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Abstract We describe a novel fully automated
high-throughput time-lapse microscopy system
and evaluate its performance for precisely track-
ing the motility of several glioma and osteoblastic
cell lines. Use of this system revealed cell motility
behavior not discernable with conventional tech-
niques by collecting data (1) from closely spaced
time points (minutes), (2) over long periods
(hours to days), (3) from multiple areas of inter-
est, (4) in parallel under several different exper-
imental conditions. Quantitation of true
individual and average cell velocity and path
length was obtained with high spatial and tem-
poral resolution in “‘scratch’ or “wound healing”
assays. This revealed unique motility dynamics of
drug-treated and adhesion molecule-transfected
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cells and, thus, this is a considerable improvement
over current methods of measurement and anal-
ysis. Several fluorescent vital labeling methods
commonly used for end-point analyses (GFP
expression, DiO lipophilic dye, and Qtracker
nanocrystals) were found to be useful for time-
lapse studies under specific conditions that are
described. To illustrate one application, fluores-
cently labeled tumor cells were seeded onto cell
monolayers expressing ectopic adhesion mole-
cules, and this resulted in consistently reduced
tumor cell migration velocities. These highly
quantitative time-lapse analysis methods will
promote the creation of new cell motility assays
and increase the resolution and accuracy of
existing assays.

Keywords Cell migration - Green fluorescent
protein - Scratch assay - Time-lapse - Tumor cell
lines - Vital fluorescent labeling

Introduction

Analysis of cell migratory behavior in vitro in
response to chemical agents, genetic manipula-
tions, or molecule-coated surfaces is used to
dissect mechanisms that occur during develop-
ment, normal physiological responses, or abnor-
mal pathological conditions (Gavert et al. 2005;
Petridis et al. 2004; Nishio et al. 2005; Yoshida
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et al. 2004; Zhang et al. 2005; Herren et al. 2001;
Lee et al. 2004; Maschler et al. 2005; Zhu et al.
2004; Moyano et al. 2003). Many analyses, how-
ever, lack ability to analyze individual cells, pre-
cision of measurements, or temporal resolution.
Sometimes, analyses are limited to single distance
measurements of a cell “front’ at the end point of
an experiment. Automated systems often require
specific chambers or dishes that limit the types of
experiments that can be done. Thus, most ques-
tions that are addressed in current cell motility
studies are constrained by technical limitations.

One simple and widely used cell migration as-
say that can be done without complicated instru-
mentation is the ‘‘scratch” or ‘“wound healing”
assay (Endo et al. 2005; Motegi et al. 2003; Pratt
et al. 2005; Wadham et al. 2003; Besson et al.
2004). For this, an instrument such as a pipettor tip
is used to scrape a linear interruption in a con-
fluent or subconfluent cell monolayer, after which
cells at the edge migrate into the denuded area.
Measurements from micrographs are made either
of linear distances between the scratch edges or of
cell densities into the denuded areas at a single or
a few time points after scratching. These are be-
lieved to provide a reasonable measurement of the
average migration of the cells under study, and
have shown differences under experimental
treatments. Differences in measurements are used
to make conclusions about the effects of experi-
mental manipulations on cell migration distances
and rates. Sometimes, however, measurements are
not taken, and conclusions are based on qualita-
tive inspection of the scratched area.

Here, we describe a highly quantitative ap-
proach to measurements of the scratch assay and
random cell motility under different experimental
treatments using automated time-lapse micros-
copy. In each case, a small population of indi-
vidual cells was tracked through closely spaced
time intervals over approximately 20 h using
commercial tracking software designed for sub-
cellular objects. This allowed accurate average
distances and velocities to be calculated and
plotted with high resolution. Conventional dis-
tance measurements in the scratch assay were
found to be substantial over-estimates compared
to averages for tracked cell populations. Treat-
ments sometimes resulted in changes of migration
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velocity during the experiment that would have
been overlooked by conventional approaches. We
also evaluated different methods of vital fluores-
cent labeling and applied this to tracking tumor
cells on cell monolayers, and were successful in
this by demonstrating the effect on motility of a
single cell surface adhesion molecule. Details are
provided to construct and utilize this versatile
custom time-lapse microscopy and analysis sys-
tem and for its application to several types of cell
motility experiments.

