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Abstract. Polymerization of actin has been associated
with development of polar shape in human neutrophils
(PMN). To examine the relation of filamentous actin
(F-actin) distribution to shape change in PMN, we de-
veloped a method using computerized video image
analysis and fluorescence microscopy to quantify dis-
tribution of F-actin in single cells. PMN were labeled
with fluorescent probe NBD-phallicidin to measure
filamentous actin and Texas red to assess cell thick-
ness. We show that Texas red fluorescence is a reason-
able measure of cell thickness and that correction of
the NBD-phallicidin image for cell thickness using the
Texas red image permits assessment of focal F-actin
content. Parameters were derived that quantify total
F-actin content, movement of F-actin away from the
center of the cell, asymmetry of F-actin distribution,

and change from round to polar shape. The sequence
of change in F-actin distribution and its relation to de-
velopment of polar shape in PMN was determined
using these parameters. After stimulation with
chemotactic peptide at 25°C, F-actin polymerized first
at the rim of the PMN. This was followed by develop-
ment of asymmetry of F-actin distribution and change
to polar shape. The dominant pseudopod developed
first in the region of lower F-actin concentration fol-
lowed later by polymerization of actin in the end of
the developed pseudopod. Asymmetric F-actin distri-
bution was detected in round PMN before develop-
ment of polar shape. Based upon these data, asymmet-
ric distribution of F-actin is coincident with and
probably precedes development of polar shape in
PMN stimulated in suspension by chemotactic peptide.

cells to allow their identification and morphologic clas-

sification. Since form follows function, the shape
adopted by single cells or cells within a tissue is usually
adapted to the specific functions of those cells. For example,
morphologic polarity of epithelial cells underlies functional
and biochemical polarities which coordinate bidirectional
transport (33). In tissue, the morphologic polarity of cells is
maintained by cell-to-cell contacts and by intrinsic organiza-
tion of microfilamentous cytoskeleton. The study of shape
acquisition and shape change by cells is therefore of critical
importance to understanding cell function.

Functionally important morphologic polarization also oc-
curs when single cells like polymorphonuclear neutrophils
(PMN)! are stimulated. On surfaces and in a gradient of
chemotactic factor, PMN acquire a polar shape and develop
pseudopods which align with the gradient (37). However, the
same polarization response occurs in the absence of either
a gradient or attachment to a surface (35). In suspension,
basal PMN are spherical and smooth with no membrane

SHAPB is a distinctive and sufficiently unique feature of

1. Abbreviations used in this paper: FMLP, n-formyl-methionyl-leucyl-
phenylanine; NBD-phal, NBD-phallacidin; PMN, polymorphonuclear
neutrophils; TR, Texas red.
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ruffling but, when stimulated by chemotactic agents, they
elongate and develop a polar shape similar to that of attached
cells. Therefore, the biochemical and force-generating events
necessary for the polarization response induced by chemo-
tactic factors must be intrinsic to the cells.

In the studies presented here, we used the chemotactic fac-
tor-activated PMN, in suspension, as a model to examine
the role of the microfilamentous cytoskeleton in determining
cell shape. Actin, the main component of the microfilamen-
tous cytoskeleton, exists as monomeric globular actin which
polymerizes to form filamentous actin (F-actin). Other pro-
teins such as actin-binding proteins interact with globular ac-
tin and F-actin to regulate the structure of the microfilamen-
tous cytoskeleton (28). The microfilamentous cytoskeleton
of PMN activated by chemotactic factors or by substrate con-
tact is constantly remodeled through actin polymerization
and F-actin depolymerization (5, 27). Changes in F-actin
content at any time or in any region within the cell reflect
the balance between these two processes. These changes
have been associated with dynamic reorganization of micro-
filamentous cytoskeleton and polarization in some cells (8,
32). After activation, PMN change shape from round to
polar, serially increase and decrease F-actin content, and ap-
parently shift F-actin distribution from diffuse to focal (15).
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These observations suggest that the amount and distribution
of F-actin may play an important role in the development or
maintenance of PMN shape. However, the evidence which
supports this idea is circumstantial and derives primarily
from fluorescence microscopy studies which localize F-actin
to the subcortical region of the pseudopod of PMN or other
cells (11, 15, 22). These studies do not establish a cause- and
-effect relationship between presence of F-actin and develop-
ment of a pseudopod. To date, no study of cytoskeleton and
shape uses a round cell which can assume any shape to di-
rectly examine the relationship between temporal change in
microfilamentous cytoskeleton organization and acquisition
of shape.

To determine whether F-actin distribution is critical for
development of polar shape, we described the temporal rela-
tionship between F-actin distribution and change in shape of
activated PMN. This requires adequate methodology to de-
fine the cell boundary and to determine focal F-actin concen-
trations in a manner independent of cell thickness. There-
fore, we used Texas red (TR) staining of protein to develop
a ratio imaging technique which corrects fluorescent micro-
scopic images of NBD-phallacidin-labeled (NBD-phal)
PMN for variation in cell thickness. The resulting ratio im-
ages are two-dimensional projections of cells which reflect
focal F-actin concentration. We also developed simple math-
ematical parameters which quantitatively describe F-actin
content, F-actin distribution, and shape of single PMN. Af-
ter stimulation, these parameters were measured in PMN at
5-s intervals with an image analysis system which permits
automatic analysis of large numbers of cells.

