Chemotaxis with directional sensing during Dictyostelium aggregation
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With an in silico analysis, we show that the chemotactic movements of colonies of the starv-
ing amoeba Dictyostelium discoideum are driven by a force that depends on both the direction
of propagation (directional sensing) of reaction-diffusion chemotactic waves and on the gradient of
the concentration of the chemoattractant. It is shown that the directional sensing of amoebae is
due to the sensitivity of the cells to the time variation of the concentration of the chemoattractant
combined with its gradient. It is also shown that chemotaxis exclusively driven by local concen-
tration gradients leads to unstable local motion, preventing cells from aggregation. These facts
show that the formation of mounds, which initiate multicellularity in Dictyostelium discoideum,
is caused by the sensitivity of the amoebae to three factors, namely, to the direction of propaga-
tion of the chemoattractant, to its gradient, and to the spiral spatial topology of the propagating

chemoattractant.

Chemotaxis is the phenomenon in which cells or mi-
croorganisms direct their movement as a response to the
local variation of the concentration of some chemical sub-
stance. For example, in colonies of Dictyostelium dis-
coideum (Dd), localized groups of starving amoebae initi-
ate the production of cAMP (cyclic adenosine monophos-
phate) that spreads in space as reaction-diffusion trav-
elling chemical waves. In the vicinity of these spon-
taneously formed cAMP diffusion centers, the amoebae
sense cAMP and direct their chemotactic movements to-
wards the initiation centers. Near these centers, amoebae
rotate around a spontaneously formed hole (i.e., a zone
depleted from cells), the cell density increases locally and,
at a later stage, a new multicellular organism is formed,
Fig. 1. This is one of the simplest known mechanisms
of transition from colonies of unicellular to multicellular
organisms. For a detailed description, see [9].

Experimental observations show that Dd cells move
towards a region where cAMP chemical waves are pro-
duced, and the speed of cells is proportional to the slope
or gradient of the concentration of cAMP, [15]. On the
other hand, it has been observed that cells move as long
as the gradient is positive, when measured along the di-
rection of the wave source, [9, 17]. “When the slope re-
verses, Dd cells stop moving and await for the next wave”,
[9, p. 101], [17].

Here, we investigate whether the force that drives the
chemotaxis of Dd cells is solely proportional to the gra-
dient of the chemotactic substance or whereas it also de-
pends on the direction of propagation (directional sens-
ing) of the time varying chemotactic signal.

* rui@sd.ist.utl.pt
T marcus.hauser@physik.uni-magdeburg.de

FIG. 1. Aggregation of a colony of Dictyostelium discoideum
towards a spontaneously formed aggregation “center”. Near
the aggregation center, amoebae begin to rotate around a
spontaneously formed hole. This hole is characterized by a
depletion of cells. At a later stage, a new phase of the life
cycle is reached, leading to the transition to a multicellular
aggregate. (Data from Christiane Hilgardt, [6]).

If the chemotactic substance is produced at a localized
source and disperses monotonically along space, the ques-
tion of directional sensing is meaningless. However, if the
chemoattractor propagates along space as an oscillatory
wave, the hypothesis that the chemotactic motion of cells
is driven by a local concentration gradient implies the ex-
istence of an oscillatory variation in time of the direction
of motion of the cells. This simple gradient hypothesis
induces motion of the amoebae in the direction opposed
to the source of the chemotactic signal, leading, asymp-
totically in time, to dispersive motion, preventing the
amoebae from aggregation (Appendix A). As far as we



know, this oscillatory behavior in the aggregation pattern
of Dictyostelium discoideum has never been observed.

In the experimentally oriented literature, it is implic-
itly assumed that Dd cells are sensitive to the direction
of propagation of the cAMP wave [7, 13, 14, 16]. On the
other hand, in simulation studies, it is generally assumed
that cell chemotaxis is only driven by the sensitivity of
the cells to the gradient of the chemotactic substance,
[2, 8, 11, 12, 18], and directional sensing is not included
in models.

