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ABSTRACT Cell crawling is an inherently physical process that includes protrusion of the leading edge, adhesion to the
substrate, and advance of the trailing cell body. Research into advance of the cell body has focused on actomyosin contraction,
with cytoskeletal disassembly regarded as incidental, rather than causative; however, extracts from nematode spermatozoa,
which use Major Sperm Protein rather than actin, provide at least one example where cytoskeletal disassembly apparently gen-
erates force in the absence of molecular motors. To test whether depolymerization can explain force production during nema-
tode sperm crawling, we constructed a mathematical model that simultaneously describes the dynamics of both the cytoskeleton
and the cytosol. We also performed corresponding experiments using motile Caenorhabditis elegans spermatozoa. Our experi-
ments reveal that crawling speed is an increasing function of both cell size and anterior-posterior elongation. The quantitative,
depolymerization-driven model robustly predicts that cell speed should increase with cell size and yields a cytoskeletal
disassembly rate that is consistent with previous measurements. Notably, the model requires anisotropic elasticity, with the cell
being stiffer along the direction of motion, to accurately reproduce the dependence of speed on elongation. Our simulations also

predict that speed should increase with cytoskeletal anisotropy and disassembly rate.

INTRODUCTION

Most articles on amoeboid cell motility start by reciting (1-3)
the canonical tripartite litany: extend and adhere at the front;
advance the cell body; detach and recede at the rear. Though
conceptually distinguished, these are not viewed as separate
stages but rather, widely acknowledged (4,5) as tightly inte-
grated physical processes. Even so, individual components of
the whole mechanism have not received equal consideration.
In prior experiments and mathematical models (6), there has
been more focus on leading edge extension (7) rather than
advance of the cell body, more focus on forces from cyto-
skeletal assembly (8—10) rather than disassembly, and more
focus on the solid cytoskeleton rather than the fluid cytosol.
Research into causes for advance of the cell body (11,12)
favors contraction of actin bundles by Myosin II as most
likely. However, observations (13-15) of Dictyostelium
discoideum amoeba show that motor function of Myosin Il is
not essential for cell crawling. Also, more recent experiments
using Myosin ITA-deficient fibroblasts showed that the cells
without myosin migrate faster than wild-type cells (16).
Therefore, it is possible that the translocation of the cell
during crawling is driven partially by the dynamics of the
actin network without the action of molecular motors. In-
deed, biomimetic constructs of actin (17,18) show that poly-
mer network collapse can generate forces, whether myosin
acts as a motor or not. Whatever the role of myosin is in cell
motility, constructing quantitative models for cell crawling
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will require untangling the physics of the cytoskeleton from
the action of molecular motors.

Nematode spermatozoa provide an excellent model system
for studying the basics of cell crawling in the absence of
molecular motors. Unlike most other crawling cells, nematode
sperm utilize a cytoskeleton composed of a network of Major
Sperm Protein (MSP). This protein forms nonpolar filaments,
to which no molecular motors are known to associate (19).
However, the motility of these cells still exhibits all three
fundamental processes required for standard crawling motility.
In these cells, polymerization at the leading edge is believed to
drive advance of the front of the cell (20). The molecular level
mechanism for adhesion of these cells to the substrate is still
unknown. Based on in vitro experiments, depolymerization of
the cytoskeletal network has been proposed as the force-pro-
ducing mechanism for pulling up the rear (21,22).

Cell motility experiments often focus on the cytoskeleton,
although it occupies only a small fraction of typical crawling
cells, by volume. Observations of cell blebbing (23,24) and
Walker carcinoma cells (25) suggest that cytosolic pressure can
drive cell extension in regions of cytoskeletal disruption, and
there is evidence (26) that intracellular pressure provides the
motive force for Amoeba proteus cells. In this article, simula-
tions of nematode spermatozoon crawling demonstrate a real-
istic motility mechanism that relies, in part, on cytosolic forces.

Spermatozoa from the nematode Caenorhabditis elegans
routinely exhibit steady, amoeboid crawling on prepared
surfaces. The salient features of a steadily crawling sperma-
tozoon include an active, laminar pseudopod at the front, and
a passive, domed cell body at the back (Fig. 1). The pseu-
dopod develops transient ruffles and peripheral bulges but
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FIGURE 1 Side-view schematic of a crawling nematode sperm. Poly-
merization at the leading edge pushes the front of the cell forward. Spatially
varying adhesion anchors the cell to the substrate and provides traction.
Depolymerization of the cytoskeleton produces contractile force which pulls
the cell body forward. Pseudocolor roughly represents polymer volume
fraction.

otherwise conforms to a characteristic, overall cell geometry,
including persistent elongation in the direction of motion.
Extension of the pseudopod and advance of the cell body are
not separate stages but rather occur in unison. Variant mor-
phologies and motilities have been catalogued (27), includ-
ing periodic velocity cycles (28), but steadily crawling
spermatozoa are most amenable to quantitative measurement
and mathematical modeling.

In this article, we construct a mathematical model to de-
scribe the crawling motility of nematode sperm. This model
simultaneously accounts for the dynamics of the cytoskeleton
and the cytosol, with cytoskeletal disassembly as the mech-
anism for producing the force that advances the cell body
(Fig. 1). Previous models (29-31) have succeeded in cap-
turing certain features of preexisting data but support for our
model includes validation against quantitative experiments.
To test the results of our model, we measured size, shape, and
crawling speed of C. elegans sperm. Consistent with a pre-
vious experiment (32), we found that larger cells crawl faster
than smaller cells. Furthermore, cells that are elongated in
their direction of motion crawl more rapidly than rounder
cells. The model that we propose here accurately reproduces
the dependence of crawling speed on cell size and shape, but
requires that the cell be stiffer in its direction of motion than
perpendicular to it. This requirement for anisotropy is justi-
fied by a realistic physical interpretation. We find that cell
speed increases with this elastic anisotropy and also increases
with the cytoskeletal disassembly rate.

METHODS
Dissection of sperm

Following Royal et al. (28), wild-type C. elegans males were isolated and
dissected in 8 ul of sperm medium (50 mM HEPES, pH 7.0, 50 mM NaCl, 25
mM KCl, 1 mM MgS04, 5 mM CaCl2, 8 mg/ml Polyvinylpyrrolidone, 0.4
mg/ml Pronase (33)). Liberation of the spermatids and testis was achieved by
cutting the worm with a 20 g needle ~1/3 the distance from the posterior end
of the worm (34).
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Coverslip preparation

Slides and coverslips (45 X 50 mm lower slide and 20 X 20 mm coverslip)
were washed with 1% Alconox detergent (Alconox, White Plains, NY),
rinsed with distilled water, and left to air-dry at room temperature. Cleaned
slips were then coated with polylysine. Twenty microliters of 10 wg/ml
polylysine was placed on one cover slide while a second cover slide was
stacked on top, sandwiching the solution. These slides were carefully sep-
arated and air-dried at room temperature. Sperm buffer with the activating
reagent monensin consisted of 50 mM HEPES pH 7.0, 50 mM NacCl, 25 mM
KCl, 5 mM, 1 mM MgSO4, and 1 mg/ml bovine serum albumin (35).

