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The nematode sperm cell crawls by recycling major sperm protein (MSP) from
dimers into subfilaments, filaments, and filament complexes, as a result of thermal
writhing in the presence of hydrophobic patches. Polymerization near leading
edges of the cell intercolates MSP dimers onto the tips of growing filament com-
plexes, forcing them against the cell boundary, and extending the cytoskeleton in
the direction of motion. Strong adhesive forces attach the cell to the substrate in
the forward part of the lamellipod, while depolymerization in the rearward part of
the cell breaks down the cytoskeleton, contracting the lamellipod and pulling the
cell body forward. The movement of these cells, then, is caused by coordinated
protrusive, adhesive and contractile forces, spatially separated across the lamelli-
pod. This paper considers a phenomenological model that tracks discrete elements
of the cytoskeleton in curvilinear coordinates. The pseudo-two dimensional model
primarily considers protrusion and rotation of the cell, along with the evolution of
the cell boundary. General assumptions are that pH levels within the lamellipod
regulate protrusion, contraction and adhesion, and that growth of the cytoskeleton,
over time, is perpendicular to the evolving cell boundary. The model follows the
growth and contraction of a discrete number of MSP fiber complexes, since they
appear to be the principle contributors for force generation in cell boundary pro-
trusion and contraction, and the backbone for the dynamic geometry and motion.
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INTRODUCTION

The motility of specific animal cells plays an inte-
gral role in many biological processes. For example,
whenever an animal tissue is damaged, fibroblasts crawl
to the site to repair the wound. Tracking down foreign
pathogens and eliminating them, along with the threat
they present to the body, is the work of motile neutro-
phils. However, not all motile cells are beneficial. Meta-
static cancer cells crawl to invade distant areas of the
body, enabling the disease to spread. A thorough under-
standing of how animal cells accomplish movement is,
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therefore, highly desirable in the field of medicine, and
there is considerable interest in modeling cell motility.

All crawling cells move by the same basic proc-
esses: Protruding near the leading edge, adhering to the
surface, and contracting at the rear to pull the cell body
forward. However, complications quickly arise when
examining these processes more closely. In most eukary-
otic cells, the main players in cellular movement are
actin and myosin [Borisy and Svitkina, 2000]. In addi-
tion to providing the basis of cell motility, these struc-
tures also function in the processes of phagocytosis,
movement of vesicles and organelles, surface rearrange-
ment, and cytokinesis. Actin and myosin require acces-
sory proteins for each specific activity, creating highly
interconnected and complex systems [Mogilner and
Oster, 1996]. It becomes difficult to untangle this com-
plexity to determine what contributes to cell motility in
these multi-functional protein complexes.

Motile spermatozoa of the nematode Ascaris suum
(A. suum) crawl like amoebae with the aid of a motile
appendage called a lamellipod [Roberts and Stewart,
1995]. The cytoskeleton consists primarily of a Major
Sperm Protein (MSP) gel network, so that studying A.
suum may avoid many of the complications associated
with actin-based motility [Mogilner and Verzi, 2003]. In
A. suum, many cellular components such as the endo-
plasmic reticulum, the Golgi apparatus, and the usual
actin cytoskeleton are left behind in the residual body af-
ter meiosis [Italiano et al., 1996]. The result of this pro-
cess is a cell that is dedicated almost entirely to locomo-
tion, providing us with a relatively straightforward
system for studying cell motility. While simplified, the
cytoskeletal dynamics of A. suum employ similar physi-
cal principles to generate motility as the more complex
actin-based systems [Mogilner, 2009].

In the cell’s lamellipod, MSP is organized into 15–
20 branched fiber complexes that extend backward from
the leading edge to the rear of the cell. This network of
crosslinked bundles forms the cytoskeleton and shapes
the lamellipod [Sepsenwol and Taft, 1990]. Protrusion is
accomplished at the leading edge of the cell by polymer-
ization reactions in the cytoskeleton that exert sufficient
force to push the gel forward [Wolgemuth et al., 2004].
Polymerization refers to the process of adding MSP units
to filament tips through a nucleation-elongation reaction
[Italiano et al., 2001]. At various locations along the
leading edge of the lamellipod two proteins, a membrane
protein (MSP Polymerization Organizing Protein or
MPOP) and a cytosolic protein (MFP2), come together
to create a nucleation complex that catalyzes the poly-
merization reaction [LeClaire et al., 2003; Yi et al.,
2007]. Studies have shown that the rates of elongation of
MSP filaments fall sharply at a distance of about 0.5 lm
from the nucleation complex, indicating that polymeriza-

tion only occurs in close proximity [LeClaire et al.,
2003; Miao et al., 2003]. As newly polymerized fila-
ments flow backward from the edge of the lamellipod
and out of this elongation region, they self assemble into
a crosslinking fiber complex [LeClaire et al., 2003]. It is
interesting to note that the concentration of the cytosolic
protein, rather then the amount of MSP, limits the rate of
fiber growth [Yi et al., 2007]. In vitro experiments have
shown that MSP polymerization will keep pace with the
translocation of the nucleation complex [Italiano et al.,
1996], corresponding to the rate of protrusion of the
leading edge. Figure F11 identifies key structures of the
crawling cell from top and side views.
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Fig. 1. Top and side views of nematode sperm cell. (Topview) Sche-

matic showing critical structures for spermatozoon of A. suum: (A)

