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INTRODUCTION

Intermediate filaments (IFs) are the least understood
of the three major cytoskeletal elements. One of the
difficulties of studying the functions of IFs in vitro is
that the IF proteins are, unlike microtubules (MTs)
and microfilaments (MFs), quite insoluble in nonde-
naturing buffers and the assembly and disassembly of
IFs can therefore not be studied under physiological
conditions. Despite this limitation, in vitro studies
have revealed important aspects of IF assembly (see
Herrmann and Aebi, 1998), but they have not been
able to address specific questions about IF dynamics in
vivo. IFs are known to undergo dynamic changes in
distribution and organization during cell growth, po-
larization, and differentiation. These changes in distri-
bution occur without complete disassembly of IFs into
individual subunits. Thus, unlike MTs or MFs, whose
dynamics are driven by the concentration of the solu-
ble subunits, IFs are dynamic despite the fact that
there is very little IF protein found in the soluble
fraction. By injection of rhodamine-labeled vimentin
or expression of tagged vimentin, it has been shown
that IF turnover occurs along the length of the fila-
ments, unlike the turnover of MTs or MFs, which only
add or subtract subunits from the filament ends. One
question that arises from these results is whether the
turnover of the IF array is the result of an insoluble
intermediate and whether one can visualize these in-
termediates in vivo.

MTs and perhaps other cellular structures are re-
quired to form the extended array of IFs in cells. Drugs
that induce breakdown of MTs cause collapse of IFs to
the perinuclear region (Goldman, 1971; Hynes and
Destree, 1978; Wang and Choppin, 1981; Masurovsky
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et al., 1982; Gurland and Gundersen, 1995). Two sep-
arate studies have demonstrated that microinjection of
tubulin antibodies promotes collapse of IFs to the
perinuclear region (Blose and Feramisco 1984; Gur-
land and Gundersen, 1995). This apparent association
of IFs with MTs has also been shown to require kine-
sin as a linker molecule, because microinjection of
kinesin antibodies (Gyoeva and Gelfand, 1991) or tu-
bulin fragments that interfere with kinesin binding to
MTs (Kreitzer et al., 1999) promote collapse of the IF
array. Furthermore, a kinesin protein has been shown
to bind directly to vimentin filaments in vitro (Liao
and Gundersen, 1988). These results suggest that IFs
may be extended in cells by MT-based motor proteins.

To study IF assembly and dynamics in vivo, we
have used stable cell lines expressing green fluores-
cent protein (GFP)-vimentin (Ho et al., 1998). We were
particularly interested in understanding how IFs are
extended in cells and whether intermediates in the
turnover and assembly of IFs can be detected. In this
assay, we summarize some of our previously pub-
lished results and include examples that support the
idea that IFs move along MTs and that small frag-
ments of IFs may be intermediates in the turnover of
the IF array. Since our initial report (Ho ef al., 1998),
similar findings have been reported from the Gold-
man laboratory (Prahlad et al. 1998; Yoon et al., 1998).

VIDEO MOVIES

Movie 1: The IF Array Is Dynamic

To analyze the behavior of vimentin IFs in living cells,
a chimeric protein was constructed. The enhanced
form of GFP was fused to the amino-terminal end of
vimentin and expressed in NIH3T3 cells. GFP-vimen-
tin constituted 20% of the cellular vimentin in the
stably transfected NIH3T3 cells (for more detail, see
Ho et al., 1998). Recordings of >4 h were possible with
little photobleaching of GFP fluorescence, making
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Figure 1. Movie 1: The IF array is dynamic. Shown is the behavior
of the IF array in an NIH3T3 cell expressing GFP-vimentin. The
movements of the IF array in this movie are typical of other arrays
we have recorded. Bar, 15 um.

