'.‘ frontiers

in Cell and Developmental Biology

REVIEW
published: 13 February 2020
doi: 10.3389/fcell.2020.00069

OPEN ACCESS

Edited by:
Stefanie Redemann,
University of Virginia, United States

Reviewed by:

Nenad Pavin,

University of Zagreb, Croatia
Anne-Marie Tassin,

Centre National de la Recherche
Scientifique (CNRS), France

*Correspondence:
Nicolas Minc
nicolas.minc@ijjm.fr

Specialty section:

This article was submitted to

Cell Growth and Division,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 21 November 2019
Accepted: 27 January 2020
Published: 13 February 2020

Citation:

Xie J and Minc N (2020)

Cytoskeleton Force Exertion in Bulk
Cytoplasm. Front. Cell Dev. Biol. 8:69.
doi: 10.3389/fcell.2020.00069

Check for
updates

Cytoskeleton Force Exertion in Bulk
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Jing Xie and Nicolas Minc*

Institut Jacques Monod, Université de Paris, CNRS UMR 7592, Paris, France

The microtubule and actin cytoskeletons generate forces essential to position
centrosomes, nuclei, and spindles for division plane specification. While the largest
body of work has documented force exertion at, or close to the cell surface, mounting
evidence suggests that cytoskeletal polymers can also produce significant forces
directly from within the cytoplasm. Molecular motors such as kinesin or dynein may
for instance displace cargos and endomembranes in the viscous cytoplasm yielding
friction forces that pull or push microtubules. Similarly, the dynamics of bulk actin
assembly/disassembly or myosin-dependent contractions produce cytoplasmic forces
which influence the spatial organization of cells in a variety of processes. We here review
the molecular and physical mechanisms supporting bulk cytoplasmic force generation
by the cytoskeleton, their limits and relevance to organelle positioning, with a particular
focus on cell division.
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INTRODUCTION

The actin and microtubule (MT) cytoskeletons are universal force-generating machineries. They
can deform and move organelles, cells and tissues on length scales spanning 3-4 orders of
magnitude. Accordingly, the forces they produce vary in amplitude, from few pN for individual
polymers and motors, up to tens of nN for larger assemblies (Howard, 2001). A large part of our
current understanding of force generation comes from in vitro studies using purified filaments
and motors. Those served to delineate the minimal organizational principles supporting force
generation, and compute typical magnitudes. In general, one could segregate force generation into
two simple classes: protrusive (pushing) and contractile (pulling) forces (Toli¢-Norrelykke, 2008;
Svitkina, 2018). For example, MT and actin filaments typically produce pushing forces in the sub-
pN range, when polymerizing against a barrier (Dogterom and Yurke, 1997; Footer et al., 2007).
Conversely, filament shortening by depolymerization (Grishchuk et al., 2005; Jegou et al., 2013), or
their association with molecular motors, like dynein for MTs (Mallik et al., 2004; Gennerich et al.,
2007) and myosin for actin (Finer et al., 1994) entail significant modes of pulling force exertion.
Integration of these force-generation units into larger networks with defined polarities, turn-over
and organization allows to scale up force amplitude (Parekh et al., 2005; Laan et al., 2008; Thoresen
et al., 2011; Laan et al., 2012; Bieling et al., 2016), as well as generate a plethora of remarkable
network shape changes and movements, including contraction (Reymann et al., 2012; Foster et al.,
2015), growth (Loisel et al., 1999; Ishihara et al., 2014), translation (Holy et al., 1997; Telley et al.,
2012), rotation (Schaller et al., 2010; Sanchez et al., 2012), or oscillations (Placais et al., 2009), akin
to in vivo situations.

