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We report the control of cell migration by external magnetic forces during the early stage of Dictysostelium
discoideum morphogenesis. Magnetically labeled aggregating cells respond to the presence of a magnetic field
created by a thin magnetic tip: forces as low as 30 pN are sufficient to elicit the aggregation of the cells at the
extremity of the tip. This induced magnetotaxis is competitive to classical chemotaxis. We therefore underline
the interplay between external mechanical forces and morphogenesis. This magnetic assay will open new
possibilities in the study of morphogenesis in Dictyostelium.
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For years the morphogenesis of biological entities was
thought to be primarily of chemical origin �1�; but explaining
development in shaping living communities now requires in-
tegration of complex events from genetic regulation to physi-
cal mechanisms �2,3�. Going down at the level of a single
eukaryotic cell, there is a growing body of experimental evi-
dence reassessing the importance of physical stimuli in cell
life. In this way, substrate stiffness governs cell growth and
differentiation �4� and many nonchemical signals have been
shown to influence the migration of cells �e.g., light �photo-
taxis �5��, and electrical potential �galvanotaxis �6��, and
stiffness �durotaxis �7���: the well-studied chemotaxis �im-
pact of chemicals on cell migration� is no more the only
role-player in directed motion.

Particularly, mechanical forces are key factors to explain
the migration of cells because they are mandatory in order to
allow any motion. Recently, scores of new methods have
emerged to measure the forces exerted by a cell while it is
crawling �8–12� or the viscoelastic response of cells to me-
chanical stresses �13–17�. Altogether those experiments have
yielded considerable new insights on cell mechanical prop-
erties. However, the impact of external mechanical forces on
cell migration, sometimes referred to as mechanotaxis, is
scarcely investigated �18–20�. Evolution provides examples
of organisms from bacteria to pigeons that use magnetic
forces to guide their path �magnetotaxis �21��. In those cases,
magnetotaxis is generally due to the presence of a magnetic
force sensor in which a small signal is amplified and inte-
grated in a multistep process to lead to the decision of mov-
ing along magnetic field lines.

In this paper, we are presenting a well-studied morphoge-
netic sequence �the aggregation of the social amoeba Dicty-
ostelium discoideum� that is thought to be controlled by
chemotaxis. We are adding in the possibility to exert external
�magnetic� forces on the cells during this morphogenetic pro-
cess by conferring them magnetic properties. We therefore
examine the interplay between chemotaxis and magnetically
induced mechanotaxis.

The multicellular organism Dictyostelium discoideum is a
powerful, accessible, and simple model system for the study

of a variety of fundamental cellular processes including
chemotaxis, intercellular communication, and morphogen-
esis �22–24�. In normal food conditions, Dictyostelium con-
sists of separate free living cells. Upon starvation, morpho-
genesis is initiated: cells enter into aggregation streams and
collect in the aggregation center to form a mound of cells
which transform into a motile slug and finally a fruiting
body.

We focus in this paper on the premorphogenesis aggrega-
tion period of these social cells: during hours following the
removal of food sources, a chemotactic response develops
which drives the movement of cells into radial branching
structures �streams�. Over the last decades, a large amount of
information has been accumulated on the nature of this spon-
taneous mass movement of cells. There is now strong experi-
mental evidence for the essential role of the signaling mol-
ecule cAMP �cyclic adenosine monophosphate� in cells
aggregation. Extracellular cAMP acts both as a chemoattrac-
tant �cells exhibit directional movement towards a source of
cAMP and collect at the point source� and as a cell-cell sig-
nal relay molecule �cells stimulated by cAMP secrete addi-
tional cAMP, generating lines of cells that are held together
by end-to-end adhesion� �25�.

Thanks to a highly efficient cellular magnetic labeling
�26�, each cell of the Dictyostelium cell population bears a
magnetic moment with a mean of M= �2.2±0.9��10−13

A m2 �2.7 �106 magnetic nanoparticles per cell�. Briefly,
the labeling is performed in growth medium �HL5�, by incu-
bating for 12 h Dictyostelium cells with 8 nm diameter iron
oxide anionic magnetic nanoparticles at an extracellular
iron concentration �Fe�=100 mM �corresponding to about
6�1015 nanoparticles/ml�. Nanoparticles follow the en-
docytosis pathway and concentrate inside intracellular preex-
isting vesicles, endosomes, becoming magnetic �26,27�. The
cellular magnetic load is measured using a magnetophoresis
assay �28�. Once labeled, cells are starved in phosphate
buffer �20 mM K2HPO4/KH2PO4, pH 6.5� to induce aggre-
gation and allowed to adhere on 3.5 cm diameter Petri
dishes, at a cell density of 5�106 cells per dish. From that
time on, cells’ behavior is monitored and recorded with a
digital videomicroscopy setup. Cells are either left to evolve
on their own �control experiments� or in the presence of a
magnetic tip �magnetotactic experiments�. We use different
tip’s sizes and shapes to obtain a wide range of forces. Car-
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tographies of the magnetic forces that those tips would exert
on a single magnetically labeled Dictyostelium cell are
shown in Fig. 1. In order to calibrate the force, we followed
the movement of fluorescent magnetic beads in a glycerol-
water mixture of known viscosity and thus calculated the
map of the magnetic field gradient generated by the tips.
Knowing the cells’ magnetic moment, we can compute the
force exerted by the tip on the cells. The forces range from
1 to 380 pN depending on the tip and on the distance to it.

