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Mitochondria are dynamic cell organelles that constantly undergo fission and fusion events. These
dynamical processes, which tightly regulate mitochondrial morphology, are essential for cell physiology.
Here we propose an elastocapillary mechanical instability as a mechanism for mitochondrial fission.
We experimentally induce mitochondrial fission by rupturing the cell’s plasma membrane. We present a
stability analysis that successfully explains the observed fission wavelength and the role of mitochondrial
morphology in the occurrence of fission events. Our results show that the laws of fluid mechanics can

describe mitochondrial morphology and dynamics.
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Mitochondria are essential compartments of eukaryotic
cells, since they supply energy, synthesize key molecules,
and regulate calcium levels [1]. They consist of a double
lipidic membrane surrounding a matrix. Mitochondria are
typically tubular with submicrometric diameter and a length
of several micrometers. However, this morphology is very
dynamic, as mitochondria can undergo fusion and fission
over time scales on the order of seconds to minutes [2].
Understanding the dynamics of mitochondrial morphology
holds great importance in current biomedical research,
since disruption of mitochondrial dynamics has been
linked to neurodegeneration in Alzheimer’s, Huntington’s,
and Parkinson’s diseases [1]. Mitochondrial fission, i.e.,
the split of a mitochondrion into several smaller ones, is
regulated by proteins of the dynamin superfamily, which
form spirals around the outer mitochondrial membrane and
sever it [3]. Significant mitochondrial fission is observed
following stimuli that initiate apoptotic cell death [4].
Mitochondrial fission is also observed following pore
formation in the cell’s plasma membrane induced by
bacterial infection [5]. In the latter case, the mitochondrial
fission mechanism remains unknown, as such fission events
do not require the canonical fission machinery regulated
by dynamin-like proteins [6].

In this Letter, we propose that mitochondrial fission can
be induced by a mechanical instability. To study mitochon-
drial fission following the loss of integrity of the cell’s
plasma membrane, of relevance to understanding bacterial-
induced mitochondrial fission, we developed the exper-
imental setup illustrated in Fig. 1. A detailed description of
the experimental protocol is provided in the Supplemental
Material [7]. Briefly, primary bovine aortic endothelial cells
were plated at a subconfluent density on a glass-bottom
dish. Before experiments, cells were incubated with the
mitochondrial fluorescent probe MitoTracker. We used a
glass micropipette to impact and locally rupture the cell’s
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plasma membrane. The micropipette body was bent to a 45°
angle, so that its tip could be positioned perpendicular to
the plane where the endothelial cells adhered (see the inset
in Fig. 1). The setup was mounted on an inverted micro-
scope equipped with a 100x objective. Experiments were
performed at 37 °C using a heating stage on the microscope.
Time lapse movies were acquired at a rate of 2 frames per
second, with a 200 ms exposure time.

A typical time evolution of mitochondrial morphology
following plasma membrane disruption is shown in Fig. 2
(see also Movie 1 in the Supplemental Material). The inset
shows how mitochondria, which initially have a tubular
shape, may fission into smaller fragments, which then

FIG. 1. Sketch of the experimental setup. (1) A layer of bovine
endothelial cells (represented by the undulated curve) is grown on
(2) a glass-bottom dish. The dish is filled with culture medium
and placed on (3) an inverted microscope. (4) A curved glass
micropipette, manipulated by means of (5) a micropipette holder,
is used to exert a controlled impact on the cell’s plasma
membrane (indicated by the block arrow) and to rupture it.
The inset represents the contact between the micropipette tip and
the cell.
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FIG. 2. Top row: Time sequence of the morphological change of mitochondria (fluorescently labeled in black), following the
micropipette-induced plasma membrane rupture that occurs at time r = O s and at the location indicated by the left-pointing black arrow.
The scale bar measures 10 gm. The inset shows a magnification of the mitochondrial morphological change. The black arrow in the inset
follows an unstable mitochondrion, and the white arrow follows a stable one. The inset’s scale bar measures 2 ym. Bottom row: Time
sequence of the Plateau-Rayleigh instability of a water film on a glass fiber. The scale bar measures 1 mm.

become round over a typical time on the order of 15 s. As
seen in the inset, longer mitochondria tend to fission into
several fragments (right-pointing black arrows in Fig. 2),
whereas shorter mitochondria tend not to fission but to
simply become round following plasma membrane dis-
ruption (white arrows in Fig. 2). Such mitochondrial fission
events require the plasma membrane to be disrupted, which
can be attained by a mechanical shock or by other means,
such as a hypotonic osmotic shock or saponin-induced
plasma membrane permeabilization (see the Supplemental
Material).

