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The current understanding of the role of plasma-
membrane-associated clathrin suggests that clathrin-
coated pits form at the sites of activated receptors and
then, following internalization, the clathrin coat is rapidly
shed. Utilizing total internal reflection fluorescence
microscopy (TIR-FM), we have documented linear lateral
motion of cell-surface-associated dsRed-clathrin spots
parallel to the plasma membrane. Clathrin spot motility
was observed in multiple cell lines (MIDCK, CHO, Cos-7
and Hela). In MDCK cells dsRed-clathrin spots moved
along linear pathways up to 4um in length with rates
of approximately 0.8um/s. Spots did not generally
undergo internalization during movement. The motion
of these puncta was coincident with the microtubule
cytoskeleton, and depolymerization of microtubules
reduced spot motility over 10-fold. Over-expression of
the microtubule-associated protein tau-EGFP decreased
spot run length by 40% without affecting the rate of
movement. Thus dsRed-clathrin puncta move along the
microtubule cytoskeleton parallel to the cell surface.
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The production of clathrin-coated vesicles occurs at both
the trans-Golgi and the plasma membrane and is important
in the anterograde transport of biosynthetic cargo and the
endocytosis of molecules from the cell surface, respect-
ively (1-3). Although a great deal is known regarding
the process of receptor-mediated endocytosis, the precise
biophysical role of the clathrin coat and the exact function
of each of the multiple adapter and accessory proteins
involved in the production and fission of coated vesicles
remains to be fully elucidated (2-6). Recent advances in
live cell imaging permit real-time analysis of membrane
trafficking. The technique of total internal reflection
fluorescence microscopy (TIR-FM) has permitted a highly
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sensitive examination of the events occurring within
~100nm of the plasma membrane (7,8). Studies per-
formed by our laboratory and others have utilized TIR-FM
to image processes such as exocytosis, cell adhesion,
cytoskeletal organization, and more recently endocytosis
(7-11)s.

Although much focus has been directed at the study of
actin in endocytosis (10,12,13), some observations
suggest a possible role for the microtubule cytoskeleton
(14-16). While it has previously been observed that drugs
that depolymerize microtubules can down-regulate endo-
cytosis (14,16), these studies generally concluded that
these effects were due to a bottleneck in microtubule-
based endocytic vesicle transport subsequent to the
shedding of the clathrin coat (12,16). Additionally, the
inability to demonstrate an association between clathrin
and tubulin in vitro has led many to conclude that a bio-
logically relevant interaction between clathrin-coated ves-
icles and microtubules does not exist (17,18). However,
the recent observation that part of the adaptin complex
involved in post-Golgi clathrin coat formation can, in fact,
bind to microtubules raises the issue of whether there may
exist a similar interaction between plasma membrane-
associated clathrin coat components and the microtubule
cytoskeleton (18).

The current understanding of the biophysical role of
plasma membrane clathrin does not predict motion of
clathrin-coated structures parallel to the plane of the cell
surface. In the case of endocytosis it is believed that
clathrin triskelions polymerize at the sites of activated
receptors and, subsequent to pit formation and fission,
the clathrin coat is rapidly shed (2,12,19). The suggestion
that the formation and dissolution of clathrin coats occur at
the sites of endocytosis immediately prior to and following
internalization, respectively, implies that the functional
role of the clathrin coat does not go beyond the budding
process.

TIR-FM has permitted us to evaluate the behavior of
plasma-membrane-associated clathrin puncta. In studies
previously performed in migrating MDCK cells clathrin
puncta, bound to dynamin2, were observed to exist for
extended periods on the plasma membrane prior to
endocytosis (20). A subset of clathrin spots was observed
to move laterally, parallel to the membrane surface. In this
study we report the lateral movement of clathrin puncta
in multiple cell lines (MDCK, CHO, Cos-7 and Hela).
These dsRed-clathrin puncta moved along the microtubule



cytoskeleton. Further, the lateral motility of clathrin spots
was sensitive to disruption of microtubules by nocodazole
treatment. Over-expression of the microtubule-associated
protein tau decreased the run length of the clathrin puncta,
but not the velocity. These results suggest that clathrin
coats may not exist as inert, transient structural config-
urations, and that the current understanding of the role of
plasma-membrane-associated clathrin may be incomplete.

