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Background: Organelle transport is driven by the action of molecular motors. In this work, we studied the dy-
namics of organelles of different sizes with the aim of understanding the complex relation between organelle
motion and microenvironment.
Methods: We used single particle tracking to obtain trajectories of melanosomes (pigmented organelles in
Xenopus laevis melanophores). In response to certain hormones, melanosomes disperse in the cytoplasm or
aggregate in the perinuclear region by the combined action of microtubule and actin motors.
Results and conclusions:Melanosome trajectories followed an anomalous diffusion model in which the anom-
alous diffusion exponent (α) provided information regarding the trajectories' topography and thus of the pro-
cesses causing it. During aggregation, the directionality of big organelles was higher than that of small
organelles and did not depend on the presence of either actin or intermediate filaments (IF). Depolymerization
of IF significantly reduced α values of small organelles during aggregation but slightly affect their directionality

during dispersion.
General significance:Our results could be interpreted considering that the number of copies of active motors in-
creases with organelle size. Transport of big organelles was not influenced by actin or IF during aggregation
showing that these organelles are moved processively by the collective action of dynein motors. Also, we
found that intermediate filaments enhance the directionality of small organelles suggesting that this network
keeps organelles close to the tracks allowing their efficient reattachment. The higher directionality of small or-
ganelles during dispersion could be explained considering the better performance of kinesin-2 vs. dynein at the
single molecule level.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Molecular motors transport a wide variety of cellular components
positioning them in the cytoplasm with high spatial–temporal preci-
sion. These proteins bind to specific cargoes and step along cytoskel-
etal filaments (i.e., microtubules or actin filaments) using energy
provided by ATP hydrolysis. Biophysical properties of molecular mo-
tors have been extensively studied by single molecule/particle tech-
niques which provided extremely valuable information in in vitro
systems [1] and in living cells [2–5].

Organelle transport is driven by 3 families of motors: dynein and
kinesin, which transport cargoes toward the minus and plus ends of
ean square displacement; OR,
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microtubules, respectively, and myosin, responsible for the transport
along actin filaments (reviewed in [6,7]). Although these motors
allow motion of micrometer-sized organelles through the cytoplasm,
we still do not completely understand how organelles move in the
complex cellular environment in which other active and passive
forces seem to play a very important role. In this context, Kulic et al.
[8] studied the motion of peroxisomes along microtubule tracks and
demonstrated that the movement of microtubule filaments also
drives the motion of organelles. Similarly, Semenova et al. [9] pro-
posed that the dynamics of actin filaments is essential for myosin-
based transport. These studies clearly showed that the cytoskeleton
cannot be only considered as static tracks.

Despite the observation that intermediate filaments are not directly
involved in transport driven by molecular motors, several works
showed that this network greatly affects organelle motion. Kural et al.
[10] showed that disruption of the intermediate filament network in
melanophore cells results in faster transport of pigmented granules
along microtubules and shorter duration of the steps of the myosin V
motor duringmelanosome transport. These authors also suggested that
intermediate filaments physically hinder melanosomes by increasing
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the viscous drag. More recently, Chang et al. [11] showed that vimentin
filaments form cage-like structures surrounding single or small clusters
ofmelanosomes. This last study revealed that the number ofmoving or-
ganelles and their speed as well as their processivity increase signifi-
cantly when the intermediate filaments network was disrupted. Since
purifiedmelanosomes contain a substantial amount of the intermediate
filament protein vimentin, these authors suggest that melanosomes
bind intermediate filaments.

Other cellular cargoes such as mitochondria are also slowed down
by the intermediate filament network [12]. However the role of this cy-
toskeletal network on cargo mobility cannot be generalized to every
cellular system. In this sense, Potokar et al. [13] explored the dynamics
of single vesicles labeled with fluorescent atrial natriuretic peptides in
rat astrocytes and observed that the fraction of vesicles presenting di-
rectional motion decreases in the absence of intermediate filaments.

Although, previous studies described some effects of the cellular
environments on organelle transport, the low temporal resolution of
those studies does not allow getting precise information about the
local motion mechanisms of organelles.