Imaging of crawling cells

The sperm, in sperm media, were mounted between a 45 X 50 mm lower
coverslip and a 20 X 20 mm upper coverslip, prepared as described above,
supported by Vaseline applied between the coverslips in two parallel strips
1.5 cm apart by a 30 g needle. Time series of the sperm were recorded on a
model No. TE300 inverted microscope (Nikon, Melville, NY) using a 100X,
1.4 NA PlanApo objective with differential interference contrast (DIC) op-
tics. A SensiCam charge-coupled device camera (Cooke, Romulus, MI) was
used to capture 12-bit digital images.

Pseudofluorescent image processing

DIC microscopy provides high contrast images derived from changes in the
refractive index within a sample; the method works best for reasonably
transparent materials, such as nematode sperm cells. Crudely, a DIC image is
created by breaking the incident light into two paths before sending it through
the sample. The light in one of these paths is phase-shifted by an angle 2,
and translated spatially along a shear direction. Once through the sample, the
light is recombined. This process highlights gradients in the index of re-
fraction along the shear direction. The intensity of a DIC image, /, can be
written as (36)

1 =2(a" + ala)(1 + cos(AB + 24y,)), (1)

where a is the amplitude, Aa is the difference in amplitude, and A6 is the
change in phase angle between the two paths. If 6, is the phase angle in the
absence of a cell, then 60 is roughly proportional to the index of refraction
inside the cell times the cell thickness. Therefore, 8 > 6, inside the cell and is
equal to 6, outside the cell. We calculate 6 from our images by minimizing
the difference between the grayscale image intensity in our DIC images and
the value expected from Eq. 1 (full details of this method will be published in
an upcoming article). Because the index of refraction inside the cell is larger
than outside, the reconstructed 6 is large (bright) inside the cell and small
(dark) outside the cell. We threshold the cells by weighting the value of 6 by
the magnitude of the gradient of 6. An initial thresholding determines the
region of the cell body. Then, setting the value of 6 inside the cell body equal
to the minimum value of 6 inside the cell body, we re-threshold the 6
intensity, which gives us a binary image of the region of the whole cell. We
use the MatLab (The MathWorks, Natick, MA) image processing toolbox
with these binary images to extract the area and the major and minor axes of
the cells.

Cytoskeletal velocity measurement using
spatio-temporal correlation

The pseudopodia of nematode sperm have sharp, persistent features (MSP
bundles) that are visible in DIC images. For a sequence of successive images
taken at short time intervals, spatial correlation of successive images allows
tracking of these cytoskeletal features within a cell as it crawls. We denote
the image intensity at position x and time ¢ as /(x). The intensity at position
x" and time ¢t + At is Iy, (x"). We then calculate the normalized cross-
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correlation coefficient, R, which has been used to measure the deformation of
elastic substrata during cell crawling (37),

ZI X+ 8) s p(x' +8)

\/ZI (x+38) \/2 (X +5

where the summation over 8 visits pixels from a range of ~—10 to 10 along
both the x and y directions. Background subtraction is performed on each
image before correlating intensities. We only do our computations for a
regularly spaced subset of pixels (approximately one out of every eight) that
lie inside the thresholded cell region. The value of X" where R is a maximum
defines the velocity at point X as v = (x" — x)/Az.

(@)

DEPOLYMERIZATION MODEL FOR NEMATODE
SPERM CRAWLING

In this section we describe qualitatively our model for nem-
atode sperm motility. The complete mathematical description
of the model is included in the Appendix.

Our model focuses on steadily crawling C. elegans sperm
cells. We assume that during crawling the cells maintain a
fixed volume, which is consistent with the experimental ob-
servation that a spermatozoon retains the volume it had as a
spermatid (38), and seems reasonable since regulation of cell
volume is widely acknowledged (39,40) as a common trait of
most eukaryotic cells. Our model includes cytosolic flow and
substrate adhesion, along with anisotropic elasticity of the
cytoskeleton and cytoskeletal assembly and disassembly. A
detailed description of these features and their consequences
for motility follows.

Cytoskeletal assembly and disassembly

Purified extracts from Ascaris suum spermatozoa exhibit both
cytoskeletal assembly and disassembly. In cultured mixtures
of MSP, adenosine triphosphate, and cytosolic factors (41), a
vesicle made of spermatozoon membrane develops a fibrous,
columnar tail (42); stable MSP dimers assemble into helical
subfilaments, pairs of subfilaments entangle to form helical
filaments, and filaments associate into fiber complexes (43).
In a buffer solution, without adenosine triphosphate or cy-
tosolic factors, fiber complexes slowly disassemble and fade
away (22), with more rapid fading (Fig. 2 B) if cytosolic
factors are restored, along with a tyrosine phosphatase (21).
In this article, ‘‘assembly’’ refers collectively to all hierar-
chical stages of molecular interaction during fiber complex
growth, while ‘‘disassembly’’ or ‘‘depolymerization’’ refer
to the complete inverse process.

Assembly and disassembly of fiber complexes has not
been investigated using C. elegans sperm extracts; where
information is not available for MSP from C. elegans, we use
results from A. suum in our model. There are differences in
the MSP from these two species, such as MSP filaments from
C. elegans tending to form parallel rafts, leaving few isolated
strands, whereas filaments from A. suum tend to twist around
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FIGURE 2 (A) Surface striations are visible in a DIC image of a crawling
C. elegans spermatozoon, suggesting ridges and furrows of unequal cyto-
skeletal density, inside the cell. Pointers show the beginning, middle and
end of one ridge. (B) In a time series of images, taken at 3-min intervals,
a cultured MSP fiber complex grows shorter and fainter simultaneously.
The column becomes increasingly faint as loss of MSP decreases the
optical density. Axial shrinkage exceeds radial shrinkage, suggesting aniso-
tropic cytoskeletal stress. Fiber complex images (B) from Miao et al. (21).
(Reprinted with permission from the American Association for the Advance-
ment of Science.)

one another, while leaving multiple strands unbound (44).
However, individual MSP filaments from the two nematodes
are indistinguishable by electron microscopy (44). In addi-
tion, at the whole cell level, we have observed surface stri-
ations on C. elegans spermatozoa (Fig. 2 A), which appear
similar to the features identified as fiber complexes inside
crawling A. suum spermatozoa (42,45,46).

