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Interpreting two-photon imaging data of lymphocyte motility
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Recently, using two-photon imaging it has been found that the movemdéheofi T cells in lymph nodes

can be described by a random walk with persistence of orientation in the range of 2 minutes. We interpret this
new class of lymphocyte motility data within a theoretical model. The model considers cell movement to be
composed of the movement of subunits of the cell membrane. In this way movement and deformation of the
cell are correlated to each other. We find that, indeed, the lymphocyte movement in lymph nodes can best be
described as a random walk with persistence of orientation. The assumption of motility induced cell elongation
is consistent with the data. Within the framework of our model the two-photon data suggekaaB cells

are in a single velocity state with large stochastic width. The alternative of three different velocity states with
frequent changes of their state and small stochastic width is less likely. Two velocity states can be excluded.
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[. INTRODUCTION erties such as cell shape, surface molecules, organelles, or
Jpther internal structurefll]. It is derived from the Ising
model and extends the latter to multiple spin states. A cell is
defined by all volume elements that are in the same spin
State. Movements, or more general changes on the lattice, are
can be considered to be representative of real in vivo behalven by a Boltzmann law at some biological temperature.
ior. Recently, this method has been appliedBtaells (BC) The contributions to the energy term in the Boltzmann-
exponential define the cellular dynamics and interactions. In

andT cells(TC) in lymph nodes of micél,2]. Lymph nodes ; ;
are prominent secondary lymphoid organs in which the inSlightly more general terms the Potts model can be described

teraction of lymphocytes and antigen presenting cells is ordS & polfential—b_azed thermodyrrllamicgl model. ¢ its neigh
ganised. The motility of lymphocytes within secondary lym- Ace subunit has to adopt't € spin states of its neig por
phoid organs is still a matter of controversy. BC and TcPoint for cell movement. In this way every cell movement is
express and regulate chemokine recep{@s5] and may intrinsically correlated with a change of cell volume. On
therefore move according to chemotaxis or haptotaxis. IAonger time scales these volume fluctuations are averaged

contrast to this hypothesis, two-photon data seem to favorr%Ut’ at least if a volume conserving potential is included in

. : e energy entering the Boltzmann law. A peculiarity of this
random walk of lymphocytes at least in the outer region o concept is that cells composed of one volume element only

The method of two-photon imaging has opened up a ne
way to generate data on cell motility in vivo. This method
allows tracking of cell movement in living organs with only
minimum disturbance. Therefore, the behavior of the cell

are in some sense immobile: Either the cell with a single

‘We aim to develop a model that describes lymphocyt§qj me element disappears by a spin flip or it doubles its
migration in secondary lymphoid organs and revisit the in~,olyme. It is inferred that if the Potts model is to be applied

terpretation of the results found with two-photon imaging. Astg cells with small numbers of subunits, additional rules have
the data show a stochastic variation of cell motility we aretg pe included.

restricted to the class of stochastic models. Assuming that In the fo”owing we discuss an a|ternative mode| architec-
cell shape and motility are closely interlinked with eachtyre which intrinsically includes the one- and the multi-
other[7], the cell cannot be represented by a point but has t@upunit limit within one concept. This opens up the possibil-
be spatially resolved to some extent. Thus, within lattice defty of determining the lattice constant by the size of the
scriptions, the lattice has to be of higher resolution than themallest cell in the system under consideration, which then
cell diameter. Altematively, one may introduce flexible cell Wou'd be described by a Sing|e Volume e|ement_ The CPU
objects as was done [i8-10], and which will be discussed |oad could be limited in this way when it is not the substruc-
separately. ture of the cells that is interesting but their differences in
The extended Potts model is the classical approach for thggiume.
description of cells at a subcellular |EVE|, i.e., inClUding prop-  As cells are W|de|y incompressib]e objects we aim to use
a mechanism of cell movement that conserves the total vol-
ume of the cellif no growth or shrinking is intendgdin our
*Author to whom correspondence should be addressed: Frankfurtew model, denoted by the Greek word for tisbyghasma
Institute for Advanced Studie§-IAS), Johann Wolfgang Goethe- in the following, all reaction kinetics are formulated as reac-
University, Max von Laue Str. 1, 60438 Frankfurt/Main, Germany. tion rates and actions are taken according to probabilistic
Email address: M.Meyer-Hermann@fias.uni-frankfurt.de decisions. In contrast to the potential-based Potts model the
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physical movement of the cells is formulated in terms ofbalance equation for the cell subunits is not necessarily a
forces acting on subunits of the cell. correct description of active processes of deformation and
In this paper we will first introduce the model concept in reshaping of cells. Thus the interpretation of cell subunit
Sec. Il and then apply it to lymphocytes. We will analyze andvelocities in terms of forces has to be considered as an ap-
interpret two-photon motility data in the framework by-  proximation to more complex internal processes within the
phasmain Sec. lll. cell. In the present investigation we do not make use of this
interpretation and focus on the movement of free cells, thus
neglecting chemotaxis and adhesion to other cells. Thus we
directly use the cell velocity as found in experiment as input
A. General considerations for the model.
The new model for cell motility aims at capturing cell In the following we pase the k_|net|cs of t_he cell subunits
deformations and displacement in an agent-based model co(rjlf.] two types of veIo_c:lty:(Q undwgcted active movement
. ) with persistence of orientation, artii) cell reshaping.
cept. Single subunit agent-based models are excluded for
three reasons: First, the cell volume is not adequately repre-
sented. Second, cell deformations can not be explicitly rep- B. Active cell movement
resented. Finally, the velocity distributions as found in the
two-photon imaging experiments cannot be reproduced. The The normed orientation vect@ determines the direction
last point follows from the fact that displacements have bee®f the active movement of a cell. This vector represents an
recorded at intervals of 10 minutes: The lattice resolution i®verall polarity of the cell which in reality is a complex
determined by the cell volume for single subunit models. Atfunction of internal organisation of the cytoskeleton as well
that resolution the cells have to overcome a large distancas localized signal pathwayg. may be considered as an
within a single time step for every movement. In order toapproximation for the direction in which protrusions are de-
respect the average velocity such large distance movementgloped by the cell that induce cell movement. The orienta-
have to be rare events, thus leading to a rather discontinuoti®n vector is assumed to change randomly with a probability
velocity distribution(in contrast to the experimental resylts per time step that represents the persistence Atpgsi; i.€.,
Thus a correct description of cell volume and velocity distri-the inverse rate of change of orientation.
bution exclude each other in a single subunit agent-based Each individual cell has at least one active velocity state
model. Vactive determining the probability of subunit movement in
In the two-photon imaging experiment cell tracks weredirectionp. The active movement of the cell is performed by
projected onto a two-dimensional plane. The authors foundhe following procedurdsee Fig. 1: The barycenter of the
that most cells “preferentially moved parallel to the overly- cell b is virtually shifted in the direction of to the border of
ing capsule[1]. Therefore, as a first step, two-dimensional the cell b.

