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The cytoskeleton is a complex network of interconnected biopolymers intimately involved in the generation and
transmission of forces. Several mechanical properties of microtubules and actin filaments have been extensively
explored in cells. In contrast, intermediate filaments (IFs) received comparatively less attention despite their
central role in defining cell shape, motility and adhesion during physiological processes as well as in tumor
progression. Here, we explored relevant biophysical properties of vimentin IFs in living cells combining confocal
microscopy and a filament tracking routine that allows localizing filaments with ~20 nm precision. A Fourier-
based analysis showed that IFs curvatures followed a thermal-like behavior characterized by an apparent per-
sistence length (Ip*) similar to that measured in aqueous solution. Additionally, we determined that certain
perturbations of the cytoskeleton affect Ip* and the lateral mobility of IFs as assessed in cells in which either the
microtubule dynamic instability was reduced or actin filaments were partially depolymerized. Our results
provide relevant clues on how vimentin IFs mechanically couple with microtubules and actin filaments in cells

and support a role of this network in the response to mechanical stress.

1. Introduction

The ability of an eukaryotic cell to resist deformation, to transport
organelles and vesicles and change its shape during processes such as
cell migration depends on the cytoskeleton, a network of biopolymers
formed by microtubules, actin filaments and intermediate filaments
(IFs), in constant remodeling [1,2].

Internal and external physical forces act through the cytoskeleton
and impact on many cell functions [3]. Thus, it is very relevant to
understand how the network of cytoskeletal filaments is able to gen-
erate, transmit and respond to mechanical signals. Microtubules and
actin filaments have been extensively explored due to their central role
in processes such as cell division and intracellular transport; in contrast,
IFs received comparatively less attention until recently.

Intermediate filaments contribute to the cell stiffness [4-6] and are
involved in the organization of the cell cytoplasm [6-8]. Additionally,
these filaments play central roles in processes such as cell migration
[9-11], development [12], signal transduction and gene expression
regulation [13]. In contrast to microtubules and actin filaments, the
family of IFs filaments vary in their protein composition [14] and their
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relative abundance depends on the tissue, the cell type and its context
[9].

In vitro studies with purified IFs revealed unique mechanical prop-
erties of IFs networks (reviewed in [15-17]). IFs are the softest com-
ponent of the cytoskeleton; their persistence length (i.e., the length of
the filament over which thermal bending becomes appreciable [18])
ranges 0.2-3 um depending on the IF composition and measurement
conditions [19]. In contrast, the persistence lengths of actin and mi-
crotubules are ~15 pm and ~6 mm, respectively [18,20,21].

Vimentin filaments stand out as one of the most studied IFs due to
their key role in cell migration [15,22]. Their expression increase
during the epithelial to mesenchymal transition defining changes in cell
shape, motility, and adhesion [4] required in physiological processes
such as embryonic development as well as in tumor progression with
metastatic expansion. Recently, it was demonstrated the vimentin IFs
play a central role in protecting the cell nucleus during migration [23].

In vitro experiments showed that networks of these IFs withstand
significantly greater mechanical deformation than actin and micro-
tubules [24] with an elastic modulus that increases at large strains [25].
As other intracellular filaments, vimentin IFs are polyelectrolyte
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polymers [26] that may crosslink in the presence of physiological
concentrations of divalent cations such as Mg>* or Ca®*, and form
bundles and other structures of increased rigidity [26,27].

In living cells, the different cytoskeletal filaments interact with each
other through a wide variety of biomolecules including small protein
crosslinkers, molecular motors and structures such as the plasma
membrane or organelles [8,28-32]. Additionally, cytoskeletal filaments
are not static structures but present continuous cycles of polymerization
and depolymerization [18] giving the network another layer of com-
plexity. Therefore, many properties of the cytoskeleton network cannot
be explained by only considering the behavior of the filaments in vitro.