Points to leading edge of the lamellipod, (B) a membrane bound vesi-

cle where the polymerization reactions take place, and (C) a cytoske-

letal bundle which is assembled at the leading edge and disassembled

closer to the cell body. (Sideview) Depicts spatial separation of protru-

sion/polymerization and contraction/depolymerization. The triangles

along the bottom illustrate decreasing strength of adhesion from front

to back. The nucleus and organelles are at the rear, with a relatively

flat lamellipod at the front.
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While protrusion is accomplished by MSP poly-
merization at the front of the cell, contraction is thought
to be driven by depolymerization of the assembled cytos-
keletal network at the rear. In vitro experiments involv-
ing the addition of Yersinia Enterocolytica Tyrosine
Phosphatse (YOP) showed a marked decrease in the
length and optical density of MSP filaments from A.
suum. YOP appears to cause fibers to switch from
growth to retraction mode by altering tyrosine phospho-
rylation of key components in the cytoskeletal system. In
vivo experiments with the sperm of A. suum display sim-
ilar bundle retraction and loss of optical density when
treated with a sodium acetate-HKB buffer to lower cyto-
plasmic pH [Miao et al., 2003]. These and other in vitro
experiments have led to the proposal that forward move-
ment of the cell body in A. suum is accomplished by
cytoskeletal retraction, without the assistance of motor
proteins [Miao et al., 2003; Zajac et al., 2008].

Adhesion, or the attachment of the lamellipod to
the substrate, is believed to play an integral role in gener-
ating forward motion. It is strong at the leading edge and
diminishes toward the rear of the cell, with almost no
measurable adhesive contact beneath the cell body. This
is a critical property for cell motility, since without it the
processes of extension and contraction would merely
recycle the MSP cytoskeleton and accomplish no for-
ward motion [Mogilner, 2009]. With graded adhesion,
contractile forces pull up the adhesive sites at the rear of
the cell while protrusion lays down new sites at the front,
resulting in a continuous cycle of attachment-detachment
between the lamellipod membrane and the substrate to
generate forward motion [Roberts and King, 1991].

The interior pH appears to regulate almost every
facet of motility in nematode sperm crawling. A gradient
that decreases from the front to the rear is maintained,
with the leading edge approximately �0.2 U higher
[Mogilner and Oster, 2008AQ4 ]. The origin of this gradient is
unknown, but it is conjectured that protons from mito-
chondria diffuse across the lamellipod [Mogilner and
Verzi, 2003]. While the molecular mechanisms for adhe-
sion have not yet been identified [Zajac et al., 2008],
attachment to the substrate appears to be regulated in
part by pH: Adhesion is stronger at a higher pH away
from the cell body and weaker in the more acidic envi-
ronment near the lamellipod-cell body interface. Graded
pH may also play a role in spatially separating protrusion
and contraction, by acting as an on/off switch for critical
proteins involved in these processes. LeClaire et al.
[2003] identified a major sperm protein polymerization
organizing protein (MPOP) as the only membrane com-
ponent required to nucleate MSP polymerization under
physiological conditions. While present throughout the
lamellipod, MPOP is activated to nucleate MSP poly-
merization only in areas where it undergoes a pH-sensi-

tive tyrosine phosphorylation. Antiphosphotyrosine
labeling and confocal fluorescent microscopy have iden-
tified activated MPOP primarily at the tips of filament
bundles, along the edge of the lamellipod [LeClaire
et al., 2003]. Similarly, the pH gradient may play an
indirect role in cytoskeletal disassembly and retraction
by activating a phosphatase that would in turn activate a
yet-to-be determined protein to trigger fiber bundle de-
polymerization [Miao et al., 2003]. The sideview of the
crawling cell in Fig. 1 suggests a spatial separation
between these processes, regulated by a graded pH-field.