Kinetic analysis of F-actin and PMN shape after stimu-
lation with the chemotactic peptide, n-formyl-methionyl-
leucyl-phenylalanine (FMLP) shows that focal changes in
the state of actin polymerization are intimately related to
changes in PMN shape. Specifically, the initial increase in
F-actin is associated with symmetric accumulation of F-actin
at the cell periphery. This is followed by the development of
asymmetric F-actin distribution away from the geographic
center of the cell and, lastly, by change from a spherical to
a polar shape. The kinetic data show that asymmetric distri-
bution of F-actin occurs even in round cells and suggest that
the asymmetric distribution which precedes the acquisition
of polar shape may be causally related to shape change and
pseudopod formation in PMN. Based upon these data, we
are able to formulate a model for the participation of focal
polymerization/depolymerization of actin in the develop-
ment of polar shape in human PMN.

Materials and Methods

Reagents

The following reagents were used for the studies outlined below: TR, NBD-
phal, and FURA-2 (Molecular Probes Inc., Junction City, OR); FMLP and
lysophosphatidylcholine (Sigma Chem. Co., St. Louis, MO); and Percoll
{Pharmacia LKB Biotechnology Inc., Piscataway, NJ).

Cell Preparation

Human PMN were purified from the peripheral blood of normal volunteer
donors as approved by the Committee on Human Investigation at Childrens
Hospital Los Angeles and the Internal Review Board of the University of
Alabama at Birmingham. The blood was collected and the cells were pre-
pared on endotoxin-free Percoll gradients in autologous plasma as previ-
ously described (18, 35). The method yields a 98% pure PMN suspension,
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endotoxin free (lipopolysaccharide <12 pg/mi solution). The purified cells
were suspended in Hanks/Hepes balanced buffer with calcium and mag-
nesium (25 mM Hepes, 50 mM phosphate, 150 mM NaCl, 4 mM KCl, 1.0
mM MgCl,, 1.2 mM CaCl, pH 715) and were studied in suspension
within 1 h of purification (15, 16, 35).

Stimulation, Fixation, and Staining

Neutrophils (250 ul) at 4 x 10° cells/ml in buffer were stimulated at 25°C
by addition of equal volume of buffer containing 0.0001 vol% DMSO or
2 x 107 M FMLP for the indicated periods of time and then fixed with
50 ul of 37% formalin for 10 min. PMN were permeabilized with
lysophosphatidylcholine (80 pg/ml) and stained with NBD-phal (3.3 X
107'M) for 15 min. TR (7 u! of | mg TR/m! in dimethylformamide) was
added to the PMN in NBD-phal fixation buffer; the cells were immediately
sedimented (400 g for 5 min) and washed twice in 15 cc of buffer or 0.9%
NaCl. Aliquots of PMN were then laid onto coverslips (1,000 rpm for 5 min)
in a Cytospin II (Shandon Inc., Pittsburgh, PA), air dried, and held in the
dark until preparation for fluorescence microscopy. To test if air drying al-
tered the distribution of F-actin, PMN were stimulated with 10 M FMLP
and sampled at 0, 20, 45, 90, and 300 s. The cells were labeled and spun
onto slides. Half of the slides were allowed to air dry and half were mounted
in glycerol without being allowed to dry. When examined visually and when
363 PMN were quantitated as described here, there were no differences in
the fluorescence distribution between the wet and dry preparations (p <
0.28). In experiments confirming registration of red and green images, the
cells were overlaid with a 1:10,000 dilution of 0.2-pm-diam, polychromatic
(TR and fluorescein) Fluorobrite beads (Polysciences Inc., Warrington, PA)
such that beads were evenly distributed at a density of 0-2 beads/40X mi-
croscopic field. The cells were then mounted in 90% glycerol in PBS for
MiCcroscopy.

Generation of Raw Texas and NBD-phal Images

Unless otherwise specified, PMN were imaged using a Nikon MicroPhot
microscope with a 40X Neofluor oil immersion phase objective and a
1.25% intermediate lens. The NBD-phal and TR images were obtained
using an Omega Optical filter block with custom-designed dichroic mirror
having passbands of 450480 nm and 505-555 nm. The excitation filter has
pass bands at 530 and 570 nm. A 530 + 20 nm interference filter was used
in the emission path for NBD-phal images and a 590-nm long-pass filter
was used for TR. There was no NBD-phal fluorescence detected with the
TR filter setup nor TR fluorescence detected with the NBD-phal filter setup.

Images were taken with an instrumentation camera (model 70; Dage-
MT], Inc., Michigan City, IN) and a Videoscope (Video Scope Intl. Lid.,
Washington, DC) image intensifier. The camera output and the computer
video output were continuously monitored on an oscilloscope to assure that
the signals remained in the linear operating range of the amplifiers. Each
field was averaged 32 times and stored for later analysis on an optical disk
recorder (TQ-2027F; Panasonic Industrial Co., Secaucus, NJ). The image
analysis system consists of three planes of 512 X 512 X 256 image memory,
analog-to-digital converter, arithmetic logic unit (Imaging Technology, NJ),
IRIS 2400 minicomputer (Silicon Graphics, Mountainview, CA), and a ba-
sic image analysis software library (GW Hannaway and Associates, Boulder,
CO). Additional specific routines for the functions described here were
written by the authors.

