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Dynamics and Spatial Organization of Endosomes in Mammalian Cells
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We combine particle tracking and stochastic simulations to analyze the dynamics and organization of
early endocytic vesicles in mammalian cells. At short time scales (<101 sec ) vesicles exhibit 1D
symmetric bidirectional motor-driven transport on microtubules such that the mean squared displacement
(MSD) scales as t3=2, but the MSD shows a crossover to facilitated diffusion at longer times (>101 sec ).
Facilitated diffusion results in rapid equilibration of vesicles on microtubules. The asterlike organization
of microtubules causes perinuclear accumulation of vesicles despite symmetric transport.
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FIG. 1. (a) Fluorescent micrograph of a skin fibroblast incu-
bated with fluorescent dextran, shows perinuclear accumulation
of vesicles at 15 min postincubation (See Ref. [9] for more
images). A cartoon of MT structure is superimposed. The
coordinates used to locate vesicles are also shown—r and � �
r=�r� b�. (b) A schematic showing the multiple states of a
vesicle—(i) s � 0: freely diffusing with diffusivity D0, (ii) s �
1: bound to MT, plus end movement with speed v� and (iii) s �
�1: bound to MT, minus end movement with speed v�. Binding/
unbinding rates are described by first-order rate constants k� and
k0�, respectively, which, in turn, determine the fraction f of
particles undergoing directed transport at a given time, f �
K��K�
K��K��1 ; K� � k�=k

0
� and K� � k�=k

0
�.
Endocytosis is the primary mechanism used by mam-
malian cells for internalizing extracellular entities.
Endocytic vesicles (endosomes), which contain the inter-
nalized entities, originate at the cell periphery and even-
tually concentrate near the nucleus [1–3]. This perinuclear
accumulation of endosomes is an indispensable step in
proper processing and disposal of most internalized enti-
ties. It is generally thought that perinuclear accumulation
of subcellular vesicles, such as endosomes, is achieved by
biased, motor-driven transport [4,5]. In this Letter, we
show, using skin fibroblasts as a model cell line, that
endosomes exhibit symmetric unbiased transport on micro-
tubules and, surprisingly, still accumulate in the perinu-
clear region within 10–45 min. We report on the origin of
this phenomenon and provide a quantitative explanation
for the time scales of accumulation. Our experimental data
and stochastic simulations show that symmetric unbiased
transport on microtubules is an effective strategy used by
mammalian cells to control the spatial organization of
endosomes and possibly a broader family of subcellular
organelles.

Endosomes are highly mobile structures, which continu-
ally interact with each other and with other organelles.
Their transport is orchestrated by a network of tubulelike
polarized filamentous polymers 25 nm in diameter, known
as microtubules (MTs). MTs radiate out from a perinuclear
MT organizing center (MTOC), forming an asterlike struc-
ture [Fig. 1(a)]. Movements on MTs are powered by motor
proteins of the kinesin and dynein families, which move
the vesicles to the plus ends (towards cell periphery) and to
the minus ends of MTs (towards cell nucleus), respectively,
[6]. Conceptually, the vesicles can be viewed as discrete
particles that switch stochastically between free diffusion
in cytosol and directed movements on MTs [5,7]
[Fig. 1(b)]. The frequency, directionality, and persistence
of the directed movements are controlled by complex
interactions between vesicle-bound motors, regulatory pro-
teins, and neighboring microtubules. At a single endosome
level, MT-based transport can be fully characterized by the
parameters shown in Fig. 1(b) [8], which have been quan-
tified in certain cases. At a whole-cell level, studies have
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qualitatively shown that endosomes accumulate in the
perinuclear region. However, the link between the transport
parameters of endosomes and their spatial distribution has
not been established and it is generally portrayed that some
sort of biased motion (for example, v� > v�) is respon-
sible for perinuclear accumulation of endosomes.

We employ a combined experimental and computational
approach to understand the relationships between the pa-
rameters in Fig. 1(b) and the spatial organization of endo-
somes at various times. Using fluorescence microscopy we
tracked movements of single endosomes and extracted
parameters in Fig. 1(b). These parameters were then used
in conjunction with stochastic simulations to establish the
connection between particle dynamics at the discrete level
and spatiotemporal evolution of endosomal distribution at
the whole-cell level, which we also measured experimen-
tally at various times.

Endosomes in cultured human skin fibroblasts were
fluorescently labeled by three different endocytic markers,
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TABLE I. Transport properties of different endocytic markers measured from single-particle
tracking data. L, the mean length of MTs was measured to be 30 �m.