imulati b idered d imation f vitual- 1hen every subunit representing a border
simulations can pé considered as a good approximation Opgoint of the cell is moved in random order towards free lat-
these data. The influence of the third dimension will be an

vzed in fut K ice points near the virtual barycenfesee Eq(2)]. When a

yzed In Tuture work. . . border subunit which is not a direct neighbor of its target

. The model hyphasma IS b_aseo_l on r_ather s_|mple assurnlB’oint (e.g., a subunit on the back of the ¢a§ moved, this
tions, thus following a reductionalist point of view. Ce"f?b' procedure corresponds to a shift of the cytosol through the
chtfs a:je _repSreserlllted byl_the ;:ell I\I/olug1e,_the Ced” _DOW'QI/ whole cell. Note that in the present model all subunits carry
( ? ined n ec'Th B a” |st|o ced subunits, a;]n mte[)na he same properties. It is only when the subunits store other
velocity states. The cell volume determines the number of,.,herties, such as for example integrin expression, that an
cell subunitsN according to the space resolutidx. The

loci - ated i babilit £ subuni explicit copy algorithm of properties has to be used. When
velocity statey Is translated into probabilities of SUBUNIt yhe moyement of a border subunit would cause the subunits
movements,ove IN the direction of the cell polarity ac-

di he ti utiod S of the cell to become disconnected the movement is sup-
cording to the time resolutioat (compare Sec. Il B pressed. For example, a subunit in the middle of a tail with a
Cell velocity states are observable in experiments but they : 4, of one subunit only cannot be moved

are difficult to relate to internal cell properties. The velocities "\ e that the border subunits are not necessarily moved to
v; of the subunits as observed in the model results, however . - i
mav be related to phvsical forcés according to the over- the target point nearest tm;,, because this would lead to

y phy & 9 movements reflecting the lattice symmetry. Instead, we allow
damped force equation:

for deviations from the nearest target point and in this way

G =F /v (1) reduce anisotr.opic effec.ts on the cell mqvement. Within the
=it set of free neighbor points of the cell, i.e., possible target

where y, represents friction antldenotes the subunit under points, only those points are considered which are within a

consideration. In this picture the velocities of the subunitsdistanced; of the virtual barycenter, where

are the result of a force balan@hat may include reshaping

cell forces, forces due to active cell motility towards a

chemokine, etg. The v arise as a result of a number of

processes, for example, the viscosity of the cytosol within a

cell, and adhesion between cells. Note, however, that a forceith

Il. DEFINITION OF THE MODEL

di < e(dfar - dnean) + dnean (2)
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HEEEPCEEEE EEEEEEEEE choice of Eq.(2) is arbitrary. Alternative descriptions with

T 1] EEEE EEE | PR similar general properties are not distinguishable within the

1 Innln EE EHE *a_ﬁ_.].. accuracy of the model.

B OE =i il TR I F  EER The displacement of subunits is stopped when either no

BBz =  EEE W | mEE border subunit remains to be moved or the barycenter of the
— EE  EEEE cell has been displaced by one lattice constant. In the new

B SHEN e state the cell has reorganized its membrane and thus changed

EESNNEEEE EENNNEEENE its shape. Thereby the total volunithe cell area in two

dimensions of the cell is conserved. Thus the movement of

EEEESENEEE EEEEEEEERE the cell barycenter is realized by subunit rearrangements, and

HER | I PEER BEERE ||| BB inherentlycouples the cell movement to its deformation

HBER I TR EBEN [ | The velocity state of the cell determines the rate with

[ 1N HEE EBEER | [ R which the whole procedure is started, which translates into a