Optical sectioning microscopy was performed using software (Micro-
Tome 1I; Vay-Tek, Inc., Fairfield, 1A) which determines the point-spread
function of the microscope and then uses this function to remove out-of-
focus information above and below the plane of focus.

There is very little photobleaching of the TR image over a period of 10 5;
however, the NBD-phal image undergoes a ~~10% decrease during the same
period. To minimize variability due to photobleaching, only four fields per
slide were selected and the duration of exposure of the stained cells to the
excitation light was controlled by the computer.

The edge of the TR image was used to define the edge of the cell. The
ability of TR to detect the thinnest region of the cell edges was determined
at 100X on spread PMN by comparison of the TR image with the edge de-
termined by differential interference contrast or phase microscopy (see
Results}. No detectable error in magnification due to a difference in wave-
length between the red and green images was cbserved (4).

Generation of Processed TR, NBD-phal,
and NBD-phal/TR Ratioed Images

Backgrounds were subtracted from the TR and NBD-phal images before the
ratio image was calculated. The x,y coordinates of the points comprising
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the edge of the TR image of each cell were automatically determined by
a feature extracting program and stored in a file for each cell. Another pro-
gram, which implements the calculations below, subsequesntly uses these
files which define the cell boundary. The alignment of the TR and NBD-phal
images was tested by placing a Fluoresbrite bead in the field with the PMN.
The bead is uniformly fluorescent and can be seen both with the TR and
NBD-phal filter configurations, A consistent error of ~2 pixels in the x and
y direction was found in the alignment of the TR and NBD-phal images.
The images were aligned based upon the placement of the bead and the
NBD-phal image was then divided by the TR image. Once the images were
stored to optical disk and the identifying data stored in an experiment log
file, a specific routine automatically finds the PMN, forms the ratio image,
and produces a data file containing the distribution parameters and the as-
sociated experimental condition (time, concentration, etc.). Thus, no oper-
ator bias was introduced in the selection of the images to study.

Mathematical Definition of Parameters

A morphometry program was written to calculate various parameters from
the ratio image. The cell edge used for these caleulations was determined
from the corresponding TR image. For each of the equations, the summa-
tions are carried out for all points (picture elements or “pixels™ x,v. within
the cell boundary. iyy is the intensity of the n™ pixel at position xyya. N is
the number of pixels within the cell boundary and is thus equal to the area
of the cell image. The scalar J is the sum of the intensity of all pixels
within the cell boundary. The geometric center (Eq. 1) of the cell is located
at xgy, and is determined by calculating the average x and y coordinates
from the set of all points within the cell edge of the TR image (Fig. 1.

N N
21: Xn ‘? Yn
¥ TR ]

The intensity center (Eq. 2) of the cell is located at x;, % and is calculated
in a similar fashion except that the x.y coordinates are weighted by the inten-
sity {ixy) at each particular point.

Xy =
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Asymmetry (ASYM; Eq. 3) is the distance from xg, ¥; to 3, ¥ and mea-
sures the net shift of the center of fluorescence from the geometric center
of the cell. Since some cells exhibited symmetrically distributed focal
regions of fluorescence, we derived a related parameter that measures sym-
metric movement of fluorescence away from the center of the cell. This pa-
rameter, radial dispersion (RD; Eq. 4} is distinct from ASYM and represents
the distance from the geometric center of the cell, xgy;, to & narrow ring
of fluorescence, Ar, whose intensity is equal to the total intensity (1). RD
is a measure of distribution of fluorescence awsy from the cell center
whether symmetric or asymmetric and, as shown in the results, is insensi-
tive to total fluorescence intensity.

N
Liy JOn = 2P + (o — ¥
B A

Ellipticity (ELIP; Eq. 5) is a measure of the variation from = circle of
the shape of the cell. Eq. § is derived by dividing the measured cell area
(N) by the area of a circle whose circumference is equal to the measured
perimeter (p) of the cell (15),

ELIP = &3]
Iy

The intensity vector I at the geometric center points toward the intensity
center, and has a length equal to ASYM (Fig. 1). Trx and Trago are the vec-
tors for the respective TR image and NBD-phal/TR images. The vector dot
product, P, of the two vectors Ty and T, is defined as [Trg | X [Enso |
cos 8, where # is the angle between the two vectors, The dot product was
calculated from the geometric center and the intensity center of the respec-

tive images by simple vector algebra (1) (Eq. 6).
P = (X[F ~ X{R(XPe ~ Xpoy + (VIR — YRy ~ YRy (6)

“@

The dot product is >0 if the vectors point in the same direction and <0 if
they point opposite.
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Figure 1. Schematic diagram of a polarized neutrophil with F-actin
concentrated at the right. The geometric center, X;,Y,, and inten-
sity center, X..Y:, are indicated. The intensity vector, I, points
from the geometric center to the intensity center and has a length
equal to ASYM.

