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The Fundamental Motor of the Human Neutrophil Is Not Random:
Evidence for Local Non-Markov Movement in Neutrophils

R. S. Hartman, K. Lau, W. Chou, and T. D. Coates

Division of Hematology-Oncology, Childrens Hospital, University of Southern California School of Medicine,
Los Angeles, California 90027 USA

ABSTRACT The search for a fundamental mechano-chemical process that results in net cell motion has led investigators to
fit neutrophil tracking data to well described physical models in hopes of understanding the functional form of the driving force.
The Omstein-Uhlenbeck (OU) equation for mean square displacement describes a locally persistent and globally random
process and is often used as a starting point for analysis of neutrophil displacements. Based upon the apparently close fit of
neutrophil tracking data to this equation and the nature of its derivation, biologists have inferred that the motor of the neutrophil
is best represented as a random process. However, 24 of 37 neutrophil paths that we investigated preferentially display pro-
grammatic rather than Markov short term correlations between displacements or turn angles. These correlations reflect a bimodal
rather than a uniform distribution of subpath correlations in the two variables, and are strongly sampling rate-dependent.
Significant periodic components of neutrophil shape change are also detected at the same time scale using either Fourier
or elliptical Fourier transform-based descriptors of the neutrophil perimeter. Oscillations in neutrophil velocity have the same
period. Taken together, these data suggest a nonstochastic, and perhaps periodic, component to the process driving neutrophil

movement.

INTRODUCTION

Neutrophils (polymorphonuclear leukocytes, PMN) circu-
late passively in the blood stream until activated and re-
cruited to a site of infection. Molecular species produced by
invading microorganisms promote the activation event and
provide a chemoattractant gradient that the neutrophil will
follow (Baggiolini and Kernen, 1992; Cassimeris and
Zigmond, 1990). Attempts to understand the mechanism of
crawling by which the neutrophil transits the endothelium
and intervening tissue to the phagocytic site have led to mea-
surements of neutrophil shape change and movement in vari-
ous one, two, and three-dimensional in vitro systems (Senda
et al, 1975; MacFarlane et al,, 1987, Needham and
Hochmuth, 1992; Coates et al., 1992). The most direct ex-
pression of the neutrophil motor is local cell shape change.
It is at the level of shape change that the fundamental impetus
to cell movement is first manifest. Motion at distances
greater than one cell diameter must then result from iterations
of this fundamental motion. There are several measures po-
tentially useful in identifying expressions of the fundamental
mechanism.

The basic measurement parameter of choice in several
previous studies has been the mean square point-to-point
displacement (h?) of the moving cell. This parameter simply
measures the net distance traveled by a cell during a specified
length of time, usually recorded as a specified number of
video frames. A function may be constructed, for example,
by averaging over all distances travelled by the cell in each
range of 1 frame to 25 frames. Actual travel times repre-
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sented will depend on the frame-rate. Experimental values of
(h?) for any desired number of steps may be easily extracted
from cell centroid tracking data. Fundamental theory carry-
ing only a few unknown parameters is available that relates
macroscopic {(h2) values to assumed underlying physical pro-
cesses (Uhlenbeck and Ornstein, 1930; Doob, 1942). How-
ever, fitting experimental displacement data to these theo-
retical expressions should not be done without considering
inherent correlations between (h*) values (Dickinson and
Tranquillo, 1993). This technical point alone casts doubt
on much previous quantitative analysis of mean squared
displacements.

An alternate method of analysis is determination of the
autocorrelation function for movement variables. This may
be considered a more basic attack than analysis of (h?) as the
latter may be derived from the velocity correlation function
(Dunn and Brown, 1987; Nafe et al., 1991). If a random
mechanism determines the variable in question, then either
the autocorrelation function or its envelope will display
monotonic decay (Bowerman and O’Connell, 1987). One
may hope to detect regularities impressed on a variable in a
continuous or non-continuous way by a non-random motor
through deviations from monotonic decay. Both classical and
vector autocorrelation treatments of experimental time series
may be employed to generate autocorrelation functions.
Necessary non-trivial corrections (Dunn and Brown, 1987)
to the simply calculated correlation are required to allow
straightforward interpretation of the data, though estimates
of significance and issues of stationarity remain intertwined
(Harvey, 1993).

A third approach is direct observation of (or exhaustive
failure to observe) consistent patterns of geometric variation
in cell shape during movement. Use of differential area, pe-
rimeter or radius maps (Dunn and Brown, 1987; Nafe et al.,
1991) coupled with a time or frequency (Fourier) analysis of
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the difference functions represents one line of attack. Al-
ternately, one may perform the geometric analysis in fre-
quency space by constructing descriptors from spatial fre-
quency variables (Partin et al., 1989). These variables can
then be subjected to Fourier temporal frequency analysis to
uncover periodic behavior.

An observer of neutrophil crawling sees periods of per-
sistent net movement interspersed with periods of seemingly
random searches. The neutrophil paths shown in Fig. 1 dem-
onstrate these competing tendencies. Although worm-like-
chain (WLC) models originated in the physics of Brownian
motion for a dilute gas (Uhlenbeck and Ornstein, 1930), ex-
tension of the theory is natural to other systems exhibiting
both local persistence of behavior and global indirection. The
practical usefulness of the WLC expression for describing
cell movement is its robustness. In Eq. 1 we present a form
of the WLC relation derived by Doob (1942).