The typical time course of an experiment is as follows.
During the first hours of starvation, cells remain as individu-
als �Fig. 2�a�—t=4 h� and their migration is not affected by
the magnetic forces, even for the closest cells to the tip,
where the force is maximal. Indeed, for control conditions
�no magnetic tip� as well as under the influence of the mag-
netic force, the mean square displacement �r2�t��—calculated
by computing the Cartesian coordinates of each cell

track �during the first 2 h, position measurement every
1 min�—reveals random motion: �r2�t��=Dt�, with exponent
� near unity �control conditions: �= �1.06±0.08�; near tip A:
�= �1.05±0.06��. Averaged cell velocity calculated with an
observation interval of 1 min is not modified �control condi-
tions: v= �4.1±0.9� �m/min; near tip A: v= �4.6±0.6�
�m/min� and the value is in the same range as other reported
values for individual Dictyostelium cells �e.g., 9 �m/min
�29�, 4–20 �m/min �30�, �5.9±4.5� �m/min �31�, and
10 �m/min �32��. This observation is coherent with the
strong �few nNs� crawling forces recorded for Dictyostelium
�33�. Without the triggering of a signal by the external forces,
there is little chance that a force about a tenth of the crawling
forces can affect the cells migrating behavior. Everything is
drastically different as cells start interacting and lining end-
to-end �Fig. 2�b�—t=10 h�: the formed streams orient along

FIG. 1. Magnetic tips calibration. �a� Analysis of the trajectories
of magnetic fluorescent beads under the action of magnetic tip A
�up–exposition 0.05 s�, B �middle–exposition 0.2 s�, and C
�bottom–exposition 2 s�. For each bead, the measure of the velocity
directly gives the local magnetic field gradient. �b� The correspond-
ing magnetic forces applied on individual Dictyostelium cells were
computed from magnetic beads velocities and their cartography is
presented in the observation window for the three magnetic tips.
Magnetic tips B and C develop magnetic field gradients 4 and 20
times lower than tip A, respectively.

FIG. 2. Aggregation sequence images. Image sequence of ag-
gregation of Dictyostelium cells for control conditions �a� and when
cells are submitted to a magnetic field gradient �created by tip A�
�b�. At t=4 h, cells are mainly found as individuals for both condi-
tions. Streams of cells are detected from t=10 h. While for control
experiments, those streams lines move towards unstable aggrega-
tion centers and keep changing directions, they are attracted to-
wards the magnetic tip when submitted to the magnetic field gradi-
ent. A video �6000� � is available as electronic supplementary
information �40�.
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the lines of magnetic forces. From this point on, cells react to
the magnetic forces. Streams gradually disappear while cells
collect in the aggregation center, under the magnetic tip �Fig.
2�b�—t=13–16 h�. This sequence of events is reminiscent of
the chemotactic assays using an external cAMP gradient im-
posed by a micropipette that imposes the position of the
aggregation center. In control experiments �Fig. 2�a�� or
when the magnetic forces are too low, there is hardly an
aggregation center in the field of view and the streams keep
changing directions.

In order to gain better insights into the mechanisms at
play and a more detailed vision of this magnetotactic effect,
we quantify the movement of the streams by performing full
image analysis as a function of aggregation time �every
10 min� for three independent experiments with tip A and C,
and for three control conditions. The controls are obtained
with magnetic cells, but no magnetic tips. As shown in Fig.
3, at each time step, the image is subdivided into a square of
100�100 �m2. For every square �e.g., coordinates i, j� con-
taining streams, we measure the mean angle �i,j �absolute
value, from 0° to 90°� between the streams and the line of
magnetic forces computed in Fig. 1. To summarize for each
time point how closely the streams follow the magnetic
forces, we calculate the spatial average of the angle ���i,j.
The closer ���i,j is to zero, the more streams of cells follow
the lines of magnetic forces. ���i,j=45° with large deviation
means that streams do not show any preferences for the di-
rection of the magnetic force. The ���i,j averaged for tip A
and control experiments are presented in Fig. 4�b� together

with the length of streams �Fig. 4�a�� averaged on the whole
image, for all performed experiments, as a function of the
aggregating time. We observe that streams massively orient
along the magnetic force when averaged lengths of streams
reached about 200 �m, after an aggregating time of 10 h
following the beginning of starvation. This period represents
a collective magnetotactic regime.