Materials and methods
Time-lapse microscopy

Cells were prepared for time-lapse microscopy in
three ways. For scratch assays, 9L rat gliosarcoma,
U-87 human glioma, or MC3T3-E1 murine osteo-
blastic cells were grown to confluence in 35 mm
plastic tissue culture dishes. Confluent monolayers
were ‘“wounded” in serum-free media by intro-
ducing scratches with a sterile 1 ml or 200 pl
pipettor tip. Any treatments were then applied to
wounded monolayers. Fluorescent vital labeled C6
glioma cells were plated at low density either on
35 mm culture dishes with a glass coverslip bottom
insert (MatTek Corporation), or onto confluent
NIH 3T3 cells pre-plated onto these dishes. Some
experiments involved 3T3 cells that were stably
transfected with an expression plasmid encoding
the NgCAM/L1 adhesion molecule (kindly pro-
vided by Dr. Marty Grumet).

Cultures were placed into a custom culture
chamber mounted on a ProScan II automated
stage (Prior Scientific) on a Nikon TE-2000E
microscope (Fig. 1). Temperature was maintained
at 37°C by a combination of a warm air temper-
ature controller (Air Therm; World Precision
Instruments) and thermoelectric warming with an
optical temperature-controlled stage insert
(Thermo Plate; Tokai Hit, Japan). The atmo-
sphere within the chamber was kept at 5% CO,/
95% air using a gas injection controller (Forma
Scientific). A Photometrics CoolSnap ES CCD
camera (Roper Scientific, Inc.) was used to cap-
ture images over the course of the experiment.
The system was controlled using MetaMorph
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Fig. 1 Custom time-lapse microscopy apparatus compo-
nents. This system is based on a standard automated
inverted microscope with phase contrast and epifluores-
cence illumination. Phase contrast optics were chosen over
other types because nuclei and fine cellular details can be
seen clearly, and they are compatible with plastic tissue
culture dishes and glass coverslips. Objectives (20x and
40x) contain correction collars so that they can be adjusted
to compensate for the thickness of the dish or slide. The
12-bit cooled monochrome CCD camera is suitable for
both phase contrast and fluorescence. The automated stage
contains an optical sensor to improve accuracy of travel.
(a) Time-lapse microscopy system. (1) Fully-automated
Nikon TE-2000E with epifluorescence and external con-
troller, (2) Prior ProScan II flat-top automated stage, stage
controller, and joystick, (3) incubator chamber, (4) WPI
temperature controller, (5) Photometrics CoolSNAP ES
CCD camera, (6) Tokai Hit stage insert warmer controller,
(7) custom 3 GHz computer with 2 gigabytes of RAM, 2
hard drives, dual monitors, and MetaMorph Premier
software, (8) uninterruptible power supply capable of
running entire system, (9) external USB backup hard
drive, (10) CO, sensor for CO; injection system that is out
of view. The stage contained a custom thermal plate
warmer insert instead of a standard open slide or plate
holder. The insert consisted of approximately coverslip-
thick glass heated to a set temperature (37°C) by
thermoelectric warming. This resulted in a transparent
stage surface large enough for a multiwell tissue culture
plate or any configuration of smaller plates, yet maintained
a constant temperature at the sample surface. A small
incubator chamber box could, thus, be designed to sit atop
the stage and could be disconnected and removed easily,

Premier Software (Molecular Devices Corpora-
tion), and images were collected using a Nikon
CFI Plan Fluor ELWD DM 20x C Phl (correc-
tion collar 0-2 mm; 0.45 NA) objective lens at
areas of interest on each plate at 5 min intervals
for approximately 20 h. Illumination for phase
contrast images contained a green filter inline.
Fluorescent illumination was with a standard
100 watt mercury vapor lamp with an ND4, NDS,
or no neutral density filter inline. Fluorescence

rather than awkwardly enclosing the whole microscope
like some commercial systems. Warmed air was circulated
through the chamber by large diameter hoses connected to
the air warmer using plastic plumbing fittings and adapters.
The remote temperature sensor was placed in the air
outflow hose. CO, was injected into the chamber using an
external CO, injector controller of which the sensor
“block” was removed from its case and placed inline with
the air flow of the chamber. The correct CO, injection
pressure was empirically determined so that when the
injector was set to 4% CO,, the short burst of CO, resulted
in a transient rise in the chamber to 6%. Thus, the CO,
levels in the chamber fluctuated between 4% and 6%,
averaging to the desired 5% CO, level. This was further
confirmed by the correct orange-red color of the phenol
red indicator dye in the culture media of samples in the
chamber. Our development and testing of this custom
incubator chamber configuration ultimately resulted in one
that is more convenient, much more versatile, and several-
fold less costly than current commercial configurations. It
also allows direct parallel comparison between different
desired experimental treatments while maintaining desired
constant environmental conditions. MetaMorph software
controlled the automated functions of the microscope and
acquisition of images well. (b) Custom incubator chamber.
(1) Prior automated stage, (2) clear plastic stage-top
incubator chamber, (3) rear hinges securing glass incubator
lid to plastic chamber, (4) plastic fittings for warmed air
inflow (left) and outflow (right) of chamber, (5) lead for
thermal sensor inserted into warm air outflow fitting, (6)
tubing for CO, injection into air inflow side of chamber,
(7) clear glass plate warmer stage insert