0.2

Bz (Bxt—1+exp(—B*1)) M

Here, (#°) is the mean square displacement of the cell during
any travel time ¢. For long times (/?) is proportional to t. Pure
random motion defined by the diffusion equation (Einstein,
1905) obeys this law. For short times, (4?) is proportional to
£, as can be seen by expanding the exponential. This is a
property of uniform motion. Times, long and short, are un-
derstood with respect to the damping parameter (f3). These
two cases may form the bounds of actually observed cell
movement though self-avoidance, or attraction by other cells
would tend to expand or collapse displacements expected
from the literal form of Eq. 1.

Parameter o is the rms cell speed, whereas 8 quantitatively
measures the range of a Markov velocity process of any di-
mension through the correlation function defined by Eq. 2.

Py = exp(—B*(t; —p))xexp(=B* (1, — 1)) (2)

Exponentially decaying memory of past events (e.g., cell
velocity) defines a Markov process (Kleinrock, 1975). Equa-
tion 2 illustrates both this decay between times ¢, and ¢, and
the decomposition of the process into several subprocesses
or steps. An exact expression for one-dimensional displace-
ment autocorrelations has been presented by Doob (1942).
The form of the WLC equation for (k%) given in Eq. 1 is
derived from Eq. 2. Under the assumptions that the stochastic
force term B(t) in the Langevin equation (Eq. 3)

(%) = 4

dv/dt = —B*v + \/a * B(r) 3)

has zero mean and is velocity-independent, Eq. 1 may be
re-derived with the constant coefficient rewritten as a ratio
of stochastic variance to velocity dependent damping
(Uhlenbeck and Ornstein, 1930; Doob, 1942).

By =2 (a/B)*(B*t~1+exp—B*t) (4)

A physical model of movement is then evident. Stokes et al.
(1991), applying this analysis to cell movement, are par-
ticularly clear in assigning both random impetus and deter-
ministic damping functions to internal cell processes. Ac-
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cording to the standard model as expressed by Stokes, the
neutrophil “motor” would produce only a random velocity
process; persistent behavior is determined only by resistance
to change.

The validity of Eq. 1 does not, however, depend on a
velocity process that follows Eq. 3. The WLC relation (Eq. 1)
may be derived assuming elastic bending of an otherwise
linear object (Landau and Lifshitz, 1958); the correlation
between bending angles damps exponentially. It is also a
small exercise to generate by recursion data closely satis-
fying the WLC relation from the deterministic “logistics”
equation. The chemosensory movement model of Tranquillo
and Lauffenburger practically requires internal correlation as
a determinant of turn angles and yet produces simulation data
(Tranquillo and Lauffenburger, 1987) that closely follow
Eq.1. In addition, neutrophil-neutrophil interaction in che-
motactic assays appears to produce markedly higher crawl-
ing speeds at the front edge of the expanding cell mass (Quitt
et al., 1990) than near the center. Neutrophils stimulated with
a chemoattractant such as FMLP are reported to move some-
what faster than unstimulated cells and may also obey a WLC
relation for total path displacement (Allen and Wilkinson,
1978; Gruler and Biiltmann, 1984). Neutrophils will move up
a chemoattractant gradient in a “snake-like” fashion (Nossal
and Zigmond, 1976; MacFarlane et al., 1987). This may im-
ply amplification of some internal cell program, not specific
to the stimulated cell, that produces such correlated motion
mediated by surface receptor sensing of spatial variations in
external stimulant concentration (Alt, 1980; Tranquillo and
Lauffenburger, 1987).

Several previous workers (Odell, 1984; Oster, 1984) have
presented elegant mathematical treatments of neutrophil mo-
tility in an attempt to understand how these cells move. Be-
cause the displacements in many PMN tracks are in remark-
able agreement with Eq. 1, the fundamental processes
underpinning such equations have been assumed to drive
PMN motion. Equation (1) may be derived with the assump-
tion of a random driving force. Because of this, the process
that drives PMN movement has been considered to be ran-
dom and correlations between movement variables to be
Markov (Stokes et al., 1991; Dunn and Brown, 1987; Gruler
and Biiltmann, 1984). In this report, we present evidence that
local movement of neutrophils, as measured by displacement
magnitudes and the cosine of the turn angle, may display a
correlated, non-Markov component. This observation sug-
gests deterministic cellular motion programs, although the
same data also follow the WLC equation, which suggests
random driving forces. Such conflicts make the simple point
that attacks on problems of cell movement need a heuristic
bent and raise the fascinating possibility that the driving
motor of the neutrophil may express programmed periodic
components.

MATERIALS AND METHODS
Cell preparation and tracking

Human neutrophils were prepared under endotoxin-free conditions from
heparinized venous blood drawn by standard methods (Coates et al., 1987;
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Boyum, 1984; Howard et al., 1990). The PMN were suspended in HEPES-
buffered saline, pH 7.4 (10 mM HEPES, 130 mM NaCl, 5 mM KCl, 5 mM
glucose, 1 mM CaCl,, and 1 mM MgCl,. All experiments were performed
under endotoxin-free conditions (Howard et al., 1990)).