Data Analysis

Differences hetween means were tested by analysis of variance or 7 test.
Differences in medians were tested by the median test or Wilcoxon rank sum
test. Because of significant day-to-day variation, representative data from
a single experiment consisting of analysis of 1,500 PMN are presented here,
Similar results were obtained in three other experiments. To permit presen-
tation on the same scale, fluorescence parameters expressed were pormal-
ized to their respective maximum values,

Results

The TR Image Defines Cell Edge, Geometric Center,
and Cell Thickness

TR binds to lysine amino groups of proteins (13) and has a2
fluorescent spectrum which permits double staining with the
F-actin probe, NBD-phal. PMN have no fixed anatomic
point that can easily be used as a reference for imaging
studies. Therefore, we chose the geometric center of the cell,
calculated from the cell boundary, as a reference point on the
cell. Because the computer can automatically and more eas-
ily find the edge of a fluorescent image than that of a phase
image, the cell edge was defined as the edge of the TR image
for studies presented here. When compared to the phase im-
age, the intensity of TR fluorescence at the edge is sufficient,
even at the thinnest regions, to accurately define the edge of
the PMN which had spread on a glass surface. A similar cor-
respondence between phase or differential interference con-
trast image and TR image was seen with cells stained in sus-
pension and then spun onto slides with a cytocentrifuge.
Thus, the edge detected by TR fluorescence is a good
representation of the PMN edge.

Since the microscopic image of a fluorescently labeled
PMN is a two-dimensional projection of a three-dimensional
object, localized variations in fluorescence intensity may be
due to regional differences in thickness within the cell (i.e.,
variations in “pathlength”) (4). The TR image was used to
compensate for variations in cell thickness. To use the TR
fluorescence as a measure of thickness, the concentration of
the probe must be low enough to be nonquenching and
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Figure 2. Linearity of TR fluorescence and use of TR fluorescence
as a measure of cell thickness. To quantify TR fluorescence, images
were taken at 1-um planes of focus and the out-of-focus fluores-
cence was removed. TR fluorescence was then measured on the
whole cell image at the points on the edge of each section and
the TR fluorescence {(a) was plotted against the known depth of the
respective section. In the inset, © demonstrates the linear relation
of total TR fluorescence in PMN to the volume {ul) of TR stock
solution used to stain the PMN.

linearly related to cell thickness. Fig. 2 (insef) demonstrates
that TR staining is linear over the range of concentrations of
dye used in these experiments. This relation is linear in cells
double stained with NBD-phal and TR. Optical sectioning
microscopy was used to confirm the relation of TR intensity
to thickness (14). TR-labeled PMN were imaged at 1-um
planes of focus and the out-of-focus fluorescence was re-
moved electronically. This resulted in six images or “slices”
through the PMN parallel to the microscope slide and spaced
1 pm apart. The edge of the PMN in each section was deter-
mined. When these edge files were overlaid on the original
images, they identify the points on the image that are equidis-
tant from the microscope slide at a distance corresponding
to the position of slice from which the particular edge file
was obtained. Measurements of the intensity at the points on
these edges overlaid on the whole cell TR image were plotted
against the position of the respective edge. Fig. 2 shows the
linear relation of TR intensity to cell thickness which results
from this procedure. Under the conditions of these experi-
ments, TR fluorescence was bright enough to visualize thin
regions, was not self-quenching, was a reasonably linear mea-
sure of cell thickness and, therefore, is suitable for measure-
ments of edge and thickness. It should be noted that TR esti-
mates the “protein space,” including organelles.

Ratio Images of NBD-phal/TR Reflect Focal
F-actin Concentration

NBD-phal and TR images of PMN were separately ob-
tained, perfectly aligned, and corrected for background
fluorescence. The NBD-phal image (F-actin) was then di-
vided point for point by the TR image (cell thickness). Thus,
the intensity at each point of the ratio image represents the
amount of F-actin per unit protein at that point. Fig. 3
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demonstrates the effect of correcting the NBD-phal image fos
thickness. There is a clear difference in the F-actin distribu-
tion assessed from the ratio image (fop) and that deduced
from the direct NBD-phal image which one would see with
standard fluorescence microscopy (middle). This difference
demonstrates the importance of correcting NBD-phal fluo-
rescence for estimated cell thickness. As illustrated in Fig.
3, ratio imaging allows one to discriminate both asymmetric
and symmetric F-actin distributions that are not evident by
standard fluorescence microscopy. Furthermore, it permits
detection of asymmetry of F-actin in even round cells (Fig.
4, cell B).

Definition and Validation of Parameters of Shape and
F-actin Distribution

The parameters used to quantitatively describe shape and
spatial distribution of F-actin were determined on NBD-
phal/TR ratio images of PMN. The mathematical definitions
for these parameters are presented in detail in Materials and
Methods. The parameters are defined as follows: total celiu-
lar fluorescence (7) is the sum of the fluorescence intensity
at each point within the cell boundary; RD measures any dis-
placement of fluorescence, symmetric or asymmetric, away
from the center of the cell; and ASYM measures only asym-
metric displacement of fluorescence away from the center of
the cell. ELIP is a measure of the variation from a circle of
the shape of the cell and has previously been used in numer-
ous studies (15, 19). ELIP decreases as the cell acquires po-
lar shape.

Fig. 4 demonstrates how values for the parameters /, RD,
and ASYM change as the fluorescence distribution changes.
I has units of relative fluorescence intensity. RD and ASYM
reflect relative changes in fluorescence distribution and have
units of distance. The ratio images of PMN at various times
after stimulation with FMLP were selected to demonstrate
the characteristics of fluorescence distribution detected by
RD and ASYM. The parameters /, RD, and ASYM were calcu-
lated for each of these cells. Cells D, E, and F, whose fluores-
cence is asymmetrically distributed, have high values of
ASYM and RD. In contrast, cell A has a relatively uniform
fluorescence and thus the calculated values for ASYM and RD
are lower. Cells such as G and H, whose fluorescence is
predominately at the cell periphery but clearly symmetric,
also have low values for ASYM but the corresponding values
of RD are high, thus demonstrating the sensitivity of these
parameters to symmetric and asymmetric distribution of
fluorescence.