The observed mitochondrial fission resembles the classic
capillary instability of a liquid cylinder, first described by
Plateau [12] and Rayleigh [13] and illustrated in the snap-
shots in the bottom row of Fig. 2. An analogy with the
Plateau-Rayleigh instability has previously been exploited
to explain the emergence of “pearling” states in lipid tubes
[14] as well as pattern development during the growth of
biological tubes [15]. Similar to these previous studies, we
assume that the mitochondrial mechanics are characterized
by a membrane tension y and by a mechanical resistance to
deformation. In the pearling instability of lipid tubes des-
cribed in Ref. [14], the dominant resistance to deformation is
the bending rigidity of the lipid membrane. In mitochondria,
this bending resistance scales as B/R? ~ 107% J/m?, where
B ~ 5 x 1072 J is the bending modulus of a lipid membrane
and Ry =~ 200 nm is the typical undeformed mitochondrial
radius. This bending resistance is 1 order of magnitude
smaller than the typical mitochondrial membrane tension,
which tends to round the mitochondrion and has previously
been reported to be of the order of y =~ 107 J/m? [16].
Unperturbed mitochondria remain tubular, and thus they
must possess an additional resistance to deformation, which
we represent by an effective elastic modulus E. We propose
that this dominant elastic resistance arises from the

mitochondrial inner membrane folds, known as cristae.
Cristae have been observed to connect to each other [17],
thus forming a three-dimensional network that resists defor-
mation. The structure of this network is, however, very
sensitive to biochemical perturbations [17], which can
reorganize the cristae and thus alter the value of E.

In the mechanical picture we propose, mitochondrial
shape depends on the ratio between E and y, which is a
form of the elastocapillary number [18], here defined as
Ngc = Ed,/y, where d,y is the membrane thickness. In the
tubular configuration, Ngc > 1 and the cylindrical shape is
stable. However, upon rupture of the cell’s plasma mem-
brane, mitochondrial mechanical properties change so that
Ngc decreases, yielding a morphological change towards
the spherical shape. The molecular processes inducing
this mechanical change remain to be determined. A first
candidate process is a pressure increase inside the mito-
chondrion, which would increase y. Indeed, repeating
our experiments in hypertonic conditions (which induce
mitochondrion shrinking and a reduction of y) results in a
decreased incidence of mitochondrial fission, whereas
hypotonic conditions have the opposite effect (see the
Supplemental Material). A second candidate process is a
change in the transmembrane potential across the inner
mitochondrial membrane, which has been correlated to
changes in the inner membrane topology [19] and in its
elastic properties [20], thus reducing E. Indeed, experi-
ments using mitochondrial membrane potential sensors
[21] (rthodamine 123 and MitoTracker) show a reduction
of membrane potential following plasma membrane rupture
(see Supplemental Figs. 5 and 6). Mitochondrial membrane
potential may be modified by ion entry upon plasma
membrane rupture. Indeed, membrane potential and mito-
chondrial fission are sensitive to the intracellular concen-
tration of calcium [22] or potassium [23]. One should also
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note that mitochondria associate with the cellular cytoske-
leton, which may play a role in the maintenance of the
tubular mitochondrial morphology [24]. Our description,
however, does not account for this association because
there is evidence that mitochondrial morphology is not
perturbed by disrupting mitochondrial links to the cell’s
cytoskeleton [25,26]. Indeed, treatment with pharmacologi-
cal agents that disrupt the cytoskeleton does not significantly
affect either the onset of the instability or the dynamics of
shape change (see Supplemental Figs. 2 and 3).

Here we investigate the stability of the tubular mitochon-
drial shape as a function of the dimensionless number Ngc.
Unlike Ref. [14], our study not only considers the stability
of equilibrium states but also the dynamics of perturbation
growth. We consider varicose perturbations [13] and ideal-
ize the mitochondrion, which originally has a large aspect
ratio (see Fig. 2), as an infinitely long, perturbed cylinder
[Fig. 3(a)], whose local radius is given by

R = R, + eexp{ikz + ot}. (1)

