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INTRODUCTION

Microtubules are dynamic components of the cell cy-
toskeleton that participate in many important cellular
processes, including mitosis, cell motility, morphogene-
sis, and organelle transport (reviewed in Desai and
Mitchison, 1997). Microtubules are made up of a/b-
tubulin heterodimers that assemble into ;25 nm cylin-
drical polymers. Immunofluorescent localization of tu-
bulin has shown that microtubules in interphase tissue
cells are for the most part arranged in a radial array with
the “minus” end oriented toward a central microtubule
organizing center, the centrosome, and the “plus” end
radiating toward the cell periphery. Biochemical studies
in the 1970s and early 1980s on the assembly–disassem-
bly dynamics of tubulin culminated in the demonstra-
tion that microtubules exhibit an unusual form of assem-
bly behavior known as dynamic instability, defined as
the coexistence of microtubules in growing and shrink-
ing populations that interconvert infrequently and sto-
chastically (reviewed in Waterman-Storer and Salmon,
1997a). However, corroboration of these studies with
real-time microscopic data was difficult, because 25-nm
microtubules are ;10 times below the resolution limit of
the light microscope.

This Video Essay provides a review of the ingenious
methods that have been developed and applied over the
past 10–15 years to the study of microtubule dynamic
behavior in living cells. I have not included the many
unique microscopic approaches that have been used for
the study of microtubule behavior in vitro (for review,
see Scholey 1993). Furthermore, this review intends by
no means to be exhaustive but summarizes a few high-
lights in the field of which primary data was generously
made available to me from the original authors for digi-
tization and conversion into QuickTime movies. Finally,
important advances such as the expression of green flu-
orescent protein–coupled proteins to follow microtubule

dynamics in the ;6-mm-diameter budding yeast Saccha-
romyces cerevisiae cell (Shaw et al., 1998) and the use of
polarized light microscopy for monitoring microtubule
dynamics during mitosis (Inoué and Oldenbourg, 1998)
have been omitted from this review, because these topics
have been dealt with in detail in recent Video Essays in
this series.

VIDEO SEQUENCES

Video Sequence 1: Time-Lapse Fluorescence
Microscopy of Individual Microtubule Dynamics in
the Lamella of a PtK1 Cell Recorded with a Low–
Light Level Intensified Silicon Intensifier Target
(ISIT) Camera
The first approach of researchers in the early 1980s to
visualizing microtubule dynamics in living cells was
with epi-fluorescence microscopy. The wonderful spec-
ificity and sensitivity of this method, in which excitation
light is excluded from the image and only the fluorescent
molecules are seen against a black background, allows
the visualization of discrete molecular probes in complex
specimens, such a living cells. When used in conjunction
with the method of “fluorescent analog cytochemistry,”
fluorescence microscopy provided an exceptional tool
for studying microtubule dynamic behavior. In this tech-
nique, pioneered by Taylor and Wang (1978, 1980) for
studies of actin filament dynamics, fluorescent mole-
cules are covalently coupled to purified proteins. The
labeled proteins are then microinjected into living cells
and incorporated into cellular structures, and their dy-
namics are visualized by fluorescence microscopy with
sensitive low–light level video cameras.

Early microtubule fluorescent analog cytochemistry
resulted in the characterization of tubulin diffusion
coefficients and microtubule turnover rates in vivo
(Salmon et al., 1984a,b; Saxton et al., 1984). Tubulin was
coupled to the fluorophore 5-(4,6-dichlorotriazin-2-
yl)aminofluorescein (DTAF) (Keith et al., 1981; Wads-
worth and Sloboda, 1983) and used for fluorescence

□V Online version of this essay contains video material for Fig-
ures 1–7. Online version available at www.molbiolcell.org.
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recovery after photobleaching experiments. This tech-
nique was used to monitor the redistribution of fluo-
rescent microtubules into a region where the fluores-
cence was bleached by laser illumination (Salmon et
al., 1984a,b; Saxton et al., 1984). These studies were
aided by the use of illumination shutters to limit ex-
posure of the specimen and low–light level SIT video
cameras that contain built-in silicon target intensifiers
that multiply by ;1–5 3 102 the photoelectrons pro-
duced when light strikes the camera face (Inoué, 1986).
Despite these advances, limits in resolution of the imag-
ing system used and the relatively low quantum yield
and rapid bleaching rates of DTAF superceded visual-
ization of the dynamics of individual microtubules.