Model systems, on the other hand, have defined the role and molecular regulation of cytoskeletal
force generation in vivo, for key processes like spindle positioning, cell migration or tissue
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morphogenesis (Cramer et al., 1994; Gardel et al., 2010; McNally,
2013; Munjal and Lecuit, 2014; Svitkina, 2018). Cell division,
for instance, which is the particular focus of this review, relies
on a thorough spatio-temporal regulation of force-generation
by both actin and MTs. In late prophase/metaphase, the mitotic
spindle needs to be accurately positioned and oriented to specify
the division plane (Morin and Bellaiche, 2011; Minc and Piel,
2012). In many cells, this process is orchestrated by astral
MTs that push and/or pull onto spindle poles, to move and
rotate the spindle into place (McNally, 2013). Spindle assembly
and chromosome segregation are also heavily dependent on
MT-based forces (Dumont and Mitchison, 2009). These forces
contribute to shape and elongate the spindle, as well as move
and position chromosomes in the metaphase plate and pull them
apart later in anaphase. For cytokinesis, signals emanating from
the spindle drive the assembly of a cytokinetic acto-myosin ring,
which will contract to deform the plasma membrane, leading
to the physical separation of daughter cells (Green et al., 2012).
Thus, in a typical time of few minutes, MTs, actin, and their
associated motors, can create a remarkable multitude of forces
varying in amplitude and directions, that coexist in a cytoplasm
as small as few microns.

Our appreciation of the importance of force generation by
the cytoskeleton for cell and tissue behavior, contrasts with
our current knowledge of the directionality and magnitudes of
those forces in vivo. For instance, to date, only few reports
have provided direct force measurements within live cells.
These include measurements of contractile stresses generated
by acto-myosin rings (Rappaport, 1967), forces associated with
chromosome segregation (Nicklas, 1983), intracellular vesicle
transport (Hendricks et al., 2012; Rai et al, 2013) and MT
aster or spindle positioning (Garzon-Coral et al., 2016; Tanimoto
et al., 2018). Whether cytoskeleton polymers apply pushing vs.
pulling forces, to move or position nuclei or spindles, is also
still surprisingly a matter of intense debate in many model
systems (Grill et al, 2001; Bezanilla and Wadsworth, 2009;
Garzon-Coral et al., 2016).

Another important conceptual notion in cytoskeleton force
exertion is to distinguish between the role of forces applied from
the cell surface vs. those applied directly from bulk cytoplasm.
Because biological research has made a powerful use of model
systems like yeast and adherent animal cells, which are small cells
dominated by surface effects, the largest body of the literature
has so far covered cytoskeletal force exertion at, or close to
the cell surface. Examples range from actin polymerization for
lamellipodium protrusion, contractile forces that regulate the
actin cortex, or forces on astral MTs pulled by dynein anchored
to the cortex during spindle positioning. Similarly, the proximity
of glass coverslips in most in vitro assays, has limited our
appreciation of the role of viscous or viscoelastic interactions of
cytoskeleton filaments and motors with elements in bulk. Force
exertion from bulk cytoplasm, may represent another important
class of cytoskeletal regulation, which remains poorly appreciated
and documented. We will review evidences supporting force
exertion in bulk for both MTs and actin, discuss molecular
and physical mechanisms, limits and relevance to organelle
positioning and cell division.

MICROTUBULE FORCES IN BULK
CYTOPLASM

Experimental Evidences Supporting the

Existence of MT Forces in the Cytoplasm
MTs are long and rigid polymers which grow from within the
cytoplasm. In animal cells, MTs are dominantly nucleated from
the centrosome, and radiate to form star-shape structures, called
MT asters (Bornens, 2012). The net forces and torques exerted
by astral MTs are instrumental to move, position, and orient
centrosomes and associated nuclei and spindles (Morin and
Bellaiche, 2011; Minc and Piel, 2012; McNally, 2013). Many
seminal studies have clearly demonstrated that MTs can generate
significant pushing forces in vivo to promote nucleus or spindle
centration (Tran etal,, 2001; Toli¢-Norrelykke et al., 2004). Astral
MTs interaction with cortical dynein is also widely accepted
to create pulling forces that position and orient spindles in a
multitude of cell types (Grill et al., 2001; Gonczy, 2008). Although
such MT cortical forces are typically considered as dominant
modes of force generation (Toli¢-Norrelykke, 2008), experiments
based on the local manipulation of MTs in asters, support that
MTs can also pull directly from the cytoplasm without contacting
the cell surface (Reinsch and Gonczy, 1998; Wiihr et al., 2009;
Mitchison et al., 2012).