Since we are interested in unravelling the importance
of these two effects in the Dd aggregation phenomena, we
will let the cells propagate in an external concentration
field of cAMP. For simplicity, we will omit some well-
known properties of Dd aggregation, like the fact that
Dd amoebae produce and relay cAMP upon sensing of an
external concentration of the chemoattractant, [5], and
the phenomenon of streaming, [9].

a. Chemotaxis with directional sensing We consider
that X (z,y,t) represent the local concentration of some
chemotactic substance. The equation of motion of an
amoeba under the influence of a chemoattractant has the
form,

mi = =\ + F(X (z,y,t)) (1)

where, as usual, the dots represent time derivatives,
7 = (rg,ry) are the spatial position coordinates of the
amoeba, A\ is a damping coefficient, m is the mass of
the amoeba and F represents a generic chemotactic force
field. The term — A7 describes the damped motion of the
cells and has been measured experimentally, [1].

As it is shown in the Appendix A, the direction depen-
dent chemotactic force field is,
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Introducing (2) into (1), the equations of motion of
an amoeba under the influence of the chemotactic signal
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) If 31gn
0X
= Nty
P Y
- Y May
) If sign {TX
mr, = —Ayg
i} . (4)
miy = —Ary.

The equations of motion (3)-(4) have been derived un-
der the assumption that amoebae are sensitive to the di-
rection of propagation of the chemotactic wave, together
with the condition that if the slope of the gradient re-
verses sign, there is no chemotactic motility.

To describe the spatial variation of the chemoat-
tractant X (x,y,t), we consider the Ginzburg-Landau
reaction-diffusion equation, [4],
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where X = X - X*, ¥V =YV - V" A = 2, + 2,

is the two-dimensional Laplace operator, Dx and Dy
are diffusion coefficients, and v, 3, a, b, X* and Y* are
parameters. The functions X and Y represent chemi-
cal variables. In bounded two-dimensional domains with
zero flux boundary condition, if v > 0 and a < 0, the
reaction-diffusion equation (5) has an homogeneous and
unstable spatially extended steady state with constant
values, X (x,y,t) = X* and Y (z,y,t) = Y*. A local per-
turbation of this unstable spatial steady state leads to
spatial oscillations of X and Y. For these parameter val-
ues, the ordinary differential equation part of equation
(5) (Dx = Dy = 0) has a limit cycle in the (X,Y") phase
space with radius r = y/—v/a.

For v > 0 and a < 0 and particular choices of the initial
conditions, the numerical solutions of the the Ginzburg-
Landau reaction-diffusion equation (5) in bounded do-
mains and with zero flux boundary conditions produce
wavelike target and spiral propagating patterns [4], sim-
ilar to the ones observed in the early phase of aggre-
gation of Dd colonies. Therefore, in order to investi-
gate numerically the aggregation properties of the model
equations (3)-(4), we have integrated numerically equa-
tion (5) in a circular region inside a square of side length
Ndz = 600 x de. We have considered zero flux bound-
ary conditions on the circular region, and the parameter
values considered were v = 1, 3 = 0.5, a = —1, b = 1,
Dx = Dy = 0.01042, X* = Y* = 1.5, dt = 0.005 and
dx = /6Dxdt = 0.0177, [3].

In Fig. 2, we show the time evolution of 1000 amoe-
bae, calculated from (3)-(4), coupled with the chemotac-
tic signal X (x,y,t), propagating as a reaction-diffusion
spiral wave emanating from the central region of the two-
dimensional domain. The chemotactic signal X (x,y,t)
has been calculated from equation (5). The perturbation
leading to a spiral wave has been introduced by perturb-
ing four contiguous lattice sites with X and Y taking
values on the limit cycle of the diffusion-free Ginzburg-
Landau equation (5), [3, 4]. The values of the variables X
and Y for these four sites have a phase advance in phase
space of 7/2. Initially, the amoebae move towards the
central region of the circular domain and, after a tran-
sient time, all the cells rotate near the tip of the spiral,
forming a ring as shown in Fig. 2d). The radius of the
ring is related to the diffusion coefficients of X and Y,
i.e., the radius augments with increasing diffusion coeffi-
cients.