Xenopus laevis melanophores are one of the most widely used cel-
lular systems for the study of intracellular transport [14]. These cells
have organelles called melanosomes, which contain the black pig-
ment melanin and thus they can be easily observed using brightfield
microscopy. Melanosomes distribute in cells in two configurations:
either aggregated within the perinuclear region or homogeneously
dispersed through the cytoplasm. Transport of pigment organelles
during aggregation and dispersion is regulated by signaling mecha-
nisms initiated by the binding of specific hormones to cell surface
receptors, which results in the modulation of cAMP concentrations
[15,16]. Organelles are transported along microtubules by the action
of cytoplasmic dynein [17] and kinesin-2 [18] while myosin V is re-
sponsible for actin dependent transport [19].

In this work we used a fast and precise single particle tracking
method to follow the motion of individual melanosomes in the cell
cytoplasm of X. laevis melanophores and analyzed their trajectories
to obtain information regarding the relation between organelle dy-
namics and local microenvironments during both the aggregation
and dispersion processes. We found that small organelles, which are
supposed to experience a smaller drag force, present more tortuous
trajectories and found that the actin and intermediate filament net-
works play important roles in this behavior.

2. Materials and methods

2.1. Cell culture and sample preparation for imaging

Immortalized X. laevis melanophores were cultured as described in
[20]. In order to track the movement of individual organelles, the num-
ber ofmelanosomes in cells was reduced by treatmentwith phenylthio-
urea [21]. For microscopy measurements, cells were grown for 2 days
on 25-mm round coverslips placed into 35-mm plates in 2.0 ml of
complete medium. Before observation, the coverslips were washed in
a serum-free 70% L-15 medium (Sigma-Aldrich) and mounted in a
custom-made chamber specially designed for the microscope. The
cells were stimulated for aggregation or dispersionwith 10 nMmelato-
nin or 100 nMMSH, respectively. Actin depolimerization was achieved
by incubation of the cells with 10 mM latrunculin B (Sigma-Aldrich) for
30 min before hormonal stimulation. Samples were observed during
15 min after stimulation.

2.2. Plasmids and tranfection

Cells grown on coverslips were transfected using Lipofectamine
2000 (Invitrogen) following the vendor instructions and observed
24 h after transfection. Two different plasmids were used: a GFP-
tagged full-length Xenopus vimentin, which co-assembles with
endogenous vimentin, and the dominant-negative construct containing
the head and alpha-helical domain 1A of vimentin [GFP-vim(1-138)]
that disrupt the endogenous vimentinfilament network [11]. Both plas-
mids were a kind gift from Dr. Vladimir I Gelfand (Northwestern Uni-
versity, Chicago, IL).
2.3. Melanosome purification and scanning electron
microscopy measurements

Melanosomeswere purified andfixed onto a coverslip as described in
[20,22]. In order to precisely locate every observedmelanosome, SEMAu
grids 400mesh (ElectronMicroscopy Science, USA) were carefully glued
at their ends to the coverslip and subsequently observed in the optical
microscopy used for tracking measurement. Samples were then
processed to be observed by field emission-scanning electron microsco-
py (FE-SEM). FE-SEM images were taken with a Zeiss Leo 982 Gemini
microscope in the secondary-electron mode using an in-lens detector.
2.4. Nanoparticle synthesis and characterization

Gold nanoparticles were synthesized following the citrate method
based in Turkevich's work [23]. Dynamic light scattering (DLS) mea-
surements of Au nanoparticles dispersed in water showed particles
with 22 nm hydrodynamic diameter with a PI = 0.20 (polydispersity
index). DLS measurements were carried out in a Brookhaven BI-200
SM goniometer assembled with an avalanche photodiode detector
and a He–Ne laser (wavelength = 637 nm).
2.5. Confocal microscopy

Confocal images were acquired in a FV1000 Olympus confocal mi-
croscope (Olympus Inc., Japan). EGFP fusion proteins were observed
using a multi-line Ar laser tuned at 488 nm (average power at the
sample, 700 nW) as excitation source. The laser light was reflected
by a dichroic mirror (DM405/488) and focused through an Olympus
UPlanSApo 60× oil immersion objective (NA = 1.35) onto the sam-
ple. The 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 500–600 nm. Fluorescence
was detected by a photomultiplier set in the photon-counting detec-
tion mode. The pixel size was 131 nm.