Bottino et al. [2002] developed a quantitative two-
dimensional (2D) model of the crawling cell which con-
sidered the lamellipod as an isotropic, dynamic domain.
Simulations using finite elements produced stable mov-
ing shapes resembling those of the motile cells. How-
ever, computer simulations of full 2D models are time
consuming, and finite-element methods preclude the im-
portant localized view of MSP dynamics. Conversely,
Mogilner and Verzi [2003] developed a more complex
continuum model in one dimension (1D) for motility in
A. suum that considered motion as a result of friction and
physical stress as MSP cycled between the states of free-
floating dimers and fiber bundles. Their work considered
a single MSP bundle in the anterior-posterior direction
across the motile cell. Simulations using finite differenc-
ing captured local dynamics and recovered the stable
forward motion and speed of in vitro observations. How-
ever, the 1D model could not consider important proc-
esses at the lateral sides of the cell involved in cell-shape
maintenance and turning.

For a geometric perspective, Lee et al. [1993] pro-
posed that fish epidermal keratocytes accomplished a
smooth, gliding motion while maintaining cell shape
through GRE, or localized growth of the lamellipod per-
pendicular to the evolving edge of the cell. In observing
videos for crawling nematode sperm cells [Roberts and
Stewart, 2000; Zajac et al., 2008], we note that MSP bun-
dles likewise intersect the edge of the cell at right angles,
whether at the front or lateral sides of the lamellipod. In
this paper, we develop a pseudo-2D model for the nema-
tode sperm cell, to consider the role of bundle protrusion
in motion and cell geometry for extension, steady-state
crawling and turning. We assume that bundle protrusions
occur orthogonal to the cell’s edge over time, and that
the rate of protrusion, or polymerization and bundling, is
regulated by a linear pH gradient. The model simulates
the graded radial extension (GRE) hypothesis [Lee et al.,
1993] and introduces a protrusion function that acts in
concert with a contraction-polymer recycling algorithm to
recover the geometry and motion of crawling cells
observed in recent experiments [Roberts and Stewart,
1995; Miao et al., 2003; Zajac et al., 2008]. Since there
are only 15–20 bundles observed in the lamellipod of
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A. suum, a continuum model in the curvilinear coordinate
system for each bundle eliminates excessive computation
time over a full 2D model while examining the local
effects each bundle has upon the evolving contour of the
motile cell. The model is developed in Methods, with sim-
ulations for steady-state crawling, turning and cell shape
maintenance in Results. The implications of the model
and simulations are drawn in Conclusions, and sugges-
tions for continued work may be found in Discussion.

METHODS

We assume the nematode sperm cell’s motion and
the evolving shape of its contour are driven, primarily,
by the growth of its cytoskeletal elements, orthogonal to
the cell’s edge, and that growth and motion are regulated
by a spatial pH distribution, and restricted by the avail-
ability of membrane proteins. We consider the cell as an
elliptically shaped cell body, riding atop its lamellipod,
and model the forward half of this ellipse from the center
line of rotation for a turning cell. The lamellipod is com-
posed of a series of rigid filaments, or cytoskeletal
bundles, that are held together by a viscous gel. It is
extended by graded cytoskeletal growth, in combination
with adhesive interaction between hydrophobic nodal
points along MSP structures and the surface over which
the cell crawls. Protrusion and adhesion near the front of
the cell occur at the same time that contraction from sol-
ation of cytoskeletal bundles occurs at the rear, where
the leading edge of the cell body meets the trailing edge
of the lamellipod. Cytoskeletal growth perpendicular to
the cell’s contour is described by a differential equation
of the form

@~ri

@t
¼ vi~ni; ð1Þ

where ri is the position vector for the cytoskeletal ele-
ment i, vi is the velocity of protrusion and ~ni is a vector
normal to the cell’s contour for each cytoskeletal ele-
ment i. In this paper, we emphasize the magnitude and
direction of protrusion and do not explicitly consider ret-
rograde flow. Instead, we utilize a contraction-dimer
recycling algorithm that assumes polymerization and de-
polymerization are balanced when the cell is crawling
with steady-state speed and shape.

Suppose that protrusion is regulated by pH, and a
more basic environment is necessary to activate a vesical
protein lodged in the membrane of the lamellipod. Pro-
tons from mitochondria diffuse throughout the lamelli-
pod, and concentrations relax to a steady-state rapidly
relative to the time scale for cell crawling. An order one
approximation predicts the proton concentration
decreases exponentially with distance from the cell body.