exposure times ranged from 500 ms to 1,000 ms.
Experiments usually consisted of collecting ima-
ges from several areas of interest in each dish
from three or four dishes to result in a total of
several thousand images per experiment. Images
from each location were separated into their own
image stacks and converted into an avi movie at a
speed of 15 frames per second for viewing, which
corresponded to a time compression of approxi-
mately 1 h of experiment into 1 s of video.
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Cell motility measurements

Motility of cells was measured after collection of
sequential time-lapse images. Analyses were
performed on sequential phase contrast images
with MetaMorph software manually using the
“Track Points” feature with individual nucleoli
serving as imaging targets. This proved to be an
easily identifiable and stable intracellular marker.
The automatic “Track Objects” feature was used
for fluorescent images with the search box
surrounding the entire cell in some cases or
fluorescent intracellular puncta in other cases.
Automatic tracking with the Track Objects
feature was not possible with phase contrast
images in scratch assays because cell boundaries
did not retain distinct contrast. Tracking by both
manual Track Points or automatic Track Objects
methods resulted directly in tabulation of data in
a MetaMorph file of multiple motility parameters
including object coordinates, distance traveled
from last timepoint, velocity from last coordinate,
absolute angle, and distance to origin in a straight
line. Tabulated data were exported into Microsoft
Excel, graphed, and evaluated statistically using
Student’s two-tailed f-test. DeltaGraph 5.6 (Red
Rock Software) was also used for some analyses.
The conversion factor for measured pixels to
microns (0.46 for 20x objective) was determined
by tracking using a Nikon stage micrometer.

Vital fluorescent labeling

Qtracker™ cell labeling was accomplished by
following the manufacturer’s directions using the
Qtracker® 565 Cell Labeling Kit (Quantum Dot
Corp.). Cells were incubated in Qtracker label
mixture for 1 h in suspension at 37°C. Cells were
plated on uncoated 35 mm MakTek coverslip-
bottomed dishes, placed in the incubator over-
night, and experiments were started the next day.
Qtracker labeled cells contained extremely bright
intracellular fluorescent puncta that were
compatible with the MetaMorph automatic
tracking feature. The filter cube used for evalua-
tion of Qtracker contained a 505 nm dichroic
mirror, a 510 nm long-pass emission filter,
but contained interchanged excitation bandpass
filters of differing wavelengths (400-500 nm,
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420-500 nm, and 450-500 nm; Chroma Technology
Corporation).

DiO cell membrane labeling was accom-
plished by incubating trypsinized C6 cells in a
solution of 100 pg/ml DiO (3,3’-dioctadecyloxa-
carbocyanine perchlorate; Molecular Probes/In-
vitrogen) in normal culture medium (DMEM
with 10% serum) similarly to that in Galileo
et al. (1991). Cells were incubated for 1 h at
37°C, rinsed, and plated in 35 mm MatTek
dishes. Cells were allowed to adhere overnight,
during which time this membrane label was
internalized and was visible as intracellular
puncta. The filter cube used for DiO experi-
ments was the Nikon EN GFP HQ BP cube with
a 450-490 nm excitation filter, 495 nm dichroic
mirror, and a 500-550 nm emission filter.

Green fluorescent protein (GFP) labeling was
accomplished by using a recombinant lentiviral
vector that encoded GFP and puromycin resis-
tance (kindly provided by Dr. John Kappes, Univ.
of Alabama). C6 cells were transduced with the
GFP vector and selected to homogeneity using
puromycin. C6/GFP cells were plated on the
MatTek dishes as described above. The filter cube
used for GFP experiments visualization was the
same as for DiO.

Cell Tracker™ Green labeling was accom-
plished by Cell Tracker Green CMFDA (5-chlo-
romethylfluorescein diacetate; Molecular Probes/
Invitrogen) according to the manufacturer’s
directions. This molecule readily crosses the
plasma membrane of intact cells and is retained
intracellularly after reacting with cytoplasmic
thiols. Cells were labeled in suspension with 5 uM
reagent for 45 min at 37°C, rinsed, plated on
MatTek dishes, and used the following day for
experiments. The filter cube used for Cell Tracker
Green experiment visualization was the same as
for DiO and GFP.