Here, we combine confocal imaging and a filament tracking pro-
cedure to explore certain biomechanical properties of vimentin IFs in
living cells. Particularly, we analyze the lateral mobility and apparent
persistence length of these filaments, properties that had provided re-
levant information on the mechanical behavior of other cytoskeletal
filaments in their natural context [33,34]. We also study how pertur-
bations introduced to the microtubule or actin filaments networks im-
pact on IFs. This study provides information on how the vimentin IF
network mechanically couples with other components of the cytoske-
leton in live cells.

2. Materials and methods
2.1. Cell culture and transfection

Baby hamster kidney (BHK) cells were cultured in high glucose
Dulbecco's Modified Eagle Medium (DMEM, Gibco) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin at 37 °C and 5%
COo.

For microscopy measurements, cells were grown for 2 days on
sterilized 25-mm coverslips and placed into 35-mm plates with 1.5 ml
of complete medium.

Cells grown on coverslips were transfected using Lipofectamine
2000 (Invitrogen) with plasmids encoding GFP-vimentin, which co-as-
sembles with endogenous vimentin [7] or EMTB-3xGFP [35], which
codifies the microtubule-binding domain of ensconsin fused to a
tandem of 3 copies of GFP (Addgene # 26741) and observed 24 h after
transfection. These plasmids were kind gifts of Dr. V. I. Gelfand
(Northwestern University, Chicago, IL) and Dr. Arpita Upadhyaya
(University of Maryland, College Park, MD), respectively.

STED images were acquired in transformed and metastasizing BJ
fibroblasts (BJF) constructed by Hahn et al. [36]. ~10° cells were
grown for 24 h on 18-mm coverslips and then transiently transfected
using Lipofectamine LTX Reagent with PLUS reagent (Thermo Fisher
Scientific, #15338100), according to the manufacturer's instructions,
with a plasmid coding for a EGFP-vimentin [37]. 24 h after transfection,
cells were fixed (4% paraformaldehyde in PBS), permeabilized (Triton-
X-100) and stained with a rabbit anti-GFP antibody (Abcam), and an
Alexa488-conjugated secondary antibody (Abcam).

2.2. BHK cells treatments

Total and partial actin depolymerization were achieved by incuba-
tion of the cells with 0.15 or 1.5 uM latrunculin B for 30 min, respec-
tively. Cells were incubated with 10 pM nocodazole during 30 min at
0 °C to depolymerize microtubules [38]; a similar treatment preserved
vimentin IF organization in another cell line [39]. To reduce micro-
tubule polymerization/depolymerization dynamics, cells were in-
cubated with 30 nM vinblastine (Sigma-Aldrich) for 10 min [40]. The
cell samples were observed within 30 min after these treatments.

To label the actin network, cells were fixed (4% paraformaldehyde
in PBS), permeabilized with Triton X-100 (0.1% in PBS) and incubated
with phalloidin-Texas Red X (Molecular Probes).
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2.3. Confocal microscopy

Confocal images were acquired in a FV1000 confocal microscope
(Olympus). GFP-tagged proteins were observed using a multi-line Ar
laser tuned at 488 nm (0.3-1.5 pW at the sample) as excitation source.
The laser light was reflected by a dichroic mirror and focused through a
60 x oil immersion objective (NA = 1.35; Olympus, Japan) onto the
sample. Fluorescence was collected by the same objective, passed
through the pinhole, reflected on a diffraction grating and passed
through a slit set to transmit in the range of 500-600 nm or
500-530 nm for one and two-color experiments, respectively.

Texas Red X-labeled actin filaments were observed using as ex-
citation source a 543 nm diode laser (1 pW at the sample) and collecting
the fluorescence in the range of 555-655 nm.

The fluorescence photons were detected with photomultipliers set in
the photon-counting detection mode. The pixel size was set in the range
of 65-100 nm.

For filament tracking experiments, we acquired image stacks of
single cells during ~2 min with an acquisition speed of 0.3 frames/s.

