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ABSTRACT Leukocytes must migrate through tissues to fulfill their role in the immune response, but direct methods for observing
and quantifying cell motility have mostly been limited to migration on two-dimensional surfaces. We have now developed methods
for examining neutrophil movement in a three-dimensional gel containing 0.1 to 0.7 mg/ml rat tail tendon collagen.
Neutrophil-populated collagen gels were formed within flat glass capillary tubes, permitting direct observation with light
microscopy. By following the tracks of individual cells over a 13.5-min observation period and comparing them to a stochastic
model of cell movement, we quantified cell speed within a given gel by estimating a random motility coefficient (,u) and persistence
time (P). The random motility coefficient changed significantly with collagen concentration in the gel, varying from 1.6 to 13.3 x 10-9
cm2/s, with the maximum occuring at a collagen gel concentration of 0.3 mg/ml. The methods described may be useful for
studying tissue dynamics and for evaluating the mechanism of cell movement in three-dimensional gels of extracellular matrix
(ECM) molecules.

INTRODUCTION

The ability of cells to migrate is critical to a variety of
physiological phenomena, including tumor invasion and
metastasis (Poste and Fidler, 1980), embryogenesis
(Trinkhaus, 1984), angiogenesis (Folkman, 1985), and
certain immune responses (Wilkinson and Lackie, 1979).
The obvious significance of these events has motivated
numerous studies into cell motility (Bellairs et al., 1982;
Lackie, 1986), beginning with the seminal time-lapse
studies of Comandon (1917). While recent studies have
focused on the molecular mechanisms underlying cell
movement (Sato et al., 1987; Ishihara et al., 1988; Sheetz
et al., 1989; Cunningham et al., 1991), the influence of
physical characteristics of the host tissue on cell motility
is still largely unstudied, particularly in three dimen-
sions. A more complete understanding of the influence
of the extracellular environment on cell motility (partic-
ularly in environments that are similar to those found in
vivo) would complement the molecular level studies. In
addition, studies of cell behavior in different environ-
ments may lead to new methods for manipulating cell
function or behavior in the body.
Most experimental methods for characterizing cell

motility can be divided into two categories. In visual
assays, the movements of a small number of cells are
observed individually (Gail and Boone, 1970; Zigmond,
1977; Allan and Wilkinson, 1978). Population tech-
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niques require the observation of the collective move-
ments of a group of cells (Boyden, 1962; Cutler, 1974;
Nelson et al., 1975). A recent review outlines the
experimental details of several specific assays and com-
pares their advantages and limitations (Wilkinson et al.,
1982). Both visual and population assays have been
analyzed, enabling the quantification of intrinsic cell
motility parameters (Gail and Boone, 1970; Dunn, 1983;
Lauffenburger, 1983; Buettner et al., 1989; Farrell et al.,
1990). One such parameter, the random motility coeffi-
cient (p,), characterizes the migration of cells in isotropic
environments. Although each individual technique is
self-consistent and reproducible, experimentally mea-
sured random motility coefficients can vary significantly
between different assay systems (Buettner et al., 1989).
This suggests that methods which mimic the host environ-
ment may be most useful for predicting cell behavior in
vivo.
The most commonly used migration assays present

cells with an environment that is much different from
that encountered by cells in an organism. For example,
many assay systems require cells to be attached to a
two-dimensional substrate, while in tissues motile cells
are frequently dispersed in three dimensions. Also, in
most assays, motile cells contact glass, tissue culture
polystyrene, or cellulose ester or acetate filters; the
native extracellular matrix (ECM), however, is a com-
plex gel of biopolymers, with collagen being the most
abundant. In recent years, three-dimensional cell cul-
ture techniques have been developed to more closely
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simulate tissues (Elsdale and Bard, 1972; Bell et al.,
1979; Schor, 1980; Schor et al., 1981; Richards et al.,
1983). Of the few studies that have addressed cell
motility in these situations (Schor et al., 1980; Brown,
1982; Haston et al., 1982; Wilkinson, 1985; Haston and
Wilkinson, 1988; Wilkinson et al., 1988), most have
involved plating a cell suspension on top of a collagen gel
and subsequently following the infiltration of the gel by
the cells. Most typically, infiltration is measured by
following the leading front distance of the cell popula-
tion as a function of time. While much information can
be gained from these studies, the time course of the
infiltration is usually on the order of hours or days.
Furthermore, measurement of the leading front dis-
tance provides an accurate description of the behavior of
the fastest moving cells rather than the entire cell
population.