Comparing the numerical simulation of Fig. 2d) with
the aggregation patterns of Dd cells in Fig. 1, we con-



FIG. 2. (Color online) Time evolution of the position of
1000 amoebae in a two-dimensional circular domain, calcu-
lated with equations (3)-(4), for a) t =0, b) t = 40, c¢) t = 60
and d) ¢t = 80. Each green spot represents one amoeba. Red
and blue correspond to regions of high and low concentra-
tions of X, respectively. The chemotactic signal is a reaction-
diffusion spiral wave originated at the central point of the
two-dimensional domain. The parameters of the dynamics of
the amoebae are m = 0.0001, A = 0.0001 and p = 0.00001.
The parameters associated with the dynamics of the chemo-
tactic signal are described in the text.

clude that the rotating ring pattern of Dictyostelium dis-
coideum colonies is similar to the rotating ring pattern
obtained in these simulations. This suggests that the
hole observed in Fig. 2d) is due to the rotation of the tip
of the reaction-diffusion spiral wave associated with the
dynamics of the chemoattractant X. Chemotactic mod-
els without the directional sensing condition introduced
in (3)-(4), would lead to a non aggregative behavior as
in the case of the simulation in Fig. 3 of the appendix A.

We have also tested the amoeba motion in the presence
of a target waves, generated by the Ginzburg-Landau
equation (5). In this case, the amoebae move towards
the centre of the circular domain, accumulating near the
wave initiation centre. After reaching this spotty region,
all the amoebae stop moving.

b. Discussion From the model just described, we
conclude that the typical circular ring pattern found in
the aggregation of Dd colonies is explained by the sensi-
tivity of the amoebae to the direction of propagation and
to the gradient of the chemoattractant, together with the
spiral shape of the propagating chemoattractant signal.
In other models without directional sensing, [10], spiral
chemoattractant waves do not produce this rotating mo-

tion of the Dd cells. This dynamic effect is at the origin
of the multicellularity and of the formation of the mound,
[9], prior to emergence of the Dd slug.

The sensitivity of amoebae to the gradient of concen-
tration is due to the large number of cAMP receptors
(of the order of 50,000) distributed along the cytoplasm
membrane of amoebae, [9]. The density of occupation of
the cAMP receptors along the amoeba’s external mem-
brane is a sensor for the gradient of chemoattractant,
being in the origin of the motility of the cells against the
chemotactic gradient. Dd amoebae can detect a 1% dif-
ference in concentration of the chemoattractant between
the front and the back of the cells, [15, 19]. This spatial
information together with the local sensitivity of the cells
to the time variation of the concentration of chemoattrac-
tant, determines the directional sensing of amoebae. If
the local concentration of chemoattractant decreases, the
binding rate of cAMP to its receptors also decreases, jus-
tifying the sensitivity of the cells to the time variation of
the concentration of chemoattractant.

These biological mechanisms explain why amoebae are
sensitive to the temporal and spatial derivatives of the
chemotactic field, explaining the stop moving condition,
as observed in the Dd aggregation, [16, 17]. On the other
hand, our simulations results are consistent with the po-
larization effects observed in the amoebae during aggre-
gation, [14]. For the sake of clarity, we have concen-
trated this investigation on the roles of the cAMP gradi-
ent and directional sensing. Consequently, in the present
approach, we did not consider other well-known effects
observed in the aggregation of Dd colonies as streaming,
[2, 9], and cAMP production by amoebae, [5].

Appendix A

We consider a chemotactic substance distributed along
a one-dimensional domain. We assume that the concen-
tration of this substance evolve in time and space as a
one-dimensional travelling wave, symmetrically along the
positive and the negative x-directions. This centrally
symmetric wave is generated at the point x = 0 and
has radial propagation speed ¢ > 0. To simplify, we as-
sume that the concentration of the chemotactic substance
propagates according to the wave type law,

_f A(1 = cos(ct — |z|)), if |z| < ct
oz, t) = { 0, if |z| > ct

where A is the concentration amplitude, and ¢ > 0.

At time t = 0, we consider an immobile amoeba at
position zp > 0. Assuming that the response of the
amoeba to the chemotactic signal is solely proportional
to its gradient, as it is generally assumed in the litera-
ture, [2, 11, 12], the one-dimensional equation of motion
of the amoeba is,

(A1)
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where A is a damping constant and xz(t) is the position
of the amoeba at time ¢. Equation (A2) describes the
chemotactic response of an amoeba without directional
sensing.