2.4. Stimulated emission depletion (STED) microscopy

STED images were acquired on a TCS SP8 3x STED microscope
(Leica) equipped with a 100 X /1.4 STED WHITE objective. The images
were recorded by exciting Alexa 488 with a 488 nm laser line and
depleting with a STED beam at 592 nm. The pixel size was set to 20 nm.

2.5. Filament localization with nanometer accuracy

The coordinates of IFs segments were recovered from confocal
images of GFP-vimentin transfected cells using the single-filament
tracking routine AFTER [34]. Briefly, the program applies a rotation
transformation to the image in such a way that the x, coordinates of the
filament are univocally associated to single yy values. For each xy, the
algorithm extracts the intensity profile in the vertical direction and
localizes the filament center with nanometer precision using a gen-
eralized regression neural network [41,42]. AFTER outperforms the
traditional Gaussian deconvolution methods at the signal to noise ratios
(S/N) observed in living cells thus providing the filament coordinates
with smaller errors [34].

2.6. Fourier decomposition of filament shapes

We used the filament coordinates (xy, yi) recovered from the images
to calculate tangent angles:

O = tan*l(iyk+1 — Yk)

Xg+1 — Xk (€D)]
and segment lengths:
Sk = /(1 = X% + G = Y ©)

The tangent angle is then decomposed into a large number of
Fourier modes and expressed as a sum of cosines [43]:

0(s) = +2/L Z a, cos(q,s)
n=0 3

where q, represents the wave vector and is defined as q, = nst/L. The
zero-order term a, corresponds to the average orientation of the fila-
ment, s is the arc length along the filament and L is the segment length.

2.7. Image analyses
Confocal images of cells labeled with Texas Red X-phalloidin (red

channel) and expressing GFP-vimentin (green channel) were processed
with specific FIJI tools [44]. The red channel images were binarized,
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Fig. 1. Tracking vimentin filaments in living cells.
(A) Representative confocal image of a BHK cell ex-
pressing GFP-vimentin. The right, top panel shows a
zoom-in region of the cell (dotted rectangle in the
left panel) with a filament (labeled with an asterisk)
tracked using the AFTER routine (red line in bottom
panel). Scale bars, 2 pm. To facilitate the visual ob-
servation, we used different intensity scales in the
images. (B) Schematic representation of the Fourier
analysis. The top panel shows simulated filaments
with Ip = 3 um split into groups according to their
relative lengths (colored in different blue tones).
These shapes were Fourier-decomposed (central
panel) and globally fit with Eq. (6) (continuous line).
(C) Effects of the filament localization error in the
Fourier analysis. The dotted line corresponds to the
threshold mentioned in the text.
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processed to eliminate open areas inside the mask perimeter and used
to calculate the cell spreading area and the geometrical center of mass
of the cell (CMc.p1). The number of stress fibers in cells was estimated by
eye inspection. The green channel images were despeckled and binar-
ized to obtain the vimentin network area. The despeckled images were
also used to calculate an intensity-weighted center of mass of the vi-
mentin network (CMy;n,) weighting the coordinates of each pixel within
the cell spreading area by its green channel intensity. ACM was calcu-
lated as |CMcey; - CMyim|- These last calculations were performed using a
home-made Python routine.

2.8. Lateral motion of intermediate filaments
The lateral position of a filament segment was computed as its mean

y coordinate (7). The mean lateral square displacement (MSD;) was
calculated as [34]:

wavevector, q (um™)

MSDy, = (F (1) =y (t + D)%) (4

where t and t are the absolute and lag times, respectively, and the
brackets represents the time average. This calculation was done for
T < 50% of the total time of the trajectory.

The number of trajectories analyzed for the live-cells experiments
and fixed-cells measurements was 43 and 27, respectively.