Results and Discussion

Both dsRed-clathrin and GFP-clathrin have been previously
observed to exist in puncta adjacent to the plasma mem-
brane which occasionally disappear, presumably via endo-
cytosis (10,20,21). Additionally, these studies suggest that
labeled clathrin light chain can assemble into functional
clathrin-coated pits: labeled clathrin colocalizes with endo-
genous clathrin and AP2 and is capable of functioning in
assays for transferrin uptake (10,20,21). In experiments
previously performed in migrating MDCK cells, a subset
of clathrin spots was observed to move laterally along
linear trajectories within the evanescent field (20). The
population of clathrin puncta moving along linear trajec-
tories had not previously been detailed by other studies
analyzing the dynamics of clathrin-mediated endocytosis in
living cells (10,21).

To determine if lateral spot motility is a phenomenon com-
mon to non-migrating cells, MDCK, CHO, Cos-7 and Hela
cells were evaluated by TIR-FM subsequent to trans-
fection with dsRed-clathrin. Laterally motile spots were
observed in non-migrating MDCK cells (Video 1, available
in the Video Gallery at www.traffic.dk.) and in each of the
other cell lines evaluated: CHO (Figure 1), Cos-7 (data not
shown) and Hel.a (data not shown). In CHO cells ~2% of
spots demonstrated linear lateral motion per minute (84
out of 4535 spots from 10 cells).

In some cases multiple clathrin spots were observed to
travel along the same trajectory (Video 1). The average
length of the trajectories of 21 laterally motile clathrin
spots sampled from four MDCK cells was 2.30 £0.27 um
and the average rate of motion was 0.8140.06 um/s.
These values are similar to those previously observed for
rates of vesicle movement along the microtubules in the
cytosol (12) and along the microtubules adjacent to the
plasma membrane (22). This movement was not expected
in light of models for the behavior of clathrin adjacent to
the cell surface that suggest that coat components poly-
merize at the sites of endocytosis and that the clathrin coat
is rapidly shed following internalization (2,6,12,19).

Excitation in TIR-FM decreas exponentially with distance
from the coverglass. As the depth of penetration of the
evanescent field (~100nm) is on the same scale as the
diameter of a clathrin-coated vesicle, internalization of
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Figure 1: Motility of a dsRed-clathrin spot. A. CHO cell
transfected with dsRed-clathrin showing punctate fluorescence
in TIR-FM. The scale bar equals 5pum. B. Linear lateral motion of a
dsRed-clathrin spot that stops and is not immediately internalized.
Images acquired at 200 ms per frame.

clathrin-coated pits is marked by a rapid decrease in
fluorescence (10,20). To determine if the laterally motile
population of dsRed-clathrin puncta moves during internal-
ization, 37 spots from a total of seven cells were tracked
throughout the duration of motion. Only 8% of the spots
analyzed disappeared from the evanescent field while
undergoing lateral motion; the large majority of spots (34
out of 37) remained in the plasma-membrane-associated
region during and immediately following spot movement.
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Our analyses of both migrating and stationary cells demon-
strate that lateral motion immediately prior to internalization
is not a prerequisite for endocytosis. Rather, motile spots
remain within the evanescent field throughout, and
immediately following, the period of motility.
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To test whether there was a relation between movement
of clathrin puncta and microtubules, we tested whether:
(i) movement of clathrin was coincident with the microtu-
bule cytoskeleton; (i) expression of a microtubule-
associated protein affected the movement of clathrin

Figure 2: Motility of dsRed-
clathrin spots along the MDCK
cell microtubule cytoskeleton.
A. MDCK cell cotransfected with
dsRed-clathrin and tau-EGFP
showing the region imaged in
B-D. The scale bar equals 5pum.
B-D. Sequential frames from TIR-
FM video microscopy of the
region outlines in A sampled at
300 ms per frame. B depicts the
overlay of the dsRed-clathrin (C)
and tau-EGFP (D) images. The
arrow depicts the motile dsRed-
clathrin spot.
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puncta; (i) depolymerization of the microtubule cytoskeleton
affected movement of clathrin. To evaluate whether the
lateral movement of clathrin puncta was coincident with
microtubules, cells were cotransfected with dsRed-
clathrin and markers for the microtubule cytoskeleton,
either tau-EGFP or tubulin-EGFP.