Improvements in imaging technologies used by Sam-
mak and Borisy (1988a,b) allowed for the first time time-
lapse views of dynamic instability of individual micro-
tubule plus ends in thin regions at the periphery of living
cells. These researchers used a higher-resolution imaging
system, digital summing of video images to reduce noise
(Inoué, 1986), and a much more photostable and quan-
tum efficient fluorophore, 5/6-carboxy-X-rhodamine-N-
succinimide (X-rhodamine). Their method has proved to
be extremely successful and has been used extensively
for many studies of microtubule dynamics to the
present, with only minor modifications such as the
choice of fluorophore and camera detector.

An example of recent use by Wadsworth’s group
(Shelden et al., 1993; Yvon and Wadsworth, 1997) of
fluorescent analog cytochemistry for following indi-
vidual microtubule dynamics is shown in Figure 1
(contributed by P. Wadsworth and A.M. Yvon) and
Video Sequence 1. These show the dynamics of tetra-
methylrhodamine-tubulin–labeled microtubules in
the periphery of a PtK1 cell. The time-lapse images in
the series shown in Video Sequence 1 were acquired at
2-s intervals with an ISIT camera (a SIT camera with
an additional intensifier is coupled to it) with 32-frame
averaging to increase the signal-to-noise ratio and il-
lumination shuttered between exposures. The field
diaphragm was closed down to vignette the area of
illumination, reducing both cellular photodamage and
background fluorescence. Microtubules can be seen to
slowly grow, rapidly shorten, and stochastically
switch between growing and shortening, exhibiting
the characteristic behavior known as dynamic insta-
bility (for example, the one highlighted by the arrow
in Figure 1). Because of problems with fluorescence
photobleaching, the sequence is relatively short.

Video Sequence 2: Video-enhanced Differential
Interference Contrast (VE-DIC) Imaging of
Microtubule Dynamics in the Lamella of a Newt
Lung Epithelial Cell
Around the same time that fluorescent analog cyto-
chemistry techniques were being used to study micro-

tubule dynamics, Salmon and coworkers applied
methods for electronic enhancement of transmitted
light video images to achieve the first noninvasive,
real-time observation of the behavior of individual
microtubules in cells (Cassimeris et al., 1988). Al-
though microtubule fluorescent analog cytochemistry
was revolutionary, problems with phototoxicty and
photobleaching superceded the possibility of continu-
ous recording of microtubule behavior in cells. Thus, it
was impossible to accurately measure the parameters
of dynamic instability because of long intervals be-
tween the acquisition of successive fluorescence im-
ages.

The problems of fluorescent analog cytochemistry
were overcome by using VE-DIC microscopy on the
very thin lamella region of cells. DIC microscopy uses
polarized light to produce contrast at regions in a
specimen where there is a gradient in optical path,
such as at the interface between a protein structure
and aqueous environment. This results in brightness
or darkness along the edges of the regions of a differ-
ing optical path, giving the characteristic “shadow
cast” appearance of DIC images (reviewed in Salmon
and Tran, 1998). The pioneering work in the early
1980s by Allen et al. (1981) and Inoué (1981) on elec-
tronic enhancement of video DIC images allowed the
detection of objects far below the theoretical limit of
resolution of the DIC microscope (;0.2 mm using
540-nm illumination) and differing very little in optical
path from the surrounding medium. Their develop-

Figure 1. Tetramethylrhodamine-labeled microtubules in the la-
mella of a PtK1 cell imaged with an ISIT camera. See text for details.
Bar, 10 mm. Courtesy of P. Wadsworth and A.M. Yvon.
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ments included contrast enhancement, digital image
processing, background subtraction, and frame aver-
aging (reviewed in Allen, 1985; Inoué, 1989). This to-
gether with Salmon’s development of methods for
computer-assisted tracking of microtubule ends in re-
al-time video images (Walker et al., 1988) allowed
accurate determination of microtubule growth and
shortening velocities and transition frequencies.

Microtubule dynamics in the lamella of a newt lung
epithelial cell using VE-DIC and recorded with a high-
resolution Newvicon video camera are shown in Fig-
ure 2 (contributed by L. Cassimeris and E.D. Salmon)
and Video Sequence 2. The thin filaments pointing
toward the leading edge of the cell (for example, the
one highlighted by the arrow in Figure 2) were con-
firmed to be microtubules by correlative immunoflu-
orescent localization of tubulin. In the video, microtu-
bules can be seen to stochastically grow and shorten,
exhibiting dynamic instability. The movement of a
long, refractile organelle, probably a mitochondria,
can also be seen.