2.9. Numerical simulations

To simulate filaments with shapes following a thermal distribution,
we sampled the mode amplitudes a,, from a normal distribution with
variances given by Eq. 6, a persistence length of 3 pum and
1 < n < 100. The filaments lengths L were sampled from a uniform
distribution in the range 0.5-6 pm. The number of simulated filaments
was 250.

For each set of a,, we computed 6(s) from Eq. (3) using 1 nm steps
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for s and recovered the coordinates x and y along the filament as [45]:

x@() = f ® cos(8(s"))ds’

COIENA * sin(8(s"))ds’ ©

Then, the filament shapes were re-sampled using a pixel size of
90 nm, i.e. similar to the experimental pixel size. When indicated, we
added noise sampled from a normal distribution with a standard de-
viation of 20 nm to the y-coordinate.

2.10. Statistical analyses

Experimental results are expressed as mean + standard error of the
mean. Statistical significance among groups was analyzed using Welch
two-sample t-test. Differences were considered significant forp < .05
and labeled with an asterisk.

We used a linear regression procedure for adjusting Eq. (7) to the
Fourier data; the standard error (SE) of lp* was obtained from the in-
tercept's error propagation. The lp* values were considered different if
their Ip* + SE intervals did not overlap. Differences between Ip* va-
lues were labeled with the symbol #.

3. Results and discussion
3.1. Fourier analysis of vimentin IFs curvatures in living cells

The persistence length of filaments (Ip) can be obtained by ana-
lyzing the shapes of the filaments through a Fourier decomposition
procedure [43]. Specifically, in thermal equilibrium, the variance of the
Fourier mode amplitudes averaged over uncorrelated filaments shapes
(Var(ay)) is related to the mode g, (q in Eq. (6)) as [43]:

In(Var(ay)) = —In(lp) — 2Inq 6)

On the other hand, it was demonstrated that microtubule curvatures
in living cells followed a thermal-like distribution [34,43] characterized
by:

In(Var(ag)) = —In(lp*) — 2Ing @)

The apparent persistence length (Ip*) of microtubules was sig-
nificantly smaller than the in vitro lp showing that non-thermal, random
forces act on these filaments in cells [33].Thus, these previous works
show that the curvature analysis could provide clues on forces acting on
filaments in living cells.

Based on these previous reports, we followed a similar approach to
study vimentin IFs in living cells. Fig. 1A shows a representative, con-
focal image of a BHK cell expressing GFP-vimentin. The filaments form
an intricate network of highly curved and overlapping filaments. In
some regions, it is also possible to observe thick fibers or bundles
previously described in the literature [46] and probably formed by a
relatively large number of filaments.

In the experiments showed in the following sections, we focused the
analyses in mesh-like regions of the network, selected vimentin fila-
ments with relatively low fluorescence intensities and used the filament
tracking routine AFTER [34] to recover the coordinates of segments of
these IFs. Despite the optical resolution of confocal microscopy does not
allow assuring that these structures correspond to single filaments, their
relatively low intensity in comparison to other vimentin structures
observed in the field suggests that they are probably formed by one or a
relatively low number of filaments. Additionally, we did not analyze the
fibrous structures mentioned above [46].

The intricate geometry of the IF network imposes a limit to the
lengths of filament segments that can be tracked. Therefore, we first
adapted the Fourier method used for the curvature analysis of equally-
sized microtubule segments [34] to this complex scenario; Fig. 1B
shows a simplified scheme of this new procedure. Specifically, the
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filament segments tracked with AFTER were sorted according to their
lengths and the data set was split into M groups using a bin size of
500 nm. Those groups containing a low number of filaments (< 8) were
discarded from further analyses and the remaining groups were treated
as independent ensembles through Fourier decomposition assigning to
each group a filament length equal to the bin center. Then, the whole
data set was globally analyzed.