Anterior pseudopod extension

Experiments show that cytoskeletal assembly is localized at
the membrane of crawling A. suum spermatozoa. In cell ex-
tracts, fiber complexes grow by incorporating new fibers at
only one end (42,47), distinguished by a vesicle derived from
plasma membrane. Vesicle propulsion achieves rates com-
parable to anterior extension in whole spermatozoa, while the
trailing fiber complex behind a vesicle remains stationary.
Experiments on whole cells (48) show that cytoskeletal as-
sembly occurs at the leading edge and is spatially separated
from disassembly. In both extracts and whole cells, cyto-
skeletal assembly requires an integral membrane phospho-
protein (49). These observations justify our decision to
handle cytoskeletal assembly as a boundary condition at the
periphery of the crawling spermatozoa, in order to focus on
cytoskeletal disassembly and mechanical response through-
out the interior.

Our model imposes steady crawling on real cell shapes to
compute the requisite driving forces. Cytoskeletal stress and
cytosolic pressure must provide the force required for ante-
rior pseudopod extension, against membrane tension and
external hydrostatic pressure. This boundary condition on
stress sets the density of MSP filaments at the membrane
without modeling assembly explicitly.

The model includes membrane tension y as a parameter.
The membrane tension for nematode spermatozoa has never
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been measured. We, therefore, estimated this number based
on values that have been determined for other cells. In sim-
ulations, we used a value of 25 pN/um, which was measured
for blood granulocytes (50,51) and is consistent with values
between 8 pN/um and 48 pN/um that were measured for rat
basophilic leukemia cells (52).

Depolymerization drives advance of the
cell body

Contraction accompanies cytoskeletal disassembly within
cultured fiber complexes. In a time series of phase-contrast
images, a fiber complex becomes successively fainter and
shorter (Fig. 2 B). Compared to the background, grayscale
values at each point reflect the MSP content of the fiber
complex (47), indicating steady loss of MSP filaments
throughout the fiber complex as it contracts (21). The change
in length of a contracting fiber complex is directly related to
the extent of constituent MSP filament loss (22). Fiber
complex contraction can pull a bead that is attached at the
terminus (21), showing that this contraction is capable of
producing force. Experiments on A. suum spermatozoa sug-
gest that cytoskeletal disassembly results in the advance of
the cell body (48). Starting from these observations, further
analysis suggests that disassembly strains the cytoskeleton
and supports a model in which stress depends on the density
of MSP filaments within a fiber complex (22).

For random, thermal fluctuation of flexible polymer, en-
tropy favors crumpled polymer configurations, which are
more numerous and therefore more probable than uncrum-
pled configurations. Partial loss of polymer by cytoskeletal
disassembly yields greater freedom for crumpling of what-
ever polymer remains, which can lead to entropic contraction.
A more detailed treatment (31,53) describes a cytoskeletal
network immersed in cytosol as a polyelectrolyte gel (54).
These models include effects which can counteract contrac-
tion, such as polymer flexibility, counterion concentration,
and the mobility of the monomer. However, direct observa-
tion of retracting fiber complexes (Fig. 2 B) provides strong
evidence for contraction by disassembly within MSP fiber
complexes, and, therefore, we assume that the material pa-
rameters for the MSP cytoskeleton are such that cytoskeletal
disassembly leads to contraction. Consequently, in our model,
stress depends on the cytoskeletal volume fraction, ¢, which
is the fraction of space occupied by MSP filaments for any
small volume element within a cell. For simplicity, we as-
sume a linear relation between the cytoskeletal stress and
changes in the ¢, such that partial disassembly of the cyto-
skeleton produces stress in the remaining MSP network and
causes it to contract. We do not represent the cell body ex-
plicitly but adjust the cytoskeletal disassembly rate so that the
rear of the spermatozoon advances due solely to cytoskeletal
contraction.

The model includes the unstressed volume fraction, ¢, as
a parameter. Since the total concentration of MSP monomer
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in the cytosol is 4 mM (46), we estimate a value of 5-7% for
the total volume fraction of MSP (in polymer and solution).
The amount of MSP in polymer form has not been measured
in these cells. Therefore, we assume that roughly half of the
MSP is in polymer form and use values of ¢ between 2%
and 5% in our simulations.

Cytoskeletal anisotropy

Internal fiber complexes manifest as surface ridges on A.
suum spermatozoa (48). A sparse network of MSP filaments
connects the dense fiber complexes, which span the pseu-
dopod from the leading edge to the cell body (45). The
disposition of cultured MSP filaments from C. elegans,
described above, is somewhat different (44), yet surface
striations on motile cells (Fig. 2 A) suggest ridges and fur-
rows of unequal cytoskeletal density. If so, anterior-posterior
compression then meets resistance from high density ridges,
while transverse compression can simply move the ridges
closer together by distorting low density intervening material
(Fig. 3 A). This yields anisotropic elasticity at the cellular
level from an inhomogeneous distribution of MSP filaments,
with no need for anisotropy of the MSP at the molecular
level. More precisely, anterior-posterior compression acts
on stiff springs in parallel with pliable springs (Fig. 3 B),
while transverse compression acts on stiff and pliable springs
in series (Fig. 3 C), which yields a lower effective spring
constant in the latter case. This reasoning supports our de-
cision to include anisotropic cytoskeletal elasticity in our
model.

In addition, cultured fiber complexes from A. suum also
exhibit anisotropic elasticity. This is somewhat surprising
since the symmetry of MSP dimers (55) leads to filaments
with no polarity (19) that seem randomly oriented in micro-
graphs (42) and platinum replicas (21,49) of fiber complexes.
Even so, in a time series of images (Fig. 2 B), the fractional
change in length of a shrinking fiber complex is readily ap-
parent from one frame to the next, while the fractional change
in radius is almost imperceptible. This suggests unequal axial
and radial strains since uniform fading indicates disassembly
throughout the fiber complex, not just at the ends. Quanti-
tative analysis (22) confirms incommensurate changes in
length and radius, which are entirely consistent with aniso-
tropic elasticity although available data suggest no obvious
molecular mechanism.

Our model describes the cytoskeletal stiffness and an-
isotropy using the parameters oy and «, respectively. The
value of o sets the resistance to anterior-posterior com-
pression or extension, while « is the multiplicative factor by
which o exceeds stiffness in the transverse direction. In
simulations, we used values for o on the order of one at-
mosphere, which is comparable to the value that was esti-
mated previously by fitting experiments on retraction of MSP
fiber complexes (22). Experiments offer no clear suggestion
for o so we tried a range of values.

Biophysical Journal 94(10) 3810-3823
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FIGURE 3 (A) Surface ridges on C. elegans spermatozoa
resemble corresponding features of A. suum in which a
sparse network of MSP filaments connects dense fiber com-
plexes. Anterior-posterior compression (B) then meets resis-

tance from high density ridges, which act as stiff springs,
while transverse compression (C) can simply move the ridges
closer together by distorting low-density intervening material,
in regions which act as pliable springs, with a greater effec-
tive spring constant for stiff and pliable springs in parallel,
compared to stiff and pliable springs in series.