In this report, we present a new quantitative, visual
assay for characterizing the migration of human neutro-
phils through collagen gels after direct encapsulation. In
our experiments, cells move freely in three dimensions
throughout the gel. However, because we monitor their
migration through a conventional light microscope, the
observed movements are two-dimensional projections of
the actual movement (Fig. 1). Information about migra-
tion in the direction orthogonal to the microscope field is
lost: an apparently stationary cell may actually be
motionless or it may be moving perpendicular to the
field of view. To recover this lost information, we
compared our observations to a stochastic model of cell
movement that quantitatively captures the two most
important aspects of cell motility in isotropic environ-
ments: cells move randomly (they have no directional
predispositions), and they do not usually move in straight
lines for long times (persistence time is short). Using this
model we can accurately reconstruct three-dimensional
behavior from two-dimensional observations. We have
used these experimental and analytical methods to
determine the effect of collagen concentration on the
random motility coefficient.
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METHODS

Cell preparation
Whole blood from healthy donors was collected by venipuncture into
vials containing heparin. Neutrophils were separated from whole
blood samples via a standard technique (English and Andersen, 1974).
Briefly, a solution of Ficoll in radiopaque media (Histopaque 1077,
density = 1.077 g/ml; Sigma Chemical Co., St. Louis, MO) was layered
onto an equal volume of a second Ficoll solution (Histopaque 1119,
density = 1.119 g/ml; Sigma Chemical Co.). Heparinized whole blood
was then layered onto the upper Ficoll solution, and the tubes were
centrifuged at 700 g for 30 min. Cells were collected from the interface
of the two Ficoll solutions and washed twice in phosphate buffered
saline (PBS, pH = 7.4). Finally, the cells were suspended in PBS at
-6 x 106 neutrophils/ml. The purity of the cell suspension was
estimated by allowing 5 min for neutrophils to attach to the counting
surface of a hemacytometer. During this time only neutrophils
attached to the surface and, in this state, they were easily distinguished
from unattached red blood cells. The attached cells were counted and
the purity of the suspensions used ranged from 60 to 80% neutrophils,
with the vast majority of remaining cells being erythrocytes. Other
granulocytes (basophils and eosinophils) were not removed from the
suspension; however, in healthy adult human blood these are present
in such small numbers as to be statistically insignificant.

Collagen preparation and
characterization
Solutions of type I collagen were prepared from rat tail tendons in a
method similar to that of Bell et al. (1979). Tendons from the tails of
344 Fisher rats (250-300 g) (Harlan Sprague-Dawley, Indianapolis,
IN) were extracted under 70% ethanol. The tendons were washed with
fresh ethanol and placed in filter sterilized 0.02 M acetic acid (- 100
ml solution/g wet tendon). Collagen from the tendons was allowed to
solubilize in acetic acid for 2 d at 40C. The mixture was then
centrifuged at 18,000 g for 45 min, and the clear, collagen-containing
supernatant was collected and stored as a liquid at 4°C. The concentra-
tion of collagen in the resulting solution was determined by (a)
lyophilizing a measured volume of the solution and weighing the
residual and (b) measuring total protein with a bicinchoninic acid
assay (BCA protein assay; Pierce, Rockford, IL) using commercially
prepared and purified type I collagen solutions from rat tail tendon
(Collaborative Research, Bedford, MA) and calf skin (Boehringer
Mannheim, Indianapolis, IN) as standards. The purity of the solution
was confirmed by SDS-polyacrylamide gel electrophoresis.