Results
High-resolution time-lapse microscopy
The significance of observing and quantitating

cell movements at closely spaced time intervals
can be seen in Fig. 2. As a population of indi-
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Fig. 2 High-resolution time-lapse microscopy. (a) Aver-
age velocity of a population of U-87 glioma cells treated
with a stimulating antibody in a scratch assay experiment,
plotted with stage accuracy data from (c) as velocity with
5 min time intervals. Shown is the 3rd-order polynomial
curve of best fit for U-87 cell velocity. (b) Overall average
of all U-87 cell and stage accuracy velocities. (¢) The
automated stage was programmed to travel to several

vidually tracked U-87 cells migrates, their aver-
aged velocity varies substantially at any particular
timepoint (Fig. 2a, blue graph). A curve of best fit
can approximate the overall average velocity of
the migrating cells if the migration rate is fairly
constant, as is the case here. However, neither the
best fit curve nor the single overall velocity value
(Fig. 2b) accurately represents the range of tran-
sient velocities at which cells can move. Even
averaged velocities of a small population of cells
can vary five-fold over average values at specific
timepoints. Rare peak values of migration veloc-
ity (max. and min.) are obscured by overall
averaged values, but may be an important com-
ponent of the cell behavior of interest.

The custom time-lapse microscopy system we
designed and assembled has resulted in collection
of parallel time-lapse images under a wide variety
of conditions. When tested for its ability to return
to a single programmed coordinate, the stage re-
turned to an average of 0.065 + 0.002 um (SEM)
with a range of 0.001-0.178 pm (Fig. 2c). When
velocity errors due to the stage movement inac-
curacy were plotted with velocities of migrating
cells (Fig. 2a, red graph), they were a constant but
minor component of measured velocities. Overall
average velocity error due to stage inaccuracy was
calculated to be 0.020 + 0.001 pm/min (SEM),
which is small compared to the migrating cells
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distinct coordinates several centimeters apart. Sequential
images were collected every 5 min for 23 h and at one
coordinate a stationary mark on the tissue culture dish was
tracked with the MetaMorph Track Object feature to
evaluate the stage’s ability to return to the exact
programmed coordinate (graph origin). Plotted are 276
tracked points. Bars shown are SEM

(0.341 £ 0.016 um/min SEM; Fig. 2b). These er-
rors in stage movement are mostly imperceptible
in time-lapse movies and, thus, the high-through-
put advantage of the automated stage outweighs
the disadvantage of the negligible inaccuracy.

A novel approach was taken for the cell incu-
bator chamber that was used for time-lapse
studies and it is described in Fig. 1. This design
allowed cells to be analyzed in a variety of tissue
culture dishes and plates, including 35 mm,
60 mm, 10 cm, multiwell plates, chamber slides,
and small T-flasks. This makes our design much
more versatile than currently available commer-
cial systems. We initially found that vibrations
generated by the motors in the automated stage
would cause the dishes to move slightly on the
Tokai Hit insert over the course of the experi-
ment. This was easily remedied by brushing a thin
coat of rubber cement along the bottom edge of
the dish and allowing it to dry before plating cells.
This created a non-skid surface that prevented
dish movement.

The super scratch assay
A successful application of our time-lapse
microscopy and quantitation of motility has been

to the conventional ‘“‘scratch” or “wound heal-
ing” assay. This simple semi-quantitative assay
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has been improved here to be a highly quantita-
tive assay (hence “Super Scratch” assay) capable
of providing detailed information about multiple
motility parameters. An example of the