In order to easily compare the influence of magnetotaxis
in different conditions, we introduce a single number, the
magnetotactic index MI. We calculate the time average over
the first 4 h after the onset of the collective regime of the
spatial average of the angle ���i,j, ���i,j,t. The magnetotactic
index is defined as MI=1− ���i,j,t /45. This number by itself
sums up the ability to direct the streams along the lines of
magnetic forces. MI=0 means that streams do not show any
preferences for the direction of the magnetic force. By con-

FIG. 3. Image analysis. Every time interval �1 or 10 min�, trans-
mission images �a� are binarized to underline stream lines, and are
subdivided in 100�100 �m2 squares �b�. For every square �coor-
dinate �i,j�, example in �c��, the length of the absolute angle �i,j

�0°–90°� between the direction of the stream and the magnetic
forces is computed.

FIG. 4. Data analysis: Onset of collective regime. �a� For each
time of aggregation, the spatial average �L�ij of the length of the
streams is averaged for all experiments �controls and cells submit-
ted to each of the three magnetic tips�. Error bars are presented
together with the corresponding �L� value and represent the devia-
tion from one experiment to the other. As �L� reaches approximately
200 �m, we consider that cells have entered the collective aggre-
gative regime. �b� Spatial average ���ij of the absolute angle be-
tween streams of cells and lines of magnetic forces. Direction of the
magnetic field gradient: 0° averaged angle corresponds to all
streams oriented in the direction of the magnetic forces, whereas
45° averaged angle shows no preferential direction of the streams.
For cells submitted to magnetic tip A �black circles�, as the collec-
tive regime starts, the angle falls toward 0°, reflecting the alignment
of the streams along the magnetic forces, whereas for control cells
�white circles�, the averaged angle is constant and equals about 45°.
Bars represent the standard deviation of the �ij measured angles
over the observation window. Therefore for control experiments,
where no preferential direction is observed, this deviation is large as
the angle is distributed all over the range 0°–90°. In contrast the
variation between the ���ij obtained for each independent experi-
ment does not exceeds 10% of the mean value �bars not shown for
clarity�.
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trast, the increase of MI towards 1 reveals magnetotaxis. As
observed in Fig. 4�c�, if no magnetotaxis is observed for
control conditions �MI=0.02±0.10�, when the magnetic tip
A is applied �range of forces 65–380 pN�, streams tend to
move along lines of magnetic forces �MI=0.72±0.05�. Be-
sides, experiments with tip C, that is under low magnetic
forces �range of forces 1–20 pN�, show a low MI
�MI=0.06±0.20�. Hence we can conclude that a magnetic
force of 20 pN is not sufficient to induce magnetotaxis. The
use of tip B which exerts forces five times lower than tip A
then gives us a more comprehensive view of Dictyostelium
magnetotaxis. To get a MI equivalent to the MI measured for
the entire field of view in the tip A experiments, we need to
restrain the spatial averaging to zone 1 or 2 where the force
is above 20 pN. Interestingly, there is a residual magnetotatic
effect in zone 3, where the force is below 20 pN. An even
more intriguing observation is that not only is magnetotaxis
dependent on the force, but also on the density of cells. Ex-
periments performed with tip B but seeding only 2�106

cells �versus 5�106 in all other experiments� show that one
needs even greater force than 20 pN to have substantial mag-
netotaxis �between 30 and 76 pN�. In consequence, by using
the three magnetic tips, we were able to determine the tresh-
old to impose magnetically induced mechanotaxis against
cell chemotaxis: about 20 pN for a high cell density and

35 pN for a lower one. The cells’ density has therefore a
strong influence on the occurrence of magnetotaxis.

A potential explanation is that there is a synergy in cAMP
signaling and magnetotaxis. Upon starvation, after reaching a
threshold in cAMP concentration, small streams of magnetic
cells are created that would normally either disappear or
change direction with time. The presence of the magnetic
forces stabilizes and orients those streams. Another way of
looking at the persistence in the direction of the streams of
cells is to compute the correlation function of the angle, first
over time and then over space. To do so, we are first inter-
ested in one particular square �e.g., coordinates i, j� and we
compute the average over time of the angle between streams
and magnetic forces lines separated by �� :��ij����
= ��i,j�t+���−�i,j�t��t Then, we calculate the space average
���ij�����i,j and we define a correlation function C����
=1− ���ij�����i,j /45. If the correlation function is around 0,
it means the angles are poorly correlated and there is no
persistence in the orientation. Increasing the value of C����
towards unity indicates a correlation and a persistence in the
orientation of the angle compared to the magnetic forces. As
shown in Fig. 5�b�, when no magnetic force is applied �con-
trol or low forces conditions�, streams stay in the same di-
rection for about 10 min and then lose correlation. By con-
trast, when the magnetic force reaches the range 14–33 pN