B OOCMENE EEOODCTEOmE  movement probabilty

EE SHEN EEEEEEEENE 1AL

EEENNEEEN EEEEEEEEN Pacive™ "\ Vacive (4)

FIG. 1. A schematic description of cell movement by subunit . . .
rearrangement around a virtual barycenter. Immobile cell subunit¥/ith At and Ax being the time and space resolution, respec-
are shown in light grey, border subunits that may be moved irfively. Note that instead of moving all subunits within a
white, putative free target points in dark grey, and other points inSingle time step their movement may be distributed spn
black. The current barycenter is denoted by the dot, and the cef* 1 time steps. Then only a fraction %/of the subunits is
polarity by the arrow attached to it. The arrow points the position ofmoved per time step. This parametbeside the lattice con-
the virtual barycenter at the border of the cell. The starting positiorstantAx) changes the stochastic variability of the cell move-
is shown on the top left. A random white subunit is chosen andment.
moved towards the target point nearest to the virtual barycenter It is worth mentioning that the algorithm for rearrange-
(open arrow upper panelThe result is shown in the lower panel. ment of the cell subunits does not belong to the class of
Note that cell subunits that are neighbors of the target point ar¢/arkov processes iN>1: Within every time step the sub-
removed from theto movelist (turning them from white to light ynits of a cell which have already moved determine which
grey. In the upper right panel another randdmihite) subunit is  sypunits may still be moved. However, all other processes
moved towards the target point nearest to the virtual barycentefre Markov-like. For example, the change of orientation de-
(open arrow. In that case the moved subunit is at the back of thepends neither on the time passed since the last change nor on
cell and all cytosol subunits in between are shifted correspondinglythe present or previous orientation.

The result is shown in the lower left panel. The procedure is re- Within this model framework every cell optionally can

peatedthe open arrow in the lower left panel shows a possible next, o 4 giferent velocity states that are characterized by dif-
step until all white subunits have been moved or removed from the

to movelist. A possible final constellation with a recalculated bary- fergntthmea? a.(t:tlvet Vtek?c'tle%i I}hzy a{;-)] adoptgdbr.??domly
center is shown in the lower right panel. an € velocity state 1S switched with a probabiiity corre-

sponding to a persistence time of velocity staM§i. The
latter can be constant for all states or may be shorter for

dar_dnear . . . .
eXp(— 'ad—) +pB states with higher velocities. The assumption of more than
6= 1+ gex p(— d,a,—dnear)’ 3 one velocity state for the active movement of cells will be
B ahear further discussed and compared to two-photon imaging data
in Sec. Il

and di,, and d,e,, are, respectively, the distance of furthest
and nearest point to the virtual barycenter within the set of
free neighbor points of the cell. The target point is chosen
randomly within this reduced set of points. In the limit of  The second ingredient of the cell motility model concerns
a—0 and 8=0 only the target point nearest to the virtual the cell shape stability7]. During the procedure of active
barycenter is considered. Large valuesoofand 8 reduce cell movement all forces that reshape the cell towards a
anisotropy but also limit cell elongation. We chose the smallsphere, i.e., hydrostatic pressure, reduced actin filament as-
est values such that anisotropic effects are not detectable lembly, actomyosin contraction, or membrane surface ten-
eye, leading tow=B=0.2. However, the model behavior is sion, are ignored. All these forces are included in a single
robust against changes of these values as long as both valueshaping force. This overall elastic force drives the subunits
remain in the range between 0.1 and 0.4. of an elongated cell back to the current barycenter and pro-

The tolerated deviations from the target point nearest tanotes a spherical shape. Note that we do not attempt to
the virtual barycenter as described by E?).are designed to describe the intracellular processes that underlie this total
be adaptive to the deformation state of the cell. For large cellearrangement in detail. The concentration of all these
deformationdi.e., di; > dpeq) 06— B holds, whiled=1 foran  mechanisms into a single force on the cell subunits has to be
ideal spherical cell(i.e., di,,=d,ea)- However, the exact considered as a phenomenological approximation.

C. Cell reshaping
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In complete analogy to the active cell movement, cellduces a persistence of the random walk proportional to the
reshaping is represented by a veloaity,,.0f the cell sub- lattice constantAx. Therefore the diffusion constant would
units, which transforms into a cell border subunit movementhave to be interpreted relative to the lattice resolution. This
probability pgyape @ccording to Eq(4) with »=1. Subunits ambiguity is avoided by relying on velocities. However, an
that are far from the barycenter are preferentially moved, i.e gffective diffusion constant can be attributed to the move-
if d; is the distance of subunitto the barycenter, then the ment by interpreting the persistence tifig,q;s;of the ori-

subunit is moved with probability entation of the celltogether with the mean velocity of active
movementu,ve as lattice constanhx,esis:0f a virtual lat-
= diNporder (5) tice, in which the orientation is changed in every time step:
P pShaperorder '