Fluorescent imaging of moving neutrophils was performed at 37°C using
a Nikon Diaphot inverted microscope equipped with a 40X oil immersion
objective. A video camera and image intensifier are attached to the micro-
scope. Images are recorded on a Panasonic OMDR through a frame grabber
(Imaging Technologies, Woburn, MA). Neutrophils are isolated and loaded
with the calcium-sensitive fluorescent dye FURA-2 according to standard
procedures (Jaconi et al., 1988) and are observed moving on albumin-coated
coverslips in a Stotler chamber (Dvorak and Stotler, 1971). Images were
acquired every 4 s per image pair (at 360 and 380 nm) during ratio calcium
measurements.

Only cells that were actively moving without prolonged periods of qui-
escent or pure searching (secondary pseudopod extension) behavior were
selected for analysis. We normally observe about two-thirds of the cells in
a 40X field spontaneously exit the “attachment” state within several min-
utes. This occurs even though there has been no external addition of che-
moattractant. Movement initiates with extension of the primary pseudopod
and continues with the cell exhibiting overall polarization coupled to cycles
of extension and contraction (Jaconi et al., 1991; Parkhurst and Saltzman,
1992). Paths involving neutrophil-neutrophil contact were excluded from
study, as were paths shorter than 64 steps. It is not possible, however, to
discount cell-cell interactions at distances of 1 or 2 cell diameters (Gail and
Boone, 1970). Path lengths vary from 70 to 200 steps (frames). End-to-end
displacements range from 17 to 75 microns.

Cell position was defined as the unweighted center of the set of coor-
dinates defining the cell perimeter of the 380 nm fluorescent image. A
standard edge detection algorithm was employed and, under our experi-
mental conditions, produced coordinate values insensitive to required fil-
tering and intensity threshold bounds for cell recognition. Details of analysis
have been presented elsewhere (Hartman et al., 1993b). Using a 40X ob-
jective, the average diameter of the image of a single PMN is approximately
60 pixels. Thus, changes in the shape of the cell result in detectable changes
in the position of the center.

Cell displacements were calculated by differencing successive cell po-
sition coordinates. Turn angles, expressed as the cosine of the angle between
successive displacements, were calculated from the dot product between
successive displacements. Mean square cell displacements on one path are
calculated for step lengths between 1 and 25 (times between 4 and 100 s)
by averaging all such values between the 1st and N-25th point on the path.
Thus, an equal number of values are acquired at each n-step separation value,
avoiding bias of our calculations by short displacement intervals. A similar
set of calculations was performed for step lengths between 1 and 60. To
demonstrate that the experimental data we obtained are very similar to those
reported by previous workers, we calculated the WLC regression line with
Origin 4.0 (Microcal Inc., Northampton, MA) using averaged values of (k%)
at each time point. Fit parameters were constrained to physically meaningful
values, and the found values were checked for consistency by recalculation
of experimental displacements using Eq. 1.

Correlation functions

Autocorrelation of vector displacements was performed following Dunn and
Brown (1987).

2_: (d;*d;.,) %)

i=1

Ri=7—0
A )
where the dot product operates between successively lagged displacements.
The experimental autocorrelation functions for turn angle and magnitude

of displacements were calculated from the usual definition (Eq. 4) (Rabiner
and Gold, 1975).

1 N
R =5 2 d(t)d(r + 7) ©)

=1

In this case d(¢) is the element of the measured displacement or turn angle
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(cosf) time series found at time ¢ for a series of N elements. Values of the
autocorrelation and partial autocorrelation function averaged for subsets of
the total path length were also calculated.

Measurement error corrections to the step-lag one value of both auto-
correlation functions may be demonstrated and can have a significant quan-
titative effect on partial autocorrelation calculations. For the displacement
vector autocorrelation under the assumption of uncorrelated errors, it is not
difficult to derive a result already stated by Dunn and Brown:

Dy *Dyyy) = (dy *dy, ) + (8 * 8) @)

where D, is an error-free displacement and 8, is the vector measurement
error associated with the kth measured displacement. This equation states
that the true step-lag-one autocorrelation value is greater than the measured
value by the variance of the measurement errors. For step-lags greater than
one, no correction is required. Analogous relations may be obtained for
magnitude correlations, valid for long paths (large N) and uncorrelated er-
rors. The displacement magnitude correction is given by

1 N
Rpp(1) = Ryy(1) + N 28 ®)
j=1
By expanding the dot product an approximate correction to cos6 correlation
may be calculated from Eq. 7 for small errors as

Rg(1) = Ry(1) + {(8/d)%) )

where (8/d) is the ratio of measurement error to measured one-step cell
displacement. We have estimated the measurement error by performing
several video “tracking” experiments on unmoving fluorescent beads of
about the same size as a neutrophil. We identify the magnitude of the vector
measurement error 8, required by Eqs. 7-9 with the average magnitude of
the bead displacements. This set of measured displacements is Gaussian and
randomly directed, with a magnitude of 0.0960 microns. We have therefore
incremented our step-lag one autocorrelation values by 0.0092 and 0.0054
for the displacement and cos8, respectively. In the case of error/error or
error/displacement correlation, one could find much larger corrections. No
results presented here would be changed if the estimated error were several
times larger.