Confocal imaging of C-Laurdan labeled cells was performed as
described before [24] using a solid diode laser at 405 nm as an excita-
tion source (average power at the sample, 2 μW). The laser light was
reflected by a dichroic mirror (DM405/473) and focused onto the sam-
ple through the objective. Fluorescence of C-laurdan was collected by
the objective, passed through the pinhole and split with a dichroic mir-
ror into 2 independent spectral detectors set to simultaneously collect
fluorescence in the range 415-455 nm and 490–530 nm (channels 1
and 2, respectively).
2.6. Tracking experiments

Single particle tracking experiments were carried out in a FV1000
Olympus confocal microscope adapted for SPT using a 40× or a 60×
oil-immersion objectives (numerical aperture: 1.30 and 1.35, respec-
tively). A high-speed electron-multiplying CCD camera (Cascade
128+, Photometrics, Tucson, AZ) was attached to the video port of
themicroscope for imaging the cells. Movies (2000 frames) were regis-
tered at a speed of 333 frames/s except where indicated. The accuracy
onmelanosome position determinationwas assessed by trackingmela-
nosomes in a fixed sample and was found to be in the range 4–7 nm.
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Fig. 1. Determination of melanosome sizes. (A) Dependence of the optical radius of
melanosomes (Ο) on the radius obtained by field-emission scanning electronmicroscopy
(FE-SEM). The plot also includes the results obtained for the optical radius of carboxylate-
modified microspheres (Invitrogen) and gold nanoparticles (●). The radii of these parti-
cles were 50 nm and 11 nm, respectively. The error bars corresponds to the standard
deviation on the determination of the FE-SEM radius. (B–C) Images of a melanosome
obtained by FE-SEM (B) and optical microscopy (C). Scale bar: 200 nm and 1 μm, respec-
tively. (D)Distribution ofmelanosomesoptical radius inXenopus laevismelanophores, the
histogram includes data from 2700 organelles. (E) Representative image of a melano-
phore cell showing the distribution of melanosomes. Scale bar: 5 μm.
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2.7. Trajectory analysis

Trajectories of melanosomes were recovered from the movies
using the pattern-recognition algorithm described in [2].

The mean square displacement (MSD) was calculated from each
trajectory as follows,

MSD τð Þ ¼ b x tð Þ−x tþ τð Þð Þ2 þ y tð Þ−y tþ τð Þð Þ2N ; ð1Þ

where x and y are the coordinates of the particle, t and τ are the abso-
lute and lag times, respectively and the brackets represents the time
average. This calculation was done for τ b 10% of the total time of the
trajectory [25].

The MSD data was fitted with an anomalous diffusion model similar
to that proposed in our previous work [3],

MSD τð Þ ¼ MSDo þ A1
τ
τo

� �α
; ð2Þ

where τo is a reference value arbitrarily set to 1 s, A1 is a constant
depending on the motion properties of the particle and MSDo is the
residual MSD.

2.8. Statistical analysis

Wilcoxon ranksum test was used to compare the distributions of α
values obtained for the different treatments. Analyses were performed
using a ranksum test in MATLAB (The Mathworks, Natick, MA) and are
detailed in the Supplementary materials section.

3. Results

3.1. Melanosome size determination

Single melanosomes can be considered spherical in our imaging
conditions as assessed by the intensity distribution of images of the
organelles (Fig. 1C). To determine the radius of melanosomes in
these optical images, the intensity profile of each organelle was fitted
with the sum of 3 gaussian functions:

I xð Þ ¼ Bþ
X3
i¼1

Ae−
x−xið Þ2
2σ2 ; ð3Þ

where B is the background intensity.
The optical radius (r) of the particle was then calculated as:

r ¼ x3−x1j j
2

þ 2σ; ð4Þ

where x1 and x3 are the centers of the gaussians that are farthest from
each other.

