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tThe nematode sperm 
ell 
rawls by re
y
ling major sperm protein (MSP) fromdimers into sub�laments, �laments, and �lament 
omplexes, as a result of thermalwrithing in the presen
e of hydrophobi
 pat
hes. Polymerization near leading edges ofthe 
ell inter
olates MSP dimers onto the tips of growing �lament 
omplexes, for
ingthem against the 
ell boundary, and extending the 
ytoskeleton in the dire
tion ofmotion. Strong adhesive for
es atta
h the 
ell to the substrate in the forward part ofthe lamellipod, while depolymerization in the rearward part of the 
ell breaks downthe 
ytoskeleton, 
ontra
ting the lamellipod and pulling the 
ell body forward.The movement of these 
ells, then, is 
aused by 
oordinated protrusive, adhesiveand 
ontra
tile for
es, spatially separated a
ross the lamellipod. This paper 
onsidersa phenomenologi
al model that tra
ks dis
rete elements of the 
ytoskeleton in 
urvi-linear 
oordinates. The pseudo-two dimensional model primarily 
onsiders protrusionand rotation of the 
ell, along with the evolution of the 
ell boundary. General as-sumptions are that pH levels within the lamellipod regulate protrusion, 
ontra
tionand adhesion, and that growth of the 
ytoskeleton, over time, is perpendi
ular to theevolving 
ell boundary. The model follows the growth and 
ontra
tion of a dis
retenumber of MSP �ber 
omplexes, sin
e they appear to be the prin
iple 
ontributors forfor
e generation in 
ell boundary protrusion and 
ontra
tion, and the ba
kbone for thedynami
 geometry and motion.Key words: 
ell shape, 
ytoskeleton, 
ell motility, major sperm protein, MSP
1 Introdu
tionThe motility of spe
i�
 animal 
ells plays an integral role in many biologi
al pro
esses. Forexample, whenever an animal tissue is damaged, �broblasts 
rawl to the site to repair the2



wound. Tra
king down foreign pathogens and eliminating them, along with the threat theypresent to the body, is the work of motile neutrophils. However, not all motile 
ells arebene�
ial. Metastati
 
an
er 
ells 
rawl to invade distant areas of the body, enabling thedisease to spread. A thorough understanding of how animal 
ells a

omplish movementis, therefore, highly desirable in the �eld of medi
ine, and there is 
onsiderable interest inmodeling 
ell motility.All 
rawling 
ells move by the same basi
 pro
esses: Protruding near the leading edge,adhering to the surfa
e, and 
ontra
ting at the rear to pull the 
ell body forward. However,
ompli
ations qui
kly arise when examining these pro
esses more 
losely. In most eukaryoti

ells, the main players in 
ellular movement are a
tin and myosin [Borisy and Svitkina,2000℄. In addition to providing the basis of 
ell motility, these stru
tures also fun
tion in thepro
esses of phago
ytosis, movement of vesi
les and organelles, surfa
e rearrangement, and
ytokinesis. A
tin and myosin require a

essory proteins for ea
h spe
i�
 a
tivity, 
reatinghighly inter
onne
ted and 
omplex systems [Mogilner and Oster, 1996℄. It be
omes diÆ
ultto untangle this 
omplexity to determine what 
ontributes to 
ell motility in these multi-fun
tional protein 
omplexes.Motile spermatozoa of the nematode As
aris suum (A. suum) 
rawl like amoebae with theaid of a motile appendage 
alled a lamellipod [Roberts and Stewart, 1995℄. The 
ytoskeleton
onsists primarily of a Major Sperm Protein (MSP) gel network, so that studying A. suummay avoid many of the 
ompli
ations asso
iated with a
tin-based motility [Mogilner andVerzi, 2003℄. In A. suum, many 
ellular 
omponents su
h as the endoplasmi
 reti
ulum, theGolgi apparatus, and the usual a
tin 
ytoskeleton are left behind in the residual body aftermeiosis [Italiano et al., 1996℄. The result of this pro
ess is a 
ell that is dedi
ated almostentirely to lo
omotion, providing us with a relatively straightforward system for studying
ell motility. While simpli�ed, the 
ytoskeletal dynami
s of A. suum employ similar physi
alprin
iples to generate motility as the more 
omplex a
tin-based systems [Mogilner, 2008℄.In the 
ell's lamellipod, MSP is organized into 15� 20 bran
hed �ber 
omplexes that ex-tend ba
kward from the leading edge to the rear of the 
ell. This network of 
rosslinked bun-dles forms the 
ytoskeleton and shapes the lamellipod [Sepsenwol and Taft, 1990℄. Protrusionis a

omplished at the leading edge of the 
ell by polymerization rea
tions in the 
ytoskeletonthat exert suÆ
ient for
e to push the gel forward [Wolgemuth et al., 2004℄. Polymerization3



refers to the pro
ess of adding MSP units to �lament tips through a nu
leation-elongationrea
tion [Italiano et al., 2001℄. At various lo
ations along the leading edge of the lamellipodtwo proteins, a membrane protein (MSP Polymerization Organizing Protein or MPOP) anda 
ytosoli
 protein (MFP2), 
ome together to 
reate a nu
leation 
omplex that 
atalyzesthe polymerization rea
tion [LeClaire et al., 2003; Yi et al., 2007℄. Studies have shown thatthe rates of elongation of MSP �laments fall sharply at a distan
e of about 0:5�m from thenu
leation 
omplex, indi
ating that polymerization only o