The partial autocorrelation function (PAC) and associated t-test were
calculated following Bowerman and O’Connell (1987). Measurement error-
corrected values of the step-lag-one autocorrelation function were used.
Bowerman suggests a t-test significance level of ¢ = 2.0. For our data, this
value would nominally represent about 3 times the SE (Bartlett, 1946). We
considered how secure a measure of significance this criteria provides; are
non-Markov correlations a frequently produced artifact of our own random
data? As a test we randomly extracted continuous 50 step samples (subpaths)
of displacements and turn angles from all globally Markov paths. After
discarding from the sample those subpaths that proved to be non-Markov
(local non-Markov behavior), we randomly concatenated groups of four
subpaths to produce pseudo-paths of length 200 steps. In our sample of
pseudo-paths (N = 500), no instance of non-Markov correlation was ob-
served in the assembled 200 step pseudo-paths. We also constructed 200 step
pseudo-paths by concatenating 50 step non-Markov subpaths. This proce-
dure always produced a series non-Markov in the turn angle or displacement
variable. By these measures, the above t-test criterion consistently reports
the presence of dominant non-Markov behavior in our data sets or subsets,
while rejecting with high probability all purely Markov behaviors. We also
take these results to imply that, for the data sets analyzed, the question of
stationarity is not of primary significance in the assertion of global non-
Markov behavior. We may, however, misjudge a non-Markov path as
Markov, because several of the globally Markov paths have small numbers
of non-Markov subpaths, e.g., local non-Markov behavior within a globally
Markov path.

Partial autocorrelation acts as a filter. Assuming that the experimental
step size (time to acquire one image or image-pair) is less than the decay
time (1/B) of the biophysical process, apparent system memory will be
reduced to one experimental step-time by elimination of intervening cor-
relations during this step. Any correlation between separated elements of
the time series independent of intervening correlations will pass through the
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filter. If the experimental step-time is much bigger than (1/8), then corre-
lations will not exist even for one step-lag. The importance of the partial
autocorrelation technique for identifying system memory has been empha-
sized by Dunn and Brown (1987).

Numeric representations of the cell perimeter are an attempt to partition
cell behaviors such as turning, searching, and extension, according to quan-
titative shape measures. Such shape measures will, at a minimum, have a
low and high order component (Kieler et al., 1989). As a practical conse-
quence, shape vector component values may be quite sensitive to local
displacements in the cell. We construct shape vector components from the
Fourier and elliptical Fourier decomposition of the cell perimeter difference
function. The Fourier decomposition produces one set of harmonic coef-
ficients; the shape vector component Ru that we apply in this study is built
from the 5th, 6th, and 8th harmonic (Hartman et al., 1993a). The elliptical
Fourier transform produces four sets of harmonic coefficients (Diaz et al.,
1989). From these four sets of harmonics coefficients, lengths of semi-axis
may be calculated and different shape vectors produced. Shape vector com-
ponent E2, analogous to Ru, is built from the semi-axis pair at the 4th
harmonic.

RESULTS
Characterization of PMN behavior

Fig. 1 demonstrates representative paths of neutrophils mov-
ing in the absence of applied stimulation. The centroid of the
cell is measured every 4 s. We examined 37 paths from ex-
periments performed on several days. The mean velocity was
17 £ 11 p/min, and the rms turn angle was 75 * 53 degrees
based on a sampling period of 4 s. The same data, when
sampled at 36 s intervals, had a mean velocity of 9.9 = 6.3
w/min. Displacements calculated from paths sampled at
longer time periods reflect iterations of these smaller dis-
placements and result in the same velocities reported by other
investigators (Howard, 1982). Because a PMN is about 10 to
20 w in diameter, it takes about 90 s for the cell to translocate
across its diameter. Thus, on a small time scale, the centroids
plotted in Fig. 1 reflect differential subcellular displacements

50

w »
S 5

N
e

Y (microns})

start

-10" 0 10 20 30 40 50 60-10° 0 10 20 30 40 50 60

X (microns} X {microns)
FIGURE 1 Paths of unstimulated neutrophils at 37°C. Coordinate values
are expressed in microns and translated along each axis to make the smallest
coordinate values equal 0. Labels a, b, and c identify positions along the path
of characteristic patterns of large turns, searching, and persistence, respec-
tively. Panel A shows a track (N = 300) globally Markov in both displace-
ment and turn angle. Panel B shows a track (N = 211) globally non-Markov
in displacement and turn angle. Mean square displacements for these cells
are similar.
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(shape change). The large mean turn angle and variance re-
flect the rapid sampling rate relative to the time required for
net cell translocation. The PMN centroid is shifting perpen-
dicular to its mean path as the cell produces small lateral
undulations in the shape of the PMN edge. Thus, the turn
angles at 4 s intervals are relatively large, even during net
straight line motion (Fig. 1, region c). In other words, the
length and straightness of the path depend upon the scale of
the observation.

To determine if the motile behavior observed under our
experimental conditions was similar to that seen by previous
investigators, mean square displacement ((4)) for each of the
PMN paths was plotted against time for path step ranges of
1-25 and 1-60. For this study, we have excluded all cell paths
with values of (h?) less than 50 u? at 25 steps as not suffi-
ciently “active.”

For the plots in the step range 1-25, all 37 paths fit the
worm-like-chain relation quite well when standard measures
of fit were utilized. Fig. 2 A—D present examples typical of
this agreement covering an order of magnitude in h%. We
therefore obtain (h2) vs. ¢ results that are in agreement with
previously published results when similar analysis is em-
ployed. By this criterion, we conclude that the behavior ob-
served under our experimental conditions is similar to that
seen by others and would have been considered to follow the
WLC relation.