It is well known that the resolution in optical microscopy is limited
by the diffraction phenomena [26]; as a consequence of diffraction,
the radius determined in an optical image for micrometer-sized parti-
cles such as melanosomes is an overestimation of the real radius of
the particle. In order to explore how our microscope affects the image
of melanosomes, we purified these pigmented organelles and fixed
them onto coverslips following the procedure described in Materials
andmethods. We observed the same organelles with the optical micro-
scope used for tracking experiments and with a scanning electron mi-
croscope that provides images of the organelles with a resolution of
~5 nm(Fig. 1B–C). Since SEM images ofmelanosomes showed irregular
borders, the radius of every particle observed by SEM was determined
as the average distance between the center of the particles and different
points on its perimeter. To complete this description, we alsomeasured
the optical radius of synthetic nanoparticles whose sizes were below
the diffraction limit.
Fig. 1A shows that the optical radius (OR) follows a linear relation
with the SEM radius in the range 500–1600 nm, importantly, Fig. 1D
shows that the distribution of the melanosome optical radius in cells
overlaps with this range. In the following sections we analyzed the
transport properties of organelles whose radius was within this
range because this guarantees that the optical radius is proportional
to the size of the particle.

Since organelles in cells can move in the optical axis direction, we
also tested the effect of defocusing on the optical radius determina-
tion. With this aim, we measured the OR of melanosomes in fixed
cells for different z-positions of the microscope objective. On the
other hand, we labeled melanophore cells with C-laurdan, a fluores-
cent probe used to study biological membranes [24], and recorded
3D images of the cells in a confocal microscope (see Materials and
methods). We verified that the thickness of the cells in regions far
from the nucleus is about ~3 μm (not shown). It is important to men-
tion that the tracking experiments presented in the following sections
were performed in these regions.

Organelles radius changed b20% within this z-range (Supplemen-
tary Fig. 1) showing that the error introduced in the radius determi-
nation is small when organelles are not completely in focus.

We also analyzed if there is a correlation between the size of
melanosomes and their positions in the cell cytoplasm and could not
detect a preferential distribution of different-sized organelles (Fig. 1E)
suggesting that by sampling the different populations of organelles we
are indeed sampling the whole cytoplasm.
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3.2. Dynamics of organelles of different sizes in melanophore cells
during aggregation

Melanophore cells were grown in coverslips, stimulated for aggre-
gation as described in the Materials and methods section and ob-
served using the brightfield microscope. We recorded image stacks
of regions of the cells for 6 s using a frame time of 3 ms. This high
data acquisition frequency allows extracting detailed information re-
garding the local dynamics of organelles in a temporal window that is
significantly shorter than the whole aggregation process [14]. These
movieswere afterwards analyzed as described previously to obtainme-
lanosome optical radii and trajectories (see Materials and methods).

Fig. 2A–B shows representative trajectories of a small and a big or-
ganelle (OR ~ 400 and 1100 nm, respectively) obtained with an accu-
racy of 4–7 nm using the pattern recognition algorithm. We observed
that the trajectory of the small melanosome is more tortuous and less
curvilinear compared to that of the big organelle. To quantify these
qualitative observations, we calculated the mean square displace-
ment (MSD, Eq. (1)) for each trajectory. This parameter indicates
how far a particle traveled after a time lag τ and thus its dependence
with τ is given by the motion properties of the particle and its micro-
environment. Consequently, mechanisms underlying particle motion
can be inferred from this analysis [27].