Cell encapsulation
Neutrophils were encapsulated in type I collagen gels by a method
similar to those previously reported for fibroblasts (Elsdale and Bard,
1972; Bell et al., 1979) and epithelial cells (Richards et al., 1983). First,
the pH and osmolarity of the liquid collagen solution were raised to
physiological levels (pH = 7.4; osmolarity = 300 mosM) by thoroughly
mixing the following solutions in a microcentrifuge tube quickly and on
ice: a predetermined amount of liquid collagen solution to obtain the
desired final concentration in a final volume of 1 ml, a predetermined
amount of 0.1 M NaOH so that the final solution pH was 7.4, 7 ,ul 5%
(wt/vol) sodium bicarbonate, 100 pl 10x Media 199 (with Earle's Salts
and L-Glutamine, without sodium bicarbonate; Gibco, Grand Island,
NY), 40 pl 250 mM HEPES (Gibco), and a predetermined amount of
highly purified water (18 MOhm resistance) to bring the final solution
volume, including cells, to 1 ml. At this point, 125 p.l of the neutrophil
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FIGURE 1 Schematic diagram of cell motility in a three-dimensional
gel with observations within some microscopic field of view.
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suspension was added, and the solution was gently but thoroughly
mixed by repeat pipetting. A small volume of this solution was drawn
into a flat glass capillary tube (0.5 x 5.0 mm; Vitro Dynamics,
Rockaway, NJ), which was then sealed and incubated at 37°C. The
tube was left undisturbed for 7-10 min by which time the mixture had
completely set. This protocol produced a neutrophil-populated colla-
gen gel: type I collagen with neutrophils uniformly dispersed at a

density of - 7 x 10i cells/ml.

Cell motility assay
Expeimental. A neutrophil-populated collagen gel was prepared
inside a flat capillary tube as described above. Immediately after the
7-10-min gelation period, the tube was placed on the stage of an

inverted light microscope (Diaphot; Nikon Inc., Garden City, NY). An
incubator surrounding the stage was preheated and maintained at
37 + 0.5°C throughout each experiment. Using a 20x phase contrast
objective, a 0.3-mm2 field ofview was selected within the tube. Because
the capillary tube was thick ( - 500 pLm) compared with the depth of
focus of the microscope objective ( - 50 p.m), cells attached to the walls
of the tube were easily distinguished from those moving freely in the
gel. However, because cells were dispersed throughout the gel,
choosing a focal plane was considerably more complicated than in
conventional motility experiments, where cells are confined to a

specific two-dimensional surface. In all cases, the field of view selected
was at least 80 pLm from any capillary tube surface as verified by the
vertical focus micrometer. To assure that the gel was not excessively
heated during the experiment, an infrared filter was placed in the path
of the microscope light beam. In previous experiments, we confirmed
that water in the focal plane remained at 37°C for 8 h (Saltzman et al.,
1991).
A computer-based image analysis system (Compaq 386/20e with

Data Translation 2851/2853 image acquisition and analysis boards,
Houston, TX) was used to monitor cell movements within the tube. A
video camera (model NC-70; Dage-MTI Inc., Wabash, MI) was

attached to the microscope, and a continuous record of cell migration
was produced by a time-lapse video recorder (JVC, BR-9000U;
Opto-Systems, Inc., Jenkintown, PA) at 1/60th the normal video frame
rate (i.e., 30 frames/min). In addition, digitized still images of the field
of view were collected on the computer at 1.5-min intervals for 13.5
min. In preliminary experiments, cells were viewed over longer periods
of time. As judged by continual motile activity, there was no loss of cell
viability during 30 min on the microscope stage.
Data analysis. Subsequent to each experiment, the digitized images

and accompanying video tape segment were reviewed simultaneously.
During this process, the individual movements of 10 to 20 cells were
roughly sketched on an overhead transparency overlying the video
monitor. Using the transparency sketch as a guide, the position of each
cell was accurately determined on each digitized image by outlining
the cell boundary and calculating its centeroid. This procedure
produced an (x, y) record of cell position at discrete intervals over a

period of time. A cell was excluded from the analysis if it either (a) left
the field of view or (b) did not move more than a cell radius from its
initial position during an experiment. (In all of the experiments
reported here, a cell never left the field of view by migrating out of the
focal depth of the microscope objective during the 13.5-min observa-
tion period.) To gather information about a larger population of cells,
the (x, y) records of cell movement from six individual experiments
were collectively examined.
The data were analyzed as though the cells were confined to move

on a two-dimensional surface: i.e., movements in the orthogonal
direction were ignored. For each cell, square displacements were

calculated for every possible time interval. For example, the (x,y)

position of a typical cell was located every 1.5 min for a total of 13.5
min. For this cell, there were nine 1.5-min intervals, eight 3.0-min
intervals, seven 4.5-min intervals, etc. For each of these 45-time
intervals, a corresponding square displacement was calculated as:

D2(tj) =(X. -X)2 + (Y. -yi)2
n = 4) + 1, ( + 2,....N
i =nn-(= 1, 2, . ... N - (' (1)

where D2(ti) is the square displacement of an individual cell correspond-
ing to the ti time interval,N is the total number of images analyzed for a
given cell (in all cases reported here, N = 10), n is the picture number
of an image in a series of pictures (1 < n < N), (x, yj) is the position
of the cell in the nth image, and 4) is a dimensionless time allowing
each time interval to be represented by an integer between 1 andN - 1
(4) = ti/tm.i, where tm.n is the smallest time interval, here tmin = 1.5 min).
For a given population of cells, the random motility coefficient (p)

and persistence time (P) were determined by comparing the entire set
of measured square displacements versus time to:

D2(t)2D = 4p.(t - P + Pe-'P). (2)

For example, for a population of 100 cells, there were 4,500 data points
from which these parameters were determined. The data were fit to
Eq. 2 using a modified Gauss-Newton iterative nonlinear regression
technique with minimization of the sum of the square errors.

For ease of graphical visualization, the mean square displacement of
the cell population was calculated at each discrete time by averaging
the square displacements of each time interval over the total number
of cells:

IN - (D

Nc1 D'(t )
ya i=1
,= N- D i

(D ), = Nc (3)

where (D2), is the mean square displacement of the cell population
corresponding to discrete time t, D2(tj) is the square displacement of
cell j for the time interval ti, and N, is the total number of cells
analyzed.
Computer simulation. The assay method and data analysis were

evaluated using computer simulations of cell migration in three
dimensions. A migratory path for each cell in a cell population was

generated by numerical solution of the Langevin equation (Doob,
1942):

dv(t) = - Pv(t)dt + dW(t), (4)
where v is the cell velocity and W represents the stochastic Weiner
process, Gaussian random noise with mean 0 and variance a dt. This
equation contains two parameters: a and P. For one-dimensional
movement of a population of cells whose velocities are described by
this stochastic differential equation, the mean square displacement
and speed are given by (Doob, 1942):

(D2)ID E{[x(t) x(0)]2} (t-1 +eX')

(S2)D= E[V(t)2} =a

(Sa)

(6a)
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where x is the cell position and E{-} is the expected value. Mean square

displacement and speed for two- and three-dimensional movement are

obtained from Eq. 5a and 6a by the Pythagorean theorem, assuming
that movement in each dimension is independent:

(D2)WD= (D2)lD + (D2)lD = 2 -t (t-1 + e (5b)

(D2)3D = (D2)ID + (D2)ID + (D2)ID

= 3 (t- 1 +e+') (Sc)
13

(S2)m = (52)1D + (S2)1D - (6b)

(S2)3D = (S2)1D + (S2)1D + (S2)ID = (6)

It is more convenient to replace a and with two different nhysical
parameters: the root mean square (rms) speed, S. = V(S2)n0, and
persistence time, P = 1/ (Stokes, 1989):

(D2)= 2(Sn)2P(t -P + Pe&"p). (7)

Finally, the random motility coefficient is defined:

(Sn)2P (8)

2132 n

so that the expressions for mean square displacement reduce to:

(D2)ID = 2,u(t - P + Petlp)

(D2)2D = 4,u(t - P + Pe-"p)

(D2)3D = 6p,(t - P + Pe-"P).

(9a)

(9b)

(9c)

It is important to notice that (a) the value of rms speed for a cell
population depends on the dimensionality (Eq. 6), (b) the value of the
random motility coefficient does not depend on dimensionality (Eq. 8),
and (c) as t gets large, the mean square displacements predicted by this
model are identical to those predicted by one-, two-, and three-
dimensional random walks (Berg, 1983).
Our method of simulation, based on numerical integration of Eq. 4,

is a three-dimensional extension of the simulations previously imple-
mented by Lauffenburger, Tranquillo, and Stokes (Tranquillo, 1986;
Stokes, 1989). The simulation was initiated by generating a uniform
cell dispersion within a cubic volume element (L x L x L), where the
(x, y, z) position of each cell was randomly assigned from a uniform
distribution. Each cell was also assigned an initial velocity (v., vy, v.);
each component was independently and randomly assigned from a