—

Cytosolic flow

In crawling nematode spermatozoa, anterior cytoskeletal as-
sembly pulls MSP dimers out of the cytosol, while posterior
disassembly puts dimers back into solution. This suggests a
model, like ours, that reflects interaction between solid and
fluid phases of the cytoplasm. Under steady crawling, advance
of the cytosol requires a pressure gradient, just as cytoskeletal
displacement depends on a stress gradient. These cytosolic and
cytoskeletal driving forces must balance against intracellular
drag, since inertia is comparatively insignificant at cellular
viscosity and length scales. The model treats dimers implicitly
in terms of volume transferred between the cytoskeleton and
the cytosol.

Cell membranes are not completely impermeable to water.
Therefore, our model allows transmembrane fluid flow. In-
ternal pressures below ambient hydrostatic pressure pulls
fluid into the cell, and, conversely, pressures that exceed at-
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mospheric pressure push fluid out. Since our model imposes
fixed cell volume, any fluid that flows into the cell must be
balanced by outflow somewhere else.

The drag force for movement of the cytoskeleton through
the cytosol is proportional to the velocity difference between
the solid and the fluid; the intracellular drag coefficient ¢ is
the constant of proportionality. The model also includes
membrane permeability k¢ as a parameter, where k¢ is the
filtration coefficient, which sets membrane permeability to
fluid, rather than ions. In simulations, we typically used a
value of 20 pN/,LLm2 for o, which has been measured for
polyacrylamide gels (57) and is comparable to estimates of
16 pN/um? for neutrophils (51). We used a value of 1.65 X
107¢ wm?/pN/s for k;, based on measurements for glioma
cells (58). This is comparable to a value of 1.27 X 10~° um?/
pN/s for human erythrocytes (59) but slightly conservative
compared to values of 10.9 X 107® um®/pN/s for squid
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G H 1 FIGURE 4 A typical C. elegans sper-

Cytosolic ~ Polymer Polymer  matozoon advances nearly 3 um in 5 s

Velocity  Stress Velocity (A and B), with little change in shape.
x b (kPa) x 1

The cell has a domed body at the rear
(C) and a laminar foot, at the front.
Given an empirically determined shape,
simulations predict the peripheral cyto-
skeletal assembly rate (C) for a steadily
crawling cell, with a maximum of 0.4
um/s at the leading edge. Simulations
represent transmembrane adhesion as
external drag (D), with strong adhesion
at the front and weak adhesion under the
cell body. Relative to the assembly rate,
arrows for fluid flux (E), cytosolic ve-
locity (G) and cytoskeletal velocity (/)

0.0 0.2 00 20 45
|

are scaled by factors of 500, 5, and 1, respectively. For ease of comparison with preexisting empirical data, transmembrane fluid flow and cytosolic velocity are
plotted in a frame that moves with the cell while cytoskeletal velocity is plotted in a fixed laboratory reference frame. Simulations also yield cytosolic gauge
pressure (F) and the magnitude of cytoskeletal stress (H), determined from anterior-posterior and transverse components.

axons (60) or 15.7 X 10~° um?®/pN/s for dog alveolar mac-
rophages (61).

Substrate adhesion

Steady crawling requires traction. Without anchorage, op-
posite ends of a contracting fiber complex both move toward
the center of mass (Fig. 2 B), but steady crawling moves the
anterior and posterior ends of a spermatozoon in the same
direction (Fig. 4, A and B). This suggests a model which
makes it hard to slide backward at the front, yet easy to slide
forward at the back. Our model employs large extracellular
drag beneath the pseudopod and small drag beneath the cell
body. This is consistent with displacement of cytoskeletal
features in A. suum spermatozoa (20,48), which we have
confirmed for C. elegans as well (Fig. 5).

The model includes anterior and posterior extracellular
drags as parameters. Results depend on the ratio of these
drags to intracellular drag. In simulations, we used values of
512 £ and 32 {, for anterior and posterior extracellular drags,
respectively, where {; is the intracellular drag, defined pre-
viously. These estimates are consistent with measurements of
traction force and velocity for epithelial fish keratocytes (62),
which can be estimated by dividing the measured traction
stress by the cytoskeletal velocity. Since adhesion is likely to
depend on the surface beneath a cell, in addition to variation
between species, we tried a range of other extracellular drag
values as well.

EXPERIMENTAL RESULTS
Cell speed versus size and shape

We used differential interference contrast (DIC) microscopy
to observe 45 cells and collected digital images at 1-s inter-
vals, producing 1961 individual frames for analysis. Reliable,
automated tracking of motile cells hinged on transforming DIC
images into pseudofluorescent images, using an original al-

gorithm (see Methods for a more complete description). In
some instances, tracked cells appeared to briefly detach from
the substrate and then slew sideways or backward, before
regaining traction and then resuming steady crawling. These
events were detected as statistical anomalies and excluded
from trend analysis, leaving 1242 usable frames.

Our tracking algorithm gave the geometry of the crawling
cells in the plane of the substrate. First and second moments
of the area distribution then determined the cell centroid
along with maximum and minimum diameters. For each
image in a sequence, instantaneous velocity was calculated
using centroid displacement from the frame behind to the
frame ahead of the current frame, divided by twice the time
interval between frames. Cell elongation along the direction
of motion was computed as (a — b)/min(a, b) where a and b
are the anterior-posterior and transverse cell diameters, re-
spectively. Elongation increases linearly as the ratio of a to b
increases, with a value of zero for a circular cell. Steady
crawling often includes slight yet systematic changes in cell
speed and geometry, over several seconds. Therefore, anal-
ysis treats the frames from each digital recording indepen-
dently, rather than averaging over each cell.

Average values of length, width, and speed for the cells
in our experiments were 7.3 = 0.9 um, 4.2 = 0.4 um, and
0.24 = 0.09 wm/s, respectively, which is consistent with
average values reported previously (28). While crawling,
each spermatozoon changed area by <4%, over the period of
observation. We observed an increase in crawling speed with
increased cell area (Fig. 6 C), consistent with prior reports
(32) of larger speeds for cells with greater volume. Crawling
speed also increases with increased anterior-posterior elon-
gation (Fig. 6 B).

Graded substrate adhesion

Within a crawling spermatozoon, obtrusive knobs and ridges
develop at the leading edge and then hold station or slowly
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FIGURE 5 Trackable features of a crawling spermatozoon manifest as
surface mottling in a DIC image (above). Feature tracking gives an average
speed near 0.4 wm/s for the cell body (below). Velocities for the anterior
cytoskeleton are markedly lower and, from observation, slightly retrograde.
Near the edge of the cell, tracking detects the stationary background,
resulting in spuriously low values at some peripheral pixels.

drift backward, until overrun by the trailing cell body. These
protuberant features within the pseudopod have been iden-
tified as branching fiber complexes, in A. suum spermatozoa
(20,48). Correlation between features from successive frames
of a digital recording yields incremental cytoskeletal dis-

Zajac et al.

placements (for details, see Methods). Dividing each dis-
placement by the time interval between frames then gives
cytoskeletal velocities throughout the pseudopod. By the
same method, static, papillary surface texture allows tracking
of the cell body, as a whole.