Fig. 2C shows that the MSD plots obtained for the trajectories ob-
served in Fig. 2A–B followed an anomalous diffusion model (Eq. (2))
as was previously observed in many cellular systems. The anomalous
diffusion exponent (α) constitutes a global parameter that indicates
the overall directionality of the trajectory and is related to the balance
of active vs. passive forces acting on the particle. In the absence of
active processes such as those in ATP-depleted cells, the anomalous
diffusion exponent (α) reflects the viscoelastic nature of the
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determine the α value (N = 300). OR of these melanosomes were also measured as descri
α obtained for each bin was plotted as a function of the mean radius in each interval. The
microenvironment and only subdifussion (α b 1) is observed. In con-
trast, active forces driving organelles or endocytosed probes lead to
superdiffusion [28] and it has been determined in a wide variety of
systems that α values ranged 1.2–1.5 in these conditions [3,29–33].

Fig. 2D shows that the anomalous diffusion exponent increases as
a function of the optical radius of melanosomes. While trajectories
of small organelles present α values close to 1, which is the value
expected for passive diffusion, big organelles showed α values of
1.3–1.4 indicating that these organelles are transported along more
curvilinear pathways. Supplementary Fig. 2 shows additional exam-
ples of trajectories obtained for different sized melanosomes.

These results revealed that small organelles, which are supposed to
experience a small drag force, present more tortuous trajectories. The
rheological properties of the environment surrounding organelles influ-
ence their dynamics thus, we decided to explore themotility ofmelano-
somes after depolymerizing different cytoskeleton networks in order to
shed some light on the complex relationship shown in Fig. 2D. Particu-
larly, we explore the influence of intermediate filaments in the ob-
served behavior since as we mentioned above this intricate network
seems to play a key role on melanosome transport. We also explored
how the motility of big and small organelles is affected by actin since
organelles may change their direction by switching between microtu-
bules and actin filaments. To study if the observed behavior also de-
pends on the stimulation condition of the cells, we performed these
analyses in cells previously stimulated for aggregation or dispersion.

3.3. Depolymerization of actin filaments affects the mobility of small
organelles during aggregation

We studied the dynamics of organelles in melanophore cells treat-
ed with latrunculin to depolymerize the actin filaments network;
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in these conditions, transport only occurs along the microtubule
network. We registered and analyzed trajectories of melanosomes
during aggregation in latrunculin treated cells as described in the pre-
vious section. Fig. 3 shows that the anomalous diffusion exponent
slightly increased with the melanosome optical radius reaching a
value of ~1.3 which was not significantly different from the α value
observed in Fig. 2D for big organelles. Interestingly, α values for me-
lanosomes with radius b 700 nmwere significantly higher than those
observed in Fig. 2D (Supplementary Fig 3).

This result indicates that the myosin-actin transport system increases
the tortuosity of trajectories of small organelles during aggregation but
does not affect significantly the superdiffusive behavior of big organelles.

3.4. The intermediate filament network affects the dynamics
of melanosomes

To study the influence of the intermediate filament network onme-
lanosome motility we used a GFP-tagged dominant negative vimentin
construct to disrupt the vimentin network (Fig. 4A–B, [11]) and studied
melanosome dynamics as described in previous sections.

Fig. 4C shows that the motility of small organelles was markedly
affected by the disruption of the vimentin network (Supplementary
Fig. 4) while big melanosomes presented α values of ~1.3 suggesting
that the native vimentin network increases the directionality of small
organelles.

We have mentioned before that Chang et al. [11] showed that inter-
mediate filaments constrain the motion of melanosomes; however the
motility of the organelles was computed measuring the number of
moving organelles and their velocities (calculated from the frame-
to-frame displacement of the organelles, the frame rate in these exper-
iments was 1 s). To compare our results obtained with millisecond
resolution with those mentioned above, we used the same definition
of velocity as in [11] and calculated the end-to-end velocity of melano-
somes by measuring the distance traveled by the organelles after 1 s.
With this definition, we also verified that the number of moving organ-
elles was higher in the absence of an intermediate filament network
(Supplementary Fig. 5). Taken together, these results suggest that
vimentin filaments increase the directionality of small organelles but
decrease the overall speed of the melanosomes.

We also assayed the dynamics of pigment organelles in vimentin
dominant negative cells after depolymerizing the actin filament net-
work with latrunculin (Fig. 4D). We verified that the anomalous diffu-
sion exponent of small organelles in these treated cells is below 1
suggesting that these organelles are not actively transported. In contrast,
the anomalous diffusion exponent of big organelles was not altered by
the simultaneous depolymerization of vimentin and actin networks.

