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Emergency cell swimming
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he study of cell locomotion is a

branch of biophysics with a

long history (1). One area that

has been particularly successful
at attracting the combined attention of
theorists and experimentalists alike for
more than 60 y is that of cell swimming, to
the point of reaching textbook knowledge
(2, 3). Most bacteria swim by inducing
the passive rotation of helical flagella
using rotary motors embedded in the cell
wall. Swimming eukaryotes, such as sper-
matozoa or microalgae, generate pro-
pulsion by actively deforming flexible
flagella in a wavelike fashion using the
actuation of molecular motors along
polymeric filaments. Ciliates, such as the
protozoan Paramecium, swim under the
coordinated deformation of a large num-
ber of cilia (short flagella) anchored on
their surface. In PNAS, Hamel et al. (4)
have experimentally measured the escape
dynamics of Paramecium from a model
aggression—specifically, a localized heat-
ing from a focused laser beam. Their re-
sults challenge the conventional physical
picture for cell swimming in two ways, first
by showing the unexpected role of inertial
effects in unsteady swimming, and then
by reporting on the discovery of a new
swimming gait for Paramecium, not based
on the use of cilia but on the rapid and
directed discharge of organelles.

It's an Inertial World (After All)

Hamel et al. (4) experimentally probe the
response of cells to three levels of ag-
gression, referred to here as mild, inter-
mediate, and severe. In the case of mild
aggression, either because a low laser
power was used or the laser was placed far
from the cells, the cell response was ob-
served to be undistinguishable from nor-
mal cilia-based swimming, but with the cell
changing its swimming direction to move
away from the aggression.

For an intermediate aggression level,
the cells still used their cilia, but were able
to generate rapid accelerations away from
the aggression. In normal swimming con-
ditions, cilia are known to beat collectively
in so-called metachronal waves (5), in
which each cilium beats with a finite phase
difference with respect to the beating of its
neighbor. In contrast, for the cells escap-
ing intermediate aggression, the cilia near
the laser location were observed to beat
in synchrony, and displayed coordinated
effective and recovery strokes. In essence,
in response to an aggression of inter-
mediate level, cilia switched their body
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kinematics from that akin to a soccer sta-
dium wave to a legion of synchronized
viscous rowers.

That observation is puzzling at first be-
cause, on small scales, synchronous rowing
should actually not work. The Reynolds
number (Re) for the typical flows around
the swimming Paramecium in this escaping
regime never gets higher than pUL/p ~
0.1, where L is the typical organism size,
U its swimming speed, and p and p the
density and shear viscosity of the fluid.

Hamel et al. experimen-
tally probe the response
of cells to three levels
of aggression.

As a result, the equation of motion satis-
fied by the fluid flow around the organism
is the Stokes equation, which has the in-
teresting property of being linear and
time-reversible: as a rowing motion is
time-reversible, recovery strokes should
lead to swimming kinematics equal and
opposite to that of effective strokes, and
thus together should average to zero (6).
For real cilia, of course, the kinematics
of their deformation in the effective and
recovery strokes are different (7); thus,
on average, swimming can be obtained.
However, if the cilia all beat in synchrony,
at the very least, effective strokes should
lead to forward swimming whereas recovery
strokes should induce backward swimming.
Instead, continuous forward swimming is
observed with oscillations between cell ac-
celeration and deceleration. How can this
be understood in the context of low Rey-
nolds number locomotion?

The key is the role of inertia, not of the
surrounding fluid, but that of the cells
themselves. After a recovery stroke, even
if the cilia were to all instantaneously stop
beating, the cells would be able to coast
inertially for a small distance, just like
olympic swimmers coast before doing
a flip turn. As long as the time scale for the
recovery stroke remained less than the
time scale for significant coasting, then the
cells would never actually stop moving
forward. What is the typical value of this
coasting time scale t? During coasting, the
cells experience viscous forces on the or-
der of ~ pUL, which slow them down and,
according to Newton law, balance the rate
at which their momentum decreases,

which is on the order of ~ (mU)/t. With
cell mass scaling as m ~ p,L>, where p; is
the cell density, the balance leads to the
estimate for the coasting time T ~ p,L%/p,
notably independent of the speed U during
the effective stroke. For neutrally buoyant
100-pm Paramecium cells in water, one
gets a coasting time scale of T ~ 10 ms.
That time scale is precisely the decelera-
tion time scale measured by Hamel

et al. (4), and points to the important
role played by cell inertia in the escape
dynamics.