Fluorescence intensity plays an important role in the cal-
culation of the distribution parameters as well. The amount
of staining and the instrument settings can affect the mea-
surement of fluorescence intensities and therefore could
influence the distribution parameters unless they are inde-
pendent of I in the range of intensities observed in our experi-
ments. To examine this question, RD and ASYM were mea-
sured in the original set of ratio images shown in Fig. 5 and
in two additional sets of ratio images, derived from the origi-
nal set but modified to have equal total intensity (Fig. 4,
hatched bars) or a 1.5-fold increase in total intensity (Fig.
4, solid bars). When the results for ASYM and RD calculated
from these different sets of images were compared, there was
no difference between the original image (open bars) and the
two normalized images (hatched and solid bars). This indi-
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Figure 3. Illustrative ratio, NBD-phal, and TR images of PMN. The bottom row shows the TR image corresponding to the NBD-phal
image in the middle row. The top row is the result of dividing the middle row by the bottom row. The figure demonstrates that the impression
of F-actin distribution in the ratio image (fop) is quite different from that seen by standard microscopy (middle).

RD

Asym
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Figure 4. Relation of ASYM
and RD to fluorescence distri-
bution in selected PMN. The
row of NBD-phal/TR ratio
images (A-H) is a representa-
tive selection of the range of
F-actin distributions observed
in FMLP-activated PMN. The
bar graphs show total fluores-
cence intensity (/), radial dis-
persion (RD), and asymmetry
(ASYM) or cells A-H. The
open bars are measurements
made on the original set of im-
ages, shown at the bottom.
The hatched bars represent
measurements made on im-
ages normalized to the same
total intensity and the solid
bars are measurements on im-
ages adjusted to 1.5 X the
normalized intensity. Only the
original set of images is
shown. The cells have been
arranged in order of increas-
ing RD.
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Figure 5. Changes in shape and F-actin distribution in PMN stimu-
lated with 10 M FMLP. For comparison, the results of change in
ELIP (w), total F-actin (a), RD (v), and ASYM (D) are expressed
as percent of their maximum values. * indicates the point is sig-
nificantly different from the previous point (p < 0.01).

cates that the parameters ASYM and RD are independent of
total cellular fluorescence and are sensitive only to the distri-
bution of fluorescence. These data show that the numerical
parameters, calculated from fluorescence measurements of
ratio images, appropriately describe fluorescence distribu-
tion. Therefore, total fluorescence intensity (/) is a measure
of total F-actin, RD measures displacement of F-actin away
from the cell center (whether symmetric or asymmetric),
and ASYM measures only asymmetric distribution of F-actin,
independent of the total F-actin content. These parameters
qualitatively and quantitatively represent distribution of F-ac-
tin in PMN and are suitable for study of the kinetics of actin
polymerization and the relation of F-actin distribution to
shape change.

Kinetic Study of F-actin Redistribution and Shape
Change after Stimulation

The NBD-phal/TR ratio images, obtained from PMN stimu-
lated with 10-° M FMLP at 25°C, were sampled and fixed
at 5-s intervals, and were quantified on numerous cells (n =
140 per time point) as described above. These conditions
were chosen to allow maximum change in F-actin content,
F-actin distribution, and shape (15). Since the distribution of
the parameters is not Gaussian, median values of the changes
in F-actin distribution at each time point were graphed. A
representative of four data sets is shown in Fig. 5. In an initial
phase of actin polymerization, total F-actin (/) rapidly in-
creased, peaked at 25 s, and then decreased significantly by
~30 s. This transient decrease in F-actin was followed by a
second polymerization phase which peaked at ~45 s. This
biphasic pattern of total F-actin was prominent in all (n =
4) data sets analyzed by ratio imaging. ELIP was maximal
during the first 45 s, indicating the cells remained round.
During the first phase of polymerization, RD also increased
while ASYM remained the same as control. This demon-
strates that actin polymerization occurs preferentially at the
edge of the round PMN and precedes development of asym-
metric F-actin distribution. During the second phase of actin
polymerization, RD decreased markedly at 45 s while
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F-actin approached its maximum. Since total F-actin was in-
creasing, the concomitant decrease in RD can only be ex-
plained by a relative increase in F-actin near the center of the
cell. This would be consistent with continued thickening of
the peripheral mantle of F-actin. At times beyond 45 s, both
RD and ASYM increased significantly, indicating that F-actin
redistributes asymmetrically from the center of the PMN, as
might be expected in a cell with a dominant pseudopod. As
asymmetric distribution of F-actin developed between 45 and
90 s, F-actin depolymerization occurred and the PMN
changed shape from round to polar, as implied by a decrease
in ELIP. At 300 s, while ASYM was maximum, total F-actin
decreased. These data show that appearance of an asymmet-
ric F-actin distribution coincides with and may precede
shape change.