3.5. Dynamics of organelles during dispersion: contribution of the actin
and intermediate filament networks

We studied the dynamics of melanosomes of different sizes in cells
stimulated for dispersion as described in theMaterials andmethods sec-
tion.With this aim,we registered images of regions ofmelanophore cells
during the dispersion process and obtainedmelanosome trajectories and
sizes by following the procedures described in the previous sections.

Fig. 5A shows the dependence of the anomalous diffusion exponent
on melanosome OR for wild type conditions and for cells in which the
actin and/or the intermediate filament networks were disrupted as de-
scribed before. To make it easier for the comparison of results, we also
included in the figure the data obtained for cells stimulated for aggrega-
tion (Fig. 5B). During dispersion, we verified that α increased with the
organelles radius in most of the studied conditions. In addition, the
anomalous diffusion exponent of both small and big organelles
depended on the microenvironment (Supplementary Figs. 6–7) in con-
trast to the behavior observed during aggregation in whichα for big or-
ganelles was ~1.3 in every assayed condition.
Contrary to what was observed during melanosome aggregation, α
values for wild type cells were significantly higher than thosemeasured
in cells inwhich the actin filament networkwas depolymerized. This re-
sult illustrates the different role of myosin-V dependent transport dur-
ing aggregation and dispersion. As we mentioned in the Introduction,
aggregation occurs predominantly alongmicrotubuleswhile dispersion
involves both themicrotubule and actin filaments networks (references
in [34]). We will further discuss these differences below.

Disruption of the intermediatefilaments network also reduced the di-
rectionality of melanosome trajectories during dispersion (i.e., α values
were lower than those observed inWT cells). In addition, the anomalous
diffusion exponents for small organelles were slightly but significantly
higher than those measured during aggregation (Supplementary
Fig. 8) suggesting that disruption of the IF network affects in a lower
magnitude the active transport of small organelles during the disper-
sion process.

We also explored organelle dynamics in cells in which both the
actin and IF networks were depolymerized and verified that there is
no evident dependence of α on melanosome radius. In contrast to
the behavior observed for aggregating cells in which small organelles
were subdifussive (i.e. α b 1) and big organelles presented α values
of ~1.3, the anomalous diffusion exponent during dispersion was in
the range 1.0–1.2.

4. Discussion

4.1. Influence of organelle size on melanosome transport
during aggregation

In this work, we have studied the dynamics of organelles of different
sizes in the cell cytoplasm with the aim of understanding the complex
relation between organelle motion and microenvironment.

To measure the motion properties of organelles and other particles/
molecules in living cells, different parameters such as run lengths [35],
local and mean velocities [2,36] have been used before. The quantifica-
tion of these parameters usually requires applying arbitrary criteria for
selecting specific regions of the trajectories with certain properties and
thus relevant information may be lost in this analysis. In our study, we
used the anomalous diffusion exponent as an indicator of mobility
since this exponent gives valuable information regarding the topogra-
phy of the whole trajectories and thus of the processes causing it.
While particlesmoving followingpuremotionmechanisms such as ran-
dom diffusion and active transport along linear paths present trajecto-
ries that are characterized by α values of 1 and 2, respectively, motion
of organelles in the cell cytoplasm cannot be represented by such sim-
ple models. In fact, organelle dynamics includes periods of active trans-
port, switches of directions and periods in which the organelles move
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passively or is indirectly pushed by other forces such as those involved
in the continuous reorganization of the cytoskeleton.

Melanosome transport is a relatively well studied process (reviewed
in [14,37]). It has beenproposed thatmicrotubulemotors are responsible
for the long-distance transport of organelles and the actin-dependent
motor myosin V is associated to short-distance movements [38]. While
pigment aggregation occurs predominantly along microtubules driven
by cytoplasmic dynein, pigment dispersion involves both, the micro-
tubule motor kinesin-2 and the actin-dependent motor myosin-V (ref-
erences in [34]). Since dynamics of melanosomes included the action
of 3 different types of motors moving along 2 different types of tracks
we simplified the system and studied the dynamics of the organelles
in cells in which different components of the cytoskeleton were
depolymerized.