Gaussian distribution with mean 0 and variance a(At), where At is the
time step size used in the numerical simulation. The simulation
proceeded in small time steps, where the position and velocity of each
cell in the dispersion were updated at each time step:

x' x vX Y Y vy
t5p=5 +- At; p=Sp+_ t

z' z v

52P S2P S (10)

v' v.,At v't v.At

v2 v& + VG; v2= + V7iG2;

v' vAt Ii

where (x, y, z) and (v , vy, v,) are components of the cell position and
velocity vectors before the time step, (x', y', z') and (v,', v', v,') are the
components of the cell position and velocity vectors after the time step,
the G,s are random numbers selected from a Gaussian distribution
with mean 0 and variance 1. Values of ,. and P were selected to
approximate the experimental results. The rms speed for the nondimen-
sionalization, S2, was uniquely determined by selection of and P (Eq.
8). The step size (At = 0.1 s) was selected according to previously
published criteria (Stokes, 1989). In preliminary simulations, the step
size was incrementally decreased to insure that it was small enough to
permit an accurate calculation.
The simulation described above yielded a three-dimensional path

for each cell in the dispersion over a specific period of time. Because
our microscopic observations were limited to a volume corresponding
to the depth of focus of the microscope objective, our laboratory
experiments resulted in a two-dimensional projected path for each cell
in a dispersion (Fig. 1). To simulate our experimental measurements,
we calculated square displacements for every possible time step
(corresponding to our experimental time intervals, i.e., 1.5, 3.0, 4.5
min, etc.) for each cell in the simulated dispersion, using either (a) the
three-dimensional cell paths:

D2(ti)D = (X. -_xj)2 + (y _ yi)2 + (Z. _ z)2

i=n -(D = 1,2, ........ . .....N-¢?..(12)

or (b) the projected cell paths in a hypothetical field of view:

D 2(ti) = (x. - X)2 + (y _ yi)2
n = 4)+ 1,¢ +22. . .N

i=n (D = 1,2, ....... . ...N-(D . (13)

with variables defined as in Eq. 1.
The square displacements generated from the two-dimensional cell

paths (Eq. 13) were compared with those predicted by Eq. 2 (or 9b).
The three-dimensional square displacements (Eq. 12) were compared
with those predicted by the three-dimensional analogue of Eq. 2 (Eq.
9c). Exactly as in the experimental data analysis, the parameters and
P were determined by fitting the simulated data to the appropriate
equation using nonlinear regression with minimization of the sum of
the square errors. Mean square displacements were also calculated
using Eq. 3.

RESULTS

Computer simulations of cell
migration
In the experiments reported here, we monitered cell
migration through a three-dimensional environment by
viewing two-dimensional projections with a depth of
focus 5 x larger than a cell diameter. The extension of
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previous analytical techniques to this specialized case

was not obvious. Therefore, we used computer simula-
tions to validate our methods of data analysis. The
validity of our general approach, using a stochastic
model of persistent random walks (Eq. 4) to generate
cell migratory paths, has been established by previous
investigators using fibroblasts (Dunn and Brown, 1987),
white blood cells (Tranquillo, 1986), and endothelial
cells (Stokes, 1989). By selecting input parameters (the
random motility coefficient (p,) and persistence time
(P)) the characteristics of the simulation were matched
to the cells used in our laboratory experiments. To
estimate the accuracy of our data analysis methods, and
to aid in experimental design, we monitored the progress
of our simulations in exactly the same way we monitored
the progress of our experiments.
The computer simulations produced migratory cell

paths that appeared similar to the three-dimensional
paths of Brownian particles (Fig. 2). Mean square
displacements calculated from these paths (Eq. 3) in-

100

750

50
Q 25

Z position (pm)

crease with time as expected for a persistent random
walk (Fig. 3). As the number of cells in the simulation
increased, the population behavior more closely approx-
imated that predicted by solution of the Langevin
equation (Fig. 3). To quantify this behavior, and to
estimate the minimum number of cell observations
necessary to assure accurate prediction of population
behavior, random motility coefficients and persistence
times were estimated by fitting square displacements
calculated from the simulated cell paths to appropriate
two- or three-dimensional models (Fig. 4). When only a

few cells were observed (N<,,, = 10), the variability in the
estimates of p, and P was high, particularly for estimates
from two-dimensional projections (Fig. 4, b and d).
However, all the parameter estimates for Nc,11S 2 50 were
close to the actual population values, suggesting that
experiments involving a relatively small number of cells
were appropriate for predicting population behavior.
Based on these results, we monitored the movements of
- 100 cells in each of our quantitative experiments.