The seminal Colcemid-UV experiments by Hamaguchi and
Hiramoto in the 80s, constitute the first important support for
MT force exertion in bulk (Hamaguchi and Hiramoto, 1986)
(Figure 1A). Using the centration of sperm asters in large Sand
dollar (echinoderm) embryos, they depolymerized all MTs with
Colcemid, a powerful MT inhibitor which can be inactivated
with UV light. Local UV-based inactivation allows MTs to regrow
in defined sub-cellular regions. Importantly, as long as the UV
light is on, those regions remain stable against diffusion of
inactivated molecules, given the large excess of Colcemid in the
medium. Thus, this assay allows to create asymmetric asters
with MTs differing in length. Remarkably, asters moved to the
center of UV zones, following the direction of longer MTs,
much like they normally do when migrating to the center of the
whole cell (Chambers, 1939). Importantly, multiple modulations
of this Colcemid-UV assay clearly ruled out any requirements
for a contact between MTs and the cortex, demonstrating that
MT forces exerted in bulk can displace asters and centrosomes
(Hamaguchi and Hiramoto, 1986).

Recent experiments in large zebrafish blastomeres, used an
inverse approach based on an engineered caged version of the
MT drug Combretastatin 4A (Wuhr et al., 2010; Figure 1B).
Local and transient UV-based uncaging of the drug allows for
depolymerizing a fraction of MTs, creating asymmetric asters
that again moved toward the sides of longer MTs. Net motion
occurred long before MTs reached the cortex, supporting that
MT forces exerted in bulk can displace large asters. A last
version of those experiments, involved UV laser-based ablation
of parts of centering sperm asters in sea urchin embryos
(Tanimoto et al, 2016; Figure 1C). Cutting MTs along a
line parallel to the aster centering path, yielded a systematic
deviation away from the ablation line, suggesting that uncut
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FIGURE 1 | Experimental evidences of the role of MT cytoplasmic pulling forces for aster motion. (A) A Sand dollar embryo is fertilized in the presence of the MT
drug Colcemid. Using UV light, MTs are allowed to polymerize in specific regions. When moving the UV region, the sperm aster migrates to the center of the new
region, following the direction of longer MTs. As MTs do not contact any cortex, those experiments support that forces exerted by MTs in bulk cytoplasm can drive
aster motion and positioning. Modified from Hamaguchi and Hiramoto (1986). (B) Zebrafish 2-cell stage blastomeres are incubated in caged combretastatin 4A.
Local UV-based uncaging allows for locally depolymerizing MTs in asters. Asters move following their longer MTs, long before those contact the cortex, supporting
MT cytoplasmic force exertion. Modified from Wuhr et al. (2010). (C) Sea urchin embryos are fertilized, and MT centering asters are cut with a UV-laser along the
indicated lines while they move to the cell center. Laser ablation on the side of asters causes a transient deviation toward the top of the cell, supporting MT bulk
pulling. MT regrowth promote a return of the aster to the centration path. Similarly, laser cuts at aster front cause aster to transiently step back, and move again to

the cell center upon MT regrowth. Modified from Tanimoto et al. (2016).
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MTs predominantly exert pulling forces. Soon after ablation,
MTs regrowth and restored the position of the centrosome on
the centered path. Similarly, cutting MTs at the aster front
caused aster to transiently stop or even step back toward the
cortex. Thus, at least in large eggs and blastomeres, those
different assays provide strong evidence that MT cytoplasmic
forces are dominant in driving the motion of centrosomes,
nuclei, and asters.

Mechanisms Supporting Microtubule
Force Generation in the Cytoplasm

In the systems mentioned above, as well as in many other cell
types, the main motor driving centrosome motion is dynein
(Gonczy et al., 1999; O’Connell and Wang, 2000; Wuhr et al,,
2010; Tanimoto et al., 2016; Cheng and Ferrell, 2019). Dynein