Since pH is a negative log function of this concentration,
it may be approximated to increase linearly with distance
from the cell body. (See Appendix B in [Mogilner and
Verzi, 2003] for a more detailed derivation):

pHtiðxti
Þ ¼ 6:2þ axti

lðtÞ : ð2Þ

Here a is a scaling parameter, xti
is the distance

from the cell body to the tip of cytoskeletal element i,
and l(t) is the length of the central bundle protruding in
the direction of motion at time t. This function allows in-
ternal pH to vary from 6.2 at the rear of the cell to 6.4
near the leading edge. While the pH varies linearly over
the length of the lamellipod, the rate of change in protru-
sion over time is governed by a nonlinear chemical pro-
cess that decreases slowly with distance from cell body
and [respectively] higher pH values:

vtiðpHtiÞ ¼ 5clðtÞðpHti � 6:2Þe�25klðtÞðpHti
�6:2Þ2 : ð3Þ

The parameter c affects the optimal velocity and k
is the decay rate. As the tips of fiber bundles translocate
in space, their protrusion rates vary over time, so that the
spatial pH gradient ultimately regulates displacement in
Eq. 1 and, ultimately, the shape of fiber bundles and the
contour of the crawling cell.

We assume that cytoskeletal bundles dissolve in
the more acidic conditions near and under the cell body
and release their dimer composition back into the gel.
Further, we suppose the direction of motion is governed
by (user defined) symmetric or assymetric contraction of
the lamellipod at the cell body interface. When the
lamellipod is extended enough to pull the cell body for-
ward, we assume the cell body’s motion, at each time
step, is in the (preprogrammed) direction of motion at
the average velocity of existing cytoskeletal bundles:

vcbðtÞ ¼
1

n

Xn

i¼1

vti
ðpHtiÞ: ð4Þ

Rotation of the cell is assumed to occur in response
to a change in the internal pH, probably from a change in
the external environment [Miao et al., 2003]. As the cell
body rotates, along with its contributing mitochondrial
protons, so does the internal pH described in Eq. 2, alter-
ing the direction of motion for the velocity function in
Eq. 3: Rotation of the axis for the cell body interface
alters the calculation of xti

, which in turn alters vti
, and

(over time) the shape of the lamellipod.
Suppose the cell body interface takes the initial

shape of an ellipse, with its major axis parallel to the
Cartesian y-axis. Then, the initial condition
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x2

k2
þ y2 ¼ 1 ð5Þ

represents the elliptic edge of the cell body, where the
parameter k affects its curvature. Initial points on the
ellipse are determined by dividing the angle p (1808)
into equal sub-angles (h0i

), determined by the number of
bundles to be simulated. Rays from the Cartesian origin
are connected to (x,y) coordinates on the ellipse where
nucleation complexes initiate polymerization and bundle
growth:

y0i
¼ tanðh0i

Þx0i
ð6Þ

x0i
¼ kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ k2tan2ðh0i
Þ

p : ð7Þ

Dimers intercollate onto the growing tips of bun-
dles at the edge of the cell, so that they appear to grow
inward while pressure on the gel forces the membrane
outward. To locate coordinates for intercollation normal
to the local contour in the virtual cell, we approximate
the slope of the tangent line at (xti

,yti
) as

mti ¼
xtiþ1
� xti�1

yti�1
� ytiþ1

; ð8Þ

and calculate the cosine and sine of the angle this secant
line makes with the x-axis

cosðhtiÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ m2
ti

q ð9Þ

sinðhtiÞ ¼
mtiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ m2
ti

q : ð10Þ

We then use a discretized form of Eq. 1, expressed
in terms of x and y, to locate the new tip of the protrud-
ing bundle for s, the numerical timestep.

xðtþ1Þi ¼ xti þ vticosðhti
Þs ð11Þ

yðtþ1Þi ¼ yti þ vti sinðhtiÞs: ð12Þ

FigureF2 2 demonstrates why bundles appear to bend
over time as the cell treadmills forward and elements
within the the cytoskeleton move rearward with respect
to the cell body. If the three curves shown in Fig. 2 rep-
resent the evolving cell edge, consider a membrane pro-

tein intercollating a dimer onto the tip of a bundle per-
pendicular to the inner curve at time t 5 j. Over time,
the tip of the bundle advances rearward as the membrane
advances forward due to graded protrusion, and contrac-
tion pulls the rear of the cell forward. At time t 5 j 1 1,
the bundle intersects the edge of the cell at the middle
contour and the bundle tip appears to have glided along
the side of the cell. The membrane protein again inter-
collates a dimer onto its tip perpedicular to the evolving
cell edge. By the time a dimer is intercollated perpendic-
ular to the outer contour at time t 5 j 1 2, the bending
profile of the bundle is apparent. As the cell body glides
forward, the distance from the tip of each bundle to the
cell body interface decreases, and the change in pH
slows the rate of protrusion, or dimer intercollation, for
that bundle. Dimer intercollation is repeated at an ever
decreasing rate over time for each bundle as it proceeds
rearward, until it is assumed to be depolymerized in the
more acidic environment near the cell body interface.