25 50 75

X position (pm)
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FIGURE 2 Random paths of cells generated by computer simulation (Eqs. 10 and 11). Projections of three-dimensional cell paths on three
orthogonal reference planes are shown for six cells simulated using ,. = 4.3 x 10- cm2/s and P = 0.5 min. Each cell path represents a total
simulation time of 13.5 min; the simulation time elapsed between each symbol was 1.5 min.
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FIGURE 3 Mean square displacement versus time for cell paths
generated by computer simulation using 20 cells (a) or 100 cells (b).
Three-dimensional cell paths were generated as in Fig. 2. The mean
square displacement (Eq. 3) is plotted versus time for the complete
three-dimensional cell path (E) or a two-dimensional projection (0);
error bars indicate the standard error of the mean, shown only on one
side of the symbol. The solid line indicates the predicted three-
dimensional behavior (Eq. 9c), and the dashed line indicates the
predicted two-dimensional behavior (Eq. 9b), assuming the parameter
values input to the simulation (,u = 4.3 x 10-9 cm2/s and P = 0.5 min).
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Collagen preparation and
characterization
Collagen was extracted from the tendons of rat tails
according to established methods. As determined by
lyophilization and protein assay, the collagen concentra-
tions of stock solutions ranged from 1 to 3 mg/ml. No
major impurities were detected by SDS-PAGE, and the
banding pattern was identical to that of commercially-
available type I collagen solutions. Furthermore, the
banding pattern of collagen in the 0.02 M acetic acid
stock solution remained unchanged after 8 mo of storage
at 4°C.

In previous experiments, we examined the structure of
collagen gels with varying amounts of collagen by scan-

ning electron microscopy (Saltzman et al., 1992). Over
the range of interest for the current experiments, the
structure of the gels was similar at all concentrations,
consisting of randomly arranged fibers of 0.15 ,um
diameter. The gels were prepared for microscopy by
dehydration through a series of ethanol solutions fol-
lowed by critical point drying with liquid CO2. Assuming
this dehydration induces a considerable amount of
sample shrinkage (10-40% linear), the inter-fiber spac-
ing in the 0.1 mg/ml collagen gel was estimated to be on

the order of 5 p.m. As the collagen concentration was

increased to 0.6 mg/ml, this spacing decreased.

Cell migration in collagen gels
The pattern of individual cell movement within the
collagen gels (Fig. 5) was strikingly similar to the pattern

FIGURE 4 Variation of parameter estimates with the number of cells
in the population. Three-dimensional cell paths were generated as in
Fig. 2. Square displacements were calculated from these paths (Eq. 12)
or by projections of these paths onto a two-dimensional plane (Eq. 13)
and compared with models based on solutions to the stochastic
differential equation. Random motility coefficients (a) and persistence
times (b) were estimated by nonlinear regression of the complete
three-dimensional data to the corresponding model (Eq. 9c). Random
motility coefficients (c) and persistence times (d) were also estimated
by nonlinear regression of the reduced (projected) data set to the
two-dimensional model (Eq. 9b). Symbols represent parameter esti-
mates, and error bars indicate the asymptotic standard error. Where
not apparent, the error bar was smaller than the symbol.

of movement predicted by our computer simulations
(Fig. 2). The dramatic difference between cell move-

ment in gels with different collagen concentration is
apparent in the pattern of movement of only a few
randomly selected cells (compare the distance traveled
by cells in Fig. 5 a to b). The effect of collagen gel
hydration on cell movement was examined by quantify-
ing cell motility in neutrophil-populated gels differing
only in the concentration of collagen. For each collagen
concentration, six individual experiments, involving 10
to 20 cells each, were performed. The results from the
six experiments at a given collagen concentration were

collectively analyzed (Fig. 6). A random motility coeffi-
cient and persistence time were estimated from each set
of experimental data (square displacement versus time)
by nonlinear regression (Fig. 7 and Table 1). Similar to
previous studies of cell motility on two-dimensional
surfaces (Farrell et al., 1990), the errors associated with
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FIGURE 5 Two-dimensional projection of sample cell paths for human neutrophils migrating in a three-dimensional gel of rat tail collagen at (a)
0.3 mg/ml and (b) 0.6 mg/ml. Each cell path (indicated by a different symbol) represents a total measurement time of 13.5 min; the time elapsed
between each symbol was 1.5 min.

the estimates of persistence time preclude any absolute
statements about the relationship between collagen
concentration and persistence. However, the random
motility coefficient changed by nearly a factor of 10 over

a relatively narrow range of concentration with a maxi-
mum at 0.3 mg/ml.