Feature tracking gives drastically different results for the
pseudopod and cell body of a steadily crawling spermato-
zoon, with velocities differing widely in both direction and
magnitude (Fig. 5). Within the pseudopod, minuscule,
slightly retrograde cytoskeletal velocities suggest strong ad-
hesion to the substrate below. In stark contrast, the rear of the
cell moves forward rapidly, suggesting weak adhesion be-
neath the cell body. The apparent transition from high to low
adhesion is quite sharp, occurring at a location just in front of
the cell body. These results support the extracellular drag
gradient that we chose for our model (Fig. 4 D).

Model validation and results

To test our model, we computed the dependence of crawling
speed on cell size and shape, for comparison with our ex-
perimental results. Simulations employed 10 empirically
determined cell shapes (see Methods for a description of how
these geometries were determined). The chosen shapes
roughly cover the full range of cell elongation, from exper-
iments (Fig. 6, A and B). Working in dimensionless variables
allowed scaling of each shape to cover the full range of
measured cell areas. With units then restored, simulations
gave crawling speed as a function of cell size.

Treating size and shape simultaneously, we fit our simu-
lation results to our experimental data by minimizing the
mean-squared difference using cytoskeletal anisotropy and

FIGURE 6 Speed versus size (B) and
shape (C). Simulations employ real cell
shapes with a range of elongations
(shapes A, corresponding points B). (B

A
B

Ex s

—_

Speed (pm/s

£20500000C

and C) Scattered data points show the

~ L experimental results. Working in dimen-
B . sionless variables allows scaling of each
124 shape to cover the full range of areas.
Simultaneous regression shows that
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the rate of cytoskeletal disassembly as free parameters. Sim-
ulations then reproduce the observed increase in crawling
speed with increased anteroposterior elongation (Fig. 6 B) and
simultaneously reproduce the observed increase in crawling
speed for increasingly larger cells (Fig. 6 C). For a strong
adhesion gradient (Fig. 4 D), simulations roughly capture the
velocity field obtained from cytoskeletal tracking, with small
rearward velocities for the pseudopod compared to large for-
ward velocities for the cell body (compare Fig. 5 and Fig. 4 I).

To quantify agreement between experiments and simula-
tions, for different parameter values, we computed coeffi-
cients of determination (Rz) from the square of the correlation
between empirical measurements and corresponding simu-
lation results. In our simulations we varied cytoskeletal
stiffness, intracellular drag, extracellular drag, cytoskeletal
anisotropy, and the unstressed volume fraction. As a basis for
comparison, fitting a plane to experimental data (Fig. 6, B and
C) confirms the dependence of crawling speed on both cell
size and cell shape (R* = 0.57). The fit for quadratic poly-
nomial was only slightly better (R> = 0.60). Experimental
accuracy limits the quality of these fits and there is no reason
to expect that simulations can do better. Coefficients of de-
termination for these and all subsequent fits are statistically
significant (p < 0.001).

A good fit to experiments requires anisotropy in simula-
tions. Prior experiments or calculations set at least the order
of magnitude for all other parameters (Table 1). For these
estimates, any degree of anisotropy in simulations gave a
better fit to experiments than a simulation without anisotropy
(Fig. 7). Increasing anisotropy beyond 10:1 gave little further
improvement. For a range of other parameter values (Table
2), the best fit with anisotropy (R*> = 0.52) was significantly
better than any result without anisotropy (R* =< 0.25). Our
initial parameter estimates (Table 1) and 10:1 anisotropy

TABLE 1 Model parameters
Parameter Symbol Value
Atmospheric pressure Po 1.01 X 10° pN/um?
Cytoskeleton
Anisotropy* @ 10:1
Disassembly rate* ks 54X 10 257"
Stiffness™ oy 1 X po
Unstressed volume bo 0.02
fraction*
Drag
Intracellular® o 20 pN/um?
Extracellular® {Anterior: 512X ¢,
& Posterior: 32 X {o
Membrane
Permeability ke 1.65 X 107° pum®/pN/s
Tension b% 25 pN/um

*These values are determined from the best fit between experiments and
simulations. Our simulations tested a range of values for these parameters
about the values shown here. All remaining parameters are estimated from
known values for polyelectrolyte gels and various other cell types, as
discussed in the text.

3817

gave some of the best agreement with experiments. Unless
otherwise specified, we used those values in all simulations.

Along with 10:1 anisotropy, fitting simulations to experi-
ments gives 0.05 s~' as the disassembly rate for the MSP
cytoskeleton within C. elegans spermatozoa. This is com-
parable to a rate of ~0.03 s~ for actin network disassembly
within other eukaryotic cells (63—-65). The former rate in-
cludes dissociation of MSP fibers from complexes while the
latter rate includes severing and uncapping of actin filaments
(66). In both cases, subsequent depolymerization is com-
paratively rapid.

As expected, disassembly of cell-free fiber complexes is
slower than cytoskeletal disassembly within whole cells.
Fiber complexes of MSP shrink at a rate of 1.7 = 0.7 wm/
min, from previous measurements (21), which is roughly 10
times slower than crawling speeds for whole cells. In corre-
spondence, fiber complexes have a disassembly rate of 2.3 X
10~ s~ from previous analysis (22), which is ~20 times
slower than the cytoskeletal disassembly rate that we predict
for whole cells. This is consistent with actin network dis-
assembly for which rate constants in whole cells can be
orders-of-magnitude greater than rates measured for in vitro
cell extracts (67,68).

The anterior cytoskeletal assembly rate in simulations
(Fig. 4 C) is comparable to average measured rates of 0.2 um/s
near the vesicles of growing fiber complexes, with 0.6 um/s
as the maximum observed value. Observations of steadily
crawling A. suum spermatozoa (20,47) reveal that the cyto-
skeleton maintains close contact with the cell membrane.
Imposing steady crawling in simulations sets peripheral
membrane displacement, which influences internal cyto-
skeletal displacement, but does not force the cytoskeleton
and the membrane to move with the same velocity, at the
boundary. At the leading edge, the cytoskeletal velocity fails
to keep pace with the membrane, and assembly of new MSP
is required to fill the gap. Simulations yield the rate of cy-
toskeletal assembly from the difference between membrane
and cytoskeletal velocities.

Simulations predict an intracellular pressure gradient (Fig.
4 F) and consequent cytosolic flow. The cytosol is not en-
trained with the cytoskeleton (compare Fig. 4, G and 1),
which demonstrates the importance of treating solid and fluid
phases independently. For any small region of a cell, the
pressure gradient gives the force that propels the cytosol. At
the same point, force derived from cytoskeletal stress can be
>10-times larger in magnitude but, summed over the entire
cell, cytoskeletal force components tend to cancel while cy-
tosolic forces accumulate and ultimately account for roughly
36% of the total driving force on a typical C. elegans sper-
matozoon. Simulations give a maximum traction stress of
~1 nN/p,mz, which falls in the range of measured values for
both dog epithelial cells (69) and fish epidermal keratocytes
(70).