anchoring and activation at the cortex have been extensively
documented, but how this minus-end directed motor may load
onto MTs and pull them in bulk is less well understood. One
possibility is that dynein could be anchored on relatively static
structures in bulk, like a stiff actin or intermediate filament
network (Reinsch and Gonczy, 1998). Although actin appears
to be dispensable for MT bulk force exertion in some systems
(Tanimoto et al., 2016; Cheng and Ferrell, 2019), the role of
intermediate filaments has not been tested thoroughly to date.
An alternative scenario, introduced in another classical paper
by Hamagushi and Hiramoto is that small objects like vesicle
cargos moving along MTs, could interact hydrodynamically with
the viscous cytoplasm, and yield frictional forces that pull onto
MTs (Hamaguchi et al., 1986; Figure 2A). This hypothesis was
based on the observation that some particles like polystyrene
beads injected in eggs, may exhibit highly persistent minus-end
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FIGURE 2 | Mechanisms supporting dynein cytoplasmic pulling force exertion on MTs. (A) Aster centration by dynein-mediated forces in bulk. Dynein may transport
vesicle-cargos (e.g., endosomes or lysosomes) or large endomembrane networks like the endoplasmic reticulum (orange insets). The motion of those cargos in the
viscous cytoplasm creates flows and drag forces that pull on MTs and ultimately centrosomes. This module coupled to front-rear asymmetries in MT length in asters
generates a net centering force. Similar cytoplasmic forces may also transport MTs to the periphery of the asters, contributing to aster expansion (purple insets).

(B) Specific subunits of the dynein-dynactin complex and adaptors thought to mediate dynein-cargo loading as well as cargo motion, during C. elegans pro-nuclear
centration. The cytoplasmic dynein-cargo is loaded onto MTs by interacting with EB proteins at the plus end or tyrosinated a-tubulin along the MTs. Modified
according to Kimura and Kimura (2011) and Barbosa et al. (2017). Scale bar, 20 pm.

motions along astral MTs. Because vesicle-cargos like endosomes,
lysosomes, mitochondria or yolk granules, as well as larger
endomembranes of the endoplasmic reticulum, are typically
transported by dynein along MTs, they could provide natural
viscous anchors for MTs to pull in bulk (Terasaki and Jaffe, 1991;
Reinsch and Gonczy, 1998; Figure 2A).

This model received the best support from genetic functional
analyses in the model C. elegans one-cell embryo (Figure 2B).
Upon fertilization, much like in echinoderms mentioned above
and most animal eggs, the male pro-nucleus moves to the cell
center guided by centering sperm asters. Building on large-scale
protein knock-down analyses, Kimura and colleagues defined
the role of the dynein light chain subunit dyrb-1, as well as
adaptors RILP and Rab7 that connect dynein to vesicle cargos
for centrosome centration (Kimura and Kimura, 2011). RNAi
of those factors significantly reduced endosomes and lysosomes

minus-end directed motion and net aster centration speed,
bringing key molecular insights into how organelle motion
could mediate dynein force exertion from the cytoplasm. Recent
studies of the dynein-dynactin complex in the same system,
revealed mechanisms controlling the loading of vesicle cargo-
dynein complexes onto MTs. These showed interactions between
the dynactin subunit p150 GAP-Gly domain with MT +TIP EB
proteins, as well as with tyrosinated o-tubulin. Specific mutants
of this domain yielded concomitant defects in endosome motion
and aster centration, giving further support to the vesicle-based
pulling model in C. elegans (Barbosa et al, 2017). Because
organelle trafficking along MTs is a feature of all eukaryotic
cells, this mechanism could potentially influence nuclear or
spindle positioning in many cells, not only zygotes. However, it
remains unclear whether the prominent —end directed motion
of endosomes and lysosomes reported in C. elegans represents a
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conserved feature, or if competing activities with +end directed
kinesins could cancel out this effect in other cell types.

Implications of MT Cytoplasmic Forces

for Aster Positioning

How might dynein pulling in bulk cytoplasm influence the
stereotypical centering motion of asters? The most-accepted
design is that longer MTs should accumulate more dyneins
and cargos, allowing them to exert more pulling forces on
centrosomes (O’Connell and Wang, 2000; Vallee and Stehman,
2005; Wuhr et al., 2010; Minc et al., 2011). This design provides a
robust mean to convert aster shape into a net force, and account
for aster centration, as well as all above-mentioned experiments
where MTs are locally depleted (Tanimoto et al., 2016; Haupt
and Minc, 2018). This design received important support from
multiple theoretical modeling work (Kimura and Onami, 2005;
Hendricks et al., 2012; Letort et al., 2016; Tanimoto et al., 2016).
Hydrodynamic simulations even allowed to account for the
resultant flows and forces in the fluid associated with length-
dependent MT pulling in bulk (Shinar et al., 2011; Nazockdast
et al, 2017). Yet, to date, there is no experimental or theoretical
validation that vesicle transport will be an efficient mean for force
exertion on MTs, nor that vesicles actually accumulate onto MTs
in a length-dependent manner.