Biologists observe that the number of cytoskeletal
elements appears relatively constant over time for an
individual crawling cell [Sepsenwol and Taft, 1990].
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Fig. 2. Geometry of protrusion. Protrusion initiates at the set of

points (x0i
), equally spaced along the leading edge of the cell body,

using trigonometry to determine the slope of equiangular rays from

the center of the cell. Protrusion of the cytoskeleton advances the gel

forward as bundles advance rearward from intercollation of new

dimers at the cell’s edge. The direction for growth at point c is deter-

mined from graded protrusion along a vector normal to the secant line

connecting points a and b. Over time, the tip of each bundle appears

to glide rearward along the edge of the cell, so that the normal vector

changes direction with curvature, and the bundles appear to bend.

When the bundle at point b is absorbed near the cell body, the mem-

brane protein at point d will initiate growth of a new cytoskeletal

bundle, so that the total number of bundles is fixed over time. [Color

figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]
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We, therefore, fix the number of bundles over time and
utilize a contraction-polymer recyling algorithm to
model the breakdown of bundles at the rear of the cell
into dimers available for polymerization in the more ba-
sic environment away from the cell body. In Fig. 2, the
membrane protein at point d initiates growth of a new
bundle when the bundle at point b is depolymerized near
the cell body. We assume membrane proteins are uni-
formly distributed across the lamellipod and available to
initiate bundle growth at that point along the edge of the
cell where distance between adjacent bundles is at a
maximum, locating the membrane protein for this new
point using parabolic interpolation.

RESULTS

In this section, we simulate the evolving geometry
of a crawling nematode sperm cell, utilizing the assump-
tions and model described above. We consider extension
of the lamellipod, cell motion to steady-state crawling,
cell shape maintenance, and turning to a pre-determined
angle of rotation. The algorithm to effect motion initially
extends the lamellipod, until it is of sufficient length to
pull the cell body forward, approximately the diameter of
the cell body. Then the cell body moves in the direction
of motion dictated by the pH gradient, so that the veloc-
ity of contraction is assumed equal to the average of bun-
dle protrusion velocities. As in Wolgemuth et al. [2005],
we do not represent the cell body explicity, but consider
it to be at the tail end of contracting and depolymerizing
bundles in simulation. The front half of the cell body is
drawn in the following figures to facilitate visualization.

In our first simulation, we model extension of the
lamellipod and approach to steady-state shape and speed
for the crawling cell. We normalize the cell to one
dimensionless unit equals 10 lm, or the length of the
minor axis for an elliptic cell body with a midrange of
curvature (k in Eq. 5). To increase computation time, we
set one dimensionless video time frame equal to 8 s. Fig-
ureF3 3 displays the results for nonlinear protrusion normal
to the edge of the cell at t 5 4, 14, 24 and 30. In Fig. 3A,
the lamellipod has extended, but the cell body has not
moved from its initial position. In Figs. 3B and 3C, the
lamellipod has reached steady-state shape and the cell
body has moved 4 dimensionless units. At t 5 30 in Fig.
3D, the cell has moved a little more than 5 spatial units,
or 2.5 times its overall length. Converting to physical
units, the cell body moved �52 lm in 208 s (after exten-
sion), for an average crawling speed of 15 lm per
minute.

In our next simulation, we consider the effect of
different cell body shapes and sizes for the steady-state
lamellipodial shape and speed for the crawling cell, as in
Zajac et al. [2008]. The parameter k in Eq. 5 affects the

initial shape of the assumed cell-body interface, and we
wish to test the consistency of our equations for small
perturbations in the initial conditions. Figure F44 graphs
three different simulations over 30 dimensionless time
units for three different initial curvatures. Slides on the
left side of Fig. 4 graph bundle extension without cell
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Fig. 3. Simulation for steady-state crawling. Graphs evolving con-

tour of the lamellipod for a cell body with midrange curvature, k 5

0.5 in Eq. 5. Simulation with nonlinear protrusion normal to the edge

of the cell is graphed over four frozen moments in time. (A) At t 5 4,

the lamellipod extends but the cell body remains stationary. (B) After

14 units of time, the lamellipod is fully extended and the cell has

moved one cell-length. (C) At t 5 24, the lamellipod continues to

crawl with a steady-state shape. (D) After 30 time units, the cell has

migrated 2.5 cell lengths. While overall cell shape remains constant

after extension, individual bundles recycle MSP dimers over space

and time. ED1
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body translocation at t 5 4, and slides on the right side
graph translocation and steady-state shape after 30 time
units. In Fig. 4A, bundles are clustered in the direction
of motion at extension, and this phenomenon persists
into steady state, in spite of the algorithm to recycle bun-
dles at the point along the cell edge with maximum ra-
dial distance between exisiting bundles. The elliptic cur-
vature of the cell body interface appears almost flat for
this value of k, so that contour length is minimized and
bundle density is maximized with this initial configura-
tion. Figure 4B graphs results for midrange curvature,
which reduces bundle clustering in the direction of
motion, and delivers the maximal crawling velocity. Fig-
ure 4C graphs results for a cell body with a large amount
of curvature, maximizing initial contour length, and the
bundle density appears relatively uniform from extension
to steady-state. However, this configuration reduces
crawling velocity slightly when compared with minimal
and midrange curvature results. While qualitatively simi-

lar, each initial condition produces a unique steady-state
contour as a result of bundle recycling to maximize stiff-
ness of the cytoskeleton over time.