The pressure gradient in the cytosol is largely along the
anterior-posterior axis (Fig. 4 F). Consequent forces are
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directed toward the front of the cell and have almost no
transverse component, thereby complimenting cytoskeletal
anisotropy, which also yields greater force along the anterior-
posterior axis. With greater intracellular drag, the cytosol
exerts more force on the cytoskeleton and simulations with
low anisotropy then show improved agreement with experi-
ments (Fig. 7).

This model makes two other experimentally testable pre-
dictions. First, simulations predict increased crawling speed
with increased anisotropy. Crawling speed plummets for
anisotropy below optimum and begins to asymptote for
greater anisotropy (Fig. 8 A). Second, we explored the de-
pendence of the steady crawling speed on the cytoskeletal
depolymerization rate. We found that the speed increases

roughly linearly with depolymerization for all elongations
(Fig. 8 B). Another interesting feature of our model is that
permeability of the membrane to fluid produces a small influx
of fluid at the leading edge (Fig. 4 E).

DISCUSSION

Here we have shown that depolymerization of the MSP
network can quantitatively account for the dependence of
C. elegans sperm crawling speed on cell size and shape. Our
model fits the experimental data with a reasonable value for
the depolymerization rate of the MSP network and requires
the cytoskeleton to be anisotropic. This requirement of an-
isotropy is well justified by two observed features of the MSP

TABLE 2 Coefficients of determination for a range of parameter values

Posterior drag

1, a, ¢o, 00) 3 8 16 32 64
(64,1, 0.02, 1) 0.142 0.189 0.227 0.022 0.000
(128, 1, 0.02, 1) 0.136 0.183 0.228 0.071 0.005
(512,11, 0.02, 1) 0.135 0.185 0.247 0.252 0.125
(64, 6, 0.02, 1) 0.126 0.218 0.319 0.426 0.410
(128, 6, 0.02, 1) 0.133 0.230 0.336 0.449 0.445
(512, 6, 0.02, 1) 0.148 0.248 0.365 0.493 0.502
(64, 1, 0.05, 1) 0.134 0.182 0.218 0.026 0.001
(128, 1, 0.05, 1) 0.128 0.177 0.218 0.069 0.006
(512, 1, 0.05, 1) 0.123 0.175 0.231 0.191 0.102
(64, 6, 0.05, 1) 0.134 0.218 0.315 0.415 0.405
(128, 6, 0.05, 1) 0.138 0.226 0.327 0.437 0.427
(512, 6, 0.05, 1) 0.149 0.244 0.353 0.462 0.470
(64, 1, 0.02, 10) 0.130 0.179 0.214 0.028 0.001
(128, 1, 0.02, 10) 0.124 0.174 0.214 0.068 0.006
(512, 1, 0.02, 10) 0.119 0.172 0.225 0.172 0.086
(64, 6, 0.02, 10) 0.114 0.207 0.305 0.406 0.399
(128, 6, 0.02, 10) 0.119 0.213 0.314 0.417 0.414
(512, 6, 0.02, 10) 0.124 0.225 0.330 0.435 0.439
(64, 1, 0.05, 10) 0.129 0.179 0.213 0.029 0.001
(128, 1, 0.05, 10) 0.124 0.174 0.213 0.068 0.006
(512, 1, 0.05, 10) 0.118 0.172 0.224 0.169 0.083
(64, 6, 0.05, 10) 0.129 0.213 0.309 0.407 0.399
(128, 6, 0.05, 10) 0.132 0.217 0.317 0.416 0.418
(512, 6, 0.05, 10) 0.135 0.225 0.328 0.429 0.432

The table shows R values for the best fit between simulations and experiments. Anterior () and posterior extracellular drag are given as multiples of o,
which is the intracellular drag coefficient. Model parameters «, ¢, and o, are anisotropy, unstressed volume fraction, and cytoskeletal stiffness, respectively.
We estimate that the maximum R? value is ~0.60 due to experimental uncertainty.
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network. First, the cytoskeleton of an A. suum spermatozoon
is composed of MSP fiber complexes, which lie roughly par-
allel to the translational direction (46) and there is evidence of
dense cytoskeletal ridges in C. elegans spermatozoa as well.
Second, contraction induced in comet tails of MSP formed
behind vesicles requires anisotropy to explain the rate of
change of the length of the comet tail with respect to the rate of
change of the diameter (21,22,54). Anisotropic cytoskeletal
elasticity has yet to receive widespread consideration but our
model demonstrates that anisotropy might be advantageous for
any cell that needs to migrate rapidly. Indeed, keratocytes are
known for rapid crawling and provide an example where cy-
toskeletal anisotropy might be important (71,72).

The effects of cytoskeletal disassembly and cytosolic forces
need not be limited to C. elegans spermatozoa. Even cells that
employ molecular motors must include cytoskeletal disas-
sembly, as a counterbalance to anterior assembly. Therefore,
the locomotive efficacy of cytoskeletal disassembly merits
study, as a means of understanding possible contributions to a
compound mechanism. Bovine aortic endothelial cells employ
actin for motility yet exhibit increased speed with increased
rates of cytoskeletal turnover (73), consistent with simulations
based on MSP disassembly (Fig. 8 B). Interestingly, the slope
of speed versus turnover rate in these experiments is ~3 um,
which is similar to the value of 5 um predicted by our model.
There is also some evidence (74) that cytosolic pressure con-
tributes to motility of keratocytes, which are usually regarded
as a model for motility based on actin and myosin. Keratocytes
also exhibit increased speed as width perpendicular to the
crawling direction decreases (62). This has not been directly
addressed in prior models but is consistent with possible roles
for cytoskeletal depolymerization and cytosolic flow, as in our
model.

Leading edge fluid influx is a prediction of our model
which might have implications for anterior cell extension.
The proposed Brownian ratchet mechanism (75) for protru-
sion depends on thermal fluctuation opening a gap between
the membrane and existing cytoskeletal polymer for insertion
of new monomers into the network. Leading edge fluid influx
might advance the membrane, by inflation, and thus reduce
the load on protrusive, cytoskeletal polymer. Consistent with

0.07

Cytoskeletal Disassembly Rate (s™')

this picture, our model showed a small decrease in polymer
stress as the membrane permeability to fluid was increased
(results not shown). Since fluctuations need only make space
for a single monomer, even slight effects from membrane
permeability might be significant. Localization of aquaporins
might lead to nonuniform permeability which could give fluid
influx a greater influence than predicted by our simulations,
where we assumed uniform permeability of membrane to the
fluid. In fact, fluorescence dequenching measurements reveal
localized water influx at the expanding rim or motile neu-
trophils (76). Similar experiments could be done on nema-
tode spermatozoa to test the predictions given by the model
presented here.