Video Sequence 3: Photoactivation of Caged
Fluorescein Tubulin Demonstrates Poleward
Microtubule flux in the Mitotic Spindle of a PtK2
Cell
Testing the current models of mitosis in the early
1980s were met by yet another technical challenge:
direct observation of spindle microtubule dynamics.
Fluorescent analog cytochemistry offered beautiful
views of individual microtubule dynamics in the pe-
riphery of interphase cells where microtubules were
sparse. However, in the tissue cell mitotic spindle,
there are .1000 microtubules arranged in an antipar-
allel array, with chromosomes being tethered at their

kinetochores to spindle poles by bundles of kineto-
chore microtubules (reviewed in Hyman and Karsenti,
1998). Problems of uniform labeling of microtubules
and high background fluorescence from unincorpo-
rated fluorescent tubulin made it impossible visualize
individual microtubule dynamics in the mitotic spin-
dle. To monitor spindle microtubule dynamics, fluo-
rescent spindle microtubules in tissue cells were
marked by laser photobleaching of DTAF tubulin
(Wadsworth and Salmon, 1986). Using this method,
kinetochore fiber microtubules were shown to be rel-
atively stable, whereas nonkinetochore spindle micro-
tubules were much more dynamic. Around the same
time, forward incorporation studies in fixed cells were
performed in which microinjected biotinylated tubu-
lin was shown by electron microscopy to continually
incorporate into the plus (kinetochore-attached) ends
of kinetochore fibers throughout metaphase (Mitchi-
son et al., 1986). This result predicted that bleached
marks on spindle microtubules in living cells should
move poleward. However, the laser photobleaching
experiments were unable to detect poleward move-
ment of kinetochore microtubules (Wadsworth and
Salmon, 1986). Kinetochore microtubules represent a
minor fraction of the microtubules in the spindle. As a
consequence, recovery of fluorescence of nonkineto-
chore microtubules in the bleached zone obscured the
behavior of the bleached marks on the more stable
kinetochore fibers.

Mitchison (1989) solved this problem by developing
the method of photoactivation of fluorescence to ex-
amine microtubule dynamics in mitosis. Mitchison
synthesized a nonfluorescent (“caged”) derivative of
carboxyfluorescein that could be converted to a fluo-
rescent form by exposure to 360-nm UV light (“un-
caged”). This probe was coupled to tubulin, microin-
jected into cells, and incorporated into mitotic
spindles. The spindle was exposed to a narrow bar of
UV light that was produced by a slit in the field plane
of the epi-illumination pathway. Spindle microtubules
were thus marked by a region of fluorescent subunits.
The positions of the marks were then monitored by
fluorescence video microscopy.

Photoactivation of fluorescence offered two distinct
advantages over photobleaching (Mitchison, 1989).
The first was signal to noise; the bright fluorescent
marks on stable kinetochore fibers persisted as the
fluorescent marks on the nonkinetochore microtu-
bules disappeared as dynamic instability released the
fluorescent subunits into the dark cellular back-
ground. The second advantage of the photoactivation
technique was reduction of fluorescence photodamage
and photocrosslinking, artifacts that are possible with
the laser bleach method.

Figure 3 (contributed by T.J. Mitchison) and Video
Sequence 3 show an example of a fluorescent photo-
activation experiment. On the left is the phase-contrast

Figure 2. Microtubules in the lamella of a newt lung epithelial cell
imaged using VE-DIC microscopy. See text for details. Bar, 5 mm.
Courtesy of L. Cassimeris and E.D. Salmon.
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image of a metaphase PtK2 cell taken just before pho-
toactivation, and on the right is the fluorescence image
of photoactivated fluorescein tubulin (arrowhead) in
the lower half-spindle. Electronic shutters were used
to switch between transmitted and epi-illumination
for sequential phase and fluorescence images and to
minimize illumination time. In the video sequence
(Sequence 3), the slow, steady poleward movement of
subunits in the kinetochore microtubules and disas-
sembly at the poles at ;0.5 mm/min is apparent as the
fluorescent region moves downward and disappears
at the spindle pole. Intermittent phase-contrast images
were taken to demonstrate that the cell did not enter
anaphase during the observation period. Mitchison
termed this dynamic behavior of kinetochore micro-
tubules “polewards flux.”