improvement in accuracy is shown in Fig. 3. Lines
can be drawn to represent the beginning and
ending of the scratch edges from which the
average distance that the cell front advances can
be measured. This “line method” measures the
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Fig. 3 Super Scratch assay comparison with conventional
scratch assay. (a) First phase contrast image of 208
sequential images of a 9L glioma scratch was pseudocol-
ored red, last image in series was pseudocolored green, and
the images were superimposed. Yellow straight lines
delimit the borders of the scratch at the beginning and
end of the experiment (17 h). Yellow curved lines are
series of 208 yellow ““X”’s that indicate the position of each
tracked cell (24 total cells) in each sequential image
analyzed in the Super Scratch assay, thus showing the
migration paths. (b) Same as in (a), but for 9L cells
transfected with NgCAM expression plasmid (9L/NgCAM
cells). A total of 15 cells were tracked. Inset is magnifi-
cation of region to the left to better visualize tracks of
yellow “X”’s. (¢) Distances were measured between
straight yellow lines for conventional scratch assay, and
distances of each cell path were averaged for the Super
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greatest extent to which the cell margin has mi-
grated to fill in the scratch. This appears to be a
reasonable approach for cells that migrate in
relatively straight trajectories as a unified front,
such as for 9L glioma cells (Fig. 3a) or even
transfected 9L cells expressing an ectopic adhe-
sion molecule (Fig. 3b). Surprisingly, when the
distance of migration was calculated, the
approximated line estimates were considerably
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Scratch assay. Bars for tracked cells are SEM. (d)
Velocities of all tracked cells for all timepoints were
averaged for the Super Scratch assay, and velocities of
conventional scratch assays were calculated by dividing the
distance between straight lines by experiment length. (e)
Same procedure as in (a) and (b) for MC3T3-El
osteoblasts treated with 1 pM lysophosphatidic acid
(LPA). Note that 3 of the 19 tracked cells have migrated
backwards into the confluent cell monolayer, some cells
migrated parallel to the scratch, and cells at the top of the
image by the right (endpoint) line migrated there from
outside the field of view. (f) Distances of cells shown in (e)
determined by the conventional scratch and Super Scratch
methods. Bar is SEM. (g) Individual path distances of the
19 tracked cells shown in (e). (h) Velocities for osteoblasts
in (e) calculated as in (d). Bar for tracked cells is SEM.
Micron bars, 50 pm
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greater than the averaged distances calculated by
tracking individual cell paths at the wound edge
using object tracking software (Fig. 3c).

The apparent inaccuracy for gliomas was a
25% overestimate (100 pm tracked vs. 125 pm by
the line method), and for transfected gliomas was
a 45% overestimate (69 pum tracked vs. 100 pm by
the line method). The overestimates by the line
method are due to the fact that not all cells of the
advancing front migrate equally fast or far as the
most advanced cells, which is where the second
line was drawn. The greater inaccuracy for
transfected cells might be attributed to their more
irregular paths (i.e. less straight; see yellow
“X”s). The difference in migration distance
caused by the adhesion molecule expression as
determined by cell tracking was a 31% reduction
of control distance (31 pm/100 um), compared to
a 20% reduction (25 um/125 pm) as determined
by the line-method. These line-method inaccura-
cies in distance, then, are also translated into
discrepancies in velocity when conversions are
done using the duration of the experiment for the
line method (Fig. 3d). Thus, a substantial mis-
representation of cell behavior can result from
measurements made by distance measurements
between advancing fronts of cells in a conven-
tional scratch assay.

Cell migration during the scratch assay also can
lead to the appearance of a very irregular border
of advancing cells. In such cases, a line can still be
drawn at the end of the experiment that is parallel
to the initial scratch border delimiting the extent
of the farthest migrating cells (Fig. 3e¢). However,
it seems reasonable to predict that measurements
using the line-method might not be accurate
under this condition. The approximated distance
of migration in such a case determined by the
line-method was a large over-estimation (44%;
260 pm by line-method vs. 180 um by tracking;
Fig. 3f), similar to that for transfected cells with a
more regular border. Individual tracked cell
migration distances varied over 2.5-fold (Fig. 3g).
Since the treatment conditions employed here
were expected to induce random motility
(chemokinesis) as opposed to directed cell
movement (chemotaxis), it was not surprising that
several cells migrated backwards into the mono-
layer (Fig. 3e; leftmost yellow paths). Average

migration velocity was also an over-estimate by
the line-method (Fig. 3h). Thus, actual cell
migratory behavior can be inaccurately repre-
sented by methods employing gross measure-
ments, and inspection of an endpoint image does
not reliably assess the cell behavior up to that
point. Although such a conclusion might be sus-
pected, the high resolution data gathered by the
tracking methods clearly demonstrates this.

Cell migration dynamics

The conventional scratch assay, when quantitated,
is often scored as a single distance measurement.
Deduction of migration velocity from a single
measurement must either assume that migration
rates do not change over the course of the exper-
iment (i.e., velocities are constant), or ignore
potential changes. We found that this assumption
was not true for certain experimental cell treat-
ments, as well as for some control untreated cells.
This can be appreciated when either average
cumulative distances or velocities are plotted
against elapsed time. For distance versus time, a
line represents constant velocity whereas a curve
represents changing velocity. For instance, when
osteoblasts were continuously drug treated, their
velocity increased transiently (e.g., from 150 min
to 600 min in Fig. 4b), but then diminished to
approach control cell levels (Fig. 4a, b). This
resulted in a large difference in endpoint cumu-
lative distance (Fig. 4a), but neither endpoint
distance nor a single averaged velocity value
would accurately reflect the changes in cell
migration rates that took place. Antibody treat-
ments also have resulted in changes in migration
kinetics (data not shown).