urs in 
lose proximity [LeClaireet al., 2003; Miao et al., 2003℄. As newly polymerized �laments 
ow ba
kward from the edgeof the lamellipod and out of this elongation region, they self assemble into a 
rosslinking�ber 
omplex [LeClaire et al., 2003℄. It is interesting to note that the 
on
entration of the
ytosoli
 protein, rather then the amount of MSP, limits the rate of �ber growth [Yi et al.,2007℄. In vitro experiments have shown that MSP polymerization will keep pa
e with thetranslo
ation of the nu
leation 
omplex [Italiano et al., 1996℄, 
orresponding to the rate ofprotrusion of the leading edge. Fig. 1 identi�es key stru
tures of the 
rawling 
ell from topand side views.While protrusion is a

omplished by MSP polymerization at the front of the 
ell, 
on-tra
tion is thought to be driven by depolymerization of the assembled 
ytoskeletal networkat the rear. In vitro experiments involving the addition of Yersinia Entero
olyti
a TyrosinePhosphatse (YOP) showed a marked de
rease in the length and opti
al density of MSP�laments from A. suum. YOP appears to 
ause �bers to swit
h from growth to retra
tionmode by altering tyrosine phosphorylation of key 
omponents in the 
ytoskeletal system. Invivo experiments with the sperm of A. suum display similar bundle retra
tion and loss ofopti
al density when treated with a sodium a
etate-HKB bu�er to lower 
ytoplasmi
 pH[Miao et al., 2003℄. These and other in vitro experiments have led to the proposal thatforward movement of the 
ell body in A. suum is a

omplished by 
ytoskeletal retra
tion,without the assistan
e of motor proteins [Zaja
 et al., 2008; Miao et al., 2003℄.Adhesion, or the atta
hment of the lamellipod to the substrate, is believed to play anintegral role in generating forward motion. It is strong at the leading edge and diminishestoward the rear of the 
ell, with almost no measurable adhesive 
onta
t beneath the 
ell body.This is a 
riti
al property for 
ell motility, sin
e without it the pro
esses of extension and
ontra
tion would merely re
y
le the MSP 
ytoskeleton and a

omplish no forward motion4



[Mogilner, 2008℄. With graded adhesion, 
ontra
tile for
es pull up the adhesive sites at therear of the 
ell while protrusion lays down new sites at the front, resulting in a 
ontinuous
y
le of atta
hment-deta
hment between the lamellipod membrane and the substrate togenerate forward motion [Roberts and King, 1991℄.The interior pH appears to regulate almost every fa
et of motility in nematode sperm
rawling. A gradient that de
reases from the front to the rear is maintained, with the leadingedge approximately 0.2 units higher [Mogilner and Oster, 2008℄. The origin of this gradient isunknown, but it is 
onje
tured that protons from mito
hondria di�use a
ross the lamellipod[Mogilner and Verzi 2003℄. While the mole
ular me
hanisms for adhesion have not yet beenidenti�ed [Zaja
 et al., 2008℄, atta
hment to the substrate appears to be regulated in partby pH: Adhesion is stronger at a higher pH away from the 
ell body and weaker in the morea
idi
 environment near the lamellipod-
ell body interfa
e. Graded pH may also play a rolein spatially separating protrusion and 
ontra
tion, by a
ting as an on/o� swit
h for 
riti
alproteins involved in these pro
esses. LeClaire et al. [2003℄ identi�ed a major sperm proteinpolymerization organizing protein (MPOP) as the only membrane 
omponent required tonu
leate MSP polymerization under physiologi
al 
onditions. While present throughoutthe lamellipod, MPOP is a
tivated to nu
leate MSP polymerization only in areas whereit undergoes a pH-sensitive tyrosine phosphorylation. Antiphosphotyrosine labeling and
onfo
al 
uores
ent mi
ros
opy have identi�ed a
tivated MPOP primarily at the tips of�lament bundles, along the edge of the lamellipod [LeClaire et al., 2003℄. Similarly, the pHgradient may play an indire
t role in 
ytoskeletal disassembly and retra
tion by a
tivatinga phosphatase that would in turn a
tivate a yet-to-be determined protein to trigger �berbundle depolymerization [Miao et al., 2003℄. The sideview of the 
rawling 
ell in Fig. 1suggests a spatial separation between these pro
esses, regulated by a graded pH-�eld.Bottino et al. [2002℄ developed a quantitative two dimensional (2D) model of the 
rawling
ell whi
h 
onsidered the lamellipod as an isotropi
, dynami
 domain. Simulations using�nite elements produ
ed stable moving shapes resembling those of the motile 
ells. However,
omputer simulations of full 2D models are time 
onsuming, and �nite-element methodspre
lude the important lo
alized view of MSP dynami
s. Conversely, Mogilner and Verzi[2003℄ developed a more 
omplex 
ontinuum model in one dimension (1D) for motility inA. suum that 
onsidered motion as a result of fri
tion and physi
al stress as MSP 
y
led5