NBD-phal/TR Ratio Images

Since it is not possible to follow change in F-actin distribu-
tion sequentially in a statistically significant number of in-
dividual neutrophils, it is difficult to directly determine if
temporal development of asymmetric F-actin distribution
precedes or perfectly coincides with appearance of polar
shape. However, if asymmetric F-actin distribution precedes
transition to polar shape, then two conditions should be sat-
isfied as polar shape appears: (1) there must be round PMN
with asymmetric F-actin distribution, and (2) all polar cells
must have asymmetric F-actin distribution. To determine
whether these conditions are met in PMN, we used ex-
tremely restrictive, statistically derived definitions of shape
and asymmetric F-actin distribution which were based upon
measurements of PMN at time 0. Defining these parameters
on time O cells assures the most restrictive definition of round
cells and of asymmetric F-actin distribution and the least re-
strictive definition of a polar cell. For this analysis, a round
cell was defined as a cell with ELIP 2 upper 25th percentile
and a polar cell as one with ELIP < lower 25th percentile
of time 0 PMN. The upper 95th percentile value of ASYM
was used as the cutoff between asymmetric and symmetric
actin distribution. We applied these definitions to look for
asymmetric F-actin distribution in round cells and polar cells
at times 245 s (Table I). At 45 s, 100% of round cells and
95% of polar cells have symmetric F-actin distribution. At
all time 290 s, the F-actin distribution is asymmetric in

Table 1. F-actin Distribution in Round and Polar PMN

Time after stimulation

Shape and

distribution* 0s 45 s 90 s 300 s

Round PMN that  96.67% 100% 6.25% 0%
are symmetric

Round PMN that 3.33% 0% 93.75% 100%
are asymmetric

Polar PMN that 95.65% 95% 13.00% 2.08%
are symmetric

Polar PMN that 4.35% 4.17% 87.00% 97.92%
are asymmetric

Total PMN per 98 189 146 203

time point

* Defined for all time points based upon PMN at O s after stimulation. “Round”
and “polar” are defined as ellipticity » the 75th percentile or < 25th percentile,
respectively. “Symmetric” and “asymmetric” are defined as ASYM < 95th per-
centile or > 95th percentile, respectively.
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Figure 6. Ratio images of PMN at critical time points after stimulation. Images were selected based upon statistical criteria as described
in the text. The orientation of the 90-s images could not be determined based upon ASYM alone.

294% of round cells and ultimately in all (98%) of polar
PMNs. These results show that as polar shape appears, all
polar cells and the roundest of round cells exhibit asymmet-
ric F-actin distribution. This result strongly suggests that
asymmetric distribution of F-actin occurs before develop-
ment of polar shape.

Relationship of F-actin Content, F-actin Distribution,
and Cell Shape to Pseudopod Development

To picture the sequence of events occurring as F-actin distri-
bution changes and shape change occurs, we obtained repre-
sentative images at each time point from the kinetic experi-
ments. The most common value (mode) of each of the
distribution parameters was calculated for each time point
(~100-200 cells per time point per experiment) and repre-
sentative PMN with values of I, RD, ASYM, and ELIP at their
respective modes were displayed. Thus, only cells with the
most common total F-actin, F-actin distribution, and cell
shape at each time point were selected for viewing and are
presented in Fig. 6, as a visual representation of the numeri-
cal parameters shown in Fig. 5. Up to 45 s, the most repre-
sentative cells remain round while F-actin is polymerized
circumferentially. Beyond 45 s, the distribution of F-actin be-
comes asymmetric, polarization occurs, and an actin-rich
pseudopod appears (Fig. 6). The fact that ASYM increased
at 90 s showed that F-actin was localized to one end of the
cell. One might assume the F-actin is asymmetrically dis-
tributed into the pseudopod. However, the value of ASYM
only shows that the F-actin is asymmetrically distributed and
does not determine the position of F-actin asymmetry in rela-
tion to the pseudopod. Because of this uncertainty, the orien-
tation of the fluorescence is pictured both toward the front
and toward the back of the cell at 90 s in Fig. 6. Further anal-
ysis was required to determine which orientation comes
first.