One important mean to connect the length-scales of single
force-generation events to that of whole asters, is to compute the
net forces associated with centering asters in vivo (Wu et al., 20165
De Simone et al., 2018). Building on injected magnetic beads
which exhibit persistent minus-end directed motion and stick
to centrosomes, we recently used in vivo magnetic tweezers, to
derive force-velocity relationships for centering sperm asters in
sea urchin eggs (Tanimoto et al., 2018; Figure 3A). These allowed
to extract a stall force that equilibrates the endogenous aster net
centering force of ~600 pN. This force is equivalent to a net
excess of hundreds of motors, or tens of vesicle cargos at the aster
front (Rai et al., 2013). While this may seem realistic, the lack
of understanding on how much of the vesicle force is actually
transmitted to single MTs or to the centrosome, precludes any
firm conclusion for the exact mechanism that generates such
large forces. Asters are bushy, with MTs often unconnected to
the rest of the network, and whether vesicle motion will just
transport MTs to the periphery of the aster, promoting aster
expansion, drive network rearrangements, or actually pull on
the centrosome is not clear (Mitchison et al., 2012; Ishihara
et al, 2014; Figure 2A). In addition, the motion of vesicle
cargos in dense asters, is a sophisticated hydrodynamic problem,
resembling that of a sphere moving in a closed pipe, which could
significantly limit dynein force transmission to MTs (Happel and
Brenner, 2012; Nazockdast et al., 2017).

In vivo magnetic forces can also serve to move the centrosome
away from the cell center, and assay their ability to re-find the
cell center. Such experiments were first performed on centered
mitotic spindles in C. elegans zygotes (Garzon-Coral et al., 2016).
They revealed the existence of MT-dependent visco-elastic forces,
which maintain the spindle in the cell center that were proposed
to emerge from astral MT pushing forces on the cortex. During
aster centration in sea urchin embryo, applying magnetic forces

orthogonal to the centering axis, also yielded similar MT visco-
elastic forces, which maintain the centrosome along the centering
path (Figure 3B). The centering stiffness provided by MTs is ~60
pN/pwm. Thus, a displacement 1 pwm away from the centering
path, creates a net imbalance of 60 pN in MT forces from the
two sides on the centrosome. We interpreted this imbalance as a
natural consequence of the length-dependent MT pulling model:
as the aster is moved away from the center MTs become longer
in the other direction, exerting a net restoring force proportional
to the net displacement of the aster center (Tanimoto et al.,
2018; Dmitrieff and Minc, 2019). Remarkably, this MT-based
centering stiffness becomes gradually smaller as the sperm aster
approaches the cell center (Salle et al., 2019). This reduction
could also be a mere consequence of the cytoplasmic pulling
model. As vesicles and/or endomembranes are transported to the
aster center by dynein, they become gradually depleted from the
rest of the cytoplasm, thereby reducing the amount of viscous
anchors for dynein to pull on MTs (Figure 3C). Accordingly, the
endoplasmic reticulum exhibits a massive accumulation around
centering sperm asters (Terasaki and Jaffe, 1991). Whether other
cargos exhibit similar accumulation remains to be determined,
and could represent a qualitative criteria to identify the specific
dynein cargos supporting bulk pulling.

Finally, in addition to centering asters and promoting
symmetric division, length-dependent bulk MT forces may
also influence division orientation. During early embryonic cell
cycles, asters duplicate and orient to specify the geometry of
early division patterns. One remarkable properties of those
divisions, is that they usually orient along the long axis of the
cell. This process, which is thought to be a general property
of many cells, was first reported in the nineteenth century in
Oskar Hertwig’s classical rules (Hertwig, 1884; Minc and Piel,
2012). Length-dependent MT forces allow to orient aster pairs
along the long axis of cells, thereby explaining those century-
old division rules (Wuhr et al., 2010; Minc et al., 2011; Pierre
et al., 2016; Haupt and Minc, 2018). In different embryos, aster
geometries may be influenced not only by cell shape, but also by
the presence of neighboring asters, or yolk layers which affect M T
growth. Combinations of those factors ultimately dictate aster
shapes and consequent position and orientation, accounting for
a large part of the diversity of cleavage patterns seen in different
embryos (Pierre et al., 2016). Thus, MT length-dependent bulk
pulling forces constitutes a generic design which may account for
essential self-organizing properties of asters and early embryos.