In MDCK cells, dsRed-clathrin spots were observed to move
along tau-EGFP-labeled microtubules when both fluoro-
phores were imaged simultaneously (Figure 2 and Video 2,
Videos available in the Video Gallery at www.traffic.dk.).
Similar studies were performed in CHO cells, a cell line
derived from both a different species (hamster as opposed
to dog) and tissue (ovary as opposed to kidney). Lateral
motility of dsRed-clathrin spots along both tubulin-EGFP
(Figure 3B) and tau-EGFP (data not shown) stned
microtubules was observed. Therefore, the coincidence of
motile dsRed-clathrin spots along microtubules is not
a function of the particular tag used to identify the micro-
tubule cytoskeleton (tau-EGFP or tubulin-EGFP). These
results (Figures 2 and 3) demonstrate that a clathrin-labeled
compartment is capable of motility along microtubules, a
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finding with implications potentially relevant to the studies
of both the endocytic and the biosynthetic pathways.

The potential involvement of microtubules in clathrin
movement was further evaluated by comparison of spot
motility following coexpression of the microtubule binding
protein tau, or of tubulin. The run length (Figure 4A) and
velocity (Figure 4B) of laterally motile spots was quantified
in MDCK cells transfected with dsRed-clathrin alone, or
cotransfected with either tau-EGFP or tubulin-EGFP.
Although the run length of clathrin puncta was reduced
~40% by tau transfection, this manipulation had no sig-
nificant effect on spot velocity (Figure 4B). This observa-
tion is consistent with the previously reported finding that
in cells transfected with tau the motion of post-Golgi ves-
icles along microtubules shows a decreased run length
without any alteration in vesicle velocity (23). Co-transfec-
tion with tubulin-EGFP had no significant effect on either
run length or velocity, suggesting that the observed effect
is specific to the expression of tau and not a result of
association of EGFP with microtubules. As these results
are similar to those observed in the case of post-Golgi

Figure 3: Motility of dsRed-clathrin spots along the CHO cell microtubule cytoskeleton. A. CHO cell cotransfected with dsRed-clathrin
and tubulin-EGFP showing the region imaged in B-D. The scale bar equals 5 um. B-D. Sequential frames from TIR-FM video microscopy of the
region outlines in A sampled at 300 ms per frame. B depicts the overlay of the dsRed-clathrin (C) and tubulin-EGFP (D) images. The arrows

depict the motile dsRed-clathrin spot.
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Figure 4: Effect of microtubule labeling on dsRed-clathrin
spot motility. A. Bar graph depicting the average run length of
motile dsRed-clathrin spots with or without cotransfection with
tau-EGFP or tubulin-EGFP. B. Bar graph depicting the average
velocity of motile dsRed-clathrin spots with or without
cotransfection with tau-EGFP or tubulin-EGFP. C. Run length
histogram comp- aring the distance traveled by dsRed-clathrin
spots in cells with or without tau-EGFP cotransfection. The
number of spots per group are as follows: dsRed-clathrin: 21 spots
from 4 cells, dsRed-clathrin + tau-EGFP: 15 spots from 4 cells, and
dsRed-clathrin + tubulin-EGFP: 12 spots from 3 cells.

vesicle transport (23), they represent further evidence that
this lateral motility is occurring along the microtubule
cytoskeleton.

While a significant decrease in motile spot run length was
observed following coexpression of the microtubule-
associated protein tau, this difference in average distance
could have been due to the generation of two distinct
populations of motile spots, one moving along trajectories
of equivalent length to those in cells not expressing tau-
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EGFP, and a second group of nearly immobile spots. To
differentiate between these possibilities a run length his-
togram was generated comparing the distributions of
spots from cells with and without tau-EGFP coexpression.
In cells transfected only with dsRed-clathrin spot run
length is distributed in an apparent normal fashion from
below 1 um to between 4 and 5um (Figure 4C). However,
nearly all of the spots in the cells cotransfected with tau-
EGFP moved less than 2 um. Therefore, the results of the
histogram analysis suggest that tau-EGFP coexpression is
affecting the motility of all dsRed-clathrin spots, not just a
subset.