Figure F55 displays four still shots taken from a video
of a turning cell in A. suum. The cell in this video exe-
cutes a spontaneous turn, since there is no obstruction to
block its initial direction of motion. Figure 5A displays
the cell just before rotation, with a small protrusion on
one lateral side of the lamellipod. In Fig. 5B, the cyto-
skeleton is breaking down on the right side of the cell
and a contraction is initated near the cell body (dark
area). In Fig. 5C, the cell body begins to rotate toward its
new direction of motion as protrusion continues across
from it to establish a new leading edge. In Fig. 5D, the
cell has almost completed its turn. Note the steady-state
rectangular shape of the lamellipod, extending to the
new direction of motion. The full video for this turning
cell may be found at www.rohan.sdsu.edu/ dverzi (pro-
vided by T. M. Roberts of Florida State University).

J_ID: Z7W Customer A_ID: 08-069 Cadmus Art: CM20362 Date: 30-MARCH-09 Stage: I Page: 7

ID: natarajang Date: 30/3/09 Time: 19:57 Path: J:/Production/CM##/VOL00000/090031/3B2/C2CM##090031

Fig. 4. Steady state shape. Results of three simulations for the crawl-

ing cell, varying initial shape, or curvature of the cell body from (k in

Eq. 5), and fixing 15 bundles per cell in each simulation. Slides on the

left graph extension without cell body translocation after t 5 8, while

slides on the right show translocation and steady-state shape of the

cell after t 5 30. (A) A very flat cell body shape, (k 5 0.2) tends to

bunch MSP bundles in the direction of motion, resulting in transloca-

tion of 5 dimensionless units. (B) Midrange curvature (k 5 0.5) results

in more spatial separation between bundles in the direction of motion

and a translocation of 5.25 dimensionless units. (C) A very curved

cell body (k 5 0.8) results in a relatively uniform distribution of

bundles at steady-state, and a translocation of 4.25 spatial units. Maxi-

mum velocity over these simulations occurs for the cell with midrange

curvature.
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A link to a video on crawling in Caenorhabditis elegans
(C. elegans) may also be found there (provided by
C. Wolgemuth from University of Connecticut Health
Center).

Observations of turning cells suggest that a small
asymmetric contraction and protrusion at the rear of the
lamellipod precedes a rotation of the cell body, followed
by a rapid relocation of fiber bundles to re-establish the

steady-state shape of the lamellipod in the new direction
of motion. We next program a rotation of the cell body
at t 5 12, to simulate an asymmetric contraction, and
observe our virtual cell’s response in protrusion and
direction of motion. Figure F66 graphs the evolving con-
tour of the turning cell after rotation of the cell body
interface, and corresponding rotation of the pH gradient
in Eq. 2. Figure 6A and 6B indicate steady-state exten-
sion and crawling in the direction of the x-axis. How-
ever, in Fig. 6C, symmetry of the lamellipod has been
broken, as bundles on the left side are longer. Since the
rate of protrusion is a function of pH in Eq. 3, the rota-
tion has affected the direction for graded radial exten-
sion. In Fig. 6D, bundles on the left half of the cell are
noticeably longer, and two new bundles have formed
there. Bundles on the right side have stopped growing,
and cell body translocation has caused them to shorten.
Bundles have begun to bend away from the newly estab-
lished leading bundle that is extending in the new direc-
tion of motion. Video of simulations found in this section
may be found at www.rohan.sdsu.edu/ dverzi. A flow-
chart explaining user interface, along with the MATLAB
program, are also available there for download.

CONCLUSIONS

The phenomenological model for bundle growth
and recycling supports in vitro observations of bundle
bending and retrograde flow, steady crawling and turning
for spermatozoa in A. suum. It provides a geometric plat-
form in curvilinear coordinates to test more complex
models for discrete cytoskeletal elements in cell migra-
tion. The model does not consider physical stresses to
induce contraction and adhesion, and how coordination
of protrusion with these processes results in the steady
gliding motion of nematode sperm cells. Retrograde flow
of fiber bundles is accomplished through a contraction-
polymer recycling algorithm, rather than computed with
physical principles as in Mogilner and Verzi [2003].
Nevertheless, the model contributes to an evolving
theory for cause and effect in 2D cell migration, with
particular emphasis on filament bending along the lateral
sides of the lamellipod and the contribution these com-
ponents make to cell shape maintenance, a topic of study
suggested in Mogilner’s review article [2009].