E dj Dpersis= Poersi ﬂfw
]_1 persist peI‘SISTZdAtperSiSt
All' Nporger bOrder subunits are moved in random order. It is At AR At
worth emphasizing that the results presented below are found = Vpctive oS persist 72 —Pelsist - (g)
also for the simpler assumptign=pshape Axpersisi?dAtpersist 2d
The target point of every moved subunit is the free latticeyith d the dimension of the lattice.
point nearest to the current barycenter. Note that in contrast The stochastic diversity of the results nevertheless de-
to the case of active movement no deviation is tolerfited  pends on the spatial resolution for small numbers of sub-
@=0.01 and3=10"in Eq. (3)]. The reshaping forces should ynits. Within that diversity we can test that the results are
vanish for a spherical cell. We assume the reshaping processdependent of the lattice constait by performing in silico
to scale with the elongation of the cedt)=di,(t)/cei, @S @ experiments in a regime where the stochastic width is prima-
spring. Heredy,(t) denotes the distance of the subunit far-rily due to the probabilistic nature of the model and not due
thest from the barycenter at tinteandr the radius of the to small numbers of subunits.
hypothetical spherical cell with the same voluieWe as-
sume that the reshaping force saturates for long elongations,
setting an upper limit to the velocity of the intracellular
mechanisms that reorganize the cell shape. This is described The application of this model to specific cell types in-
by a Hill equation with Hill coefficient 1: volves a small number of parameters only. Given the size of
et -1 the cells the lattice constartx determines the number of
~Vshape e -5 (6)  cell subunitsN that represent the cell in the model. The cell
e(t) +K.-2 properties to be determined for every cell type incl@dehe
with U_shapethe asymptotic subunit velocity ari, the elon- number _of velocity states for acti\_/_e movement and th_e cor-
gation that corresponds to half of the maximum reshapind€SPOnding mean velocitias,cye (i) the persistence time
force. The direction of reshaping forces is defined by the®lpersistfor every active velocity statéiii) the reshaping ve-
difference vector between the subunit under consideratiofPCity Usnape @nd(iv) the elongation corresponding to the half

and the barycenter. Equatié8) enters the simulation via the Maximum reshaping forck,. The artificial parameter that
subunit movement probability calculated with E@) for distributes the active cell movement on different time steps is

t) and n=1 used to adapt the stochastic variability of the model behavior.
Vsnapdt) and =1, The natural choice ig=1, i.e., all subunit d withi
We would like to make the additional remark that the '€ natural choice iy=1, 1.€., all Subunits aré movead within

reshaping velocity may be interpreted as corresponding to aji€ Same time step. The parameterand j, which reduce

elastic force where all forces acting on the border subunits oftnisotropic effects, are considered to be model Intrinsic and
. > will be kept constant. There are no further parameters in the
the cell according to Eql) are summed up t&gpsic The

IIl. RESULTS

vshapét) =

. ) . model.
elastic force per surface ardais the tensile stress of the
cell which can be related to the elasticity modukis
R A. A purely stochastic interpretation of the data
o= |Fetastid _ EAXmax_ Feell _ E(e—1). @) In the following we see if the in vivo measurement of TC
A I cell and BC moaitility in lymph node§1] can be repeated in silico

: using our model. The resolution of the lattice is setAto
If these properties are measured for the cell type under con-

sideration, then the reshaping velocity may be calcu- =0.4 um. This implies TC and BC to consist 8f=241 sub-
’ . ping Yhape May units. As for the in vivo case, cell velocities are measured at
lated, thus providing a consistency check.

intervals of 10 seconds in silidmote that the time interval is
relevant and changes the general properties of the measure-
ment[12]). Time courses have been registered for 12 min-
On the conceptual level the model is fully formulated in utes. A total of 3277 measurements for TC and 3251 for BC
terms that are independent of the time or space resolution. lhave been carried out in vid]. Thus the number of cells to
particular, a formulation in terms of subunit velocities in- be observed is determined to be 46. The mean velocity in
stead of diffusion constants is essential in this context. Usingilico is fixed to the mean value measured in vivoodf;,.
diffusion constants to define cell motility effectively intro- =10.8 um/min for TC and tovSS,,.=5.1 um/min, slightly

D. Space resolution
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FIG. 2. The in silico time courses of velocity, shape index, and their prddisfined in Eq.(9)] for TC (left panel$ and BC (right
panel3. A single active velocity state is assumgd.8 um/min for TC and 5.1um/min for BO). The spatial resolution is 0.4m.

below the measured mean value for B&&e below for ex- movements of some subunits around the optimal shape even
planation. The orientation persistence of the cells has beenvhen little or no active movement occurs. This always in-
found in vivo to be between 1 and 3 minutes. Thus the valueluces small displacements of the barycenter.
of Atyersise2 minutes is assumed in silico. The reshaping The stochastic nature of the in silico experiment is also
force, and the elongation corresponding to the half maximunthe origin of the changes between fast and slow active move-
reshaping force are chosen such that the shape index is in theents of the cells. Thus the diversity of observed cell veloci-
correct range. The shape index is defined as the ratio of thiges is a pure result of stochasticity and not of active changes
axis length in direction of cell polarity to the axis length of cell states.
perpendicular to it. Note that the direction of cell polarity
does not necessarily coincide with the long axis. However, it
turns out that this is a good approximation to the ratio of the The time courses of the shape ind@kefined as ratio of
real longest to shortest axis. This infaTgang mum/min  long to short axisare shown for TC and BC in Fig. @en-
and KI®=2.5 for TC, while for BC,ESB,%pe:4 um/min and  tral panel$. TC show strong alterations between elongated
KBC=1.3. and sphericalshape index of Jlstates. The shape index of
BC shows fewer alterations and is bounded by the value of 2.
The range of the shape index is determined by both the
The time courses of single representative TC and BC aassumed mean velocity of the cells and the reshaping forces.
found by the model are shown in Fig. 2. The time courseThe mean velocities are determined by the velocity distribu-
shows maximum velocity around 2&m/min for TC and tion found by two-photon imaging. The difference in mean
around 14um/min for BC (with single higher peak veloci- velocity between TC and BC reduces BC elongations con-
ties), as found in vivo(see[1], Fig. 2C and D. TC and BC  siderably. Thus the lymphocyte motility already determines,
are rarely found at rest. In silico this is related to randomto a large degree, cell shape stability. However, in vivo two-