Non-Markov behavior

Markov correlation of sequential PMN displacements is the
simplest outcome consistent with the WLC behavior of PMN
just described. We have examined the cell paths by partial
autocorrelation analysis (Bowerman and O’Connell, 1987).
Using this technique, non-Markov behavior of the displace-
ment or turn angle is judged by performing a t-test at each
step of the partial autocorrelation function for the variable.
If the function value does not uniformly decay for short step-
lags and the correlation is significant by t-test (>2.0), then the
path can not be Markov. Fig. 3, A and B show examples of
non-Markov autocorrelation behavior for turn angle (cos 6)
and displacement magnitudes obtained from two PMN
tracks. The angle correlation at step-lag 5 (20 s) in Fig. 3 A
is significant at the 0.01 level. The fact that the partial au-
tocorrelation increases significantly between step one and
step five is direct evidence for programmed cell behavior.
Fig. 3 B shows similar behavior for the displacement mag-
nitude variable. Such correlations were observed between the
2nd and 12th step-lag in 24 of the 37 paths analyzed. The data
are summarized in Table 1. Of these 24, we identified 20
paths that showed significant non-Markov correlation in ei-
ther turn angle (9 cells) or displacement (11 cells), with 4
paths showing significant correlations in both.

Although it is common procedure (Bartlett, 1946) in time
series analysis to subset the path and construct an average
autocorrelation function, this technique may be misleading.
Fig. 4, A and C are histograms of correlations at step-lag 5
obtained by sub-setting the globally non-Markov paths
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FIGURE 2 Representative experimental
mean square displacement vs. time relations
derived from cell paths with differing extents
and calculated over step displacements from
1 to 25. The data were obtained from neu-
trophils crawling on albumin-coated glass
coverslips at 37°C and imaged at 4 s per step.
The solid line is the least-squares fit of the
WLC relation (Eq. 1) to the data. Panels A~-D
are ordered by maximum value of A% and re-
flect net cell displacements from 7 to 26 mi-
crons in 100 s.
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represented in Fig. 3. Fig. 4, B and D are examples of PAC
functions derived from 50 step segments within the same data
sets, and show the same correlation detected by the global
function. Similar bimodality in correlation of each variable
was observed in each globally non-Markov path. For ex-
ample, if the PAC is significant at step-lag 3 for the global
function, then the distribution of correlations for step-lag 3
of the sub-paths will be bimodal. A non-Markov correlation

N
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TABLE 1

FIGURE 3 Experimental autocorrelations
for paths judged non-Markov. The turn angle
and displacement are represented by the PAC
t-test function. Significant non-Markov cor-
relations require ¢ > 2, and the function does
not uniformly decay away from the value at
step-lag one. Panel A shows non-Markov cor-
relations in turn angle. Panel B shows non-
Markov correlations in displacement. Panel C
shows correlations after resampling data in
panel A at every 8th value, giving 32 s/step
rather than 4 s/step. By this resampling pro-
cess, representing data acquisition at a lower
frame rate, all correlations even to the 1st
step-lag have been eliminated. For all three
panels, the 1st data point is the step-lag = 1
value.

Non-Markov
cos 0

Non-Markov
1d!

Non-Markov
cos 0 and |1d |

Markov

cos @ and |dl  Total

9

11

4 13 37




2540

151
o)
c
2 10/
FIGURE 4 Bimodal dispersion of PAC 4
values for subpaths of PMN tracks judged glo- =
bally non-Markov. Panels A and C show the 5

histograms of local (50 step) PAC values for
the 5th step-lag in turn angle and displace-
ment. In each case, the mode is near 0.05 and A
3.5 reflect Markov and non-Markov behavior, ]

respectively. Panels B and D demonstrate 0.1
sample 50 step PAC function (t-test values) 30
from the “correlated” peak of the turn angle
and displacement bimodal distributions, re-
spectively. The significant correlation at step-

lag 5 is clear in both. Data for this figure were 2 201
extracted from the non-Markov paths shown S
in Fig. 5. The global non-Markov behavior >
can be seen to reflect quantitatively the local £ 10

non-Markov behavior.

in the whole path may occur for two reasons: either the cor-
relations are distributed uniformly throughout the path or
they exist in a significant fraction of the sub-paths. The clear
bimodality in distribution of subpath correlations in Fig. 4
suggests the non-Markov behavior is nonuniformly distrib-
uted. For such data, a correlation function constructed by an
average over subpaths does not represent a central tendency
of the data and obscures the significant subpopulation of
correlated movements detected by the global autocorrelation.

Fig. 3 C demonstrates the results of resampling the Fig. 3
A turn angle data at 32 s intervals. No significant correlation
exists between adjacent values as one would expect from a
totally random (Markov-0) process. Obviously, fundamental
misunderstanding of cell processes results from under-
sampling of cellular movement. Thus, we have demonstrated
that decreasing the sampling rate from 4 s per sample to 32
s per sample converts programmed movement into apparent
random movement.