ACTIN-BASED FORCES IN BULK
CYTOPLASM

The Actin Comet-Tail Model

Actin is also responsible for the generation of large forces, in
essential instances like cell migration, cytokinesis, and shape
changes (Gardel et al., 2010; Green et al., 2012; Munjal and Lecuit,
2014; Svitkina, 2018). The largest part of F-actin in animal cells
resides in the cell cortex, underneath the plasma membrane.
As a consequence, addressing the role of bulk F-actin has long
remained difficult, in part because the visualization of filaments
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FIGURE 3 | Implications of MT cytoplasmic forces for aster centration. (A) External calibrated magnetic forces applied with magnetic tweezers on the aster center,
through minus-end accumulated beads in sea urchin embryos. Forces applied along the centering axis serve to derive force-velocity relationships for centering
asters. This relationships is mostly linear supporting a motion limited by viscous interactions, with the slope allowing to compute an effective drag. The intersection of
the line with the x-axis yields estimates of the aster endogenous force of ~600 pN. Modified according to Tanimoto et al. (2018). (B) Forces applied orthogonal to
the centering axis serve to characterize MT-based visco-elastic forces stabilizing the centered position of the aster in the transverse axis during centration. Blue
curve: Typical experimental displacement-time curve, allowing to compute visco-elastic parameters of MT-based centering system. Upon force application, the aster
moves toward the magnet until reaching an equilibrium plateau, and recoils back to the center after releasing the force, behaving as a spring. Computation of the
centering stiffness and the drag from the plateau and the slope of the curve. Modified from Tanimoto et al. (2018). (C) Successive force measurements showed that
aster centering stiffness becomes reduced during aster centration (Salle et al., 2019). Proposed model for how cytoplasmic forces may become less efficient during
centration, and yield to this stiffness reduction: As the aster centers, dynein drags endomembranes to the cell center, depleting the rest of the cytoplasm, and
thereby rendering cytoplasm force exertion less efficient. Modified from Terasaki and Jaffe (1991) and Salle et al. (2019).
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deep in the cytoplasm is often obscured by the very bright cortex
(Field and Lenart, 2011). The development of actin live probes
including life-act and Utrophin has allowed important new
discoveries on the specific function of bulk actin (Li et al., 2008;
Field et al., 2011; Almonacid et al., 2015; Shamipour et al., 2019).

One well documented class of mechanism for force exertion by
F-actin in bulk cytoplasm, comes from studies of the propulsion
of the pathogenic bacterium Listeria monocytogenes (Figure 4A).
Upon infection, this microbe hijacks the actin cytoskeleton
machinery of the host cell to grow a long “comet tail” made of
highly reticulated actin filaments that propel the bacterium in
the cytoplasm (Tilney and Portnoy, 1989; Theriot et al., 1992;
Tilney et al., 1992). At the surface of bacterial poles, a nucleation
promoting factor called ActA recruits and activates host Arp2/3
complex that promotes branched actin growth (Welch et al,
1997). Multiple seminal studies reconstituted actin comets at
the surface of beads, vesicles, droplets, in cytoplasmic extracts,
or in minimal solutions (Theriot et al., 1992; Cameron et al.,
1999; Loisel et al, 1999; Pantaloni et al., 2001; Bernheim-
Groswasser et al., 2002; Giardini et al, 2003; Trichet et al,
2007; Delatour et al., 2008). Those served to draw a large
part of our current understanding of actin assembly and force
generation, needed for other processes like lamellipodium based
migration (Theriot et al., 1994; Laurent et al., 1999; Pantaloni
et al.,, 2001). In addition, comet tails also form around other
pathogens including viruses (Welch and Way, 2013), as well
as at the surface of endosomes, lysosomes or yolk granules
(Taunton et al., 2000; Shamipour et al., 2019), suggesting that they
could promote the intracellular motion of many types of cargos
in the cytoplasm.