2. Time course of shape index

1. Velocity time course
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photon data still show less elongation for BC. The larger 20 a3
reshaping forces in BC that have been assumed here account 18 B invivo
for that difference. & 12 B insilico
The width of the shape index alterations are—as for the & 1,
velocity time course—a result of stochasticity only. :f* 10
g 8
3. Correlation of velocity and shape index S Z
The correlation of cell velocity and cell elongation is in- 2
trinsic to the model as cell migration is realized by the move- 00 5 10 15 20 925 30 35 40
ment of its subunits. We calculate this correlaf@ior single (@) TC velocity [pm/min]
time courses according to 20 e
3266 — o 18 M in vivo
— 2 (81;) = o) ((t) —v) ) o 16 O insilico
< T 3266 3266 12’ & 1‘21 i
2 (8(1t) = 82> (u(t) —v)? 10
=1 k=1 g 8
_ 3 6
whered andv denote the mean values of the shape index and © oy
velocity, respectively. The correlation fulfills the condition 2 f}H-u.
—1=<c=1. Values near 1 or -1 correspond to strong positive 85 E 48 iE B B @ &
or negative correlation of velocity and elongation, respec- (b) BC velocity [;:m/min]
tively, while values near 0 are adopted in case of uncorrela- r
tion. The time course of the product in the numerator is 45 ~
shown in Fig. 2(lower panels This value is not the corre- 2
lation itself but a measure of the contribution of a specific Z
cell to the correlation at every time point. The product is g 15
dominantly positive and reflects the coupling of cell motility 2
to cell elongation. Interestingly, negative products in most § 10
cases occur after changes of orientation of the cells. The cells © 5
have to repolarize after changes of orientation such that the FITFL ’_I-\FIWrIerqrn
directions of movement and of elongation are uncorrelated 01.0 15 B0 95 B0 35 4D *55*;0 Ryt
for a short period. This is even more pronounced the more ., TG shpe index
the cells are elongated. Indeed, the correlatiocFi80% for
TC and 54% for BC in the case shown in Fig. 2. More 25 —H¢
generally the average over 46 simulationscis32% +9% 5 %
for TC and 58% +9% for BC. Thus, the reorientation phases ©
reduce the correlation found for rather elongated TC com- 2 15
pared to more spherical BC. oy
F10
3
4. Velocity distribution ¥ 5 m
The velocities measured in silico in the time courses of 46 FIL};;
TC and BC are summed up and presented in a histogram as 1.0 15 20 25 30 35 40 45 50 55 6.0
average counts per cell including one standard devidtiea @ BC shape index

Fig. 3(@),(b)). The in vivo results are reproduced for com-
parison(see black bajs According to the assumption of a

single velocity state we find smooth velocity distributions for [panels(a) and ()] and BC[panels(b) and (d)]. The error bars

both cell dtype?]. The width ?jf the TC d'i’t”bUtl'lon 'Sh Iarg_sr correspond to one standard deviation and the stars to the total mean
compared to that for BC and corresponds well to the wi ﬂ\/alues observed in silico. The dark grey bars show the in vivo

found in vivo for both TC a“‘?‘ BC. Note thf"‘t the width has results([1], Fig. 2C and D; data kindly provided by Mark Miller

not been fitted. We usegi=1, i.e., all subunits of a cell are 4nq michael Cahalan

moved within the same time step for both cell types. Thus,

the resulting width is a prediction of the model and can be

interpreted as the natural stochastic width that results fronthe total sum of all in vivo observed velocitiésee[1], Fig.

the values used for cell velocity and reshaping forces. 2C and D by multiplying the average counts with the total
The maximum of the velocity distributiofaveraged per number(46) of considered cells. At the maximum of the

cell) is larger for BC than for TC. A higher maximum value velocity distribution this leads to 515+138 counts for TC

appears to result in a smaller width of the velocity distribu-and 667+138 for BC. The in vivo values of 622 and 778,

tion for BC. The values can be compared quantitatively torespectively, lie within one standard deviation.

FIG. 3. For the in silico experiment in Fig. 2, the velocity and
shape index distributions are averaged over all 46 considered TC
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The mean velocity of TC is found to be 10.4n/min and 150
corresponds to the value assumed for active movement of TC
10.8 um/min. This is in no way self-evident and depends on
the relation of cell movement induced by reshaping forces
and active movement. The assumed value determines only
the latter. Thus we can conclude that only a minor part of TC 50
movement is due to reshaping forces acting on deformed
cells. For BC the mean velocity is found to be @& /min
which compares with 6.4m/min in vivo. This value is
larger than the value assumed for active movement of
5.1 um/min. This points to a larger fraction of BC move- 50 &
ment as a result of cell reshaping forces.