To test if depolymerization of microtubules would affect
the movement of clathrin puncta, cells were treated with
nocodazole. CHO cells expressing dsRed-clathrin were
imaged before and after nocodazole treatment, and follow-
ing recovery after nocodazole treatment (Figure 5). In both
the TIR-FM (Figure 5A) and epifluorescence images
(Figure 5B), nocodazole treatment resulted in a nearly
complete loss of tau-EGFP-stained microtubules. The
effect of nocodazole was reversible and therefore not
lethal to the cells: 24 h after the nocodazole was washed
out of the media, the microtubules had repolymerized
(Figure 5A,B right panel).

Clathrin spot motility was evaluated before, during and
after nocodazole treatment. The number of laterally mov-
ing spots was counted in dsRed-clathrin-transfected CHO
cells (10 cells per group) with and without nocodazole
treatment, and following 24 h of nocodazole withdrawal.
Nocodazole treatment was sufficient to nearly completely
eliminate the lateral motion of clathrin spots (Figure 5C). In
contrast, incubation with cytochalasin D sufficient to dis-
rupt the actin cytoskeleton was not able to arrest clathrin
spot motility (data not shown). Following nocodazole
removal, however, the lateral movement of clathrin puncta
was restored. This implies that the lateral motion of
clathrin puncta is directly dependent upon the presence
of intact microtubules.

These observations demonstrate that the movement of
clathrin puncta is dependent on microtubules: motility is
affected by over-expression of a microtubule-associated
protein (tau) and it is halted upon depolymerization of
microtubules and restored upon repolymerization. This
suggests a role for microtubules in the movement of
plasma-membrane-associated clathrin puncta. This lateral
motion, which is observed in multiple cell lines (MDCK,
CHO, Cos-7 and Hela), does not generally occur during
spot internalization. Although it is believed that the plasma
membrane and the Golgi apparatus are the main sites of
clathrin-coated vesicle formation, the budding of clathrin-
positive regions of tubular endosomes has also been
reported (24). It remains to be resolved whether these
moving spots represent disks of polymerized clathrin on
the cytosolic surface of the plasma membrane, clathrin-
coated vesicles that have just been endocytosed, but not
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yet separated from the plasma membrane, or yet another
organelle. It is possible that the clathrin spots moving
along the microtubule cytoskeleton represent structures
immediately prior or subsequent to endocytosis, such as
clathrin-coated pits or vesicles, respectively, or, alterna-
tively, endosomally derived vesicles moving in a compart-
ment adjacent to the plasma membrane. Thus, these
results demonstrate the need for a reevaluation of the
functional role of plasma-membrane-associated clathrin
(2,6,19).

Materials and Methods

Plasmid constructs

The construct encoding dsRed-clathrin (rat light chain) was
a gift of Dr Thomas Kirchhausen of Harvard Medical School
(Boston, MA, USA). The construct encoding tau-EGFP was
a gift of Dr Peter Mombaerts of the Rockefeller University
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cells per group were analyzed.

(New York, NY, USA). Tubulin-EGFP was purchased from
Clontech (BD Biosciences Clontech, Palo Alto, CA, USA).

Cell culture

MDCK, CHO, Cos-7 and HelL cells were maintained in
DMEM (Mediatech Cellgro, VA, USA) supplemented with
10% FBS in a 37°C incubator humidified with 5% CO.,.
Cells were plated onto sterilized glass coverslips (Fisher
Scientific, Atlanta, GA, USA). Cells were plated at approxi-
mately 85% confluence 1day prior to transfection with
Lipofectamine 2000 (Invitrogen Corp., Carlsbad, CA, USA)
according to the supplier’s directions. Cells were imaged
24-48 h post transfection.

Nocodazole treatment

CHO cells were placed in tissue culture media containing
15 um nocodazole for 2h in a 37°C incubator humidified
with 5% CO,. Cells were maintained in nocodazole during
imaging.
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Cytochalasin D treatment

To depolymerize the actin cytoskeleton, HelLa and MDCK
cells were incubated in Cytochalasin D. MDCK cells
were incubated in 1 uwm Cytochalasin D for up to 1h and
Hela cells were incubated in 1 or 5um Cytochalasin D
for up to 1.5h. Cells were maintained in Cytochalasin D
during imaging. These techniques have previously been
shown to result in depolymerization of the actin cyto-
skeleton (22,25,26). Our laboratory has demonstrated
via TIR-FM the disruption of actin stress fibers near
the plasma membrane following incubation in Cytochalasin
D (22).