Viscous Ballasts

Beyond the two swimming-based escape
responses described here, Hamel et al. (4)
further show that to escape a severe ag-
gression by the laser, the cells swim away
using a completely new gait—one that
does not involve cilia. In this “jumping”
gait, the cells were able to undergo up to
a 10-fold increase in velocity by rapidly
ejecting a few so-called trichocysts into the
fluid in the direction of the laser, leading
to an escape systematically directed away
from the aggression. Trichocysts are or-
ganelles bound to the plasma membrane,
a few microns long, which are known to
play a role in chemical defense mecha-
nisms. The fact that trichocysts can also
be used for cell locomotion offers a new
twist on the hydrodynamics of small-
scale swimming.

A detailed look at the cell dynamics
offers further insight on the biophysics of
cell escape. The trichocyst ejection was
observed to occur on a small time scale
(~3 ms), leading to a rapid acceleration of
Paramecium. This fast motion was fol-
lowed first by a decay of the cell velocity
on the time scale t estimated earlier, and
then by normal cilia-based swimming.
The sensitivity of the cells to severe ag-
gression, and their ability to exploit the
jumping gait to swim away from the laser
in any direction, was further observed to
be uniform around the cells.

One of the most interesting questions
arising from the discovery of the jumping
gait is the quantitative relationship be-
tween the aggression signal and the dy-
namic response of the cell. Hamel et al.
(4) quantify the cell response by measuring

Author contributions: E.L. wrote the paper.
The author declares no conflict of interest.

See companion article on page 7290 in issue 18 of volume
108.

"E-mail: elauga@ucsd.edu.

PNAS | May 10,2011 | vol. 108 | no.19 | 7655-7656

Q
®)
<
<
]
z
—
2>
=
<



mailto:elauga@ucsd.edu

[ T

/

1\

BN AS  DNAS P

its initial acceleration. By plotting this ac-
celeration against the magnitude of the
signal (in this case, the distance between
the laser and the cell), they demonstrate
that the cells display an exponential re-
sponse to the stimulus. Furthermore, the
typical high speed (U ~ 10 mm/s) reached
by the cell at the peak of its escape was
found to be well predicted by a force bal-
ance argument, whereby the viscous drag
force on the backward-moving trichocysts
is in instantaneous mechanical equilib-
rium with the drag force on the forward-
swimming Paramecium. The trichocysts
can thus be thought of as viscous bal-
lasts, released by the cells to induce drag
on its environment, thereby gaining the
same force as forward thrust.
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Biomechanics Approach

Although addressing a different biological
scale, the study of Hamel et al. (4) is
reminiscent of classical biomechanics in-
vestigations at the whole-organism level,
in which changes to the environment are
used to prompt changes in locomotion
gaits (8). A familiar example is the change
from running to walking displayed by en-
thusiastic human bipeds upon entering

an ocean; there, the forces from the envi-
ronment change progressively from fric-
tion on the ground to drag forces from
water, and ultimately renders traditional
running impossible with a human muscu-
lature. Similarly, on land, quadrupeds can
switch among walking, trotting, and gal-
loping. In fluids (8, 9), some fish alternate
between flapping of their fins to whole
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body undulations, whereas certain squids
swim slowly using fin undulation and
switch to unsteady jet propulsion at higher
speeds. For these types of large organisms,
measurements of changes in locomotion
gaits have allowed access to metabolic
energetic tradeoffs, and often resulted in
rationalizing gait choice as a solution to an
optimization problem (8). The prospect of
using similar tools to address open ques-
tions in the relationship between swim-
ming cells and their environment (10), as
done by Hamel et al. (4), is a compelling
proposal. It is time to put cells on

a treadmill.

ACKNOWLEDGMENTS. E.L. was supported

by National Science Foundation Grant 0746285
(Division of Chemical, Bioengineering, Environ-
mental, and Transport Systems).

00

. Alexander RM (2002) Principles of Animal Locomotion
(Princeton Univ Press, Princeton).

. Vogel S (1996) Life in Moving Fluids (Princeton Univ
Press, Princeton).

10. Lauga E, Powers TR (2009) The hydrodynamics of swim-

ming microorganisms. Rep Prog Phys 72:096601.

o

Lauga