GFP-vimentin a good reporter for observing IF behav-
ior in living cells. For experiments presented in this
essay, we studied cells at the edge of a wounded
monolayer, because these cells become highly polar-
ized when they migrate into the wound, and we sus-
pect that IFs undergo corresponding rearrangements
(Gurland and Gundersen, 1995). Specific conditions
have been described in detail by Ho et al. (1998).
Initial low-magnification recordings of GFP-vimen-
tin—expressing cells revealed the dynamic behavior of
the IF array. IFs were observed to change curvature
and orientation over the course of several minutes. In
longer recordings it was possible to visualize a wave-
like motion for IFs. Presented in Movie 1 (Ho et al.,
1998) is a recording where many of the IFs were seen
to shift and exhibit this wavy motion. This recording
was 90 min in length (frame interval, 2.5 min). The still
figure presented (Figure 1) is the first image from
Movie 1, and the arrow indicates an IF that bends in a
wave-like motion. It is important to note that larger
bundles of IFs did not appear to bend as much as the
smaller IF bundles. In general, individual IFs were
observed to be extending toward the edge of the cell,
while concurrently the entire array appeared to be
pulled inward toward the nucleus. The movement
toward the nucleus is similar to what has been de-
scribed as centripetal transport of other cytoskeletal
elements (Theriot and Mitchison, 1992; Mikhailov and
Gundersen, 1995). The nucleus in this cell moved dra-
matically at the beginning of the movie and distorted
the IFs. Some IFs also appeared to move with the
nucleus, suggesting that they may be tethered to the
nuclear envelope. This movie illustrates the usefulness
of using GFP-vimentin, because these types of move-
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Figure 2. Movie 2: IFs in a mitotic cell form cage-like structures
around dividing nuclei. The organization of GFP-vimentin in a
dividing NIH3T3 cell is shown. The IF array forms cage-like struc-
tures around the daughter nuclei, and it is connected by a bridge.

ments would not have been observed using other
methods.

Mowvie 2: IFs in a Mitotic Cell Form Cage-like
Structures around Dividing Nuclei

The ability to detect IFs in living cells with GFP fusion
proteins offered us the opportunity to examine the IF
network of mitotic cells in three dimensions using
confocal microscopy. To obtain optimal three-dimen-
sional resolution, optical sections of 0.5 um were
scanned eight times. Additionally, to avoid flattening,
the cells were imaged in coverslip dishes in which a
hole had been punched in the bottom and a coverslip
had been placed on the bottom of the dish. Confocal
microscopy was performed with a Zeiss LSM 410
scanning laser confocal attachment mounted on a
Zeiss Axiovert 100 TV inverted fluorescence micro-
scope (Carl Zeiss, Jena, Germany). The stack of images
for all the scanned z-planes was processed using Zeiss
LSM software to produce the final three-dimensional
image.

The fixed cell shown in Movie 2 was in telophase
(Figure 2); from Ho et al., 1998, cover photo). Through
the 360° rotation, we clearly see cables of filaments
that appear to run through the midbody connecting
the two daughter cells. These data are compatible with
the idea that the vimentin network does not com-
pletely disassemble during mitosis but rather remains
in cage-like structures around the dividing nuclear
material. The GFP-vimentin stable cell lines should be
useful to explore further the dynamics and rearrange-
ments of IFs during mitosis.

Movie 3: Individual Vimentin IFs Extend, Retract,
and Translocate

The dynamic behavior of the IF array must be depen-
dent on movements of individual IF bundles. To ana-
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Figure 3. Movie 3: Vimentin IFs extend, retract, and translocate.
IFs at the edge of the cell undergo continuous changes in position.
The filaments extend, retract, and shift. Shown is the first frame of
the movie, which demonstrates the movements of IFs at the edge of
the cell. Bar, 10 um.

lyze movements of individual filament bundles, we
focused on the leading edge of migrating cells (Movie
3, from Ho et al., 1998; Figure 3). During the recording
process, the focus was maintained on the edge of the
cell, sometimes at the expense of focus on the entire
array. The intensity of the image had to be scaled so
that the filaments (or bundles of filaments) at the edge
of the cell were detectable. Images were processed
every 2.5 min over the course of ~2.5 h. Several types
of movements were observed for individual filament
bundles in the cells we observed. Extension and re-
traction of several IFs at the edge of the cell were
detected. The average rate of filament extension mea-
sured for vimentin IFs was 0.61 um/min. Transloca-
tion, defined as a lateral shift in a filament without
obvious change in length, could also be observed for
many filaments at the edges of the cells. In addition to
the movements of intact IFs, we observed the presence
of vimentin fragments at the edge of the cell. Further
analysis of vimentin fragments revealed that they also
exhibit dynamic behavior. These movements are bet-
ter described in Movies 4 and 6.