In contrast to the preceding data, we detected Markov be-
havior in 13 of 37 paths analyzed. In only four instances
did a variable show totally random (Markov-0) behavior.
Fig. 5 A gives a representative example of Markov-1 auto-
correlation in turn angle data. Note that there is significant
correlation only for the first step. This figure gives us some
sense of the background noise in our experimental system.
The autocorrelation background seen at large step-lags is
partially attributable to sampling noise and is about 15% of
the peak correlation values. This result compares favorably
with the value of about 25% reported by Dunn and Brown
(1987) in an autocorrelation study of fibroblast movement.
Fig. 5 B gives an example of a Markov displacement PAC
for which decaying but significant correlations at lags greater
than one are evident. For globally Markov paths, distribu-
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tions of correlations in subpaths tend to be centered around
a low value at all step-lags greater than one as illustrated by
the histogram of step-lag 5 PAC data in Fig. 5 C.

In an arithmetic sense, this may not seem interesting be-
cause the averaged correlations over 50 step subpaths are
always Markov and the (h°) values are averaged over similar
order lengths. However, although stationary time series may
be judged by this criterion, the details of neutrophil move-
ment require a different insight. The non-Markov behavior
is not uniformly smeared throughout the cell path, but evi-
denced clearly in a set of subpaths. The fact that a significant
number of subpaths can be found in the non-Markov mode
of the bimodal histogram makes the global correlations nu-
merically non-Markov. Bimodality as a physical “strategy”
of translation may give the PMN an opportunity to move in
a straight line and opportunities to change direction.

Evidence for a periodic driving process

Based on the above observations of programmatic neutrophil
behavior, we looked for independent evidence of regularities
in neutrophil movement. The fundamental unit of neutrophil
movement is shape change. Others have seen oscillation in
right angle scattering, thought to reflect shape change, within
suspensions of neutrophils (Wymann et al., 1990). Likewise,
periodic changes in shape of moving neutrophils have been
observed (Senda et al., 1975). To detect and quantify such
periodicities, we followed the time evolution of neutrophil
shape using frequency space shape descriptors that are sen-
sitive to extension and curvature of the cell perimeter (Zahn
and Roskies, 1972; Diaz et al., 1990; Hartman et al., 1993a).

The contour of the neutrophil perimeter was represented
by a two-dimensional frequency space shape vector (Rv:Ru)
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FIGURE 5 PAC for globally Markov
paths. Panel A shows a Markov 1 path.
Panel B shows a Markov path with sig-
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(Hartman et al., 1993a), or E1:E2 using elliptical transforms
at each position along the path of movement, as described in
Materials and Methods. The shape vector components Ru
and E2 were designed to be particularly sensitive to small
focal variations in neutrophil shape. This was accomplished
by utilizing spatial frequency components of the Fourier or
elliptical Fourier transform of the PMN edge difference func-
tion that are relevant to features of interest. Cyclic variation
in a plot of Ru or E2 as a function of time would indicate

nificant correlations extending to several
steps. The distribution of local PAC val-
ues at all step-lags does not show the
strong bimodality seen in globally non-
Markov paths. Panel C shows a repre-
sentative distribution of step-lag 5 PAC
values for all 50 step subpaths in a glo-
bally Markov path. In this case, there are
few subpaths displaying significant cor-
relations.

00 0.1 2 03

Fifty step PAC value

cyclic variations in cell contour. The technique of sequential
Fourier transforms, first in the spatial domain of the cell
perimeter and second in the time domain of cell movement,
was pioneered for analysis of cell motility by Partin et al.
(1989). Identification of prominent recurring cell shapes may
be accomplished by examination of the frequency spectrum
of the plot of Ru or E2 versus time.

Within the time scale defined by the non-Markov
correlations of displacement and turn angle, we observed a

/
FIGURE 6 Power spectrum of shape 40 8
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periodic component to neutrophil shape change. Fig. 6 A-D
demonstrate cyclic variation in neutrophil shape measured by
Ru or E2, in four cells with characteristic WLC paths. The
power spectral density of each 50 step segment demonstrates
the presence of important components with periods of ap-
proximately 15 or 25 s, or both. Although these components
may be identified by a global analysis of some non-Markov
paths, analysis that focuses on non-Markov subpaths pro-
vides more convincing results. Dembo (Dembo, 1989), in a
theoretical treatment of fountain streaming in Amoeba pro-
teus found 12 s as the fundamental decay time for the cyto-
skeleton elements permitting the flow of cytoplasm. The ap-
parent higher frequency component in Fig. 6, A and B is not
well separated from the high frequency noise spectrum. Al-
though all of the apparent high frequency components may
suffer from being close to the Nyquist limit (+ = 8 s), both
upper and lower frequency peaks may also be observed for
E2 in Fig. 6, C and D. The power spectral peak that some-
times appears in time range 50-80 s may reflect locally a
systematic change in PMN shape associated with major pseu-
dopod extension. This measurement is consistent with a theo-
retical calculation of 70 s periodicity for “slow” lamelipod
extension and retraction in leukocytes that was based upon
local changes in surface tension of the plasma membrane
(Alt, 1990).