Such dynamic changes in velocity do not al-
ways occur after experimental treatments, how-
ever. Fluorescently labeled glioma cells (with
Qtracker™; see below) tracked on monolayers
expressing an adhesion molecule were slowed in
velocity, but the change was rather constant
throughout the experiment (Fig. 4c, d). This is an
example where reduction of velocities to a single
overall average (Fig. 4e) would be indicative of
cell behavior. We also previously found that gli-
oma cells transfected with DNA encoding an
adhesion molecule exhibited a constant decreased
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Fig. 4 Cell migration dynamics. (a) MC3T3-E1 cells were
tracked in the scratch assay as either untreated or treated
with 2.5 uM LPA. Plotted are the average cumulative
distances at each 5-min interval (260 total). Note that
untreated cells migrated with a fairly constant velocity
(v = 0.4184x + 0.1024; R?> = 0.9983), but treated cells
migrated with a changing velocity (y = 1E-07x* — 9E-
05x> + 0.0189x* — 0.0877x + 3.8552; R?=0.9996). (b)
MC3T3-E1 cells were tracked in the scratch assay as either
untreated or treated with 1 uM LPA. Plotted is the average

migration velocity (Cretu et al. 2005). Thus, our
method of quantitation and analysis of cell
migration rates over closely spaced time points
allowed detection of dynamic changes in migra-
tion velocity, such as initial or subsequent in-
creases or decreases, or of constant velocity. The
possibility of such changes in velocity so far has
not been considered by others in conventional
cell migration analyses, but clearly should be.

Time-lapse using fluorescent vital labeling
Fluorescent vital labeling is not necessary for

tracking cells in scratch assays or when migrating
randomly on coated or plain plastic or glass sur-
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velocity (blue) with 3rd-order curve of best fit (red) and
average cumulative distance. Average cumulative distance
is shown in green. (¢) C6 cells labeled with fluorescent
Qtracker were plated on either 3T3 cells (blue) or NeCAM
transfected 3T3 cells (red), tracked, and average cumula-
tive distances are plotted. Note that reduced velocity of C6/
Qt cells on 3T3/NgCAM cells is constant. (d) Same cells in.
(¢) plotted as average velocities over time with 3rd-order
curves of best fit. (e) Overall average velocities of C6/Qt
cells shown in (d). Bars indicate SEM

faces. However, if cells of interest are plated on a
cell monolayer or a tissue slice, then single cells of
interest are not discernable with normal optics.
To overcome this limitation, several different
methods of vital fluorescent cell labeling were
evaluated for their suitability in time-lapse
experiments. Of the four methods evaluated,
three could be used successfully with our system:
Qtracker™ 565, DiO, and GFP expression. The
results are summarized in Table 1. A fourth
method using Cell Tracker™ Green was found
not to be satisfactory due to extreme bleaching
and, thus, disappearance of the fluorescent label
under illumination conditions similar to that for
the other labeling methods. The other methods
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Table 1 Properties of vital fluorescent labeling agents for time-lapse microscopy

GFP expression DiO Qtracker™ Cell tracker™ green
Detectable fluorescence Moderate High but High Moderate at first,
throughout tapered off throughout bleached rapidly
Bleaching Low Moderate Very low Extreme and rapid
Cell viability High with High with High with Unknown due
ND filters ND filters ND filters to bleaching
Usable conditions ND4 filter NDS filter NDS filter None with our system

5 min intervals

12.5 min intervals

5 min intervals
450-500 nm excitation

could be used under specific combinations of
illumination intensity and time interval. Initial
assessment was performed at standard time
intervals of 5 min, with full epifluorescent illu-
mination (blue light, no ND filter), and a 20-h
experiment duration. At each time point, the cells
were subjected to epifluorescent illumination for
a few seconds, which was determined by the
software’s ability to control the hardware. We
found that conditions had to be optimized for
each labeling method to enable visualization of
labeled cells without adverse effects due to
repeated exposure to blue light.

For cells expressing GFP label, full fluores-
cence illumination intensity was not satisfactory
and resulted in lowered initial migration rates and
death of cells (Fig. S5a-d) compared to phase
illumination (Fig. 5a). This assay was performed
with non-confluent cells undergoing non-directed
random migration in a glass bottom culture dish.
To determine if GFP expression itself or illumi-
nation intensity was responsible for slowed
migration and death, cells with and without GFP
expression were analyzed similarly with full illu-
mination intensity and with a neutral density filter
in the illumination path. All samples including
cells with or without GFP label were adversely
affected by full illumination (Fig. Se). Insertion of
an ND4 filter inline with the epifluorescent light
source (25% illumination intensity) resulted in
stable motility of both labeled and unlabeled cells
over an 18 h experiment (Fig. 5f). Thus, cells
were vulnerable in our experiments to repeated
over-illumination with blue light, but GFP was a
useful vital label when excitation intensity was
reduced by a factor of four.