Video Sequence 4: Microtubule Dynamics in Growth
Cones during Axon Elongation Recorded with a
Cooled Charge-coupled Device (CCD) Digital
Camera and Suppression of Photobleaching
Not long after the characterization of microtubule dy-
namic instability in vitro, Kirschner and Mitchison
(1986) hypothesized that cellular morphogenetic pro-
cesses may be mediated by selective stabilization of a
subset of microtubules. An example of this is the
acquisition of an extended, polarized cell shape, such
as axonal outgrowth from a neuron. This hypothesis
was not testable at the time, because the photobleach-
ing problems associated with fluorescence analog cy-
tochemistry precluded extensive observation periods,
and the VE-DIC method was only applicable to certain
cell types that were extremely flat and thin.

To examine the role of microtubules in axon out-
growth, Tanaka and Kirschner (1991) designed a spe-

cial specimen chamber to inhibit photodamage and
photobleaching to allow for long-term observation of
microtubule dynamics. The photobleaching reaction
for most commonly used fluorophores is oxygen de-
pendent and produces a reactive oxygen species that
induces cellular damage. Their chamber provided a
relatively anoxic environment for observation at high
resolution. The specimen was suspended in degassed
media under nitrogen with a surrounding well con-
taining chemical oxygen scavengers.

Tanaka and Kirschner (1991) were also the first to
use a solid-state, cooled CCD camera for imaging
microtubule dynamics. CCDs are made up of arrays of
discrete photosensitive areas (pixels) that generate
charge in proportion to light exposure (reviewed in
Berland et al., 1998). The charges in the array are read
out of the CCD by a computer and recombined digi-
tally to form an image. CCD cameras provide linear
response and distortion-free images and, when cooled
to reduce thermally generated signal, have a remark-
able signal-to-noise ratio. This combination of photo-
bleaching suppression and the cooled CCD camera
allowed for long-term observation of individual mi-
crotubule dynamics at relatively frequent image ac-
quisition intervals during axon outgrowth.

Figure 4 (contributed by E. Tanaka and M. Kirsch-
ner) and Video Sequence 4 show an example of
tetramethylrhodamine microtubule dynamics in a
Xenopus neuronal growth cone. This sequence dis-
plays the typical splaying and looping of dynamic
microtubules in the growth cone followed by bun-
dling of microtubules as the growth cone advances
and the axon extends.

Since this development by Tanaka and Kirschner, sim-
pler enzymatic methods for inhibiting photobleaching

Figure 3. Photoactivation of
caged fluorescein microtubule flu-
orescence in the mitotic spindle.
On the left is the phase-contrast im-
age of a metaphase PtK2 cell taken
just before photoactivation, and on
the right is the fluorescence image
of photoactivated fluorescein tubu-
lin (arrowhead) in the lower half-
spindle. Bar, 25 mm. Courtesy of
T.J. Mitchison.
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(Waterman-Storer et al., 1993; Mikhailov and Gundersen,
1995) have been developed, and cooled CCD cameras
have improved in their speed, quantum efficiency, dy-
namic range, resolution, and signal-to-noise ratio (Ber-
land et al., 1998). This combination of technologies has
been exploited recently to study microtubule behavior in
cells and has resulted in many new and exciting discov-
eries about microtubule dynamics in vivo (reviewed in
Waterman-Storer and Salmon, 1997).

Video Sequence 5: Interactions between Microtubules
and Endoplasmic Reticulum (ER) Membrane Tubules
in Living Cells Demonstrated with Multiple-
Wavelength Digital Fluorescence Microscopy
Although a clearer picture of microtubule dynamic be-
havior in living cells was emerging, how microtubules
interacted in vivo with other cellular structures and or-
ganelles was not well studied. For example, character-
ization of the movement of ER membrane tubules in
living cells by Terasaki and colleagues suggested that
movements of ER were powered by microtubule motors
(reviewed in Terasaki and Jaffee, 1993). However, work
from in vitro studies had suggested several distinct
mechanisms for the microtubule-based transport of ER

(Waterman-Storer et al., 1995). To determine how ER
moved on microtubules in vivo required that the two
structures be imaged simultaneously in living cells.