Image acquisition

TIR-FM was performed as previously described (8,9) utiliz-
ing illumination through the microscope objective (Apo 60X
NA 1.45, Olympus America Inc., Melville, NY, USA). All
studies were performed with an inverted epifluorescence
microscope (IX-70, Olympus) placed within a home-built
temperature-controlled enclosure set at 32 °C for live cell
imaging. The optical configuration used to image dsRed-
clathrin included excitation with the 514nm line of a
tunable Argon laser (Omnichrome, model 543-AP AO01,
Melles Griot, Carlsbad, CA, USA) reflected off a polychroic
mirror (442/514pc). All filters, polychroic and dichroic mir-
rors were obtained from Chroma Technologies Corp.
(Brattleboro, VT, USA). Emitted light was then collected
through a 560Ip filter. Tau-EGFP and tubulin-EGFP were
excited by the 488 nm line of the Argon laser reflected off a
dichroic mirror (498dclp). EGFP emission was collected
through an emission band pass filter (HQ525/50 m).
When dsRed-clathrin and tau-EGFP/tubulin-EGFP were
imaged simultaneously, both fluorophores were excited
with the 488 nm line of the same tunable Argon laser as
above reflected off the 498dclp dichroic. Simultaneous
image acquisition was performed utilizing an emission
splitter (W-view, Hamamatsu Photonics, Hamamatsu
City, Japan). The EGFP/dsRed emissions were collected
simultaneously through an emission splitter equipped with
dichroic mirrors to split the emission (5650dclp). The EGFP
emission was then collected through an emission band
pass filter (HQ525/50 m) and the dsRed through an emis-
sion long pass filter (580Ip).

The camera utilized to acquire images was a 12-bit cooled
CCD (ORCA-ER, Hamamatsu Photonics, Bridgewater, NJ,
USA) with a resolution of 1280 x 1024 pixels [pixel
size = (6.45um)?]. The camera and a mechanical shutter
(Uniblitz, Vincent Associates, Rochester, NY, USA) were
controlled by MetaMorph (Universal Imaging, Downing-
town, PA, USA). Images were acquired utilizing exposures
times between 150 and 300ms. For video imaging,
between 200 and 400 frames were streamed to memory
on a PC during acquisition and then saved to hard disk. The
depth of the evanescent field was typically ~70-120nm
(8,9). Processing and analysis of video sequences and still
frames was done with MetaMorph, Photoshop 5.5 (Adobe
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Systems Inc., San Jose, CA, USA) and Excel (Microsoft
Corp., Redmond, WA, USA). Image noise was reduced
through background subtraction and digital brightness
and contrast adjustment.

Determination of the motile proportion of spots

All of the spots observed to move in a linear lateral trajec-
tory for 10 dsRed-clathrin transfected CHO cells were
counted. The number of motile spots per minute was
then divided by the total number of plasma-membrane-
associated spots per cell. The total number of spots per
cell was estimated by counting the total number of spots
from within three circular regions (area=2776 pixels) and
multiplying the average of the three regions by the total
area of the cell divided by the area per region.

Dual-color processing

Dual-color image streams were acquired so that the sepa-
rated channels appear side by side on the camera chip.
Regions of the same size were removed from the whole
field to yield separated image sequences. The two chan-
nels (GFP and dsRed) were aligned by placing brightfield
images of the cells being analyzed on top of the stack of
TIR images. The brightfield images were then aligned by
eye and then the TIR stacks were similarly aligned accord-
ing to the same spatial adjustments. Following image
alignment, correlation coefficients were obtained (via
MetaMorph) following pixel shift of the red image planes
1 pixel at a time for 10 pixels in each direction. Each of the
four resultant correlation coefficients for each pixel shift
step was then averaged. Alignment was verified by the
exponential decrease in correlation coefficient following
pixel shift.

Online supplemental material

Two TIR-FM videos are included to illustrate the dynamic
motion of dsRed-clathrin spots parallel to the plane of the
plasma membrane. Video 1 illustrates the motion of sev-
eral dsRed-clathrin spots along a linear trajectory, and
Video 2 demonstrates the motion of a dsRed-clathrin
spot along a tau-EGFP-stained microtubule. Both videos
are of live, transiently transfected MDCK cells, and Video 2
represents overlays of simultaneously acquired two-
channel (red and green) video microscopy.
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