To test the performance of this analytical procedure, we simulated
the shapes of thermally-equilibrated filaments with Ip = 3 um (i.e. si-
milar to the in vitro lp of IFs) and L values in the range of those of IF
segments experimentally tracked. We analyzed these shapes as de-
scribed before and found that the simulated data followed the behavior
expected from Eq. 6 with Ip = 2.9 + 0.1 um (Fig. 1B) validating the
procedure.

The error in the filament localization introduces deviations from the
linearity at high frequencies [34,43]. Thus, we quantified the precision
on the localization of IFs in fixed BHK cells expressing GFP-vimentin
obtaining a value of ~20 nm (Supplemental Fig. 1). We explored how
this tracking error affects the lp determination adding a white noise
with an amplitude of 20 nm to the y-coordinates of the simulated fi-
laments and analyzed the data as described before. Fig. 1C shows that
the simulated data deviated as expected from the linear behavior thus,
we only considered data with wave vectors > 5.5 ym ™! for the studies
performed with BHK cells described in the following sections.

3.2. Vimentin IFs curvatures follow a pseudo-thermal behavior in living cells

We acquired confocal images of live BHK cells expressing GFP-vi-
mentin and localized filament segments using AFTER. Fig. 2A shows the
Fourier decomposition of IF curvatures analyzed with the procedure
described in the previous section. The data followed the behavior ex-
pected according to Eq. 7 indicating a thermal-like distribution of vi-
mentin IFs curvatures in living cells. The apparent persistence length
obtained from these analyses was 2.2 = 0.1 pm.

To assay if the ~200 nm lateral resolution achieved with confocal
imaging [47] hide details of IFs curvatures that may affect the analysis,
we examined confocal and stimulated emission depletion (STED) mi-
croscopy images acquired in identical regions of transformed and me-
tastasizing BJ fibroblasts (BJF) with fluorescently-labeled vimentin fi-
laments (Fig. 2B). The comparison of these images shows that the
dimmer filamentous structures observed with confocal imaging nor-
mally correspond to single filaments according to STED images. We
recovered the coordinates of the same set of filaments in both images
and performed the Fourier analysis as described before.

Fig. 2C shows that these techniques provided identical information
on the filaments curvatures. In both cases, the distribution followed a
pseudo-thermal behavior and the lp* values were not significantly
different.

In contrast to microtubules that present an apparent persistence
length ~ 2 orders smaller than that observed in vitro [33,34], the Ip* of
vimentin IFs in BHK cells was very similar to that determined in solu-
tion (~2.1 pum, [48]) suggesting that the curvatures of these filaments
are not affected by the intracellular milieu.

This statement is in apparent contradiction with a wealth of evi-
dence demonstrating interactions of IFs with other cytoskeleton net-
works [32]. Moreover, intra and extracellular forces continuously re-
model these networks and may also impact on IF curvatures.

Therefore, we next explored how IFs respond to mechanical per-
turbations caused by specific alterations of either the microtubule or
the actin networks.

3.3. The cytoskeletal crosstalk modulates the apparent persistence length
and lateral mobility of vimentin IFs

Microtubules in living cells experience large forces. For example,
their polymerization against obstacles or barriers [49,50] produces a
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pushing force that finally triggers their fast depolymerization [51]
regulating the extension of the microtubule network. Therefore, we
explored if those forces acting on microtubules also affect the IF net-
work. With this aim, we incubated BHK cells with vinblastine that, at
low concentrations, reduces the frequency of microtubule polymeriza-
tion/depolymerization events [40].

Fig. 3A shows representative images of BHK cells expressing EMTB-
3xGFP, protein that binds to microtubules. The images show that the
accumulated tension in vinblastine-treated BHK cells increased the
curvatures of microtubules in line with previous observations [52].

In contrast to the drastic alterations observed for microtubules, the
overall morphology of the GFP-vimentin network in vinblastine-treated
cells did not show major changes (Fig. 3A). We next explored if vin-
blastine affects the IF network in the mesh-like regions studying both,
the lateral mobility of the filaments and their apparent persistence
length.