For a more quantitative comparison with the experimental
data we calculate a deviation factor -100

100 ¢

-150 : :
(10 2150 -100 50

N
1 ) ~n™ 50 00 150

= 1 0
NUONES n(i™®) (a) x [pm]
wheren(v;) andn(v;*®) are the counts at velocity, in silico 150 , : : : :
and in vivo, respectively, anl is the total number of counts. BC
This leads too54TC)=0.54 anda54BC)=0.38 for the T 00

cells and B cells in Fig. 3, respectively. For both cell types
the deviation factor is dominated by the velocity counts at
10 um/min. Simulations with more than a single velocity 50
state of the cells will be compared with these values.

T
5. Shape index distribution i 0

In analogy to the velocity distribution, a shape index dis-
tribution is evaluated on the basis of 46 TC and &€e Fig. -50 ¢
3(c),(d)). The shape index distribution is similar to the veloc-
ity distribution. However, due to the larger reshaping forces 100 |
in BC the model predicts a shift of the BC distribution to
smaller elongations, and substantially larger peak elongation
for TC than for BC. The average shape indices are 2.4 and -150150 by P 5 P o0 150
1.4 for TC and BC, respectively. (b) x [pim]

6. Cell tracking and territory explored FIG. 4. Superimposed tracks of 46 T@pper paneland BC

. lower panel. Data from the same in silico experiment as in Fig. 2.
The tracks of all cells are followed and superimposed on e(l pane] P g

single figure(see Fig. 4. The territory explored by the TC um? um?
and BC in silico is consistent with the one found in viigee Dgpserved 65 o Doseerved 13 . (12)
superimposed tracks of all cells fih], Fig. 3A and B. Note

that single TC reach a distance of about 100 from their ~ Note that according to E¢8) this corresponds to persistence

original position while most BC do not reach a distance oftimes of orientationAt,¢is;0f 2.2 and 2.0 minutes for TC

50 um from their original position. and BC, respectively, i.e., the value assumed in the simula-
tion. This supports the consistency of the model results.
7. The mean displacement of lymphocytes The Iag time before the onset of the linear behavior in Flg

. ) ] 5 appears to be longer in silico than in vivo. In silico the lag
The displacement of TC and BC from their starting posi-time is identical to the assumed persistence time, as it should
tion is followed with time. The mean displacement of the 46 The in vivo data show shorter directional memory but the
cells is plotted against the square root of time including onesagme persistence times are observed. On longer time scales
standard deviatiortsee Fig. 3. For both cells we find ap- in vivo displacements are slightly smaller than expected

proximately a straight line, agreeing with in vivo results. Thefrom the straight line. Therefore it is likely that the rather
mean displacement in silico afté=12 minutes(i.e., Y short lag time in vivo is an artifact.

=3.5 of x=56 um for TC andx=25 um for BC is in excel-

lent agreement with the values found in vi(see dotted line 8. Concluding remarks
in Fig. 5. From these values we can deduce an underlying The adjustment of reshaping and active movement veloci-
diffusion coefficientD]S/5C_=x?/(2dt) which gives ties are sufficient within our model to reproduce the main TC
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80 . - - - - TC and BC differ in vivo, which turns out to be reproduced
o ig;’l‘l‘l’(‘;’o in silico without tuning the stochastic width.
70 0O insilico sd : Note, however, that in vivo a velocity near the mean ve-
—_ locity remainsunderpopulatedor TC and BC(see Fig. 3,
é 60 | | black barg, while in silico the velocity distribution is mono-
g tonic on both sides of the maximum. For BC the in vivo
3*% - value lies within the statistical width, whereas for TC it is
a included within 3 standard deviations of the in silico experi-
& ot ment and, therefore, this has to be considered as a disagree-
ER P > l ment between in vivo and in silico results. This calls into
g question the in silico assumption of a single velocity state.
g3 4 1 Instead one may think of a superposition of more distinct
6= o velocity states that are adopted by the cell according to some
% 20 | 2 | unknown environmental change, or simply randomly. This
% d will be further elaborated below.
10 ¢ . . .
B. Changing spatial resolution
o s , . , , , The same in silico experiments are repeated with half spa-
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 tial resolution ofa=0.8 um, i.e., cells with 60 subunits. The
(a) Square root of time [\/min] results for BC are shown in Fig. 6. Here the same parameter
set (Ughape4 wm/min, K.=1.3, andvcive=5.1 um/min) as
80 ; : : - for higher resolution(Ax=0.4 um) has been used. The re-
"""" St sulting characteristic data are similar to the high resolution
_— in silico . . .
70 O in silico sd ] case: mean velocity of 7.am/min, mean shape index of

1.6, summed velocity histogram with 722+175 counts at the
maximum, and mean displacement after 12 minutes of
23 um. The deviation factor according to E(LO) is o3,
=0.43.