DiO carbocyanine dye labeling was not useful
under the above conditions for GFP, and required

even less intense and less frequent illumination.
Stable migration velocities were found with
12.5 min time intervals, NDS8 filter, and 17-hour
experiment duration (Fig. 5g). The day after
labeling cells, DiO was visible as intracellular
puncta (Fig. Sh), which could be used to track
cells automatically. Intracellular puncta form as
cells endocytose labeled plasma membrane and
incorporate label into endocytotic vesicles. These
large intracellular vesicles were stable inside cells
and could be used for tracking cell migration
using the Track Objects feature. Viewing movies
compiled from time-lapse images revealed that
there was noticeable, but tolerable, DiO photo-
bleaching over the course of the experiment.
Thus, DiO is useful for time-lapse experiments
under appropriate conditions. But, it evidently
was toxic when illuminated with blue light that
normally would not affect unlabeled cells (ND4
filter, 5 min intervals) and so 12.5 min intervals
and NDS8 filter needed to be used.

Qtracker™ 565 labeling was evaluated using
fluorescence filter cubes with three different
increasingly narrow excitation bandpass ranges
(see Methods). This was done because the cad-
mium selenide nanocrystal core of the quantum
dot absorbs mostly ultraviolet light, which is toxic
to living cells. We found that the two shorter
wavelength excitation bandpasses resulted in
cell death (data not shown) and that only the
450-500 nm excitation resulted in viable cells
under our conditions of repeated time-lapse
exposure. This label was still extremely bright and
allowed the use of an NDS filter in the excitation
pathway, and no detectable photobleaching oc-
curred.

Qtracker™ labeling was applied to the anal-
ysis of glioma cell behavior on normal NIH 3T3
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Fig. 5 Evaluation and application of vital fluorescent
labeling methods. (a) C6 cells were labeled by infection
with a GFP-encoding retroviral vector. Images were
collected using either phase contrast (blue graph) or
fluorescent (red graph) illumination. Plotted are average
velocities over time and 3rd-order curves of best fit. (b)
Initial image of 10 C6/GFP cells tracked in (a) with phase
contrast and their migratory paths shown in blue “X”s.
Each “X” represents cell position in a sequential image. (¢)
Initial image of C6/GFP cells tracked in (a) with fluores-
cence (450-490 nm) illumination without an ND filter, and
their migratory paths shown in red “X”’s. (d) Last image of
C6/GFP cells tracked in (b) showing ultimate position
denoted by a green “X”. The two red “X’’s denote cells
that have lysed before the end of the experiment ended and
no longer exhibited GFP fluorescence. Note also the
general rounded appearance of the cells. (e) C6 and C6/
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GFP cells both were illuminated with fluorescent (450-
490 nm) light with no ND filter and tracked over time.
Graphed are average velocities and 3rd-order curves of
best fit. Note that both cell types exhibited initial velocities
over 0.1 w/min (arrows), but immediately and drastically
slowed in migration rate, and died by the end of the
experiment. (f) C6 and C6/GFP cells both were illuminated
with fluorescent (450-490 nm) light with an ND4 filter and
tracked over time. Graphed are average velocities and 3rd-
order curves of best fit. Note that both cell types exhibited
stable velocities throughout the experiment. (g) C6 cells
were labeled with DiO and illuminated with blue light
(450-490 nm) with an inline NDS8 filter at 12.5 min
intervals and tracked over 17 h. The average cell velocity
remained stable as shown by the 3rd-order curve of best fit.
(h) Initial image of the 10 cells tracked in (g) and the paths
that they migrated shown in red
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cell monolayers and on monolayers expressing
cell surface adhesion molecule NgCAM/L1
(Fig. 4c, d). Labeled cells were extremely bright
and were clearly visible through the monolayers
with an NDS8 filter. Cell movements were
tracked as they migrated randomly about on the
cell monolayers. C6/Qt cell migration velocities
are shown in Fig. 4d where a consistent decrease
was apparent for cells on the 3T3/NgCAM
monolayers throughout the experiment. When
reduced to overall average velocity values, cell
migration was reduced by 29% and was highly
significant (Fig. 4e; P << 0.001). Thus, fluores-
cent vital labeling allowed cell motility to be
tracked and quantitated in response to a single
cell surface molecule (NgCAM/L1) when pre-
sented in the context of a living cellular sub-
stratum (3T3 cells).