Development by Taylor and colleagues of multiple-
wavelength digital fluorescence imaging allowed simul-
taneous observation of several different cellular struc-
tures labeled with spectrally distinct fluorophores
(Waggoner et al., 1989). These imaging systems use filter
wheels to select the fluorescence excitation wavelength
for the specific probe(s) and a filter wheel to select the
corresponding dichromatic mirror and emission filter.
Alternatively, excitation filter wheels can be used in con-
junction with multiple-bandpass dichromatic mirrors
and emission filters (Salmon et al., 1998). Computer con-
trol of digital camera image acquisition, shutters, and
motorization of filter wheels allows for rapid successive
imaging of different structures labeled with different flu-
orophores. The images of each fluorescent structure are
then digitally processed, “overlaid” so that the relation-
ship between the structures can be visualized in detail,
and positionally and temporally analyzed.

We used multiple-wavelength digital fluorescence
microscopy to analyze the interactions between ER
membranes and microtubule dynamics (Waterman-
Storer and Salmon, 1998a). ER was labeled with the
vital dye DiOC6(3) (a method developed by M. Ter-
asaki [Terasaki and Jaffee, 1993]), and microtubules
were visualized by microinjection of X-rhodamine–
tubulin. Images were collected with a slow-scan
cooled CCD camera, and photobleaching was sup-
pressed with the oxygen-scavenging enzyme system
Oxyrase (Oxyrase, Ashland, OH) (Waterman-Storer et
al., 1993; Mikhailov and Gundersen, 1995). The ER
images were digitally processed to enhance their tu-
bular structure and remove background staining of
the plasma membrane. Microtubule images were pro-
cessed to remove background of nonpolymerized la-
beled tubulin in the cell. The images were then color
coded, with ER green and microtubules red, and com-
bined into a single 24-bit red–green–blue (RGB) image
(Waterman-Storer et al., 1997). Figure 5 and Video
Sequence 5 (C.M. Waterman-Storer and E.D. Salmon)
show an example of the this method. The video se-
quence demonstrates the extension and retraction of
ER tubules along dynamic microtubules, the extension
of ER tubules by their attachment to growing micro-
tubule plus ends, and the simultaneous retrograde
flow of both structures toward the cell center.

Video Sequence 6: Relationships between
Microtubule Dynamics and Retrograde Flow at the
Leading Edge of a Migrating Cell Demonstrated by
Multimode Digitally Enhanced DIC and
Fluorescence Microscopy
The question of how microtubules became dynami-
cally remodeled during cell migration was next ap-

Figure 4. Rhodamine microtubules in a Xenopus neuronal growth
cone imaged under anoxic conditions with a cooled CCD camera.
See text for details. Bar, 10 mm. Courtesy of E. Tanaka, D. Odde, and
M. Kirschner.
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proached using digital multimode microscopy. Mi-
grating cells at their leading edges facing the direction
of migration typically exhibit retrograde flow of mem-
brane-associated components on the cell surface and
actin filaments within in the cell cortex. To determine
how microtubule dynamics and distribution were af-
fected by retrograde flow in migrating cells, we used a
digital multimode microscope system developed by
E.D. Salmon (Waterman-Storer and Salmon, 1997b,
Salmon et al., 1998). This system allows simultaneous
visualization of cell surface dynamics by time-lapse
digitally enhanced DIC microscopy and microtubule
dynamics by fluorescent analog cytochemistry. Our
instrument uses an electronic filter wheel containing
the DIC analyzer in the aperture plane just in front of
the camera. DIC images are collected using transmit-
ted light shuttered between exposures and the DIC
analyzer in the light path. To alternate with fluores-
cence images, the analyzer is rotated out of the light
path, a shutter in the epi-illumination pathway is
opened, and a fluorescence image is acquired. Shutter
and filter wheel timing and position are computer
controlled, and images are collected with a wide-dy-
namic-range, cooled CCD camera. The DIC and fluo-
rescence images are then separately enhanced by dig-
ital image processing to increase contrast and reduce
background and then combined into a 24-bit RGB
image.

Figure 6 and Video Sequence 6 (Waterman-Storer
and Salmon) show microtubules by microinjected
X-rhodamine–tubulin in red and the DIC image of the
cell surface in gray scale. In the video, the retrograde

flow of DIC refractile material at the leading edge is
apparent. As microtubules grow into the lamellipodia at
the extreme periphery of the cell, they bend and then
flow rearward at the same rate as cell surface ridges.