Though the biochemistry involved in cell crawling has
received greater attention than the physical processes, there
have been a number of models proposed to describe the me-
chanics of this type of cell motility. In this genre of modeling,
nematode spermatozoa are quite conspicuous, most likely
due to their simplicity. One-dimensional models have been
proposed with the motile force coming from pH-induced
contraction (31) and unbundling (30). A two-dimensional,
lubrication analysis has been used to take into account the cell
height, with retraction driven by a generic contractile mech-
anism, possibly driven by pH (77). Yet another model (29,78)
used a discrete system of springs and dashpots to describe
nematode sperm motility in two dimensions (along the plane
of the substratum) and also used pH as a mechanism for in-
ducing contraction. In addition, two-phase fluid mechanics
models similar to what we describe here have been used to
describe the motility of neutrophils (51) and keratocytes (79).
The model presented here differs from these previous models
in that it explicitly connects depolymerization of the cyto-
skeleton to force production while accounting for internal
cytosolic and transmembrane fluid flows. The effects of an-
isotropy of the cytoskeleton and transmembrane fluid flow
have not been considered previously, and, interestingly, we
find that anisotropy can greatly affect the crawling speed and
also is required to explain the dependence of speed on cell
shape in nematode sperm.

Our model does not account for effects due to intracellular
pH or nonlinearities in the mathematical model. In motile
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A. suum sperm, there is a pH difference between the front and
the rear of the cell, such that the rear of the cell is more acidic
than the leading edge (80). Intracellular pH in these cells has
been proposed to affect adhesion (48), leading edge assembly
of polymer (48,49), contraction (29,77), and disassembly
(48). However, neither low pH nor a pH gradient was re-
quired for retraction of fiber complexes in vitro (21). Con-
clusive experiments as to the role of pH in these cells are
lacking. Therefore, the model proposed here does not depend
on intracellular pH. If pH does affect disassembly, then we
would expect a nonuniform disassembly rate. In addition, we
do not treat nonlinear terms that arise from advection and the
cytoskeletal stress. Both pH and nonlinearities may produce
quantitative differences to our results; however, we do not
expect these effects to change the qualitative behavior of the
model that is presented.

APPENDIX

In this Appendix we derive the mathematical model for the depolymeriza-
tion-driven motility of nematode sperm. We begin by describing the
cytoplasm of the cell as a polymer network immersed in a fluid and develop
the equations in three-dimensional space. The model presented here treats the
cytoplasm as a two-phase fluid—a polymer phase and a cytosolic fluid phase.
A general theory for two-phase flows was derived in Drew and Segel (81) and
has been used previously to describe cytoskeletal dynamics (for example, see
(31,51,79,82)). Force balance on the polymer and fluid components, in
conjunction with conservation of volume, defines the velocities of these
phases in terms of the cytosolic pressure and the polymer stress. Disassembly
of the cytoskeleton and advection determine the amount of polymer at a
given location. Starting from these three-dimensional equations, we assume
that the height of the pseudopod of the cell is thin with respect to the width
and length to derive a two-dimensional model for the physics of nematode
sperm crawling. (A derivation using mass conservation that explicitly
accounts for the soluble MSP dimer is presented in Data S1 in the online
Supplementary Material.)

Inside a cell, the cytoskeleton occupies a fraction ¢ of any small volume
element, while a fraction (1 — ¢) of each volume element is filled with
cytosol. As the cytoskeleton disassembles or moves, an equal volume of
cytosol must fill the vacated space so that net volume is conserved,

Solid Flux Fluid Flux
A~ ——
J=¢Vs + (1-¢)Vy, 3)
vV-J=0, (4)

where J is the net cytoplasmic flux, while V; and V; are velocities for the
interpenetrating solid cytoskeleton and fluid cytosol, distinguished by
subscripts s and f, respectively. These are absolute velocities, measured in
a fixed laboratory reference frame.

For the special case of steady crawling, local changes in ¢ are equivalent
to rigid body translation, with V as the constant crawling velocity of the cell.
In general, cytoskeletal flow and disassembly change the volume fraction,
over time,

Cytoskeletal Equivalent Steady
Drift Crawling Assumed

dd — PR

o=V @V) - kd o ==V ($Vo), (5)
Cytoskeletal Disassembly

where k; is the cytoskeletal disassembly rate (Table 1). The assumption of

steady crawling amounts to seeking a traveling wave solution for the volume
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fraction kinetics, which yields a steady-state ¢-profile in a reference frame
that moves with the cell.

The total intracellular pressure gradient is split between the cytosol and
the cytoskeleton. A fraction (1 — ¢)Vp pushes the fluid phase from regions of
high pressure to regions of low pressure, where p is the intracellular pressure.
Likewise, a fraction ¢Vp pushes on the solid phase, augmented by
cytoskeletal forces. A detailed derivation of the distribution of the pressure
gradient between phases in a two-phase model is given in Drew and Segel
(81). For length scales and viscosities pertinent to cells, inertia is compar-
atively insignificant. Consequently, for each volume element, drag forces
balance driving forces,

Fluid Fraction
Driving Force

——
—(1=9)Vp ={y(Vi = Vy), (6)
—————————
Intracellular Drag

Solid Fraction
Driving Force

—¢Vp +

\V + 0, = gO(VS - Vf)a (7)
Cytoskeletal Force

where o is the cytoskeletal stress tensor and ( is the intracellular drag

coefficient (Table 1). As required by Newton’s third law, the drag of the

cytoskeleton on the cytosol is equal and opposite to the drag of the cytosol on

the cytoskeleton. Therefore, adding contributions from the cytosol (Eq. 6)

and the cytoskeleton (Eq. 7) yields no net force on each volume element,

V.7r=0, 8)

where 7;; = 0j; — pd; is the i, j component of the total cytoplasmic stress and
0yj is the Kronecker delta. By convention, the outward stress and pressure on
the faces of a volume element have opposite sign.

For a crawling cell on a horizontal plane, consider a Cartesian coordinate
system with basis vectors X and § along the anterior-posterior and transverse
axes, of the cell, respectively. This choice makes X parallel to V,, and puts Z
perpendicular to the basal plane of the cell. These coordinates are convenient
for specifying components of the cytoplasmic stress explicitly.