Discussion

The methods currently in use to measure cell
movements often lack ability to provide answers
to specific questions about migrating cells. For
instance, it is difficult or impossible to approach
questions such as: What are the actual velocities
of untreated cells versus those treated with a
drug? What is the range of individual velocities
within a cell population? What are the paths that
the individual cells took? Do the migration rates
of the treated cells change over time? These
questions are important to answer in a detailed
analysis of cell migration. Our methods have re-
sulted in higher spatial precision and higher
temporal resolution and, therefore, more accurate
representation of cell motility behavior than
heretofore. A requisite for precise quantitation of
cell movements is that measurements be accurate,
especially when the stage travels between several
points of interest at each time interval. The
automated system described here is stable and
accurate and introduces remarkably small errors
to measured distances and velocities for stage
movements that approach 10 cm.

We have presented several examples of how
our time-lapse microscopy system and application
of object tracking software to migrating cells

overcame conventional limitations. One of our
main focuses was to refine the commonly used
scratch or wound healing assay into a highly
quantitative Super Scratch assay. The scratch as-
say before this work had not progressed beyond a
single or few timepoint assay where measure-
ments were made of distance between edges
(Maschler et al. 2005; Zhu et al. 2004; Pratt et al.
2005; Wadham et al. 2003; Besson et al. 2004;
Cretu et al. 2005; Hoang et al. 2004; John et al.
2004; Ray et al. 2003; Lynch et al. 2005; Yarrow
et al. 2004), number of cells entering a defined
area (Petridis et al. 2004; Nishio et al. 2005; Zhu
et al. 2004; Piccolo et al. 2002; Robinet et al.
2005; Raftopoulou et al. 2004; Zhu et al. 2005),
or qualitative assessment without quantitation
(Gavert et al. 2005; Yoshida et al. 2004; Zhang
et al. 2005; Herren et al. 2001; Lee et al. 2004;
Motegi et al. 2003; Laurent-Matha et al. 2005;
Miao et al. 2005). We have shown that such a
method of analysis is not as accurate a represen-
tation of cell migration as tracking individual cells
starting from the advancing front of the wound.
“Average’ distances and velocities calculated by
using the line or similar method, although they
provide a measurement of the extent to which a
gap is filled in by cells, cannot be used with cer-
tainty to accurately measure a cell population’s
actual average migration distance or velocity.
And since experimental treatments can affect
direction of migration and other cell behavior, an
inaccurate conclusion might be drawn about cell
migration distance, direction, or velocity using the
line-method or any method measuring only the
advancement of the leading edge at the experi-
ment endpoint. Such analyses are based on the
several assumptions that cells maintain relatively
straight trajectories, that cells at the advancing
front are indicative of those cells behind them,
that motility kinetics do not change throughout
the time period, and that significant cell division
does not take place, some or all of which may be
false within a given experiment. Here, examples
are shown where most of these assumptions
would not have been valid, and we speculate that
this may often be the case. Thus, conclusions
made in other studies without further analysis of
individual cell migration velocity or direction
might be subject to error.
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Others have tracked individual cells over peri-
ods of time, but have reported only overall aver-
aged velocity values and not plotted values over
time (Edme et al. 2002; Harms et al. 2005; Huang
et al. 2003; Six et al. 2004; Sun et al. 2004). The
highly quantitative Super Scratch assay has been
useful already for determining the effects on cell
behavior after drug treatment, transfection, and
antibody treatment. In two of these treatments,
the effect on cell velocity changed with time,
which underscores the ability of our assay to re-
veal previously unknown dynamics of cell migra-
tion. Using this assay, delays in the effects of drug
treatment on migration as well as desensitization
(i.e., return to control values) of cells to a treat-
ment can be detected. This method provides the
means to study treatments that might have effects
on migration where the changes in kinetics
themselves are the most important results. By
analogy, then, the Super Scratch assay may be to
the scratch assay what real-time PCR is to PCR.

This work provides a starting point for per-
forming time-lapse experiments and for using
several vital fluorescent labeling methods. It im-
proves upon existing time-lapse video microscopy
systems currently in use in that it enables moni-
toring of cells over long experimental durations.
The assessment of the several labels and condi-
tions presented in Table 1 should allow selection
of an appropriate label and experimental condi-
tions for other investigators. This evaluation was
necessary for our application of motility analyses
on cell monolayers, but can also be applied to
migration on tissue slices, or to determining cell
behaviors when two or more cell populations with
different color labels are mixed. A supplementary
document detailing the construction of the incu-
bator chamber will be provided upon request and
will allow investigators to determine whether this,
or a commercial incubator system, is most suit-
able for their needs.
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