between the states of free-
oating dimers and �ber bundles. Their work 
onsidered a singleMSP bundle in the anterior-posterior dire
tion a
ross the motile 
ell. Simulations using �nitedi�eren
ing 
aptured lo
al dynami
s and re
overed the stable forward motion and speed ofin vitro observations. However, the 1D model 
ould not 
onsider important pro
esses at thelateral sides of the 
ell involved in 
ell-shape maintenan
e and turning.For a geometri
 perspe
tive, Lee et al. [1993℄ proposed that �sh epidermal kerato
ytesa

omplished a smooth, gliding motion while maintaining 
ell shape through GRE, or lo
al-ized growth of the lamellipod perpendi
ular to the evolving edge of the 
ell. In observingvideos for 
rawling nematode sperm 
ells [Roberts and Stewart, 2000; Zaja
 et al, 2008℄, wenote that MSP bundles likewise interse
t the edge of the 
ell at right angles, whether at thefront or lateral sides of the lamellipod. In this paper, we develop a pseudo-2D model for thenematode sperm 
ell, to 
onsider the role of bundle protrusion in motion and 
ell geometryfor extension, steady-state 
rawling and turning. We assume that bundle protrusions o

urorthogonal to the 
ell's edge over time, and that the rate of protrusion, or polymerizationand bundling, is regulated by a linear pH gradient. The model simulates the graded radialextension (GRE) hypothesis [Lee et al., 1993℄ and introdu
es a protrusion fun
tion that a
tsin 
on
ert with a 
ontra
tion-polymer re
y
ling algorithm to re
over the geometry and mo-tion of 
rawling 
ells observed in re
ent experiments [Miao et al., 2003; Roberts and Stewart,1995; Zaja
 et al., 2008℄. Sin
e there are only 15-20 bundles observed in the lamellipod of A.suum, a 
ontinuum model in the 
urvilinear 
oordinate system for ea
h bundle eliminatesex
essive 
omputation time over a full 2D model while examining the lo
al e�e
ts ea
h bun-dle has upon the evolving 
ontour of the motile 
ell. The model is developed in Methods,with simulations for steady-state 
rawling, turning and 
ell shape maintenan
e in Results.The impli
ations of the model and simulations are drawn in Con
lusions, and suggestionsfor 
ontinued work may be found in Dis
ussion.2 MethodsWe assume the nematode sperm 
ell's motion and the evolving shape of its 
ontour aredriven, primarily, by the growth of its 
ytoskeletal elements, orthogonal to the 
ell's edge,and that growth and motion are regulated by a spatial pH distribution, and restri
ted by6



the availability of membrane proteins. We 
onsider the 
ell as an ellipti
ally shaped 
ellbody, riding atop its lamellipod, and model the forward half of this ellipse from the 
enterline of rotation for a turning 
ell. The lamellipod is 
omposed of a series of rigid �laments,or 
ytoskeletal bundles, that are held together by a vis
ous gel. It is extended by graded
ytoskeletal growth, in 
ombination with adhesive intera
tion between hydrophobi
 nodalpoints along MSP stru
tures and the surfa
e over whi
h the 
ell 
rawls. Protrusion andadhesion near the front of the 
ell o

ur at the same time that 
ontra
tion from solation of
ytoskeletal bundles o

urs at the rear, where the leading edge of the 
ell body meets thetrailing edge of the lamellipod. Cytoskeletal growth perpendi
ular to the 
ell's 
ontour isdes
ribed by a di�erential equation of the form�~ri�t = vi ~ni; (1)where ri is the position ve
tor for the 
ytoskeletal element i, vi is the velo
ity of protrusionand ~ni is a ve
tor normal to the 
ell's 
ontour for ea
h 
ytoskeletal element i. In this paper,we emphasize the magnitude and dire
tion of protrusion and do not expli
itly 
onsiderretrograde 
ow. Instead, we utilize a 
ontra
tion-dimer re
y
ling algorithm that assumespolymerization and depolymerization are balan
ed when the 
ell is 
rawling with steady-state speed and shape.Suppose that protrusion is regulated by pH, and a more basi
 environment is ne
es-sary to a
tivate a vesi
al protein lodged in the membrane of the lamellipod. Protons frommito
hondria di�use throughout the lamellipod, and 
on
entrations relax to a steady-staterapidly relative to the time s
ale for 
ell 
rawling. An order one approximation predi
ts theproton 
on
entration de
reases exponentially with distan
e from the 
ell body. Sin
e pH isa negative log fun
tion of this 
on
entration, it may be approximated to in
rease linearlywith distan
e from the 
ell body. (See Appendix B in [Mogilner and Verzi, 2003℄ for a moredetailed derivation): pHti(xti) = 6:2 + �xtil(t) : (2)Here � is a s
aling parameter, xti is the distan
e from the 
ell body to the tip of 
ytoskeletalelement i, and l(t) is the length of the 
entral bundle protruding in the dire
tion of motionat time t. This fun
tion allows internal pH to vary from 6.2 at the rear of the 
ell to 6.4 nearthe leading edge. While the pH varies linearly over the length of the lamellipod, the rate of7