The forces developed by actin comet-tails can be enormous,
ranging from hundreds of pN to few nN (Giardini et al., 2003;
McGrath et al, 2003; Upadhyaya et al., 2003; Marcy et al,
2004; Plastino and Sykes, 2005). In addition to propelling the
bacterium, those forces may help the microbe to eventually
deform and breach the host membrane for propagation to
neighboring cells (Portnoy et al, 2002; Pizarro-Cerda and
Cossart, 2006). The propulsive speeds of Listeria are also
impressive, reaching up to ~1 pm/s, and are nearly equal to that
of actin tail growth speeds (Dabiri et al., 1990). In the absence of
external forces, the ensemble cargo (e.g., bacteria, beads...) plus
actin tail is an isolated system (Prost et al., 2008). Consequently,
which of the cargo or the tail will move in the laboratory frame is
dictated by the ratio of the viscous drags of each object. Those
drags depend on their respective geometries and the viscosity
of the cytoplasm. Given the large density of filaments in the
actin tail, its drag may be well approximated with that of a solid
cylinder, which increases linearly with the tail length (Happel and
Brenner, 2012). Thus, if the tail is much shorter than the cargo
radius, it will elongate with no net displacement of the cargo.
Once the tail reaches a similar length than the cargo, they will
move in opposite directions at similar speeds. However, when
the length of the tail exceeds the radius of the cargo, the drag
of the tail will dominate and propel the cargo at a speed that

is linked to that of actin tail growth, by: Vg = (l-l-y‘c/:r%
ai

(Prost et al., 2008). In vivo, actin tails are typically 20-30X longer
than their cargos, and thus the speed of the cargos, can be very

well approximated with that of actin growth (Theriot et al., 1992).
Thus, as for MTs and vesicles moved by dynein discussed above,
the comet tail-based motion exemplifies how a pure viscous
interaction with bulk cytoplasm, can support force exertion and
rapid net motion of cargos.

However, the bacterium or other cargos are often subjected
to external forces, when encountering other organelles or cellular
networks, or when pushing against the membrane. For instance,
Listeria’s speed depends on its location within the host cells,
which has been used to argue for an influence of the local
density of cytoskeletal networks of actin, MTs or intermediate
filaments (Giardini and Theriot, 2001; Giardini et al., 2003).
During microbe escape, actin tails also appear to connect to
the cortex of evaginating membranes, raising the possibility that
the tail could push on more elastic or viscoelastic elements
to support forward progression of the bacterium against load
(Sechi et al., 1997). Because some actin tails appear smaller
than their cargos, it is likely that visco-elastic interactions of
the tail with other elements may be required in some instances
(Shamipour et al., 2019).

In the context of cell division, the comet-tail pushing
mechanism has been used to account for the decentration of the
meiotic spindle in mouse oocytes (Figure 4B). Meiotic spindle
displacement from the cell center to the nearest cortex, has been
the subject of significant debates, arguing for the prominence of
contractile forces from an acto-myosin network connected to the
cortex vs. pushing from an actin cloud (Azoury et al., 2008; Li
etal., 2008; Schuh and Ellenberg, 2008; Bezanilla and Wadsworth,
2009). The pushing mechanism is based on the observation of a
large formin-nucleated F-actin cloud surrounding spindles and
chromosomes, which breaks symmetry to become asymmetric
at the onset of spindle displacement (Li et al., 2008). Notably,
the cloud lagging the spindle has a size that roughly equals or
is smaller than the spindle. Thus, following above arguments,
whether the cloud solely uses viscous interaction with the
cytoplasm to move spindles and chromosomes, or if it pushes
on other bulk visco-elastic networks remains an interesting
open question.