We assumed the pseudopod was the thinnest part of the cell
and determined the relationship between F-actin location,
measured by NBD-phal distribution, and the thickness of the
cell, measured by TR distribution. To confirm this assump-
tion for nascent pseudopods as well as fully developed pseu-
dopods, two experiments were performed. First, 90-s time
point TR images were manually selected such that early
pseudopod formation was present. Fluorescence intensity
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over the early pseudopod was 70 + 14% of the cell body (n
= 54), indicating the early pseudopod is thinner. Second,
live PMN were loaded with FURA-2 (24) and recorded on
optical disk during spontaneous pseudopod extension. This
was done by video image analysis on a fluorescence micro-
scope equipped with temperature controlled stage (37°C).
Fluorescence was excited at the calcium-insensitive wave-
length of FURA-2 (355 nm) so that fluorescence intensity
would approximate cell thickness. The fluorescence inten-
sity over the nascent pseudopods, which could be clearly
identified by running the recording in reverse and watching
the fully developed pseudopod retract, was lower than that
of the cell body. In measurements of equai-sized regions of
cell body and nascent pseudopod from 25 PMN, the inten-
sity over the pseudopod was 4,337 + 690 and 6,177 + 488
over the cell body. This is in good agreement with the TR
data above. These experiments corroborate other observa-
tions of PMN pseudopod extension from the literature (20,
25, 35) and show that the developing pseudopod is indeed
thinner than the cell body. To demonstrate the relation be-
tween developing pseudopod and F-actin location, we
defined a vector, I, which originates at the geometric center
of the cell and points toward the brightest region of the im-
age. When determined from the NBD-phal/TR ratio image,
1 points to the end of the cell with the most F-actin per unit
volume (Traio). When applied to the TR image only, the vec-
tor (Irz) points to the thickest part of the cell, i.e., the end
opposite the pseudopod. The vector dot product of the Irg
and the L. vectors can be calculated (see Materials and
Methods). A dot product greater than zero results when the
vectors point in the same direction, indicating that the F-ac-
tin is in the thick end of the cell. Conversely, a value less than
zero results if the two vectors point in the opposite direction,
suggesting that the F-actin concentration is greatest in the
pseudopod. These calculations were applied to polar cells at
two critical time points. At 90 s, 66% of the polarized cells
had a positive dot product. By 300 s, the dot product was
positive in 29% of the cells (Fig. 7). Therefore, the F-actin
concentration at 90 s was lowest at the site of the developing
pseudopod while, by 300 s, the F-actin concentrated in the
thinner end of cell, i.e., in the end of the fully developed
pseudopod. This analysis suggests that orientation of F-actin
distribution at 90 s is most accurately depicted by the upper
picture in Fig. 6.
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Figure 7. Frequency histogram of the dot product between Irato
and Irr in polar PMN. Approximately 66% of the cells at 90 s (¥)
have a positive dot product while only 29% of the cells at 300 s
(m) have a positive dot product. The larger range of values of the
dot product at 300 s primarily reflects the greater magnitude of
Lratio (ASYM) at that time. The positive dot product indicates cells
with F-actin concentrated in the thick part of the cell. A negative
dot product indicates F-actin is concentrated in the thinner part of
the cell.

Discussion

This paper describes direct measurements of shape and
fluorescence which permit a quantitative kinetic study of the
temporal relationship between changes in F-actin content,
F-actin distribution, and acquisition of polar shape in
chemotactic peptide-activated PMN in suspension. There
are four distinct experimental and methodological advan-
tages of this study over previous studies of the role of the mi-
crofilamentous cytoskeleton in determining nonmuscle cell
shape. First, the PMN shape changes are studied in suspen-
sion and therefore reflect only the effect of intrinsic
cytoskeletal rearrangements on shape. Second, the PMN
studied are endotoxin free and therefore are initially smooth-
surfaced, spherical cells which can subsequently assume any
shape after chemotactic factor activation (35). Third, the
video imaging techniques used to measure F-actin content
and distribution from ratio images of PMN permit estima-
tion of F-actin content per unit volume, thus compensating
for variation of cell thickness in determination of F-actin dis-
tribution. Use of ratio imaging permits observation of asym-
metric distribution of F-actin in round cells. Finally, unlike
many morphologic studies which rely on examination of
“representative” cells to determine shape and F-actin param-
eters, the computerized video image analysis applied here al-
lows objective direct measurement of shape and distribution
on samples of cells which are large enough for statistical
analysis. The technology therefore permits conclusions
based on average or median behaviors as well as study of het-
erogeneity of polarization, and F-actin distribution.

The ideal way to determine the relation of F-actin localiza-
tion to shape change and pseudopod development would be
to study F-actin distribution sequentially in a single neutro-
phil as the pseudopod extends. Unfortunately, this is not pos-
sible in PMN with current methods of detecting F-actin. We
approached the problem by studying PMN at fixed time
points after stimulation using mathermatical parameters
which we developed to quantitatively describe the F-actin
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distribution in individual PMN. The goal was to develop
useful numbers that permit definition of shape and F-actin
distribution in a statistical sense rather than to develop
parameters that are sensitive to the fine details of F-actin dis-
tribution and cell shape. ASYM, RD, and the intensity vector,
1, are measures of F-actin distribution which describe the av-
erage characteristics of the F-actin distribution throughout
the cell and ignore contributions of F-actin in small blebs and
protrusions except as they contribute to the average. Simi-
larly, ELIP, as a measure of shape, is sensitive only to global
deviation from a round shape but has been useful in recogni-
tion of polarized PMN with a dominant pseudopod (15).
Shape descriptors exist (7) which permit quantification of
finer details of early pseudopod formation, such as bleb for-
mation (35); however, ways to adapt these measures to ki-
netic analysis have not been developed. Nonetheless, as we
have shown, the parameters developed here are able to detect
changes in stimulated PMN which relate distribution of
F-actin to change in shape. This ability is due, in part, to the
fact that relatively large numbers of PMN were studied in an
unbiased manner.

The sequence of events determined derived from the ki-
netic study of RD, ASYM, and ELIP is consistent with the
previously suggested role for F-actin polymerization in caus-
ing the polar shape (22, 31, 35). Our studies show that radial
distribution of F-actin in a nonpolarized cell precedes, and
development of an asymmetric F-actin distribution occurs
coincident with, development of polar shape. While this se-
quence is consistent with a role for F-actin in the develop-
ment of polar shape, it does not prove that change in distribu-
tion of F-actin is necessary for change in shape. However,
our data showing asymmetric F-actin distribution in round
cells 90 s after FMLP activation demonstrates that asymmet-
ric distribution of F-actin can precede appearance of polar
shape. This observation paired with the fact that virtually
100% of polar cells at 90 and 300 s exhibit asymmetric F-ac-
tin distribution make it unlikely that polar shape can occur
without asymmetric distribution of F-actin. The results
strongly suggest that development of asymmetric F-actin dis-
tribution precedes and is causally related to development of
polar shape in PMN.

