they
undergo a catastrophe. Previous experiments (17, 23) suggest
that rescue occurs very infrequently for the nonkinetochore
microtubules of the mitotic spindle. The rapid and uniform
pattern of fluorescence recovery after photobleaching the en-
tire half-spindle and the rapid incorporation of biotin-tubulin
subunits along the entire length of nonkinetochore microtu-
bules are both consistent with a very low frequency of rescue
during mitosis. Therefore, the behavior of a nonkinetochore
spindle microtubule can be summarized as follows: on aver-
age, a microtubule elongates for 82 s (108 s X fraction of
time spent in elongation), undergoes a catastrophe and rap-
idly shortens all the weay back to the spindle pole. The time
spent in the elongation phase (and therefore the frequency of
catastrophe) of spindle and interphase microtubules are simi-
lar (82 and 71 s, respectively). If spindle and interphase
microtubules elongate at the same rate and undergo catas-
trophes with approximately the same frequency, the transi-
tion between interphase and mitosis can be regulated by con-
trolling the frequency of rescue. A high frequency of rescue
during interphase allows interphase microtubules to achieve
average lengths of ~70 um. During mitosis the very low fre-
quency of rescue means that microtubules only achieve
lengths of ~10 um (82 s X 7.1 um/min) and this correlates
well with the ~15-20-um length of a typical newt half
spindle.

In addition to the reported assembly and disassembly of
microtubules, we have also observed lateral movements and
bending of microtubules. These lateral and bending move-
ments suggest that the cytomatrix is flexible enough to allow
microtubule movements in the cellular regions we observed.
The mechanism responsible for microtubule bending has not
been determined. Some microtubules began bending once
they encountered the cell margin (Fig. 6), suggesting that
bending may be simply a consequence of obstructing an
elongating microtubule. However, several microtubules were
observed to bend while rapidly shortening and previously
bent microtubules maintained their bends during rapid short-
ening, suggesting that microtubule elongation is not neces-
sary to produce microtubule bends. This bending of microtu-
bules occurred very infrequently and probably did not
contribute significantly to the elongation and rapid shorten-
ing rates.

In summary, the real-time observations presented here
demonstrate that the labile microtubules of newt lung epithe-
lial cells exist in elongation or rapid shortening phases as de-
scribed by the dynamic instability model of microtubule as-
sembly. However, rescue frequency is so high that rapid
shortening rarely progresses to completion, a behavior
termed tempered instability by Sammak and Borisy (25, 26).
Thus, most microtubule dynamics appear to occur in the pe-
ripheral 20-30 pum of the microtubule at the edge of the cell.
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Note Added in Proof: E. Schulze and M. Kirschner (1988. Nature [Lond.].
334:356-359) have achieved direct observations of microtubule dynamic in-
stability at the periphery of living interphase BSC1 and PtK1 cells, using
fluorescence methods.
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