The function for rate of protrusion imposes graded
intercollation of dimers on the growing ends of discrete
bundles. The growth rate and direction for each bundle
vary over time, and are dependent upon the distance
from the tip of the bundle to the cell body and the evolv-
ing shape of the local contour, respectively. Simulations
in this paper return cell observed geometries and bundle
bending [Roberts and Stewart, 2000; Zajac et al., 2008],
and support the GRE hypothesis [Lee et al., 1993],

J_ID: Z7W Customer A_ID: 08-069 Cadmus Art: CM20362 Date: 30-MARCH-09 Stage: I Page: 8

ID: natarajang Date: 30/3/09 Time: 19:57 Path: J:/Production/CM##/VOL00000/090031/3B2/C2CM##090031

Fig. 5. Archival still shots of a turning sperm for A. suum. Repro-

duced, with permission, from video provided by T. M. Roberts, Flor-

ida State UniversityAQ5 . (A) The cell just before the turn: Note the small

protrusion right and shadowed area of contraction left near the cell

body. (B) The cytoskeleton has broken down in the lamellipod above

the contraction area and the old leading edge appears to recede. (C)

The cell body rotates to its new direction of motion. (D) Protrusion

re-establishes the steady-state rectangular shape of the lamellipod,

extending in the new direction of motion.
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maximizing the tip of the bundle’s resistance to osmotic
pressure [Mogilner and Oster, 2003; Wolgemuth et al.,
2004]. While this was proposed for cell shape mainte-
nance in crawling keratocytes, we believe this is the first
time it has been tested in simulation to reproduce the
overall rectangular shape of the lamellipod in crawling
nematode sperm cells.

Roberts and King [1991] concluded that only the
fiber complexes in a limited sector at the leading edge of
the lamellipod undergo continuous elongation, while
fibers outside that region become displaced toward the
sides and eventually stop growing as the cell moves for-
ward over them. In our simulations for cells moving par-
allel to the x-axis, growth persists for bundles that extend
towards the center of the leading edge, and bundles
along the lateral sides bend and reduce their rate of
growth as treadmilling decreases their distance from the
growing tip to the cell body. In Fig. 5, the turning cell
establishes a new direction of motion, and a new region
for continuous growth, along with new regions for
bundle bending at the lateral sides.

The assumption that the cell body moves at the av-
erage speed of bundle growth (Eq. 4) assumes a continu-

ous flow of available dimers, resulting from depolymer-
ization and contraction at the rear, consistent with a con-
tinuum model based on conservation of momentum
[Mogilner and Verzi, 2003]. Bundles along the lateral
sides of the lamellipod grow slower than the advancing
cell body so that they appear to move backward over
time, until they are depolymerized. This retrograde flow,
growth normal to the local contour, and the nonlinear
growth rate in Eq. 3 are the components that give the vir-
tual lamellipod its roughly rectangular shape and the
fiber bundles their bending profile, similar to experimen-
tal observations.

Rather than assuming conservation of total MSP in
various states from dimer to fiber complex, we assume
conservation of bundles, initiating a new bundle when
one is depolymerized. We assume MPOP proteins are
distributed uniformly across the lamellipod, and avail-
able for activation by a cytoplasmic protein to initiate a
new site for polymerization, bundling and protrusion
whenever a bundle is absorbed under the advancing cell
body. The new activation site is based on greatest dis-
tance between existing bundles, in response to comments
in the literature that the cytoskeleton is dense across the
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Fig. 6. Simulating the turning the cell. Images of the evolving con-

tour, resulting from rotation of the cell body, and corresponding to

rotation of the pH gradient, which, over time, affects the local rate of

protrusion. (A) At t 5 4, the lamellipod is protruding from a cell body

with a high level of initial curvature. (B) After 11 time units, just prior

to rotation, the cell body translocates behind the treadmilling lamelli-

pod. (C) A slight rotation of the cell body occurs at t 5 12, and we

graph response at t 5 13. Bundle symmetry has been broken so that

bundles on the lateral left side are longer. (D) At t 5 16, bundles

on the left half of the cell have grown rapidly, and two new bundles

have formed there, while bundles on the right side have stopped

growing. The curvature of bundles on the lateral left side indicates a

rapid change in the cell’s contour, and a new leading edge for the

lamellipod.
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lamellipod [Roberts and Stewart, 2000]. With the above
assumptions, simulations in this paper demonstrate a
steady-state motion of �15 lm/min, and cell geometries
consistent with experimental observations for A. suum
spermatozoa [Roberts and Stewart, 2000]. Variations in
speed in Fig. 4, based on curvature of the cell body and
the length of its interface with the lamellipod, suggest a
relationship between contour shape/size and velocity,
consistent with laboratory measurements and simulations
for spermatozoa from the nematode C. elegans [Zajac
et al., 2008].