Initially, we studied the dynamics of melanosomes in cells stimulat-
ed for aggregation. Our results showed that the anomalous diffusion
exponent increases with organelle size reaching a constant value of
~1.3 in every assayed condition, these values are in agreement with
those reported for engulfed microbeads and organelles in living cells
[3,29–33].

Interestingly, we also observed that the value of α for big organelles
did not depend on the presence of either actin or intermediatefilaments
suggesting that the tortuosity of the trajectories of big organelles is
defined mostly by the properties of microtubule-dependent transport.
In contrast, the anomalous diffusion exponent of small organelles
increases with size in most of the assayed conditions and was very
sensitive to the presence of either actin or intermediate filaments.
These results suggest that small organelles may switch tracks/direction
more frequently than big organelles and/or present a higher detach-
ment probability from the cytoskeleton track.

Considering that big organelles are more processive than small or-
ganelles and processivity increases with the number of motors actively
pulling the organelle [39–42] we propose that big organelles are
transported by a higher number of active motor molecules. According
to this hypothesis (schematized in Fig. 6), the collective transport of
big organelles will probably introduce a lower number of reversions
and switches to other microtubules or actin filaments [43,44]. Impor-
tantly, we do not consider that transport of organelles is driven by a sin-
gle teamof identical microtubulemotors. In fact, it is nowwell accepted
that transport of organelles along microtubules involves a stochastic
tug-of-war between teams of opposed-polarity motors, the team that
exerts more force on the cargo at a given moment determine the direc-
tion of transport (see for example, [45,46]). Moreover, Muller et al. [40]
recently showed theoretically that cargo processivity is strongly en-
hanced by transport via several molecular motors even if these motors
are engaged in a tug-of-war.

We also explored the influence of actin filaments on melanosome
transport during aggregation and verified that depolymerization of
these filaments decreased the tortuosity of small melanosome trajec-
tories and caused no effect on the trajectories of big organelles
(Fig. 3). Considering that myosin V competes with microtubule mo-
tors through a tug-of-war mechanism [21], our model predicts that
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Fig. 5. Dependence of organelle dynamics on melanosome size in cells stimulated for dispersion. Trajectories (N ~ 300 for each condition) and radii of melanosomes were registered
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Fig. 6. Schematic representation of the influence of organelle size on transport during
aggregation. A big organelle attached to a higher number of microtubule and actin-
dependent motors is represented in this cartoon; the organelle moves by the action
of several copies of dynein motors that move processively toward the minus end of
the microtubule. These motors “win” the tug of war against myosin V and kinesin-2
as previously proposed. The small organelle represented in the figure is driven by a sin-
gle dynein motor and thus the probability of detaching from the track and/or switching
directions increases. The intermediate filament network (not represented) constrains
the motion of organelles increasing the probability of reattachment.
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switches frommicrotubules to actin filaments will be less frequent for
big than for small organelles because the latter are attached to a lower
number of active microtubule motors. Consequently, the tortuosity of
trajectories of small organelles will be higher in the presence of actin.
Actin filaments may also constitute passive obstacles to the transport
since run lengths of melanosomes along microtubules increases after
depolymerization of actin filaments [35]. Thus small organelles –

which have a lower number of motor copies – may detach easier
than big organelles in the presence of these obstacles.

Surprisingly, we found that the anomalous diffusion exponent of
small organelles significantly decreases after depolymerization of inter-
mediate filaments either in the presence or absence of actin filaments.
Moreover, in the absence of actin and intermediate filaments, α values
were smaller than 1 suggesting that these organelles are not actively
transported.