This result confirms that the model has been formulated in
terms independent of the lattice resolution. However, a major
precondition of this result is that the parameters are chosen
in such a way that the stochasticity of the result is mainly
due to the probabilistic nature of the model and not due to
stochastic noise because of small subunit numbers. In the
case of BC this is ensured by a relatively large reshaping
force. In contrast the reshaping force of TC is relatively
small. Therefore, a corresponding experiment with lower

D
o

ot
o

[98
o

]
o

distance from initial BC position [um]
oy
o

e resolution for TC requires the parametéy to be changed
------------------ from 2.5 to 1.3 to obtain the same result.
[) A : ; : : : For higher resolutions the results remain independent of
0.0 05 Lo 15 20 25 30 35 the resolution because the stochastic noise due to small sub-
(b) Square root of time [\/min]

unit numbers becomes negligibléata not shown

FIG. 5. The progress of displacement from the initial position
averaged over TQupper paneland BC(lower panel. The shaded
area corresponds to one standard deviatgmh in silico. The data In order to try to capture the in vivo behavior which is
stem from the same in silico experiment as in Fig. 2 and are comsyggestive of two velocity peaks, we introduce two velocities
pared to the in vivo result¢dotted line, data froni1], Fig. 3D,  for active movementv ,eive= 16, 8 um/min). The width of
kindly provided by Mark Miller and Michael Cahalan the velocity distribution has to be considerably reduced. The

model’s intrinsic stochasticity can be changed by distributing
and BC properties as found with two-photon measuremengvery cell movement on severéh=100 time steps. The
No further assumptions are needed. An important conclusionhange of velocity states is correlated with the change of
of the in silico experiment is that no switch of the internal polarity, thus coupling cell velocity and reorientatiésee
state of the cell is necessary in order to produce the altefig. 7, upper pangl A less populated mean velocity is ob-
ations in the single cell velocity time course as well as in theserved.
shape index time course. Thus the model-intrinsic stochastic If both processes, reorientation and change of velocity
width of the cell movement is sufficient in order to generatestate, are decoupled from each other, a similar result is found
the diversity of velocities observed experimentally. This re-(see Fig. 7 lower pangl Obviously, it is not necessary to
sult is underlined by the fact that the stochastic diversity ofcouple the dynamics of orientation and velocity state in order

C. T cells with two velocity states
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FIG. 6. The BC behavior with lower resolution of Ou8n and the same parameter set as in Figs. 2-5. In vivo data kindly provided by
Mark Miller and Michael Cahalan.

to find a depopulated mean velocity in the velocity distribu-hypothesis that TC switch between two velocity states.
tion as experimentally observed.

The total width of the velocity distribution is incorrect for
very high and very low velocities which, in contrast to the in
vivo results, are not sufficiently populated in the in silico A similar in silico experiment can be done with three
experiment. This is affirmed by the deviation factef;  velocity states. The assumption of equal persistence times for
=0.75 and 0.74 for both simulations in Fig. 7, respectively.all three states leads to more pronounced high velocities in
The contribution from the critical 1@m/min count is re- contradiction to the two-photon data. However, reducing the
duced by half. However, the errors related to high velocitiepersistence time of the highest velocity state by a factor of 2
are considerably increased. This is a result of the small stdeads to a more reasonable scenésiee Fig. 8 The devia-
chastic width that had to be assumed in order to explain théion factor [see Eq.(1)] a§5=0.52 is of similar quality as
depopulated mean velocity in the in vivo velocity distribu- compared to the single velocity state scenario. The contribu-
tion. Thus the depopulated mean velocity and the counts dions to this factor are smoothly distributed over the whole
very high and low velocities as observed in vivo rule out thevelocity range. Similar results are found when both high ve-

D. T cells with three velocity states

061912-9



M. E. MEYER-HERMANN AND P. K. MAINI

25 e
B in vivo
20 [ in silico
[®]
H
g 15
[0}
w
10
= |
8
5
0 L] L
0 5 10 15 20 25 30 35 40
(a) TC velocity [zm/min]
25 %*
B in vivo
20 O insilico
O
=
5 16
2,
wn
£ 10 JL
3
o
5
0 - L
0 5 10 15 20 25 30 35 40
(b) TC velocity [pm/min]

PHYSICAL REVIEW E 71, 061912(2005

displays a rather large width that is induced by three different
velocity states, each corresponding to a different average
elongation.

The persistence of velocity states has to be reduced to 0.5
minutes in order to obtain the same frequency of velocity
changes as in vivo. Representative results with persistence
times that are too long are shown in Fig. 9. Note the small
stochastic variations around the mean velocity attributed to
the various velocity states of the cell. If only one velocity
state is assumed the correct frequency of velocity changes is
based on the stochastic width of the cell velocities only. In
the case of more velocity states, the stochastic width is re-
duced and the velocity changes are to be interpreted as active
changes of the velocity with some frequency.

An analogous analysis holds true for BC, which is not
shown here as it does not add new insights.