In vitro observations of turning in nematode sperm
cells document a bulge that forms on a lateral side which
shortly thereafter becomes the new leading edge, so that
growth is more rapid on that side, and arrested on the
opposing side. [Sepsenwol and Taft, 1990; Roberts and
Stewart, 1995]. Our simulation for cell turning assumes
an asymmetric contraction occurs from asymmetric de-
polymerization, and the cell body rotates behind the con-
traction, based on the notion of motion control from the
rear in nematode sperm [Bottino et al., 2002; Mogilner
and Verzi, 2003], mediated by rotation of a proton
source in the mitochondria. The simulated rotation of the
cell body in Fig. 5 also rotates the pH function in Eq. 2
with respect to the crawling surface, causing a relocation
of bundles that continue to grow, and bending bundles
that treadmill rearward, decreasing their rate of growth
with distance from the cell body. The evolving profile
for the turning cell is consistent with in vitro videos for
spermatozoa of A. suum [Roberts and Stewart, 2000; Ital-
iano et al., 2001], and with comments in the literature
that the formation of fiber complexes are integral in
determining the location of new surface protrusions and
thereby the direction of motion [Roberts and Stewart,
1995].

DISCUSSION

To reproduce geometry and motion for cell
migration in A. suum, we concentrated on contributions
from the more rigid fiber complexes or bundles. With
pH-regulated bundle growth perpendicular to the evolv-
ing membrane of the lamellipod, the treadmiiling cyto-
skeleton accomplishes forward translocation, filament
bending and contour patterns observed in experimental
laboratories. The phenomenological model does not
directly consider diffusion of dimers, mechanics of con-
traction, and substrate adhesion, but rather builds their
contribution implicitly into the algorithm or assumes
their sufficient presence. Polymerization and depoly-
merization, and the associated forces of extension and
contraction, are coupled [Italiano et al., 1999; Wolge-
muth et al., 2005; Zajac et al., 2008], and in steady-
state motion, the rate of dimer polymerization and

bundling must equal the rate of depolymerization and
unbundling. We reason that polymerization results in
motion of the forward boundary and depolymerization
in translocation of the rear boundary, so that equal rates
of these processes should result in equal velocities of
protrusion and contraction. This lead us to model cell
body motion as the average of bundle protrusions once
the lamellipod is of sufficient length to translocate the
cell body.

In steady-state crawling, symmetric contractile
forces seem to originate under the cell body and extend
into the region just in front of the lamellipodial interface.
Unfortunately, the opague nature of the cell body inhibits
observation of lamellipodial dynamics beneath it. How-
ever, when we observe videos for spontaneous turning in
A. suum [Roberts and Stewart, 2000], assymetric protru-
sion and contraction appear to occur simultaneously and
across from each other. The turn begins as a small bulge
on a lateral side near the cell body, with a shadowed area
of contraction of similar size near the cell body on the
opposite side. On the other hand, Sepsenwol and Taft
[1990] document a sperm from A. suum turning in
response to contact with an obstacle in its path. Still
shots from a video-DIC sequence display little contrac-
tion on the lateral side of a lamellipod when it contacts
another sperm cell. Instead, the slides seem to indicate
that the lamellipod contracts front-to-rear, as it simulta-
neously extends the side opposite the contact point to
establish a new leading edge and a new direction of
motion. Rotation of the cell body appears to be primarily
in response to the forces of protrusion. Sepsenwol and
Taft [1990] also comment on observations of sperm
altering their direction when another sperm passes by,
even without contact.

For a next step for the modeling process, we sug-
gest a 2D mechanical model to extend the work of
Mogilner–Verzi [2003] for conservation equations that
track densities of cytoskeletal bundles, free MSP dimers
and attachment nodes, or hydrophobic patches. A contin-
uum model built on this platform in curvilinear coordi-
nates that considers longitudinal distance from the cell
body and angular distance from the direction of motion
could provide new insights into the 2D nature of pH reg-
ulation and the coupling between extension and contrac-
tion. One might additionally test how changes in the
external environment may cause the cell to change direc-
tion by varying boundary conditions. Many open ques-
tions remain in modeling cell migration. For example,
what is the stimulus that initiates motion; how do ele-
ments in the external medium affect cell signalling, or
what is the chemical/biological connection for pH regu-
lation? It seems for every answer, one gets two new
questions. Nevertheless, each answer helps us to better
understand this complex phenomenon.
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