Video Sequence 7: Future Applications—Microtubule
Dynamics in Thick Regions of Cells Visualized by
Fluorescent Speckle Microscopy
We have recently developed a fluorescent “speckle
microscopy” method using conventional wide-field
fluorescence light microscopy and digital imaging
with a low-noise, cooled CCD camera that reveals the
assembly dynamics, movement, and turnover of mi-
crotubules throughout the image field of view at dif-
fraction-limited resolution (Waterman-Storer et al.,
1998, 1999). As noted previously, microtubule fluores-
cent analog cytochemistry is plagued by problems of
high background fluorescence from out-of-focus fluo-
rescence and unincorporated fluorescent tubulin and
the inability to detect microtubule movement due to
uniform fluorescent labeling of microtubules. Al-
though the photoactivation technique provides infor-
mation about the movement of microtubules, detec-
tion of movement is limited to a very defined cellular
region. In contrast, fluorescent speckle microscopy
significantly reduces out-of-focus fluorescence and
greatly improves visibility of microtubules and their
dynamics in thick regions of living cells and also pro-
vides fiduciary marks of the microtubule lattice for
monitoring microtubule movement throughout the
field of view. This technology should greatly aid the
study of microtubule dynamics in thick cells, in mi-
totic spindles, and in tissues.

Fluorescent speckle microscopy requires that the
fraction of fluorescently labeled tubulin dimers in the
cell be very low (0.01–0.25%) relative to the level of

Figure 5. Codistribution of microtubules and ER in the lamella of
an epithelial cell imaged using digital multi-wavelength fluores-
cence microscopy. Images were color coded, with ER green and
microtubules red, and combined into a single 24-bit RGB image. Bar,
10 mm.

Figure 6. Microtubules, visualized by microinjected X-rhodamine
tubulin microtubules in red and the DIC image of the cell surface in
gray scale in the leading edge of a migrating epithelial cell imaged
with a digital multimode microscope system. Bar, 10 mm.
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endogenous tubulin. Labeled and unlabeled dimers
stochastically coassemble into microtubules, giving a
random and sparse distribution of fluorescent sub-
units with a speckled appearance in high-resolution
fluorescence images (Waterman-Storer and Salmon,
1997b, 1998b). The low level of unincorporated fluo-
rescent subunits reduces background fluorescence. Be-
cause the speckle pattern is dependent on microtubule
growth, it does not change over time in an assembled
microtubule and thus serves as a series of fiduciary
marks on the microtubule lattice. Movement of the
fluorescent speckle pattern indicates microtubule
movement, whereas changes in speckle distribution
indicate microtubule growth and shortening.

Figure 7 and Video Sequence 7 (Waterman-Storer
and Salmon) show an example application of fluores-
cent speckle microscopy of fluorescent microtubules
in the lamella of a cell. Figure 7 compares diffraction-
limited conventional (;10% labeled tubulin) and
speckle (;0.1% labeled tubulin) fluorescent images of
microtubules in the lamella of epithelial cells injected
with X-rhodamine–labeled tubulin. In the conven-
tional image, individual microtubules are evident at
the extreme periphery of the cell but are invisible
above the high background fluorescence because of
unincorporated labeled tubulin in more proximal re-
gions of the lamella. In the speckle image, the back-
ground fluorescence is very low, and there is generally
1–3 mm between the brightest peaks in fluorescence
intensity along microtubules, rendering individual
microtubules visible in both proximal and distal re-
gions of the lamella. In Video Sequence 7, time-lapse
speckle microscopy shows individual microtubules

growing and shortening throughout the lamella, seen
by appearance and disappearance of linear arrays of
fluorescent speckles.

Fluorescent speckle microscopy is useful for analyz-
ing many microtubule-related phenomena. We have
used fluorescent speckle microscopy to monitor in
living cells microtubule “treadmilling,” microtubule
translocation (Waterman-Storer and Salmon, 1997b),
astral microtubule assembly dynamics in mitotic spin-
dles, and poleward flux of spindle microtubules (Wa-
terman-Storer et al., 1998). We have also found it use-
ful for analyzing the dynamics of microtubules in
mitotic spindles assembled in vitro in extracts of Xe-
nopus laevis eggs (Waterman-Storer et al., 1998). We are
currently developing speckle microscopy techniques
for analyzing in vivo the binding of fluorescently la-
beled microtubule-associated proteins to microtubules
and the turnover of fluorescently labeled actin.