FIG. 5. Data analysis: Magnetotaxis force dependent �a� Mag-
netotactic index �MI� for all conditions of force tested. As the force
reaches the range 14–33 pN we observe the occurrence of magne-
totaxis, with an index increasing towards unity �full magnetotaxis�.
Besides, if we decrease by more than two the usual cell densities
used �from 5�106 to 2�106 cells per dish�, magnetotaxis needs a
higher force value �range 30–76 pN� to be efficient. �b� The same
effect is observed for the correlation function: for controls and low
forces experiments, the direction of streams completely decorrelates
in about 2 h, whereas, as forces applied reach the range 14–33 pN,
the streams keep their direction �along the line of forces� for 2 h
�and more�. For lower cell densities �2�106 cells per dish�, we
need to be in the range 30–76 pN to observe this correlation �data
not shown for clarity�.

FIG. 6. Magnetotaxis versus chemotaxis. The magnetic tip B is
placed in competition with a micropipette which slowly injects a
10 mM AMP solution. First, cAMP is injected during a 9 h period,
inducing a strong cAMP gradient, and the cells aggregate towards
the cAMP tip. Second, cAMP injection is stopped �t=9 h�. Magne-
totaxis is again competitive to chemotaxis and some of the cells are
moving back in streams, towards the magnetic tip �streams appear
3 h after stopping cAMP injection�. A video �6000 times real time�
is available as electronic supplementary information �a star appears
when the cAMP injection is stopped�.
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and more, streams follow the same direction for more than
2 h.

Taken together, those observations hint to the hypothesis
that the magnetotactic effect that we see is tightly linked to
the cAMP chemotaxis. Whether �i� the magnetic forces sta-
bilize nascent aggregates of cells and help them interact or
�ii� local high forces nearby the tip are sufficient to trigger a
directional motion whose signal can spread globally or �iii�
both, there is little doubt that magnetic forces and cAMP
work together as a relay of directional signals.

We tried to directly examine the interplay between mag-
netotaxis and chemotaxis by setting up a competition experi-
ment. If we place face to face, 1 mm apart, tip B and a
micropipette that slowly injects a 10 mM cAMP solution, the
magnetically labeled cells exhibit a strong chemotactic re-
sponse towards the micropipette �Fig. 6, first two images�,
creating a dense aggregate of cells at the pipette end. How-
ever, when we then stop the flow of cAMP �after 9 h injec-
tion�, destroying the established cAMP gradient, part of the
aggregate packed around the pipette is extracted and streams
move towards the magnetic tip: magnetotaxis is restored
�Fig. 6, 4 hours and 6 h after stopping the cAMP injection�.
Hence the global organizing signal of a cAMP gradient pre-
vails on the magnetic influence; but, when there is no such
external chemotactic signal, the magnetically induced signal
is able to drive the coordinate motion of the cells. This ob-
served competition between chemotaxis and magnetotaxis
could be further examined by finely tuning chemotaxis in
uniform concentration of cAMP and quantitating magneto-
taxis with respect to cAMP.

In conclusion, we have demonstrated that magnetically

labeled Dictyostelium cells aggregation can be tuned and
controlled by the presence of high enough external magnetic
forces. The magnetic cells sense the magnetic field generated
by a thin magnetic tip and converge at the tip end, at the
maximum value of the magnetic field. Beyond a purely
chemotactic explanation of the pattern formation seen in
Dictyostelium �34�, there are models taking into account the
mechanical properties of the cells and the local mechanical
interactions in between the cells �35�. Movement of indi-
vidual cells is to a large extent constrained to that of the
stream. Moreover, consistently with the ability of motile
cells to glide against each other as they become integrated
into a multicellular structure, intermolecular forces involved
in cell-adhesion during the aggregation process have been
found to be relatively small compared to other ligand-
receptors interactions �36�. Modifications of cell-cell and
cell-substrate interactions during stream lines formation may
thus also play an important role in this magnetotactic collec-
tive migration.

If the exact mechanisms at play in the magnetotactic re-
sponse we report still need to be investigated, the ability to
mechanically control the aggregation of magnetically labeled
Dictyostelium discoideum appears as a powerful tool to get a
more in depth understanding of morphogenetic mechanisms.
In particular, it would be interesting to add to the models that
describe pattern formation in Dictyostelium �37–39� the ad-
ditional external magnetic force applied to each individual
cell.
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