Movie 4: Fountains—the Movements of IF
Fragments

In some cells, we observed an abundance of fragments
in the cell periphery, particularly at the leading edge
of the cell (Movie 4). The movie presented is from the
region enclosed in the box in Figure 4D. Movie 4 is
almost 50 min, with images acquired every 2 min. This
movie shows fragments that moved in a linear manner
toward the edge of the cell and then turned and
moved back toward the cell body. In this movie, indi-
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vidual fragments were continuously generated during
the entire sequence. Sequentially formed fragments
followed the same general paths on their way out
toward the leading edge of the cell. The overall path
followed by these fragments resembled a fountain,
and so we have dubbed them “vimentin fountains.”
The fragments within these fountains moved at an
average rate of 15 um/min. This is ~25 times faster
than that seen for extension of individual IF bundles.
We have seen numerous vimentin fragments in >50%
of the cells at the wound edge, suggesting that this is
a common feature of IF dynamics in these cells. We do
not know whether fragments only form at the edge of
the cell or, rather, can only be detected there. On
occasion we have observed them along the lateral
edges of the cell.

One concern with the fragments is that they are
artifacts produced either by the GFP-vimentin chi-
mera or by photo damage during fluorescent imaging.
To address this question, we examined parental
NIH3T3 cells that were fixed in —20°C methanol and
immunofluorescently stained for endogenous vimen-
tin. The parental cell line exhibited immunofluores-
cently detectable fragments near the leading edge
(Figure 4C) that were similar in number and size to
those detected in the GFP-vimentin cell line by either
direct GFP fluorescence (Figure 4A) or immunofluo-
rescence (Figure 4B). This demonstrates that GFP frag-
ments were not a product of GFP-vimentin expression
or of the imaging conditions.

Movie 5: GFP-Vimentin Fragments—Intermediates
of IF Turnover

One possible explanation for the presence of the GFP-
vimentin fragments is that they are an intermediate in
the turnover of vimentin filaments. In agreement with
this possibility, we observed the apparent joining of
two fragments onto the end of a single filament bun-
dle (Movie 5A). Figure 5A shows selected frames from
a recording in which the fragments have been out-
lined. Over the course of the 13-min movie, the two
fragments were seen to align with a longer IF that
appeared to come from the IF array. These aligned
fragments then extended together toward the edge of
the cell. Although we cannot be certain that the frag-
ments actually annealed into a single IF bundle, the
unified extension of these coaligned fragments is con-
sistent with this possibility. It is interesting to specu-
late that IFs may increase in length through en bloc
incorporation of fragments at the ends of filaments
and that the fragments we have observed are an in-
termediate in IF formation.

We have also detected the formation of two smaller
fragments from a larger IF segment (Movie 5B). At this
time we are not able to rule out the possibility that the
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Figure 4. Movie 4: Fountains—the movements of IF fragments. IF fragments are present in GFP-vimentin—expressing cells and in the
parental NIH3T3 cells. (A and B) GFP-vimentin—expressing NIH3T3 cells. (A) GFP fluorescence. (B) Indirect immunofluorescent pattern of
the same cells fixed and stained as described by Gurland and Gundersen (1995) using a polyclonal antibody (1274) (Wang et al., 1984). Arrows
point to two of the many fragments present. (C) NIH3T3 cells fixed and stained as in B. Arrows point to IF fragments present in the parental
cells. (D) First frame of a movie in which the IF fragments display dynamic movements. The movie is from the region enclosed in the box
and is played four times. There is a pause only after the first time through the movie. Bars: (A, B, and D) 10 um; (C) 5 um.

apparent formation of fragments in this recording
may be explained by an initial coalignment of two
separate fragments that subsequently separate from
each because of movements at different speeds. Yet, it
is reasonable to suggest that vimentin fragment inter-
mediates may form through this mechanism. We spec-
ulate that if one end of the fragment is immobilized
and kinesin pulls on the other, or if there is an uneven
distribution of kinesin, small fragments of IFs may be
formed. The observations presented in these two mov-
ies, although not conclusive, suggest that IF fragments
are an important component of IF dynamics, possibly
an intermediate, and may be directly involved in IF
turnover and rearrangement. Prahlad et al. (1998) ob-
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served similar IF fragments, termed squiggles, before
the formation of a filamentous IF array in spreading
cells.