Conclusions
Microscopic analysis of microtubule behavior in living
cells has provided great advances in our understand-
ing of this dynamic component of the cytoskeleton.
The current trend in computer automation of micro-
scopes, digital imaging, digital manipulation of im-
ages via such techniques as deconvolution for removal
of out-of-focus fluorescence (reviewed in Wang, 1998),
and multiple-photon laser confocal imaging provide
exciting tools for solving problems of import in micro-
tubule biology in the future.

Figure 7. Comparison of diffraction-limited conventional (left, ;10% labeled tubulin) and speckle (right, ;0.25% labeled tubulin) fluores-
cent images of microtubules in the lamella of an epithelial cell injected with X-rhodamine–labeled tubulin. See text for details. Bar, 10 mm.
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Inoué, S., and Oldenbourg, R. (1998). Microtubule dynamics in
mitotic spindle displayed by polarized light microscopy. Mol. Biol.
Cell 9, 1603–1607.

Keith, C.H., Feramisco, J.R., and Shelanski, M. (1981). Direct visu-
alization of fluorescein-labeled microtubules in vitro and in micro-
injected fibroblasts. J. Cell Biol. 88, 234–240.

Kirschner, M., and Mitchison, T. (1986). Beyond self-assembly: from
microtubules to morphogenesis. Cell 45, 329–342.

Mikhailov. A.V., and Gundersen, G.G. (1995). Centripetal transport
of microtubules in motile cells. Cell Motil. Cytoskeleton 32, 173–186.

Mitchison, T.J. (1989). Polewards microtubule flux in the mitotic
spindle: evidence from photoactivation of fluorescence. J. Cell Biol.
109, 637–652.

Mitchison, T., Evans, L., Schulze, E., and Kirschner, M. (1986). Sites
of microtubule assembly and disassembly in the mitotic spindle.
Cell 45, 515–527.

Salmon, E.D., Leslie, R.J., Saxton, W.M., Karow, M.L., and McIntosh,
J.R. (1984a). Spindle microtubule dynamics in sea urchin embryos:
analysis using a fluorescein-labeled tubulin and measurements of
fluorescence redistribution after laser photobleaching. J. Cell Biol.
99, 2165–2174.

Salmon, E.D., Saxton, W.M., Leslie, R.J., Karow, M.L., and McIntosh,
J.R. (1984b). Diffusion coefficient of fluorescein-labeled tubulin in

the cytoplasm of embryonic cells of a sea urchin: video image
analysis of fluorescence redistribution after photobleaching. J. Cell
Biol. 99, 2157–2164.

Salmon, E.D., Shaw, S.L., Waters, J., Waterman-Storer, C.M., Mad-
dox, P.S., Yeh, E., and Bloom, K. (1998). A high resolution multi-
mode microscope system. Methods Cell. Biol. 56, 185–214.

Salmon, E.D., and Tran, P. (1998). High-resolution video-enhanced
differential interference contrast (VE-DIC) light microscopy. Meth-
ods Cell Biol. 56, 153–184.

Sammak, P.J., and Borisy, G.G. (1988a). Direct observation of micro-
tubule dynamics in living cells. Nature 332, 724–726.

Sammak, P.J., and Borisy, G.G. (1998b). Detection of single fluores-
cent microtubules and methods for determining their dynamics in
living cells. Cell Motil. Cytoskeleton 10, 237–245.

Saxton, W.M., Stemple, D.L., Leslie, R.J., Salmon, E.D., Zavortink,
M., and McIntosh, J.R. (1984). Tubulin dynamics in cultured mam-
malian cells. J. Cell Biol. 99, 2175–2186.

Scholey, J.M. (ed.) (1993). Motility Assays for Motor Proteins, San
Diego: Academic Press.

Shaw, S.L., Maddox, P., Skibbens, R.V., Yeh, E., Salmon, E.D., and
Bloom, K. (1998). Nuclear and spindle dynamics in budding yeast.
Mol. Biol. Cell 9, 1627–1631.

Shelden, E., and Wadsworth, P. (1993). Observation and quantifica-
tion of individual microtubule behavior in vivo: microtubule dy-
namics are cell-type specific. J. Cell Biol. 120, 935–945.