IV. CONCLUSIONS

We have presented the new motgphasmédor cell mo-

FIG. 7. The velocity distribution of TC in an in silico experi- tility and shaping. Cell shape and movement are reduced to

ment assuming two active velocity states of 16 andn8/min. The

the dynamics of the cell subunits that represent the cell mem-

switch of velocity states is correlated with the change of orientatiorbrane. The dynamics are described by two contributigns:
in the upper panel, but not correlated in the lower panel. In vivoRearrangement of subunits with respect to a virtually shifted

data kindly provided by Mark Miller and Michael Cahalan.

barycenter of the cellactive movementand (ii) rearrange-
ment of the subunits with respect to the actual barycenter

locity states are assumed to have shorter persistence corfteshaping forcesThe subunit movement is realized accord-
pared to the low velocity state. Note that the depopulatedng to heuristic rules that are interpretable as physical quan-
average velocity is not reflected in the shape index. The lattefities.

w
(3]

=N N W
o O v O
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FIG. 8. TC in an silico experiment with three active velocity stdf&% 15, and Gum/min). The switches between velocity states are

uncorrelated with orientation changes. The persistence of the velocity states is 0.5 min for both low velocity states and 0.25 min for the

highest velocity state. The right panels show the distributions per cell averaged over 46 TC. In vivo data kindly provided by Mark Miller and

Michael Cahalan.
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The comparison of the model results with experiment re- 35
vealed that these two ingredients, i.e., active movement an(g’ g
reshaping forces, are sufficient in order to describe Iympho—i o5
cyte motility data as found by two-photon imaging. Assum- g
ing a single velocity state of lymphocytes describes all the—= 20
data for TC and BC. Thus the model confirms that the move- = 15

ment of lymphocytes in secondary lymphoid organs can be§

described as a random walk with persistence of orientation of & 10
2 minutes. g 5
The dynamics of the shape index found in experiment are”
in large parts inferred by the difference in mean velocities 0 2 4 6 8 10 12
between TC and BC. This reflects the model assumption tha(a) t [min]
cell movements are performed by cell subunit displacements 5.0
i.e., by cell deformation. However, in order to quantitatively 4'5

reproduce the data within the model the reshaping forces ha,,
to be doubled for BC with respect to TC. This can neither be.g 4.0
a difference in hydrostatic pressure nor in surface tension o8 3.5
the membrane. The difference has to be interpreted in term:% 3.0
of different cytoskeleton dynamics in TC and BC. < 95

However, these results ignore a depopulated mean veloco , ,
ity in the velocity distribution which is observed in vivo for

TC. On first sight the data suggest that lymphocytes ran- Ls
domly switch between two velocity states. However, assum- L0 0 5 4 6 8 10 12
ing two velocity states in silico, the model results clearly t [min)]

imply a contradiction between the depopulation of the mean
velocity and the total width of the distribution. This contra- FIG. 9. TC in an silico experiment with three active velocity
diction can only be resolved by assuming an asymmetrigtates of 25, 15, and Fm/min that switch uncorrelated with ori-
distribution of cell velocities around both mean velocities. Itentation and that persist for 2 min. The changes of velocity state are
is difficult to imagine a mechanism that breaks the symmetrylearly reflected in the velocity time course.
of the stochastic width, so we consider this scenario to be
rather unlikely. This rather intuitive result favors the scenario that TC and
The depopulated mean velocity observed experimentallBC move in a single velocity state with large stochastic
can, however, be explained by the assumption of three owidth. A depopulated mean velocity in the velocity distribu-
more velocity states. The velocity cell distribution is repro-tion becomes rather difficult to reproduce. The purely sto-
duced when the highest velocity state has shorter persistenclastic interpretation of the velocity distribution is further
times compared to both low velocity states. More generallysupported by the observation that the width of the velocity
the persistence time of all velocity states has to be decoupledistribution scales identically in vivo and in silico for single
from the persistence time of the orientatiGhus implying  velocity states. In contrast, the stochastic width has to be
two different mechanisms for orientation and velocity statefitted separately(using the parameter) for TC and BC
regulation). This is clearly inferred by the variability of the when a three velocity state is considered. However, it re-
time courses of velocity and shape index: The assumption ahains to be clarified in further experiments whether a de-
three velocity states is possible only if the stochastic width igpopulated mean velocity represents a real property of lym-
considerably reduced. The in vivo variability of the time phocytes.
courses is then restored in silico by a more frequent change The present in silico experiment enforces the interpreta-
of velocity states. tion of lymphocyte migration as active and undirected move-
The latter point implies different interpretations of the ment with orientation persistence in the range of min{ié¢s
width of the velocity distribution: Either, the depopulated However, we have also seen that a width of a velocity dis-
mean velocity is ignored and a single velocity state assumedribution may either be a result of stochastic variation or of
Then the variability of the velocity time courses is a result ofdetermined active changes of internal states. This raises the
stochastic width only. Alternatively, the depopulated meanquestion of whether the straight line found for the relation of
velocity is explained by at least three velocity states of lym-the distance reached and the square-root of time really points
phocytes. Then the variability of the velocity time course is ato a persistent random walk. Alternatively, one may think of
result of an active change of the internal state of the cellt to be the result of a specific and more complex chemotactic
(with only small stochastic perturbations movemen{13]. Indeed, not only the expression of chemok-
In real secondary lymphoid tissue, lymphocytes move in @ne receptors but also their pronounced expression on the
labyrinth of obstacles. We have therefore tested the effect deading edge of migrating cells has been observed in both TC
obstacles on the observed cell motility. The result is that thend BC[14,15. The requirements for chemokine sources
stochastic width of the velocity distribution is considerably that lead to a seemingly random walk of lymphocytes in
enhanced. For reasonable densities of obstacles the velocitymph nodes remain to be worked out in further in silico
distribution becomes dominated by intermediate velocitiesinvestigations.
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