We registered confocal time-stacks of regions of control and vin-
blastine-treated BHK cells expressing GFP-vimentin, tracked the lateral
motion of IFs using AFTER and calculated the lateral mean squared
displacement (MSD;) from these trajectories as described in Materials
and Methods. Fig. 3B shows that the suppression of microtubule dy-
namical stability significantly reduced the lateral mobility of vimentin
filaments.

Fig. 3C and Supplemental Fig. 2 shows that vinblastine also in-
creased ~65% the Ip* of vimentin IFs. On the other hand, microtubules
depolymerization at 4 °C with nocodazole did not affect Ip* (Fig. 3C and
Supplemental Fig. 3) suggesting that vimentin lp* is modulated by
microtubules only when these last filaments are mechanically per-
turbed.

We showed before that the apparent persistence length of micro-
tubules in living cells decreases after disrupting IFs indicating that the
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Fig. 2. Determination of the apparent persistence
length of intermediate filaments in cells. (A) Fourier
analysis of GFP-vimentin filaments tracked in live
BHK cells (Nfijaments = 167, Neens = 7). (B)
Representative confocal and STED images obtained
for BJF cells. Right panels show zoom-in regions
(dotted squares in left images). Scale bars, 5 pm. (C)
Fourier analyses of an identical set of filaments re-
covered from confocal and STED imaging of BJF
cells. The higher spatial resolution of STED micro-
scopy (30-50 nm) allows recovering the filaments
position with higher precision thus; the data do not
deviate from the linear behavior below the threshold
indicated with a dotted line. (Ngjaments = 138,
Neens = 9).

confocal STED

IF network restrains microtubule bucklings [34]. Relevantly, Fig. 3
suggests that mechanical forces acting on microtubules also affect the IF
network.

Vimentin IFs link microtubules through several proteins such as APC
[53], plectin [54] and the opposed-polarity microtubule motors kinesin
and dynein [39,55,56] and indirectly through macromolecular com-
plexes, organelles and other intracellular structures. In this context, we
hypothesize that IFs linked directly or indirectly to microtubules in
untreated cells are in a relaxed conformation with an Ip* close to that
measured in vitro. In contrast, when mechanical stresses are applied to
microtubules, those IFs crosslinked to them straighten as a consequence
of the tension causing an increase of their apparent persistence length
and a reduction of their lateral mobility. In turn, the tension introduced
in the associated IFs also limits the formation of more pronounced
microtubule bucklings.

We next analyzed if perturbations in the actin network affect vi-
mentin IFs properties in living cells. Vimentin IFs and actin contribute
to cytoplasmic and cortical stiffness, respectively [6] and thus, both
networks are intimately related with the cell response to external and
internal forces. The biomechanical communication of these networks is
fundamental in many processes including cell adhesion, migration and
nuclear positioning [4,28-31].

We treated BHK cells expressing GFP-vimentin with latrunculin B
(Lat—B), a well-known actin-depolymerizing drug. Relatively high
concentrations of this drug caused the expected complete depolymer-
ization of the actin network [57] with a concomitant collapse of the IF
network into the perinuclear region (Supplemental Fig. 4). In contrast,
a lower concentration of Lat-B did not modify drastically the cell shapes
but reduced the cell spreading area and the number of stress fibers
(Fig. 4A). Additionally, this treatment did not affect the relative dis-
tribution of the vimentin network as assessed by measuring the area
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Fig. 3. Influence of the microtubule network in the
apparent persistence length and lateral mobility of
intermediate filaments. (A) Representative confocal
images of BHK cells expressing GFP-vimentin or
EMTB-GFP in control and vinblastine-treated condi-
tions (left panels). Time-sequence registered in re-
gions of cells expressing EMTB-GFP. The white arrow
points to a microtubule catastrophe event.
Microtubules in vinblastine-treated cells present in-
creased curvatures. (right panels). (B) Lateral mean
squared displacement of IFs determined in control
(@), vinblastine-treated (@) and fixed (@) cells. (C)
Apparent persistence lengths of vimentin IFs in
control (Ngjaments = 167, Nees = 7), vinblastin-
(Nfijaments = 122, Nees = 18) and nocodazole-
treated cells (Nfjaments = 154, Neens = 12). The
symbol # indicates differences in lp* values, de-
termined as described in Materials and Methods.