We are persuaded that both an upper and lower frequency
peak exist in the time frame 10-30 s. In Fig. 7 we have plotted
the power spectral density function for the vector displace-
ment autocorrelation. This autocorrelation function, defined
by Eq. 5 and corrected by Eq. 7, is averaged over 32 step-
times of seven cell tracks displaying global non-Markov
PAC behavior. The frequency components near 10 and 20 s
are unambiguous. The correlations in PMN movement are
much more easily seen using vector variables than by
separately analyzing turn angles and displacements, al-
though strong evidence of the nonvector correlations may
be demonstrated (Fig. 3). Taken as a whole, the auto-
correlation and shape change data give clear evidence for
programmatic, and in fact cyclical, change in shape in
motile neutrophils.
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FIGURE 7 Power spectrum of vector displacement autocorrelation func-
tion (D-D). We obtain this spectrum by calculating and averaging vector
correlations over 32 step subpaths and performing the Fourier transform on
the averaged value. The data set consists of 7 PMN tracks judged globally
non-Markov by correlation in displacement magnitude.
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DISCUSSION

The search for the fundamental motor of single cells capable
of directed motion has attracted many investigators and re-
sulted in many hypotheses (Stossel, 1990, 1993). In general,
the problem has been approached from two directions: 1) the
study of gross cell motion by means of tracking experiments
and 2) investigation of the biochemistry of cytoskeletal and
contractile proteins such as actin and myosin. The smallest
unit of cell motility is shape change. It is at this level that
studies of motion and biochemistry converge (Stossel, 1993).
At some point, changes in shape must be explainable by local
differences in force that are, in turn, the result of local bio-
chemical processes. Iterations of shape change then result in
net cell translocation. This scenario inherently implies a re-
petitive or cyclic process. Indeed, early observers (Senda
et al., 1975) and anyone who has watched time-lapse videos
of moving neutrophils note rhythmic undulations in the cell
as it traverses a surface.

One way to derive information about the fundamental pro-
cess driving cell motility is to fit an experimentally deter-
mined motion variable to a well described theoretical model.
A critical point in this approach is that the macroscopically
measured variable is sampled at a rate fast enough to detect
the underlying physical process. In the case of the neutrophil,
the sampling rate should be faster than the time required for
shape change, if cell velocity is to be explained by iterations
of shape change. The worm-like-chain relation for mean-
squared displacement (WLC; Eq. 1) has been used by
several investigators to describe motion of single motile
cells (Gail and Boone, 1970; Tranquillo et al., 1988;
Biiltmann and Gruler, 1983; Stokes et al., 1991; Tranquillo
and Lauffenburger, 1987; Gruler, 1993). The rationale for its
use is sound, namely, it describes a locally persistent and
globally random process. As we and others have found, neu-
trophil displacements appear to follow this equation very
well. A significant technical problem arises when one
tries to determine whether any experimental data are in
agreement with the WLC expression for (h?) vs. t because
displacements for long times are necessarily correlated
with displacements for short times. This makes standard
curve-fitting techniques inaccurate for all but the shortest
displacements.

We had observed periods of evident nonrandom motion in
spontaneously migrating PMN whose position was sampled
at short time intervals. This led us to question previous as-
sertions that the fundamental driving process of PMN mo-
tility is random. To address this question, we examined PMN
motile behavior using partial autocorrelation, Fourier analy-
sis of shape change, and conventional (%) vs. ¢ plots. Partial
autocorrelation analysis was applied to turn angle and dis-
placement data because it provides a reasonable test of cor-
relation between separated members of a time series. This
test eliminates long-range correlations that may arise because
of chains of very short range correlation (Bowerman and
O’Connell, 1987; Dunn and Brown, 1987). The unexpected
result is that apparent WLC path behavior is associated with
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non-Markov, programmatic correlations on a time scale con-
sistent with observed periodic fluctuations in cell shape.

The apparent agreement between the WLC (Eq. 1) and cell
tracking data has led a number of authors to propose the
Langevin equation (Eq. 3) as a model governing cell be-
havior. In particular, this assertion has been made for neu-
trophils (Parkhurst and Saltzman, 1992), endothelial cells
(Stokes et al., 1991), and fibroblasts (Dunn and Zicha, 1993).
The biological implications are profound. Only by assuming
a zero mean, velocity-independent, random driving impetus
(Doob, 1942) may Eq. (1) be derived from Eq. (3). The cell
motor must be conceived as utterly disconnected from its
own action and the cell environment. Once these constraints
on the cell motor are assumed, the Markov property of cell
movement parameters is a necessary mathematical conse-
quence. Our data demonstrating non-Markov correlations in
cell displacements and turn angles suggest that the “random
impetus” model is not adequate to characterize motile be-
havior of all PMN. In fact, only 13 of 37 cell tracks studied
were judged to display Markov behavior in both turn angles
and displacements, and no cell had Markov-0 (random) be-
havior in both parameters.

Boyarski and Nobel (1977) reported a successful descrip-
tion of neutrophil movement according to a Markov model.
The analysis measured diffusion out of a current state of
motion defined by the next direction (quadrant), or no mo-
tion. An exponential decay with time out of the current state
(Markov) is expected. The experimental conditions under
which the neutrophil movement was quantified suggest that
a nonrandom component to cell behavior could have been
obscured. In particular, the frame rate was low (8 s/frame),
all displacements less than half a cell diameter were counted
as no motion, the cell density was high, and the total ob-
servation time was short (80 s). The authors indicate that they
are quite aware of the influence these factors might have.
Despite these constraints, the distribution data presented in
the paper do not seem to us to support simple exponential
decay away from the current direction of cell movement.
The disagreement is particularly evident for the “no
movement” state. Interestingly, Biiltmann and Gruler
(1983) suggests the Boyarski and Noble data supports a
“programmatic” model of movement. We purposely
looked at low cell concentration, with rapid sampling and
relatively long observation times, to avoid confusing ef-
fects of cell-cell interaction.