Actin-Based Pulling in Bulk

Acto-myosin based contraction is the main force that drives
cell shape changes, cytokinesis, and many tissue rearrangements
(Green et al., 2012; Munjal and Lecuit, 2014; Chugh and Paluch,
2018). Acto-myosin networks are most prominent at the cortex,
and their local contraction can yield actin flows that concentrate
actin and myosin toward the site of highest contractility (Callan-
Jones and Voituriez, 2016). Provided balanced disassembly at this
site, the network can exhibit steady state gradients in actin density
and flows, which are thought to contribute to cell polarization,
as well as multiple aspects of cell migration (Mayer et al., 2010;
Liu et al., 2015; Maiuri et al., 2015; Ruprecht et al., 2015). Can
similar mechanisms organize the bulk cytoplasm in such events
as nuclear or spindle positioning? Bulk cytoplasmic extracts can
exhibit massive acto-myosin dependent contractility (Field and
Lenart, 2011; Field et al., 2011), suggesting that those types of
forces exist in the cytoplasm and could contribute to organize the
cell interior.
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FIGURE 4 | Some mechanisms for actin-based force exertion in bulk. (A) Actin comet tail model for actin based cytoplasmic pushing. Comet tails grow at the
surface of different microbes, such as Listeria monocytogenes, or even at the surface of intracellular vesicles. Actin polymerization promoted by local actin regulators
such as ActA for Listeria and Wasp for lysosomes promotes the growth of a branched actin network, by activating host arp2/3 complex. Assuming pure viscous
interactions of both cargos and tails with the cytoplasm, the propulsive speed of the cargo is linked to that of actin growth speed by their drag ratio as indicated.

(B) Meiotic spindle asymmetric displacement in mouse oocytes. An actin cloud forms around spindle and chromosomes as a result of formin-nucleation activity
around spindles or chromosomes. This cloud breaks symmetry and pushes the spindle upward invoking similar physical principles as for comet-tails. Modified from
Liet al. (2008). (C) Self-organized acto-myosin contractile networks in extracts encapsulated in droplets can drive actin and fluid flows. Darcy flows through the
permeable network create a pressure gradient that pushes the network toward the cell center. Modified from lerushalmi et al. (2019).
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Recent in vitro studies provide important support for the
relevance of bulk actin flows to cellular spatial organization
(Figure 4C). These are based on the encapsulation of crude
frog extracts supplemented with energy mix in water-in-oil cell-
like droplets (Pinot et al., 2012; Tang et al., 2018; Malik-Garbi
et al, 2019). Remarkably, those extracts rapidly self-organize to
create sustained gradients of acto-myosin contractility with actin
flowing from the droplet surface to its center (Pinot et al., 2012;
Malik-Garbi et al., 2019). Flow properties depend on factors
which control actin assembly and disassembly, as well as network
connectivity (Malik-Garbi et al., 2019).

Remarkably, this network self-organizes around an aggregate
of vesicles, which are dragged by actin flows, and locates to the
precise droplet center. When this vesicle aggregate is moved away
from the droplet center with magnetic tweezers, acto-myosin
flows exert a net centering force, which moves the aggregate back
to the droplet center. Thus, much like MT asters, disordered
acto-myosin networks can act as elastic springs related to cell
geometry. Their restoring elastic forces also emerge from a shape
anisotropy of the network. When the network center is close
to the cortex, the network grows larger away from the cortex,
and drags more fluid, thereby creating a pressure gradient that
pushes it back to the droplet center. This pressure gradient
depends on the permeability of the network as well as fluid
flow speeds and organization. Thus, this mechanism may have
similarities with MT aster centering from bulk dynein forces.
Whether this mechanism directly contributes to center organelles
like the nucleus in cells remains to be tested, but similar bulk actin
flows, have been shown to exist in fish embryos and influence the
organization of their cytoplasm (Shamipour et al., 2019).

DISCUSSION

Several decades after the pioneering experiments by Hamaguchi
and Hiramoto (1986), our appreciation of cytoskeleton force
exertion in bulk remains narrow. This in part because those
effects are best studied in large cells, such as eggs and blastomeres,
which are less studied than yeast or adherent vertebrate cells.
However, vesicles trafficking along MTs or actin growth in
bulk are highly conserved processes, and thus it is likely that
such forces exist even in small asters and cells (Telley et al,
2012; Wu et al,, 2012). Whether their impact remains negligible
as compared to surface forces is an exciting question for the
future of the field. The physical mechanisms supporting force
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