These results could be interpreted considering that vimentin fila-
ments may acts as a physical network that maintains organelles close
to microtubules or actin filaments allowing the efficient reattachment
of free organelles to the track. This model is similar to that proposed
by Potokar et al. [13] to explain the role of intermediate filaments in
transport of vesicles in astrocytes. In the same direction, Hendricks et
al. [47] has recently proposed that the viscoelastic microenvironment
confines diffusion, increasing the time that cargoes remain near the
microtubule, thus promoting motor binding.

According to our model, the transport of small organelles – that
detach from the track more frequently than big organelles – is very
sensitive to the presence of the stabilizing intermediate filament net-
work. In contrast, the intermediate filament network does not play a
significant role in the transport of big organelles suggesting that the
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presence of multiple copies of active motors guarantee a low detach-
ment probability.

Previous works demonstrated that vimentin disruption enhances
melanosome motility and mean velocity [11]. These results seem to
be in contradiction with those showed in our work however, our
study was performed with millisecond temporal resolution and in a
significantly shorter temporal window; therefore we analyzed the
fast, local dynamics of organelles while Chang et al. [11] measured
the overall dynamics in the second time-scale. After resampling our
data with the temporal resolution used by Chang et al. [11] and inter-
pret these data with the mobility parameters used in that work,
the results obtained are comparable to those previously reported
(Supplementary Fig. 5).

4.2. Influence of organelle size on melanosome transport
during dispersion

We also verified that the anomalous diffusion exponent depends
on the melanosome radius in cells stimulated for dispersion but the
behavior seemed different to that observed for aggregating cells.

Particularly, we verified that actin increased the directionality of
organelles during dispersion and has the opposed effect during aggre-
gation since α values for small organelles in actin depleted cells were
lower than that observed in wild type cells during dispersion in oppo-
sition to the behavior observed in aggregation (Fig. 5).

These results show that both actin and microtubule transports
contribute to the overall organelle dynamics during the dispersion
process in contrast to aggregation in which the behavior of the organ-
elles seems to be governed by dynein motors. Importantly, several
works have also showed the relevance of actin-dependent transport
to the dispersion process. Specifically, it has been demonstrated that
melanosomes have a higher number of copies of myosin V attached
to them after stimulating the cells for dispersion [21] and as a conse-
quence, move longer distances without detaching from the track [3]
or switching directions [48]. Also, Slepcheko et al. [34] suggested
that the transfer rate of melanosomes from actin filaments to micro-
tubules is lower in dispersing than in aggregating cells. More recently,
Schroeder et al. [43,44] measured the switching probability between
microtubules and actin filaments of beads transported bymicrotubule
and actin motors and concluded that the dissociation kinetics of
kinesin-2 favor switching from microtubules to actin filaments, con-
sistent with transport during dispersion.

The intricate intermediate filament network also affected
microtubule-dependent transport during dispersion. Surprisingly,
small organelles in the absence of IF and actin presented α values of
1–1.2 in dispersing cells while these organelles were subdifussive
during aggregation. These results can be explained considering the
better performance of kinesin-2 vs. dynein at a single molecule level
[41,44,49]. Interestingly, α values measured in the absence of IF and
actin did not depend on the organelle size suggesting that both small
and big organelles have a similar detachment probability. This result
suggests that kinesin-driven transport requires a lower number of cop-
ies of the active motor in comparison to dynein-dependent transport
agreeing with previous studies that showed that bidirectional cargoes
are often driven by a single kinesin motor and many weak dynein
motors [46].

Importantly, we observed a dependence of α on organelle size in
cells in which only intermediate filaments were depolymerized. In
these cells, transport is driven by both microtubule and actin depen-
dent motors. Previously, we mentioned that the anomalous diffusion
exponent of kinesin-driven transport in the absence of IF did not de-
pend on organelle size. Thus, these results suggest that organelle size
may also influence actin dependent transport.

In conclusion, in this work we verified that the size of organelles
influence their dynamics in unexpected ways. While the drag force
exerted by the medium is supposed to increase with the size of the
cargo, we found that small organelles are more sensitive to the prop-
erties of their microenvironment than big organelles and that this be-
havior is probably tuned by the number of active motors effectively
pulling the organelle.
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