To implement directional sensing in the model equa-
tion (A2), we now introduce vectorial notation. The ef-
fect of the chemoattractant ¢(z,t) on the amoebae is
assumed to be described by the force,

- 0 0
()= (L)r

where 7 = nge, is the direction of propagation of the
chemical wave. In this one-dimensional case, n, = +1
and e, is the usual direction versor. As the wave (Al)
propagates radially from the origin of coordinates = = 0,
if x > 0, then, n, = +1. If x < 0, then n, = —1.
To introduce the directional sensitivity of the amoeba,
we assume that the amoeba moves towards the origin
x = 0 when it senses a positive slope of the gradient,
measured in the negative x-direction (a—i < 0). The
amoeba stops moving when the slope of the gradient re-
verses sign. Therefore, the response of the amoeba to the
chemical signal with directional sensing is described by
the effective force,

(%) 1= (52) e = () =
NeN = n.,e, =
r ox
F=Fe, = i agzs>n35<0
T

Oeg, if <0:E) ng > 0.
(Ad)

In order to determine a closed form for the direction
versor ng, we consider the scalar wave field, ¢(z,t) =
cos(ct — x), where ¢ is a positive constant, |z| < ¢t and
z,t € R.

As ¢ > 0, the scalar field ¢(z,t) propagates in the
positive z-direction and, for each fixed t = t;, we can
have two cases: i) If, %h:tl < 0, then, %\t:tl > 0. ii)
If, g—fﬂt:tl > 0, then, %ﬂt:tl < 0. Therefore, in both

S B¢ 1 for z > 0,

and sign(z) = —1 for z < 0.

cases, sign <8¢ a¢> < 0, where sign(z) =

Assume now that the scalar field propagates in the
negative z-direction, that is, ¢ < 0. i) If, az‘t tn <0,

then, 22|,_,, < 0. i) If, 22[,—,, > 0, then, 92|,_,, > 0.
i : ¢ 0
Therefore, in both cases, sign (a—f (T(f) > 0.

So, the direction of propagation of the one-dimensional
scalar field ¢(x,t) is,

ng = —sign <8¢ gf) (A5)

Introducing (A5) into (A4), the effective force on the

FIG. 3. Position of one amoeba as a function of time ac-
cording to equations (A2) (a) and (A6)-(A7) (b). The initial
position of the amoeba has been set to xo = 2 with zero ini-
tial speed. The parameters of the simulations are, A = 0.02,
c=0.5 m=1and A\ = 0.5. From these numerical simula-
tions, we conclude that the sensitivity to the gradient and to
the direction of propagation (case b) explains cell movements
towards the origin of coordinates, as observed in experiments.

amoeba is,
. (gqﬁ) ez, if —sign (?) <0
F = Fe, = x t (A6)

. . ¢
Oe,, if sign <3t> >0

Hence, the equation describing the motion of the
amoeba is,

mi = —\i+F (A7)

where F' is given by (A6). Equation (A7), together with
(A6), describes the chemotactic force on the amoeba, tak-
ing into account directional sensing.

In Fig. 3, we show the time evolution of the position
of a cell with initial condition g = 2 and 2 = 0, cal-
culated with equations (A2) and (A6)-(AT), respectively,
and chemotactic field (Al). Initially, the cell is immo-
bile. For t > xzp/c = 2/¢, the movement of the amoeba
is equally described by the two model equations and the
amoeba starts to move in the direction of the point x = 0.
For the case of simple chemotaxis, the motion is described
by equation (A2). For larger values of ¢, the he slope of
the chemoattractant concentration changes sign and the
amoeba reverses the direction of motion. In this case, the
motion of the amoeba is oscillatory and numerical simu-
lations show that the cell slowly deviates from the origin
of coordinates. Asymptotically in time, the position of
the amoeba goes away from the source of the chemoat-
tractant. A simple linear analysis shows that equation
(A2) is linearly unstable around the phase space fixed
point (z = 0,4 = 0).

In contrast, using model equation (A7), with the force
(A6), amoebae direct their motion towards the origin of
coordinates, where the source of the chemoattractant is
located.



The simulations in Fig. 3 show that a model based
on equation (A6)-(A7) describes the observed motility
in the aggregation of Dictyostelium discoideum colonies.
On the other hand, the model based on equation (A2)
shows that wave driven chemotaxis without directional
sensing leads to divergent motion.

For wave propagation in two-dimensional domains, the
directional sensing condition in (A6) and the direction
versor (A5) are simply generalised.
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