hange in protrusion over time is governed by a nonlinear 
hemi
al pro
ess that de
reasesslowly with distan
e from 
ell body and [respe
tively℄ higher pH values:vti(pHti) = 5
l(t)(pHti � 6:2)e�25�l(t)(pHti�6:2)2 : (3)The parameter 
 a�e
ts the optimal velo
ity and � is the de
ay rate. As the tips of �berbundles translo
ate in spa
e, their protrusion rates vary over time, so that the spatial pHgradient ultimately regulates displa
ement in Eq. (1) and, ultimately, the shape of �berbundles and the 
ontour of the 
rawling 
ell.We assume that 
ytoskeletal bundles dissolve in the more a
idi
 
onditions near and underthe 
ell body and release their dimer 
omposition ba
k into the gel. Further, we supposethe dire
tion of motion is governed by (user de�ned) symmetri
 or assymetri
 
ontra
tionof the lamellipod at the 
ell body interfa
e. When the lamellipod is extended enough topull the 
ell body forward, we assume the 
ell body's motion, at ea
h time step, is in the(preprogrammed) dire
tion of motion at the average velo
ity of existing 
ytoskeletal bundles:v
b(t) = 1n nXi=1 vti(pHti): (4)Rotation of the 
ell is assumed to o

ur in response to a 
hange in the internal pH, probablyfrom a 
hange in the external environment [Miao et al., 2003℄. As the 
ell body rotates,along with its 
ontributing mito
hondrial protons, so does the internal pH des
ribed in Eq.(2), altering the dire
tion of motion for the velo
ity fun
tion in Eq. (3): Rotation of the axisfor the 
ell body interfa
e alters the 
al
ulation of xti , whi
h in turn alters vti , and (overtime) the shape of the lamellipod.Suppose the 
ell body interfa
e takes the initial shape of an ellipse, with its major axisparallel to the Cartesian y-axis. Then, the initial 
onditionx2k2 + y2 = 1 (5)represents the ellipti
 edge of the 
ell body, where the parameter k a�e
ts its 
urvature.Initial points on the ellipse are determined by dividing the angle � (180 degrees) into equalsub-angles (�0i), determined by the number of bundles to be simulated. Rays from the8



Cartesian origin are 
onne
ted to (x; y) 
oordinates on the ellipse where nu
leation 
omplexesinitiate polymerization and bundle growth:y0i = tan(�0i)x0i (6)x0i = kp1 + k2tan2(�0i) : (7)Dimers inter
ollate onto the growing tips of bundles at the edge of the 
ell, so that theyappear to grow inward while pressure on the gel for
es the membrane outward. To lo
ate
oordinates for inter
ollation normal to the lo
al 
ontour in the virtual 
ell, we approximatethe slope of the tangent line at (xti ; yti) asmti = xti+1 � xti�1yti�1 � yti+1 ; (8)and 
a
ulate the 
osine and sine of the angle this se
ant line makes with the x-axis
os(�ti) = 1p1 +m2ti (9)sin(�ti) = mtip1 +m2ti : (10)We then use a dis
retized form of Eq. (1), expressed in terms of x and y, to lo
ate the newtip of the protruding bundle for � , the numeri
al timestep.x(t+1)i = xti + vti
os(�ti)� (11)y(t+1)i = yti + vtisin(�ti)�: (12)Fig. 2 demonstrates why bundles appear to bend over time as the 
ell treadmills forwardand elements within the the 
ytoskeleton move rearward with respe
t to the 
ell body. Ifthe three 
urves shown in Fig. 2 represent the evolving 
ell edge, 
onsider a membraneprotein inter
ollating a dimer onto the tip of a bundle perpendi
ular to the inner 
urve attime t = j. Over time, the tip of the bundle advan
es rearward as the membrane advan
esforward due to graded protrusion, and 
ontra
tion pulls the rear of the 
ell forward. At timet = j+1, the bundle interse
ts the edge of the 
ell at the middle 
ontour and the bundle tipappears to have glided along the side of the 
ell. The membrane protein again inter
ollates a9



dimer onto its tip perpedi
ular to the evolving 
ell edge. By the time a dimer is inter
ollatedperpendi
ular to the outer 
ontour at time t = j + 2, the bending pro�le of the bundle isapparent. As the 
ell body glides forward, the distan
e from the tip of ea
h bundle to the
ell body interfa
e de
reases, and the 
hange in pH slows the rate of protrusion, or dimerinter
ollation, for that bundle. Dimer inter
ollation is repeated at an ever de
reasing rateover time for ea
h bundle as it pro
eeds rearward, until it is assumed to be depolymerizedin the more a
idi
 environment near the 
ell body interfa
e.Biologists observe that the number of 
ytoskeletal elements appears relatively 
onstantover time for an individual 
rawling 
ell [Sepsenwol and Taft, 1990℄. We, therefore, �x thenumber of bundles over time and utilize a 
ontra
tion-polymer re
yling algorithm to modelthe breakdown of bundles at the rear of the 
ell into dimers available for polymerizationin the more basi
 environment away from the 
ell body. In Fig. 2, the membrane proteinat point d initiates growth of a new bundle when the bundle at point b is depolymerizednear the 
ell body. We assume membrane proteins are uniformly distributed a
ross thelamellipod and available to initiate bundle growth at that point along the edge of the 
ellwhere distan
e between adja
ent bundles is at a maximum, lo
ating the membrane proteinfor this new point using paraboli
 interpolation.3 ResultsIn this se
tion, we simulate the evolving geometry of a 
rawling nematode sperm 
ell, utilizingthe assumptions and model des
ribed above. We 
onsider extension of the lamellipod, 
ellmotion to steady-state 
rawling, 
ell shape maintenan
e, and turning to a pre-determinedangle of rotation. The algorithm to e�e
t motion initially extends the lamellipod, until it isof suÆ
ient length to pull the 
ell body forward, approximately the diameter of the 
ell body.Then the 
ell body moves in the dire
tion of motion di
tated by the pH gradient, so thatthe velo
ity of 
ontra
tion is assumed equal to the average of bundle protrusion velo
ities.As in Wolgemuth et al. [2005℄, we do not represent the 
ell body expli
ity, but 
onsider it tobe at the tail end of 
ontra
ting and depolymerizing bundles in simulation. The front halfof the 
ell body is drawn in the following �gures to fa
ilitate visualization.In our �rst simulation, we model extension of the lamellipod and approa
h to steady-10