0.3 mg/mL

0.2 mg/mL
0.4 mg/mL

0.5 mg/mL

0.6 mgrmL
I 0.1 mg/mL

DISCUSSION

From our earliest experiments for this report, it was
clear that human neutrophils move rapidly within three-
dimensional gels of rat tail collagen, and that the rate of
movement depends on the nature of the surrounding
gel. This observation may have important implications.
In fulfilling their role in the immune response, neutro-
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0.2-

nt r%6 8

Time (min)

FIGURE 6 Mean square displacement versus time for human neutro-
phils migrating in three dimensional gels of rat tail collagen with
varying hydration (0.1 to 0.7 mg/ml). For each experiment at a

different collagen concentration, between 89 and 120 cells were

tracked at 1.5-min intervals for 13.5 min. The solid lines, obtained by
nonlinear regression, indicate the best fit of the experimental data to
Eq. 2 (see Table 1).

U.
0 0.1 0.2 0.3 0.4 0.5 0:6 0.7 0.8

Collagen concentration (mglmL)

FIGURE 7. Random motility coefficient (,u) versus collagen concentra-
tion for human neutrophils migrating in three-dimensional rat tail
collagen gels. Values of the random motility coefficient were obtained
by nonlinear regression, and error bars represent 95% confidence
limits. This figure is a graphical representation of a portion of the data
presented in Table 1.
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TAsLE i Random motility coefficient (L) and persistence time
(P) for human neutrophils migrating in rat tail collagen

Collagen
concentration

in gel p. P N.11S

mg/ml 10'- cm 2/s min
0.1 5.1 ± 0.4 0.7 ± 0.4 120
0.2 10.9 ± 0.6 0.7 ± 0.4 100
0.3 13.3 ± 1.1 1.3 ± 0.5 95
0.4 10.8 ± 0.7 1.2 ± 0.4 105
0.5 6.9 ± 0.5 1.0 ± 0.5 115
0.6 5.3 ± 0.4 0.2 ± 0.5 89
0.7 1.6 ± 0.1 0.0 ± 0.5 91

The indicated values for p. and P are the best estimates, obtained by
nonlinear regression, ±95% confidence limit.

phils migrate out of capillaries, through tissue, to sites of
infection. Perhaps in tissues, cell speed is influenced by
the level of ECM hydration, as we have shown here in
vitro. The local tissue edema that accompanies inflamma-
tion may be a significant factor modulating the rate of
neutrophil infiltration. Similar factors may influence the
speed of leukocyte migration (and therefore the effi-
ciency of immune cell surveillance) in mucus secretions.
For these reasons, we developed experimental tech-
niques for quantifying cell movement in three-dimen-
sional gels, as a first step in evaluating the mechanism by
which cells migrate through tissues.
The similarity between trajectories of motile cells and

particles undergoing Brownian motion is striking (Fig.
5), suggesting that diffusion might be responsible for the
movement we have quantified. The diffusion coefficient
for a spherical particle in water can be estimated from
the Stokes-Einstein equation:

kT
D wrnr (14)

where Dw is the diffusion coefficient of the particle in
water, k is Boltzman's constant, T is the absolute
temperature, Xr is the viscosity of water at T, and r is the
radius of the particle. For a particle with a radius of 5
pm diffusing in water at 37°C, Eq. 14 gives Dw of 6 x
1010 cm2/s, not much lower than the smallest random
motility coefficient measured with our experimental
system (i.e., 16 x 1010 cm2/s). We have noticed, how-
ever, that red blood cells, which are similar in size to
neutrophils, never moved during our experiments, even
when the experimental duration was 30 min. Further-
more, if diffusion was responsible for cell movement, the
diffusion coefficient would monotomically decrease with
increasing collagen concentration due to the increase in
viscosity and/or viscoelasticity; however, we measured a
maximum in the random motility coefficient at an