Laplace’s Law (83) imposes a boundary condition on stress and pressure,
in combination, for the apical surface and perimeter of a cell. Surface tension
in a curved membrane counteracts any imbalance between external hydro-
static pressure and the net outward force on each unit of cell surface area,

Effective Outward Bent Membrane

ressure Counter balance
/_/%
Do —(p—nh-o-0)=py+th-7-Hi=— 2yk |,
~—~
Inward Ambient
Hydrostatic Pressure
€))

where p, is atmospheric pressure, k is the curvature of the membrane, and y
is the membrane tension (Table 1). In nematode sperm, the mechanism of
adhesion between the cell and the substrate is unknown. As little is known,
we choose to describe the interaction between the polymer and the substrate
through a drag force on the cell that is proportional to the polymer velocity.
This choice for the drag force has been used in a number of other models for
cell motility (29-31). Therefore, force balance at the substrate leads to a
boundary condition on the stress at the basal surface,

Normal Force

A
{1V - Nz 10)
——

Extracellular Drag Force
where N represents the reaction force of the surface that supports the cell and
{1 is an extracellular drag coefficient (Table 1), which is assumed to be large

beneath the pseudopod of the cell and small beneath the cell body (Fig. 4).
We treat shears on the apical surface as negligible. All components of the
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cytoplasmic stress tensor are then accounted for along the entire cell
membrane.

Along the perimeter of a crawling cell, one unit of membrane area sweeps
out volume at a rate of fi -V where n is the local outward unit normal.
Following behind the membrane, intracellular flow of solid and fluid matter
fills only part of the swept volume, leaving transmembrane fluid flow to fill
whatever space remains,

Transmembrane Flux

J = k(—po) . 11

Intracellular Flux

=>

ﬁ'V():

where k¢ is the filtration coefficient (Table 1), which gives membrane
permeability to fluid, rather than ions. Fluid flows across the cell membrane
from high pressure to low, with a negative sign denoting fluid ingress. The
same boundary condition applies to the apical and basal surfaces of the cell.
Transmembrane flow through the basal surface of the cell is considered
negligible due to occlusion by the substrate.

The pseudopod of a nematode spermatozoon is relatively thin, compared
to the length and width of the cell. This suggests a treatment in which ¢ and
the horizontal components of V and V¢have no dependence on the vertical z
coordinate. Integration of the cytoplasmic conservation equation (Eq. 4) with
respect to z using the boundary condition (Eq. 11) then leads to

oJ ol hal,
LA/ A tdz = — -
h ™ h % % dz ki(p — po), (12)

where £ is the constant height of the apical surface above the basal plane,
equal to 1 um in our simulations. The cytoplasmic flux J has J, Jy, and J, as
components. Here we have used that fi - V( vanishes at both the apical and
basal surfaces. In addition, we assume that there is no transmembrane flux at
the substrate. Vertical integration of the net cytoplasmic force on each
volume element (Eq. 8) is completely analogous to

or or tor
h xx_l_h Xy:— _de: ,'A 13
Ox Ay o 0Oz PV -
h
haTyx + haTyy = _/ s dz=¢,V; ¥, (14)
0

Ox Jy 0z

where the right-hand side of each equation comes from the boundary
conditions at the basal surface (Eq. 10) and the apical surface (Eq. 9). At
both of these surfaces k vanishes for a pseudopod of uniform thickness.
These equations relate V; to the divergence of 7 in two dimensions. The z
component of the divergence of the stress does not influence the two-
dimensional equations and is, therefore, ignored.

Integrating the cytosolic stress (Eq. 6) over the pseudopod thickness
yields a factor of & on both sides of the equation. Canceling the common
factor then provides a relation between (V¢ — V) and Vp that holds in two
dimensions. The same integration and cancellation procedure applies to the
equation for cytoskeletal drift under steady crawling (Eq. 5).

Specification of the cytoskeletal velocity components (Eqs. 13 and 14)
requires a constitutive relation for the polymer stress. Based on experimental
evidence, cytoskeletal stress depends on the cytoskeletal volume fraction. In
addition, stresses due to volumetric deformations of a gel usually dominate
shear stresses (84). Therefore, we ignore oy (= 0y,) when compared to oy
and oy,. Linear dependence of o on ¢ is the simplest possible assumption,

1

0:—0'0((]!)—(]50)(0 1;)l)[)with a=1, (15)

where a, ¢y, and o are the anisotropy, unstressed volume fraction, and
stiffness of the cytoskeleton, respectively, (Table 1). The overall negative sign
reflects cytoskeletal compression when ¢ drops below the unstressed value.
Ultimately, the model yields a pair of coupled second-order, partial
differential equations. To examine the basic behavior of this model, we
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linearize the equations with respect to ¢ and p. After vertical integration,
cytoskeletal drift under steady crawling (Eq. 5) yields the first equation

V. (V) — Vo Vo + kb =0

—”°¢°(§8—¢+1y8—¢+vp), (16)
he, Ox a° Oy

where components of V are obtained from integrating the net cytoplasmic
force on each volume element (Eqgs. 13 and 14), with anisotropic cytoskeletal
stress (Eq. 15) inserted. The divergence and all variables are now in two
dimensions only. Vertical integration of the cytoplasmic conservation
equation (Eq. 12) yields the second equation,

k,
Ved=—"(p—p) (17)

2
J=%—Q1MWL (18)

o
where (Vs — V) was eliminated from the cytoplasmic flux (Eq. 3), using the
cytosolic force on each volume element (Eq. 6), integrated over pseudopod
thickness.

Observations of steadily crawling A. suum spermatozoa (20,47) reveal
that the MSP cytoskeleton maintains close contact with the cell membrane.
For a range of crawling speeds, the cytoskeletal depolymerization rate is
computed by systematically adjusting k; until fi - Vi matches fi - Vy at the
rear of the cell. At the front of the cell, and other points along the perimeter,
the difference between fi - Vo and i - V; gives the rate at which polymer must
assemble to maintain the proscribed crawling velocity, which we will call the
polymer assembly rate (Fig. 4 C). Cytoskeletal growth due to polymerization
must bridge the gap wherever velocity of the existing cytoskeleton fails to
keep pace with the cell membrane.

Actual computation employs dimensionless variables, using Lg, po, and
pol(Lolo) to set scales for length, stress, and velocity, respectively, where L,
is the square root of cell area. In this scheme, changes in nondimensional
depolymerization rate is equivalent to changes in Lo at fixed k. Using
appropriate scale factors to restore units then provides crawling speed as a
function of cell size, once a value for &; is chosen, with p, and {, determined
empirically (Table 1).

The linearized equations of our model (Eqs. 16 and 17) are solved
numerically using empirically determined cell shapes (Fig. 6 A). From a
binary thresholded image, we construct a signed distance map, ¢, that
describes the position of the cell boundary (85,86). We then discretize the
geometries on a Cartesian grid, which leads to a staircased representation of
the cell boundaries. The equations are discretized using a finite volume
method where the fluxes on the staircased geometry are corrected for Schaff
et al. (87) using the normal vector at the boundary: it = Vi/|Vis|. Each
discretized cell geometry has ~10,000 interior points. The equations are
integrated implicitly using MatLab to solve the corresponding linear system
of equations. Solutions give ¢ and p directly, from which V¢, Vg, and o are
then determined (Fig. 4, F-I).

bV, =
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