state shape and speed for the 
rawling 
ell. We normalize the 
ell to one dimensionless unitequals 10�m, or the length of the minor axis for an ellipti
 
ell body with a midrange of
urvature (k in Eq. (5)). To in
rease 
omputation time, we set one dimensionless video timeframe equal to 8 se
onds. Fig. 3 displays the results for nonlinear protrusion normal to theedge of the 
ell at t =4, 14, 24 and 30. In Fig. 3A, the lamellipod has extended, but the
ell body has not moved from its initial position. In Figs. 3B and 3C, the lamellipod hasrea
hed steady-state shape and the 
ell body has moved 4 dimensionless units. At t = 30 inFig. 3D, the 
ell has moved a little more than 5 spatial units, or 2.5 times its overall length.Converting to physi
al units, the 
ell body moved approximately 52�m in 208 se
onds (afterextension), for an average 
rawling speed of 15�m per minute.In our next simulation, we 
onsider the e�e
t of di�erent 
ell body shapes and sizes forthe steady-state lamellipodial shape and speed for the 
rawling 
ell, as in Zaja
 et al. [2008℄.The parameter k in Eq. (5) a�e
ts the initial shape of the assumed 
ell-body interfa
e,and we wish to test the 
onsisten
y of our equations for small perturbations in the initial
onditions. Fig. 4 graphs three di�erent simulations over 30 dimensionless time units forthree di�erent initial 
urvatures. Slides on the left side of Fig. 4 graph bundle extensionwithout 
ell body translo
ation at t = 4, and slides on the right side graph translo
ation andsteady-state shape after 30 time units. In Fig. 4A, bundles are 
lustered in the dire
tion ofmotion at extension, and this phenomenon persists into steady state, in spite of the algorithmto re
y
le bundles at the point along the 
ell edge with maximum radial distan
e betweenexisiting bundles. The ellipti
 
urvature of the 
ell body interfa
e appears almost 
at for thisvalue of k, so that 
ontour length is minimized and bundle density is maximized with thisinitial 
on�guration. Fig. 4B graphs results for midrange 
urvature, whi
h redu
es bundle
lustering in the dire
tion of motion, and delivers the maximal 
rawling velo
ity. Fig. 4Cgraphs results for a 
ell body with a large amount of 
urvature, maximizing initial 
ontourlength, and the bundle density appears relatively uniform from extension to steady-state.However, this 
on�guration redu
es 
rawling velo
ity slightly when 
ompared with minimaland midrange 
urvature results. While qualitatively similar, ea
h initial 
ondition produ
esa unique steady-state 
ontour as a result of bundle re
y
ling to maximize sti�ness of the
ytoskeleton over time.Fig. 5 displays four still shots taken from a video of a turning 
ell in A. suum. The 
ell11



in this video exe
utes a spontaneous turn, sin
e there is no obstru
tion to blo
k its initialdire
tion of motion. Fig. 5A displays the 
ell just before rotation, with a small protrusionon one lateral side of the lamellipod. In 5B, the 
ytoskeleton is breaking down on the rightside of the 
ell and a 
ontra
tion is initated near the 
ell body (dark area). In Fig. 5C, the
ell body begins to rotate toward its new dire
tion of motion as protrusion 
ontinues a
rossfrom it to establish a new leading edge. In Fig. 5D, the 
ell has almost 
ompleted its turn.Note the steady-state re
tangular shape of the lamellipod, extending to the new dire
tionof motion. The full video for this turning 
ell may be found at www.rohan.sdsu.edu/ dverzi(provided by T. M. Roberts of Florida State University). A link to a video on 
rawling inCaenorhabditis elegans (C. elegans) may also be found there (provided by C. Wolgemuthfrom University of Conne
ti
ut Health Center).Observations of turning 
ells suggest that a small asymmetri
 
ontra
tion and protrusionat the rear of the lamellipod pre
edes a rotation of the 
ell body, followed by a rapid relo
ationof �ber bundles to re-establish the steady-state shape of the lamellipod in the new dire
tionof motion. We next program a rotation of the 
ell body at t = 12, to simulate an asymmetri