Here, R is the undeformed radius of the mitochondrion,
eexp{ot} < Ry is the amplitude of the varicose perturba-
tion, k is its wave number, o is the inverse of the character-
istic time of growth (if 6 > 0) or decay (if ¢ < 0) of the
perturbation, z is the longitudinal coordinate along the
mitochondrial axis, and ¢ is the elapsed time. In Eq. (1)
and in all the complex expressions that follow, it is under-
stood that only the real part is kept on each side of the
equations. We perform a linear analysis including terms up
to order ¢/ R, whereas all higher-order terms are neglected.
Mechanically, we describe the mitochondrial matrix as a
Newtonian fluid of dynamic viscosity p, significantly larger
than that of water [27,28]. For a typical radius Ry ~ 0.1 ym
and a typical deformation speed u =~ 0.01 um/s, the
Reynolds number of the matrix flow is expected to be
Re = puRy/u < 10719 <« 1. The flow is thus described by
the axisymmetric Stokes equations:

dp Pu 10u u Pu
E‘”(W+?E_ﬁ+a_z2)’ (22)
Op Pw  1ow  Pw
o _ (T 1o, o 2b
0z <8r2+r6r+8z2>’ (2b)

where p is the pressure relative to the mitochondrial exterior,
and u and w are, respectively, the radial (r) and longitudinal
(z) velocity components [see Fig. 3(a)]. The continuity
equation reads:

Ju u Ow
—+—-+—=0. 3
or + r * 0z 3
The flow field inside the mitochondrion is subjected to the
following kinematic boundary conditions at the mitochon-
drial membrane:

FIG. 3. (a) Conceptualization used in the instability calculation.
A mitochondrion is represented by a long cylinder of initial radius
R, with a membrane tension y and elastic modulus E, filled with a
viscous fluid of viscosity u. (b) Conceptualization of the shape
relaxation process.

u(r=Ry) = %—If = eoexp{ikz + ot}, (4a)
w(r=Ry) =0. (4b)

The dynamic boundary condition at the mitochondrial

membrane is
Ou 1 O°R (R —Ry)
(=], =r(a-52) e o

where the right-hand side includes a first term representing
the capillary force due to membrane tension and a second
term representing the elastic force due to mitochondrion
stretching [29]. Equation (5) assumes that the membrane
bending resistance can be neglected compared to the
stretching resistance, which is a reasonable assumption
for biological membranes [30]. By solving Equations (2)
and (3) subjected to the conditions given by Egs. (4) and (5)
(see the Supplemental Material for mathematical details),
we obtain the following dispersion relationship:

Y
0:?{1—)6(2)—1\’}%]

HEg
21o(x0)11 (x0) = x0[15(x0) — 17 (x0)]
2x0[21(2)(x0) - I%(xo)] — 41y (x0)1; (xo) ‘

(6)

The last factor, involving modified Bessel functions of the
first kind, is positive for all x, > 0. Thus, the criterion for
instability is x3 < 1 — Ngc. Equivalently, instability occurs
for wavelengths 4 such that

27TRO
\/1 - NEC ’

Equation (7) suggests the following explanation of the
observed mitochondrial fission: originally, the mitochon-
drial resistance to deformation is sufficiently large so that
elasticity dominates membrane tension and Ngc > 1. In this
case, Eq. (7) has no real solution and the cylindrical shape of

1> /Imin =

(7)
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the mitochondrion is stable. Upon plasma membrane rup-
ture, the mechanical properties of mitochondria are altered
and the ratio E/y decreases, so that Ngc < 1 and the tubular
shape becomes unstable. If we suppose that the reduction
in E/y is of at least 1 order of magnitude, so that Ngc ~ 0.1,
we deduce A, ~2.1zR,. It is noted that our results are
insensitive to the specific value assumed for Ngc, as long as
itis significantly smaller than 1. Indeed, assuming any other
value of Ngc < 0.1 only changes the results by at most 5%.
In order to fission into two smaller units, the original
mitochondrial length L, needs to be at least about twice
this minimal wavelength; thus, Lg i, & 24, = 4.27R,.
Figure 4(a) shows that this relationship quite accurately
separates experimentally observed stable (nonfissioning)
versus unstable (fissioning) mitochondria, as a function of
their observed initial radius R, and length L. This result
offers a mechanical explanation of why the fissioning rate
of mitochondria in neurons has been observed to strongly
increase with mitochondrial length [31].
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FIG. 4 (color online). (a) Stability phase diagram. Each symbol
corresponds to an observed mitochondrion, characterized by its
initial radius R and its initial length L. Mitochondrial geometry
is determined from the experimental images with an uncertainty
of at most 15% due to diffraction blur. Blue squares indicate
mitochondria that do not fission upon plasma membrane rupture,
and red circles indicate mitochondria that fission into two or more
subunits. The dashed line indicates the limit of the stability region
predicted by the model L, = 4.2zR. (b) Predicted growth rate o
for perturbations of different wave number k. The solid line is the
result of Eq. (6) for Ngc = 0.1 and the dashed line for Ngc = 1.
(c) Wavelength A of the observed instability, as a function of the
mitochondrial initial radius R,. Circles correspond to experimen-
tal measurements, and the dashed line corresponds to the model’s
prediction 4= 9.5R,. (d) Evolution of the mitochondrial shape
as a function of the elapsed time. The figure represents the
normalized time & = t/7 versus the normalized projected area
Y= [(A _Aoo)/(A +Aoo)] [(AO +Aoo)/(A0 _Aoo)]' The symbols
represent the mean and the standard deviation of the measure-
ments. (We followed 29 mitochondria belonging to three different
cells.) The dashed line represents the fit of Eq. (9), with a value
of the fitting parameter y/u = 0.045 ym/s.