Tanaka, E.M., and Kirschner, M.W. Microtubule behavior in the
growth cones of living neurons during axon elongation. J. Cell Biol.
115, 345–363.

Taylor, D.L., and Wang, Y.L. (1978). Molecular cytochemistry: in-
corporation of fluorescently labeled actin into living cells. Proc.
Natl. Acad. Sci. USA 75, 857–861.

Taylor, D.L., and Wang, Y.L. (1980). Fluorescently labelled mole-
cules as probes of the structure and function of living cells. Nature
284, 405–410.

Terasaki, M., and Jaffe, L.A. (1993). Imaging endoplasmic reticulum
in living sea urchin eggs. Methods Cell Biol. 38, 211–220.

Wadsworth, P., and Salmon, E.D. (1986). Analysis of the treadmill-
ing model during metaphase of mitosis using fluorescence redistri-
bution after photobleaching. J. Cell Biol. 102, 1032–1038.

Wadsworth, P., and Sloboda, R.D. (1983). Microinjection of fluores-
cent tubulin into dividing sea urchin cells. J. Cell Biol. 97, 1249–1254.

Waggoner, A., DeBiasio, R., Conrad, P., Bright, G.R., Ernst, L., Ryan,
K., Nederlof, M., and Taylor, D.L. (1989). Multiple spectral param-
eter imaging. Methods Cell Biol. 30, 449–478.

Walker, R.A., O’Brien, E.T., Pryer, N.K., Soboeiro, M.F., Voter, W.A.,
Erickson, H.P., and Salmon, E.D. (1988). Dynamic instability of
individual microtubules analyzed by video light microscopy: rate
constants and transition frequencies. J. Cell Biol. 107, 1437–1448.

Wang, Y.L. (1998). Digital deconvolution of fluorescence images for
biologists. Methods Cell Biol. 56, 305–315.

Waterman-Storer, C.M., Desai, A., Bulinski, J.C., and Salmon, E.D.
(1998). Fluorescent speckle microscopy: visualizing the movement,
assembly, and turnover of macromolecular assemblies in living
cells. Curr Biol. 8, 1227–1230.

Waterman-Storer, C.M., Desai, A., and Salmon, E.D. (1999). Fluo-
rescent speckle microscopy of spindle microtubule assembly and
motility in living cells. Methods Cell. Biol. 61, 155–173.

Waterman-Storer, C.M., Gregory, J., Parsons, S.F., and Salmon, E.D.
(1995). Membrane/microtubule tip attachment complexes (TACs)
allow the assembly dynamics of plus ends to push and pull mem-

C.M. Waterman-Storer

Molecular Biology of the Cell3270



branes into tubulovesicular networks in interphase Xenopus egg
extracts. J. Cell Biol. 130, 1161–1169.

Waterman-Storer, C.M., and Salmon, E.D. (1997a). Microtubule dy-
namics: treadmilling comes around again. Curr. Biol. 7, R369–R372.

Waterman-Storer, C.M., and Salmon, E.D. (1997b). Actomyosin-
based retrograde flow of microtubules in the lamella of migrating
epithelial cells influences microtubule dynamic instability and turn-
over and is associated with microtubule breakage and treadmilling.
J. Cell Biol. 139, 417–434.

Waterman-Storer, C.M., and Salmon, E.D. (1998a). Endoplasmic
reticulum membrane tubules are distributed in living cells by three
distinct microtubule dependent mechanisms. Curr. Biol. 8, 798–806.

Waterman-Storer, C.M., and Salmon, E.D. (1998b). How microtu-
bules get fluorescent speckles. Biophys. J. 75, 2059–2069.

Waterman-Storer, C.M., Sanger, J.W., and Sanger, J.M. (1993). Dy-
namics of organelles in the mitotic spindles of living cells: mem-
brane and microtubule interactions. Cell Motil. Cytoskeleton 26,
19–39.

Waterman-Storer, C.M., Shaw, S.L., and Salmon, E.D. (1997). Pro-
duction and presentation of digital movies. Trends Cell Biol. 7,
503–506.

Yvon. A.M., and Wadsworth, P. (1997). Non-centrosomal microtu-
bule formation and measurement of minus end microtubule dy-
namics in A498 cells. J. Cell Sci. 110, 2391–2401.

Microtubules and Microscopes

Vol. 9, December 1998 3271