Biiltmann and Gruler (1983) observed that the distribution
of turn angles for moving human granulocytes does not ran-
domize as would be expected based on a Markov process.
Instead of exponential time decay toward a uniform distri-
bution, he finds a step-function behavior with a subsequent
preferred turn angle of about fifty degrees. He assigned the
nonexponential decay of order to a cell program of 32 s
duration. When we studied neutrophil paths that were highly
correlated (Fig. 3 A), reducing the sampling rate from 4 to
32 s per point was sufficient to randomize this otherwise
correlated function (Fig. 3 C). This is in good agreement with
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the observations of Biiltman. The question is: what process
is randomized in 32 s?

The authors admit to little guidance in this matter from
current theories of cell motility. The difficulties are twofold.
Some current theories address extension of a single lamel-
lipod based on local opportunistic expansion (Zhu and
Skalak, 1988; Oster, 1984; Odell, 1984) at the site of a
plasma membrane “weakness” but do not address processes
that can be executed repetitively and can therefore lead to net
cell motion. The latter, repetitive aspect could easily be-
come randomized. Moreover, plasma membrane weak-
ness theories require a solid backstop of cortical gel at the
very point of expansion. We have observed quite the op-
posite in suspended PMN (Coates et al., 1992) where the
entire actin cortex dissolves at the point of pseudopod
extension.

The model of Amoeba proteus devised by Dembo provides
another mechanism of lamellipod extention but is uniaxial.
He suggests that the organization of major cytoskeletal el-
ements is a consequence of the global flow field and reaction
kinetics (Dembo, 1989). This is no problem for a one-
dimensional organism. However, it seems likely to us that
several quasi-simultaneous axes of flow are required if a
fountain flow model is to be constructed for the neutrophil.
Alt (1990) alludes to the existence of similar modes in cir-
cular, unpolarized cells and Dembo et al. (1986) observes
“rending modes” in contracting gels. It is possible that natu-
ral internal boundaries for such flows exist in polarized cells
such as the PMN.

The patterns in neutrophil movement we have observed
are almost certainly not measures of whole cell translocation.
At an average cell speed of 0.17 w/s and a length of 15 pu,
the cell needs 90 s to move free of its previous position. The
unstimulated neutrophil does not move in leaps as a unit.
Rather, the movement is better ascribed to local multidirec-
tional cytoplasmic flows individually producing local ex-
tensions and contractions at the perimeter of the cell. Spatial
and temporal organization of these flows produces the meas-
ured local displacement of the entire cell. This behavior has
been qualitatively described long ago (Senda et al., 1975).
Rhythmic undulations in cytoplasmic flow and neutrophil
shape have even led to the suggestion of cytoplasmic waves
powering cell motion (Durham, 1974; Stossel, 1993). There
are clearly perceptible undulations in neutrophil shape as the
cells seem to glide along their paths. Our time series studies
of the shape vector component Ru and E2 (Hartman et al.,
1993a) detect these undulations and identify prominent fre-
quency components at about 10 and 20 s periods. This timing
is comparable with the period described by Senda et al.
(1975) in his visual studies of crawling neutrophils. It is also
similar to the 10 s oscillations in light scattering observed by
Wymann in suspensions of PMN (Wymann et al., 1990).
Light scattering is closely linked to actin polymerization, a
process thought to be critical in neutrophil shape change and
motion (Coates et al., 1992; Omann and Painter, 198S5;
Wymann et al., 1990; Omann et al., 1989). Notably, the mag-
nitude of these oscillations in scattering decays over 40 s,
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approximately the same time required for randomization
of the correlated movement in our tracking studies. It is
premature to claim that the decaying oscillations in actin
content detected by light scattering and the high fre-
quency shape changes we see in our tracking experiments
are the same; however, this hypothesis would provide
one attractive candidate process that could explain our
experimental data.

This paper provides direct experimental evidence that ap-
parent fit of neutrophil motion data to the worm-like-chain
equation does not imply random behavior or, more impor-
tantly, a random fundamental driving force. Furthermore, we
present direct measurements of cyclic shape change in mov-
ing neutrophils, demonstrating one type of correlated, time
scale-dependent behavior that may characterize the neutro-
phil motor. Although we can not specifically identify the
process that drives neutrophil motion, our data give clear
evidence for programmatic and, in fact, cyclical change in
shape in neutrophils whose sequential displacements are
non-Markov. If the fundamental cyclical driving force were
directly translated into movement, then the neutrophil dis-
placement magnitudes would be cyclic. Would our proposed
periodic cell motor be consistent with our observed non-
Markov cell displacements? In general, a sinusoidal function
of finite duration will have a sinusoidal, damped autocor-
relation function. The data we presented using autocorrela-
tion of the amplitude of displacement and turn angle are
insufficient to demonstrate this. However, any time series
created by differencing successive elements of a cyclic pro-
cess will display a non-Markov partial autocorrelation func-
tion, as discussed in Bowerman and O’Connell (1987) and
demonstrated in the neutrophil motility data in Fig. 3. The
biologic property of the cell that transforms the fundamental
programmatic impetus into net displacement remains to
be identified. Nonetheless, our data support a cyclical or
deterministic component to the overall mechanism of
neutrophil motility.

This work was supported by National Institutes of Health grant AI23547 to
T. D. Coates.
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