Figure 4(b) shows the dependence of ¢ on xy = kR,
given by Eq. (6) for a stable condition Ngc = 1 (dashed
line) and for an unstable condition N = 0.1 (solid line).
The maximum of the solid line is reached at x, = 0.66 and
6 =0.012y/(uRy). This result implies that, for fissioning
mitochondria, the typical length of the instability is
expected to be 1 =2xRy/xy~ 9.5R,. This prediction is
in close agreement with the typical mitochondrial fragment
size that we observe experimentally just after fission, as
shown in Fig. 4(c), as well as with observations reported in
the literature that neural mitochondria longer than about
3 pm have a significantly increased probability of under-
going fission [31].

Once the tubular shape has become unstable, the evolu-
tion dynamics of the mitochondrial fragments towards
their final spheroidal shape is a nonlinear phenomenon.
Here we propose a simple description of these dynamics
using scaling arguments. Mitochondrial shape relaxation
[Fig. 3(b)] is governed by a balance between membrane
tension, which tends to round mitochondria, and viscous
dissipation, which resists deformation. The mitochondrial
surface energy can be written as £ = yS ~ 4yA, where S is
the mitochondrial surface area and A is the projected surface
area as visualized in a microscope image. By scaling the
velocity gradient as |Vu| ~ (—=dL/dt)/(L/2 — R,), which
is approximated as a constant over the mitochondrial
volume, the viscous energy dissipation can be approxi-
mated by

R? dL\?
oo ()

where R and L are the radius and length of the mitochondrial
fragment at time 7, and R, is the final radius of the
mitochondrial fragment once it has reached its final
shape [see Fig. 3(b)]. To simplify the above expression,
the total mitochondrial volume has been approximated
by zR?*(L —2R,) when performing the integral. It is
noted that elastic effects are neglected in Eq. (8). This
is consistent with the necessary condition for the insta-
bility to arise Ny < 1, implying that surface tension effects
dominate elasticity. Assuming that the mitochondrial frag-
ment is ellipsoidal, conservation of volume requires that
27R?L/3 = 2zR3Ly/3 = 4zR},/3, where R, and L, are
the initial radius and length of the mitochondrial fragment.
Therefore, R, = (R3L,/2)"/?. Conservation of volume
together with Eq. (8) yields

A=Ax) _ (Ao=Aw) e )
A+Ag Ag + Ay

where A, = 7R%, = n(R%L,/2)*? is the final projected
surface area of the mitochondrion, and 7 = R, /(2y) is the
characteristic shape relaxation time. Figure 4(d) shows
the experimentally observed evolution of the mitochondrial

e _
dt
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area, normalized according to the scaling suggested by
Eq. (9). Normalized values for different mitochondria are
well fitted by the theoretical prediction, with the only fitting
parameter being y/u = 0.045 um/s. This value corresponds
to a typical time for shape relaxation of 7 ~ 10 s.

We can use our results to infer estimates of the
mitochondrial mechanical properties. A previous study
of micropipette aspiration of isolated mitochondria reported
a mitochondrial membrane tension of the order of
y~ 107> N/m [16]. This together with our measurement
of y/u yields an estimate of the mitochondrial viscosity of
1~ 200 Pas, which is of the same order of magnitude as
the typical viscosity of a whole cell [32]. If we assume
Ngc = 1 and a double-membrane thickness d, ~ 10 nm, we
deduce E =~ 103 Pa. Indeed, mitochondria aspirated into a
micropipette deform over a typical time of about 200 ms
[16], which matches our estimate of u/E, the characteristic
time of deformation of a viscoelastic body.

In conclusion, our results strongly suggest that mech-
anical phenomena play an important role in regulating
mitochondrial morphology. A change in the mitochondrial
mechanical properties, for example, due to a reduction in
the effective elastic modulus, suffices to initiate fission of a
mitochondrion into smaller fragments. Once the mechani-
cal perturbation occurs, mitochondrial fission and rounding
occur spontaneously, without the need for further inter-
vention by auxiliary proteins. The mechanical instability
we have described explains the biological observation that
the occurrence of fission is dependent on mitochondrial
length, as longer mitochondria become unstable more
readily upon a mechanical perturbation.
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