The kinetics shown in Fig. 5 suggest there are two phases
of actin polymerization which accompany changes in F-actin
distribution. The first phase of actin polymerization lasts
25 s, occurs circumferentially around the cell center as evi-
denced by the increase in RD, and is likely localized to the
subcortical region of the cell as shown by representative pho-
tographs in Fig. 5. The increase in RD is consistent with po-
lymerization starting in the submembranous region of the
cell as has recently been shown in fibroblast lamellipodia
(30). The second phase of actin polymerization begins after
30 s and reaches a maximum at 45 s. FACS analysis concur-
rent with these studies (not shown) corroborates the ob-
served two rates of actin polymerization. Interestingly, ex-
amination of published F-actin data by flow cytometry also
demonstrates two phases of polymerization in PMN (12, 26)
and macrophages (9) though the observation is not discussed
at length. This second phase of actin polymerization occurs
nearer the cell center as evidenced by a decrease in RD and
a uniform increase in F-actin throughout the cell as seen in
the representative photograph of a PMN at 45 s after stimu-
lation (Fig. 6). Biphasic polymerization kinetics have also
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been seen in Dictyostelium discoideum amebocytes, in sus-
pension, and on surfaces. In these cells, the later phase of
polymerization was associated with appearance of F-actin in
the pseudopod and development of polar shape (6, 11).
Whether these two phases in PMN simply represent oscilla-
tions in actin polymerization (21, 36) or could be related to
two pools of actin with differing kinetics of polymerization
(3, 5, 34) remains to be determined.

Several models have been proposed to explain how the
force is developed to cause protrusion of a pseudopod. These
models involve force produced by polymerization of the actin
itself, filament sliding due to interaction with myosin, and
gel swelling due to the formation and dissolution of a
hydrated actin gel (6, 23, 29). The sequence of events deter-
mined here by ratio imaging (Fig. 6) is consistent with a
model of pseudopod extension based upon osmotic forces.
In this model, force is generated as actin is severed leading
to increased osmotic pressure and focal swelling (23). Qur
data show that actin polymerizes symmetrically and rapidly
concentrates in a rim at the cortex. The decrease in F-actin
at 30 s could contribute to osmotically induced water influx
though sodium influx occurs at this time as well and accounts
for about two thirds of the measured volume change in PMN
after stimulation with FMLP (10). The increase in ASYM as
F-actin decreases at 90 s suggests that asymmetry develops
because of net loss in F-actin. The fact that the dot product
(Fig. 7) is mainly positive implies that this loss is in the re-
gion of the developing pseudopod. The change in sign of the
dot product by 300 s (Fig. 7) represents polymerization in
the end of the developing pseudopod. Since total F-actin
stays the same, there must be loss of F-actin from other
regions of the cell as well. We chose the “protein space” indi-
cated by TR as the denominator for representation of the dis-
tribution of F-actin used to determine these relations. In fact,
the cortex thickness exclusive of organelles may be a better
distribution space as organelles move into the developing
pseudopod. The TR protein space we used would underesti-
mate F-actin concentration in organelle-rich regions. While
this may alter the magnitude of certain distribution mea-
sures, F-actin would still have to decrease at the point of
pseudopod extrusion to obtain the vector relations in Fig. 7.
Organelles may move into the region of the nascent pseudo-
pod because of focal F-actin loss. This model does not re-
quire a gradient but does assume that some asymmetry in
thickness of the F-actin rim initiates development of the
dominant pseudopod. The cause of the initial asymmetry re-
mains undetermined. A gradient of attractant or the presence
of surface contact would impose asymmetry on activated
PMN and direct the extension of the pseudopod.

This data does not prove that osmotic forces alone cause
pseudopod protrusion and does not preclude contributions
from contractile elements such as myosin. While myosin is
not abundant in PMN, myosin light chain kinase is phos-
phorylated after stimulation of PMN by FMLP (2). If focal
depolymerization of the cortical actin rim precedes pseudo-
pod protrusion, then contraction would increase the core
pressure and enhance the actomyosin-dependent flow of
cytoplasm toward the weakened area of the cortex.

The studies presented here demonstrate quantitatively that
development of asymmetry of F-actin distribution is closely
related to and probably precedes development of polar shape
in human PMN stimulated in suspension with 10° M
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FMLP. Furthermore, after net F-actin has increased sym-
metrically at the PMN edge, the dominant pseudopod de-
velops in the region of lowest F-actin content. This is fol-
lowed by polymerization of actin in the end of the developed
pseudopod as has been suggested (29). The sequence of
events presented here leaves many questions unanswered,
particularly regarding the mechanism of the changes seen.
The kinetics and distribution of gelsolin and other actin
regulatory proteins, for example, undoubtedly play a role
(17) in determining F-actin distribution. The mathematical
tools developed here for F-actin provide a method for kinetic
study of the spatial relation between critical morphologic
features of the cell and can be used to address some of these
remaining questions.
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