ontra
tion, and observe our virtual 
ell's response in protrusion and dire
tion of motion.Fig. 6 graphs the evolving 
ontour of the turning 
ell after rotation of the 
ell body interfa
e,and 
orresponding rotation of the pH gradient in Eq. (2). Figs. 6A and 6B indi
ate steady-state extension and 
rawling in the dire
tion of the x-axis. However, in Fig. 6C, symmetryof the lamellipod has been broken, as bundles on the left side are longer. Sin
e the rate ofprotrusion is a fun
tion of pH in Eq. (3), the rotation has a�e
ted the dire
tion for gradedradial extension. In Fig. 6D, bundles on the left half of the 
ell are noti
eably longer, andtwo new bundles have formed there. Bundles on the right side have stopped growing, and
ell body translo
ation has 
aused them to shorten. Bundles have begun to bend awayfrom the newly established leading bundle that is extending in the new dire
tion of motion.Video of simulations found in this se
tion may be found at www.rohan.sdsu.edu/ dverzi.A 
ow
hart explaining user interfa
e, along with the MATLAB program, are also availablethere for download.
12



4 Con
lusionsThe phenomenologi
al model for bundle growth and re
y
ling supports in-vitro observationsof bundle bending and retrograde 
ow, steady 
rawling and turning for spermatozoa in A.suum. It provides a geometri
 platform in 
urvilinear 
oordinates to test more 
omplexmodels for dis
rete 
ytoskeletal elements in 
ell migration. The model does not 
onsiderphysi
al stresses to indu
e 
ontra
tion and adhesion, and how 
oordination of protrusion withthese pro
esses results in the steady gliding motion of nematode sperm 
ells. Retrograde 
owof �ber bundles is a

omplished through a 
ontra
tion-polymer re
y
ling algorithm, ratherthan 
omputed with physi
al prin
iples as in Mogilner and Verzi [2003℄. Nevertheless, themodel 
ontributes to an evolving theory for 
ause and e�e
t in 2D 
ell migration, withparti
ular emphasis on �lament bending along the lateral sides of the lamellipod and the
ontribution these 
omponents make to 
ell shape maintenan
e, a topi
 of study suggestedin Mogilner's review arti
le [2008℄.The fun
tion for rate of protrusion imposes graded inter
ollation of dimers on the grow-ing ends of dis
rete bundles. The growth rate and dire
tion for ea
h bundle vary over time,and are dependent upon the distan
e from the tip of the bundle to the 
ell body and theevolving shape of the lo
al 
ontour, respe
tively. Simulations in this paper return 
ell ob-served geometries and bundle bending [Roberts and Stewart, 2000; Zaja
 et al., 2008℄, andsupport the GRE hypothesis [Lee et al., 1993℄, maximizing the tip of the bundle's resistan
eto osmoti
 pressure [Mogilner and Oster, 2003; Wolgemuth et al., 2004℄. While this wasproposed for 
ell shape maintenan
e in 
rawling kerato
ytes, we believe this is the �rst timeit has been tested in simulation to reprodu
e the overall re
tangular shape of the lamellipodin 
rawling nematode sperm 
ells.Roberts and King [1991℄ 
on
luded that only the �ber 
omplexes in a limited se
tor atthe leading edge of the lamellipod undergo 
ontinuous elongation, while �bers outside thatregion be
ome displa
ed toward the sides and eventually stop growing as the 
ell movesforward over them. In our simulations for 
ells moving parallel to the x-axis, growth persistsfor bundles that extend towards the 
enter of the leading edge, and bundles along the lateralsides bend and redu
e their rate of growth as treadmilling de
reases their distan
e from thegrowing tip to the 
ell body. In Fig. 5, the turning 
ell establishes a new dire
tion of motion,and a new region for 
ontinuous growth, along with new regions for bundle bending at the13



lateral sides.The assumption that the 
ell body moves at the average speed of bundle growth (Eq.(4)) assumes a 
ontinuous 
ow of available dimers, resulting from depolymerization and
ontra
tion at the rear, 
onsistent with a 
ontinuum model based on 
onservation of mo-mentum [Mogilner and Verzi, 2003℄. Bundles along the lateral sides of the lamellipod growslower than the advan
ing 
ell body so that they appear to move ba
kward over time, un-til they are depolymerized. This retrograde 
ow, growth normal to the lo
al 
ontour, andthe nonlinear growth rate in Eq. (3) are the 
omponents that give the virtual lamellipod itsroughly re
tangular shape and the �ber bundles their bending pro�le, similar to experimentalobservations.Rather than assuming 
onservation of total MSP in various states from dimer to �ber
omplex, we assume 
onservation of bundles, initiating a new bundle when one is depoly-merized. We assume MPOP proteins are distributed uniformly a
ross the lamellipod, andavailable for a
tivation by a 
ytoplasmi
 protein to initiate a new site for polymerization,bundling and protrusion whenever a bundle is absorbed under the advan
ing 
ell body. Thenew a
tivation site is based on greatest distan
e between existing bundles, in response to
omments in the literature that the 
ytoskeleton is dense a
ross the lamellipod [Robertsand Stewart, 2000℄. With the above assumptions, simulations in this paper demonstratea steady-state motion of approximately 15�m/minute, and 
ell geometries 
onsistent withexperimental observations for A. suum spermatozoa [Roberts and Stewart, 2000℄. Varia-tions in speed in Fig. 4, based on 
urvature of the 
ell body and the length of its interfa
ewith the lamellipod, suggest a relationship between 
ontour shape/size and velo
ity, 
on-sistent with laboratory measurements and simulations for spermatozoa from the nematodeCaenorhabditis elegans (C. elegans) [Zaja
 et al., 2008℄.In vitro observations of turning in nematode sperm 
ells do
ument a bulge that forms ona lateral side whi
h shortly thereafter be
omes the new leading edge, so that growth is morerapid on that side, and arrested on the opposing side. [Roberts and Stewart, 1995; Sepsenwoland Taft, 1990℄. Our simulation for 
ell turning assumes an asymmetri
 