vinblastine

T (S)

covered by the IF network relative to the cell spreading area (IF cov-
erage) and the weighted center of mass of the IF network in comparison
to the geometric cell center of mass (ACM, Supplemental Fig. 5). In
agreement with our observations a similar mild Lat-B treatment in fi-
broblasts reduced the cell stiffness but did not produce visible mod-
ifications of the overall organization of the actin network [57].

We used AFTER to track IFs in Lat-B treated BHK cells expressing
GFP-vimentin and verified that their lateral mobility significantly in-
creased (Fig. 4B) suggesting that the treatment released IF filaments
previously anchored to actin-related structures. It is worth mentioning
that previous analysis of trajectories of organelles or particles in cells
revealed that the behavior of the MSD plot may change with 7 reflecting
distinct motion regimes caused by forces acting in different temporal
windows (see for example, [58-60]). Our relatively low frame acqui-
sition frequency does not allow observing details of the MSD behavior
for t < 3.3 s. Thus, the first point captured in the experiment seem to
be an outlier of the behavior observed at longer T but may reflect the
presence of a different motion mechanism acting in a shorter time scale.
For example, the thermal jittering of filaments may determine the shape
of the MSD plot at low t values whereas the observed behavior at longer
T probably includes the direct/indirect action of active forces such as
those produced by molecular motors and/or polymerization/depoly-
merization of cytoskeleton components.

On the other hand, the Fourier analysis of IFs curvatures in living
cells after the milder Lat-B treatment shows that the curvatures fol-
lowed a thermal-like behavior (Supplemental Fig. 6). The lp* value was
~ 20% higher than that determined in control cells (Fig. 4C). This result
is surprising since the reduction of the spreading area of the cells sug-
gest that compressive forces may compact the IF network and thus in-
crease the curvature of filaments.

In vitro assays show that IFs electrostatically interact producing

1
control vinblastin nocodazole

thicker, self-associated bundles [61]. Additionally, we mentioned above
previous works suggesting that IFs can self-associate in cells forming
fibers or bundles that coalign with the orientation of traction stresses
[46]. We then hypothesize that the partial depolymerization of the
actin network may release vimentin filaments previously anchored to
actin-related structures and allow their self-association forming rela-
tively more rigid structures and thus resulting in a higher apparent
persistence length. The persistence length of a filament is proportional
to its flexural rigidity, which in turn depends on the elastic properties of
the material and the filament geometry. Particularly, Ip = EI/KT [18]
where E is the Young's modulus and I is the second moment of inertia of
the cross-section, which is proportional to the fourth-power of the fi-
lament radius for an isotropic and homogeneous cylindrical filament.
Assuming that the intrinsic mechanical properties of the filament are
conserved, this relation predicts that the increase on lp* observed after
Lat-B treatment involves a ~ 5% increment on the effective radius of
the filaments. This slight variation suggests that only a small fraction of
the vimentin IFs filaments in mesh-like regions self-associates forming
thicker and stiffer bundles after Lat-B treatment. We should emphasize
that these subtle changes in the network could not be observed by
standard imaging but are indirectly detected through the filaments
curvature analysis.

The IF self-association process could compensate the partial loss of
the stiffer actin filaments limiting abrupt changes of cell shape.
Relevantly, Janmey et al. [24] proposed that the vimentin network
might prevent cell deformation in the presence of perturbations that
rupture actin network.