Movie 6: Movement of GFP-Vimentin Fragments
Depends on Intact MTs

There is considerable evidence that MTs play an im-
portant role in the distribution of IFs. We wanted to
know whether MTs played a direct role in the ob-
served movements of GFP-vimentin filaments or GFP-
vimentin fragments that we observed in our record-
ings. To address this question, we recorded the
movements of IFs and fragments before and after
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Figure 5. Movie 5: GFP-vimentin fragments—possible intermediates in IF turnover. (A) The coalignment of two GFP-vimentin fragments
with an IF is observed. Every other frame from the first 10 min of the movie is shown, with the IFs of interest outlined. In the first frame the
fragments of interest are outlined as they are in the movie. Bar, 5 um. (B) We observed the formation of two fragments from a longer
fragment. The six frames of the movie are shown. As in A, the fragment(s) of interest are outlined. Bar, 5 um.
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perfusion of 20 um nocodazole. In Movie 6, the effect
of nocodazole on both filament extension and frag-
ment movement is presented (Figure 6). The move-
ments of IFs were recorded for ~20 min during per-
fusion with nocodazole. Before nocodazole addition,
the filaments can be seen extending and moving as in
the other movies presented above. Additionally, both
outward and inward movements of vimentin frag-
ments were observed. During nocodazole perfusion (4
ml at 1 ml/min), imaging was difficult, and there is a
break of ~4 min between the last frame before perfu-
sion and the first frame after perfusion. After perfu-
sion the recording was continued for another 35 min
with images acquired every minute. Almost immedi-
ately after perfusion, the dynamic behavior of both the
IF bundles and fragments decreased. The filaments no
longer extended, and the fragments stopped moving
forward toward the edge of the cell. Movement in the
direction of the nucleus continued as the IF array
began to collapse toward the perinuclear region. This
experiment and an earlier one reported by Ho et al.
(1998) show that both the slower-moving intact IFs
and the faster-moving IF fragments depend on MTs
for their outward movements.

Movie 7: Collapse of the IF Array Occurs through
Redistribution of Intact Filaments

There are a number of cellular treatments (microinjec-
tion of antibodies to IFs, tubulin, or kinesin or treat-
ment with MT antagonists) that promote collapse of
the IF array to a perinuclear location (Goldman, 1971;
Hynes and Destree, 1978; Wang and Choppin, 1981;
Klymkowsky, 1982; Masurovsky et al., 1982; Blose and
Feramisco, 1984; Gyoeva and Gelfand, 1991; Gurland
and Gundersen, 1995). From these earlier studies, it
was unclear whether the rearrangement represented a
redistribution of intact filaments or some dynamic
disassembly-reassembly process as has been observed
for MTs and MFs. In Movie 7, we examined the col-
lapse of the IF array, in real time, by microinjecting
anti-IFA antibody, which had previously been shown
to collapse IFs (Klymkowsky, 1982) (Figure 7). Cells at
a wound edge were injected with anti-IFA and imaged
as previously described (see Ho et al., 1998). The arrow
in the still image presented as the start of the movie
points to an IF that is observed to move in bulk to an
area on the other side of the nucleus. The GFP-vimen-
tin IF array did not disassemble but instead appeared
to be moved back toward the center of the cell. Control
experiments (see Ho et al., 1998) demonstrated that the
cell remained spread and extended and that the MT
array was not disrupted. Although anti-IFA can in-
duce disassembly of IFs in vitro, the use of time-lapse
recording in this experiment demonstrates that the
collapse of IFs to a perinuclear area in vivo involves
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Figure 6. Movie 6: Movement of GFP-vimentin fragments de-
pends on intact MTs. Vimentin fragments stop moving in the pres-
ence of nocodazole. Shown are a number of fragments at the edge of
the cell. The fragments move during the first part of the recording
(before perfusion), as shown by the change in fragment location
from 0 to 21 min. After perfusion of 20 uM nocodazole (NOC,
bottom right), the fragments stop moving toward the edge of the cell
and are only seen moving away from the edge, as is shown by the
different fragment distributions at 25 and 55 min. Bar, 10 um.
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Figure 7. Movie 7: Collapse of the IF array occurs through redis-
tribution of intact filaments. Anti-IFA antibody was microinjected
into cells expressing GFP-vimentin, and the resultant redistribution
of the IF array was recorded. Bar, 10 pm.

bulk movement of the IFs rather than a disassembly—
reassembly process.

SUMMARY

In the movies presented in this essay we have dem-
onstrated that IFs are dynamic in nature. Movements
of IFs include both extension and retraction and are
dependent on the presence of intact MTs. Further-
more, we have characterized a possible intermediate
of IF turnover, IF fragments. These fragments are also
dynamic and can be visualized moving at the leading
edge of cells migrating into a wound edge. Interest-
ingly, the movement of these fragments is also depen-
dent on intact MTs, suggesting that MTs may play a
role in turnover of IFs.
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