ontra
tion o

ursfrom asymmetri
 depolymerization, and the 
ell body rotates behind the 
ontra
tion, basedon the notion of motion 
ontrol from the rear in nematode sperm [Bottino et al., 2002;Mogilner and Verzi, 2003℄, mediated by rotation of a proton sour
e in the mito
hondria.14



The simulated rotation of the 
ell body in Fig. 5 also rotates the pH fun
tion in Eq. (2)with respe
t to the 
rawling surfa
e, 
ausing a relo
ation of bundles that 
ontinue to grow,and bending bundles that treadmill rearward, de
reasing their rate of growth with distan
efrom the 
ell body. The evolving pro�le for the turning 
ell is 
onsistent with in vitro videosfor spermatozoa of A. suum [Roberts and Stewart, 2000; Italiano et al., 2001℄, and with
omments in the literature that the formation of �ber 
omplexes are integral in determiningthe lo
ation of new surfa
e protrusions and thereby the dire
tion of motion [Roberts andStewart, 1995℄.5 Dis
ussionTo reprodu
e geometry and motion for 
ell migration in A. suum, we 
on
entrated on 
ontri-butions from the more rigid �ber 
omplexes or bundles. With pH-regulated bundle growthperpendi
ular to the evolving membrane of the lamellipod, the treadmiiling 
ytoskeletona

omplishes forward translo
ation, �lament bending and 
ontour patterns observed in ex-perimental laboratories. The phenomenologi
al model does not dire
tly 
onsider di�usionof dimers, me
hani
s of 
ontra
tion, and substrate adhesion, but rather builds their 
on-tribution impli
itly into the algorithm or assumes their suÆ
ient presen
e. Polymerizationand depolymerization, and the asso
iated for
es of extension and 
ontra
tion, are 
oupled[Italiano et al., 1999; Wolgemuth et al., 2005; Zaja
 et al., 2008℄, and in steady-state motion,the rate of dimer polymerization and bundling must equal the rate of depolymerization andunbundling. We reason that polymerization results in motion of the forward boundary anddepolymerization in translo
ation of the rear boundary, so that equal rates of these pro
essesshould result in equal velo
ities of protrusion and 
ontra
tion. This lead us to model 
ellbody motion as the average of bundle protrusions on
e the lamellipod is of suÆ
ient lengthto translo
ate the 
ell body.In steady-state 
rawling, symmetri
 
ontra
tile for
es seem to originate under the 
ellbody and extend into the region just in front of the lamellipodial interfa
e. Unfortunately,the opague nature of the 
ell body inhibits observation of lamellipodial dynami
s beneathit. However, when we observe videos for spontaneous turning in A. suum [Roberts andStewart, 2000℄, assymetri
 protrusion and 
ontra
tion appear to o