Taken together, these results show that both, microtubule and actin
networks, modulate the apparent persistence length and lateral mobi-
lity of IFs in living cells.
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Fig. 4. Influence of the actin network in the lateral mobility and apparent persistence length of intermediate filaments. (A) Representative confocal images of fixed
control or Lat-B treated BHK cells expressing GFP-vimentin and labeled with phalloidin Texas Red-X. The bar plots compiled the effects of the milder Lat-B treatment
on certain morphological properties (N.e;s = 31 and 35 for control and Lat-B conditions, respectively). (B) Lateral mean squared displacement of IFs determined in
control () and Lat-B treated (m) live cells (Ngajectories = 43 in each condition). (C) Apparent persistence length of vimentin IFs in in control (Ngjaments = 167,
Neens = 7) and Lat-B treated live cells (Njaments = 149, Neens = 24). The symbol # indicates differences in lp* values, determined as described in Materials and

Methods.

4. Conclusions

The application of rheological methods to reconstituted IF networks
provides many clues regarding the unusual mechanical properties of
intermediate filaments [17,19]. However, the complex cellular en-
vironment defines that many properties of the IF network in living cells
are not simply extrapolations of those observed in vitro.

Here, we used a filament localization routine to track vimentin IFs
in living cells with nanometer precision and determined their apparent
persistence length and lateral mobility. These properties provided re-
levant information on the mechanical properties of the filaments in
their natural environment.

Interestingly, the curvatures of vimentin IFs in BHK cells followed a
thermal-like behavior with an 1p* value of 2.2 um, slightly higher than
the persistence length of these filaments deposited in substrates
(0.3-1 pum, [62]) and similar to that measured in aqueous solution
(2.1 pum, [48]). Importantly, it was reported that the interactions IF-
substrate affect the curvatures and thus the lp of these filaments [62].

We mentioned before previous works showing that microtubules
curvatures in cells also follow a thermal-like distribution but with

apparent persistence length ~ 2 orders smaller than that expected from
in vitro determinations [33,34]. These observations were explained
considering that non-thermal, random forces increase the curvatures of
microtubules in cells [33,34]. In this context, the similarity of the ap-
parent persistence length of vimentin IFs in cells with that measured in
aqueous solution suggests that vimentin filaments do not experience
large forces in the intracellular environment. This asseveration does not
imply that IFs are a passive component of the cytoskeleton. In fact, we
verified that mechanical stresses introduced through the actin or mi-
crotubule networks modulate the vimentin IFs curvature distribution
and their lateral mobility.

Specifically, the inhibition of microtubule dynamic instability in-
creased the lp* of vimentin IFs and reduced their lateral mobility in-
dicating that forces acting on microtubules also affect IFs. It has been
proposed that the vimentin network act as a template for microtubules
growing, constituting a mechanism to preserve cell polarity during
migration [63]. We speculate that, in contrast to a passive template,
vimentin filaments respond mechanically to forces acting on micro-
tubules. Consequently, IFs provide a stiffer environment to micro-
tubules experiencing high loads in living cells allowing them to hold
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against these forces without buckling.

We have also observed that vimentin lp* depends on the actin
network integrity. Specifically, vimentin lp* increased after partial
depolymerization of actin possibly due to a higher proportion of self-
associated and stiffer IF structures that may help to prevent the loss of
the cell shape.

Recently, Costigliola et al. [46] analyzed morphologically the IF
network in fibroblasts, observed fibers that aligned in the migration
direction and proposed that they are required for the orientation of the
traction stresses. In this work, we also detected that Ip* and the lateral
mobility of filaments in mesh-like regions of the IFs network are also
affected when cells are mechanically perturbed. These observations
suggest that subtler but mechanically relevant changes in the IF net-
work occur under stress, in addition to the formation of thick fibers.

Taken together, our results evidence the mechanical coupling of
vimentin IFs with the microtubule and the actin networks in living cells
and contribute to understand the role of IFs network in mechanically
stressed situations.
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