intermediate collagen concentration. Based on these
observations we believe that the fibers in the gel prevent
diffusion of cell-sized particles; there must be some

active interaction between neutrophils and collagen
fibers enabling these cells to traverse the gel.
Random motility coefficients for human neutrophils

within gels of rat tail collagen varied from 1.6 to 13 x

10- cm2/s (Table 1). Two alternative quantitative assays

have been previously employed to estimate this coeffi-
cient for neutrophils. Using an under-agarose assay, in
which cells are attached to a two-dimensional substrate,
pL was 10-' cm2/s (Lauffenburger, 1983), near the
maximum observed in this study; using a filter assay,

where cells migrate through a three-dimensional mesh
of synthetic fibers, ,u was 10-9 cm2/s (Buettner et al.,
1989), near our minimum. While there are potentially
important quantitative differences between observed
migration rates in these assay systems, it is interesting
that these three very different techniques yield similar
values for the random motility coefficient.

Several previous reports examining the relationship
between adhesion and cell motility on surfaces suggest
that the strength of a cell-surface adhesion must be at an
optimal level for cell migration (Lackie, 1986; DiMilla et
al., 1991; Saltzman et al., 1991). If the adhesive strength
is well above this optimum, cells will become fixed to the
surface, and hence, will not migrate. If cell-surface
adhesion falls much below the optimal level, the cell will
not be able to gain sufficient traction to translocate
across the surface. Our results are consistent with an

optimal adhesiveness for neutrophils migrating in three-
dimensional collagen gels. Below a concentration of 0.1
mg/ml, most cells rapidly sank through the gel; at
concentrations above 0.7 mg/ml, the majority of neutro-
phils were immobilized (although neutrophils were seen

to extend and retract pseudopodia in these high concen-

tration gels, they were unable to make significant dis-
placements from their initial positions). Between these
two extremes, neutrophils exhibited maximal motility at
a collagen concentration of 0.3 mg/ml (Fig. 7). Inter-
collagen fiber spacing is approximately equal to a neutro-
phil diameter (- 10 ,um) at 0.1 mg/ml, and decreases as

the collagen concentration is raised (Saltzman et al.,
1992). Our results suggest that when the collagen
concentration is increased above the optimal level (0.3
mg/ml), the strength of the cell-fiber interactions be-
comes stronger due to the increased number of collagen
fibers surrounding the cell. Analogously, at lower colla-
gen concentrations, where there are fewer fibers, the
cell-fiber adhesive strength is lower. Both of these
situations result in a decrease in the effectiveness with
which cells are able to migrate through the gel.
Assuming that neutrophils are able to migrate actively

through collagen gels by adhesive interactions with
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collagen fibers, the methods presented here can be used
to investigate the nature of this adhesion. In particular, a
variety of factors can be added to the cell-populated
collagen gels and cell motility quantified. If the cell-fiber
interaction is mediated by surface receptor-ligand bonds,
the addition of monoclonal antibodies against the relev-
ent surface receptors should alter the motile behavior of
the cells. Also, many extracellular matrix components
are known to influence the adhesive properties of
collagen (e.g., laminin and hyaluronic acid). By charac-
terizing the motility of cells in the presence of these
factors, we can gain further information about how cells
migrate through more complex three-dimensional matri-
ces like tissue.
The methods presented here are flexible. By combin-

ing different cell types with their native ECM compo-
nents, this in vitro cell culture technique can be used to
mimic a variety of physiological situations. For example,
we have demonstrated that PC12 cells and chicken
hepatocytes can be encapsulated by similar methods and
that cell viability and function are retained (Saltzman et
al., 1992). Furthermore, we have developed methods for
releasing polypeptide growth factors from a biocompati-
ble polymer implant into a three-dimensional cell cul-
ture system (Saltzman et al., 1992) and for establishing
diffusion-limited concentration gradients of bioactive
compounds in three-dimensional biological gels (Radom-
sky et al., 1990). By combining these experimental
methods and extending our analytical treatment to
include nonrandom cell behavior (Farrell et al., 1990),
we can investigate chemotaxis or other dynamic gradient-
induced processes underlying tissue organization and
function.
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