ur simultaneously and15



a
ross from ea
h other. The turn begins as a small bulge on a lateral side near the 
ell body,with a shadowed area of 
ontra
tion of similar size near the 
ell body on the opposite side.On the other hand, Sepsenwol and Taft [1990℄ do
ument a sperm from A. suum turningin response to 
onta
t with an obsta
le in its path. Still shots from a video-DIC sequen
edisplay little 
ontra
tion on the lateral side of a lamellipod when it 
onta
ts another sperm
ell. Instead, the slides seem to indi
ate that the lamellipod 
ontra
ts front-to-rear, as itsimultaneously extends the side opposite the 
onta
t point to establish a new leading edgeand a new dire
tion of motion. Rotation of the 
ell body appears to be primarily in responseto the for
es of protrusion. Sepsenwol and Taft [1990℄ also 
omment on observations of spermaltering their dire
tion when another sperm passes by, even without 
onta
t.For a next step for the modeling pro
ess, we suggest a 2D me
hani
al model to extend thework of Mogilner-Verzi [2003℄ for 
onservation equations that tra
k densities of 
ytoskeletalbundles, free MSP dimers and atta
hment nodes, or hydrophobi
 pat
hes. A 
ontinuummodel built on this platform in 
urvilinear 
oordinates that 
onsiders longitudinal distan
efrom the 
ell body and angular distan
e from the dire
tion of motion 
ould provide newinsights into the 2D nature of pH regulation and the 
oupling between extension and 
on-tra
tion. One might additionally test how 
hanges in the external environment may 
ausethe 
ell to 
hange dire
tion by varying boundary 
onditions. Many open questions remainin modeling 
ell migration. For example, what is the stimulus that initiates motion; howdo elements in the external medium a�e
t 
ell signalling, or what is the 
hemi
al/biologi
al
onne
tion for pH regulation? It seems for every answer, one gets two new questions. Nev-ertheless, ea
h answer helps us to better understand this 
omplex phenomenon.6 A
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Fig. 1 Top and Side Views of Nematode Sperm Cell. (Topview) S
hemati
showing 
riti
al stru
tures for spermatozoon of A. suum: (A) Points to leading edge of thelamellipod, (B) a membrane bound vesi
le where the polymerization rea
tions take pla
e,and (C) a 
ytoskeletal bundle whi
h is assembled at the leading edge and disassembled 
loserto the 
ell body. (Sideview) Depi
ts spatial separation of protrusion/polymerization and
ontra
tion/depolymerization. The triangles along the bottom illustrate de
reasing strengthof adhesion from front to ba
k. The nu
leus and organelles are at the rear, with a relatively
at lamellipod at the front.Fig. 2. Geometry of protrusion. Protrusion initiates at the set of points (x0i),equally spa
ed along the leading edge of the 
ell body, using trigonometry to determine theslope of equiangular rays from the 
enter of the 
ell. Protrusion of the 
ytoskeleton advan
esthe gel forward as bundles advan
e rearward from inter
ollation of new dimers at the 
ell'sedge. The dire
tion for growth at point 
 is determined from graded protrusion along ave
tor normal to the se
ant line 
onne
ting points a and b. Over time, the tip of ea
h bun-dle appears to glide rearward along the edge of the 
ell, so that the normal ve
tor 
hangesdire
tion with 
urvature, and the bundles appear to bend. When the bundle at point b isabsorbed near the 
ell body, the membrane protein at point d will initiate growth of a new
ytoskeletal bundle, so that the total number of bundles is �xed over time.Fig. 3. Simulation for steady-state 
rawling. Graphs evolving 
ontour of thelamellipod for a 
ell body with midrange 
urvature, k = 0:5 in Eq. (5). Simulation withnonlinear protrusion normal to the edge of the 
ell is graphed over four frozen moments intime. (A) At t = 4, the lamellipod extends but the 
ell body remains stationary. (B) After14 units of time, the lamellipod is fully extended and the 
ell has moved one 
ell-length. (C)At t = 24, the lamellipod 
ontinues to 
rawl with a steady-state shape. (D) After 30 timeunits, the 
ell has migrated 2.5 
ell lengths. While overall 
ell shape remains 
onstant afterextension, individual bundles re
y
le MSP dimers over spa
e and time.
19



Fig. 4. Steady state shape. Results of three simulations for the 
rawling 
ell, varyinginitial shape, or 
urvature of the 
ell body from (k in Eq. (5)), and �xing 15 bundles per 
ellin ea
h simulation. Slides on the left graph extension without 
ell body translo
ation aftert = 8, while slides on the right show translo
ation and steady-state shape of the 
ell aftert = 30. (A) A very 
at 
ell body shape, (k = 0:2) tends to bun
h MSP bundles in the dire
-tion of motion, resulting in translo
ation of 5 dimensionless units. (B) Midrange 
urvature(k = 0:5) results in more spatial separation between bundles in the dire
tion of motion and atranslo
ation of 5.25 dimensionless units. (C) A very 
urved 
ell body (k = 0:8) results in arelatively uniform distribution of bundles at steady-state, and a translo
ation of 4.25 spatialunits. Maximum velo
ity over these simulations o

urs for the 
ell with midrange 
urvature.Fig. 5. Ar
hival still shots of a turning sperm for A. suum. Reprodu
ed, withpermission, from video provided by T. M. Roberts, Florida State University. (A) The 
elljust before the turn: Note the small protrusion right and shadowed area of 
ontra
tion leftnear the 
ell body. (B) The 
ytoskeleton has broken down in the lamellipod above the 
on-tra
tion area and the old leading edge appears to re
ede. (C) The 
ell body rotates to itsnew dire
tion of motion. (D) Protrusion re-establishes the steady-state re
tangular shapeof the lamellipod, extending in the new dire
tion of motion.Fig. 6. Simulating the turning the 
ell. Images of the evolving 
ontour, resultingfrom rotation of the 
ell body, and 
orresponding to rotation of the pH gradient, whi
h, overtime, a�e
ts the lo
al rate of protrusion. (A) At t = 4, the lamellipod is protruding from a
ell body with a high level of initial 
urvature. (B) After 11 time units, just prior to rotation,the 
ell body translo
ates behind the treadmilling lamellipod. (C) A slight rotation of the
ell body o

urs at t = 12, and we graph response at t = 13: Bundle symmetry has beenbroken so that bundles on the lateral left side are longer. (D) At t = 16, bundles on the lefthalf of the 
ell have grown rapidly, and two new bundles have formed there, while bundleson the right side have stopped growing. The 
urvature of bundles on the lateral left sideindi
ates a rapid 
hange in the 
ell's 
ontour, and a new leading edge for the lamellipod.
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