Marker Dextran LDL PEI-DNA

Time of equilibration (min) 10-15 30-45 45-75
Duration of steady state (min) 45 60 180
Mean time on MT, ton(sec) 3.1 3.8 3.0
Mean v (�m= sec) 0.35 0.32 0.33
Mobile fraction, f 0:5� 0:08 0:4� 0:1 0:2� 0:07
k0; s�1	1=ton
 0.32 0.263 0.33
k; s�1	fk0=2�1� f�
 0:16� 0:1 0:088� 0:06 0:041� 0:03
Deff��m2= sec� 0:19� 0:03 0:16� 0:4 0:07� 0:02

FIG. 2. Confinement of vesicle motion to one dimension.
(a) Trajectories of 350 actively transported vesicles are plotted
such that the geometric center of the nucleus of the parent cell is
shifted to the origin (star). Scale bar is 20 �m. (b) Mean squared
displacements averaged over all active trajectories, for the whole
trajectory (�) and radial (�) and orthoradial (4) projections of
the trajectory. Mean squared displacements were fitted to hr2i �
at� separately for the radial and orthoradial components and,
respectively, yielded � � 1:46 and 0.93 showing directed trans-
port in radial direction and diffusive transport in the orthoradial
direction. The orthoradial diffusion coefficient was estimated to
be 0:009 �m2= sec.
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namely, dextran (a fluid phase marker), low-density lip-
oprotein (LDL) (a colloidal ligand that is internalized via a
specific receptor on the cell surface), and PEI-DNA (a
particulate complex of DNA and a cationic polymer poly-
ethylenimine, used widely for gene delivery). These
markers differ widely in their interactions with the cell
membrane (see Ref. [9], Sec. B for a discussion of their
endocytic fate).

We followed the movements of intracellular vesicles
containing one of the three markers at different times
postincubation using fluorescence microscopy. The entities
we treat as vesicles are either early or late endosomes. This
was confirmed by immunolabeling vesicles with a lysoso-
mal marker (see Ref. [9], Sec. B). Fluorescence time-lapse
videos 1–2 min long at 1 frame per sec were used to ob-
tain the trajectories of about 400 vesicles in different cells.
The following quantities were calculated for each trajec-
tory: (i) frame to frame speed v, (ii) direction of motion
(minus or plus end) for each step, and (iii) angle of motion
with respect to the initial step. Based on these measure-
ments, events of directed vesicle transport on the micro-
tubules were detected. Only a fraction f�� 0:2–0:5� of
vesicles was found to exhibit rapid directed transport
(0:2 �m= sec<v< 2 �m= sec ) during the acquisition
time, while others hardly moved (cf. the quantity f in
Table I).

All the MT-based trajectories are found to be linear,
bidirectional and oriented along the MT network
[Fig. 2(a)]. When active trajectories are resolved into radial
and orthoradial components, the total mean squared dis-
placement is almost equal to its radial component, showing
the dominance of radial motion over orthoradial motion.
Surprisingly, the measured velocities of plus and minus
end-directed steps showed almost identical exponential
distributions, irrespective of spatial location, time, and
marker (Fig. 3). The distribution of run lengths in either
direction was also found to be indistinguishable (Fig. 3,
inset). The exponential distribution of run lengths indicates
that unbinding is indeed a first-order kinetic process [10]
(cf. captions of Figs. 1 and 3). The fractions of vesicles
moving towards plus and minus ends of MTs were also
found to be approximately equal (0.48:0.52 for PEI-DNA
and 0.50:0.50 for dextran). Thus, within the range of ex-
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perimental errors, we conclude that MT-dependent trans-
port of endosomes at single-particle level is bidirectional,
symmetric (in an ensemble-average sense) and one
dimensional.

At the whole-cell level, we calculated the average local
concentration of fluorescently labeled vesicles, c�r; t�
(#vesicles=�m2) as a function of distance r from the
nuclear boundary [cf. Figure 1(a)] at various times post-
incubation. Immediately after internalization, the vesicles
were distributed uniformly over the entire cell surface
[Fig. 4(a), �]. However, at longer times, vesicles accumu-
lated around the nucleus [Fig. 4(a)—�, 4, �]. This
asymmetric distribution was observed to persist for a cer-
tain period of time until it was changed by late endocytic
events (cf. Table I). To capture the 1D nature of MT-based
transport we transformed c�r; t� to the � coordinate defined
in Fig. 1(a). � represents the fractional position of a vesicle
between the nuclear membrane and the cell membrane.
Considering that a vesicle is confined to move linearly
along neighboring microtubules, the domain � � 	0; 1

represents the space that can be explored by a vesicle.
p��; t� represents the probability of a vesicle being at a
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FIG. 3. Distribution of frame to frame speeds in the plus (solid)
and minus (open) directions for dextran (triangles) and PEI-DNA
(circles). Inset: Distribution of run lengths in the plus and minus
directions (same legend) is also identical. These distributions are
fitted to an exponential function to obtain hv�i � hv�i � hvi �
0:33 �m= sec , (r2 � 0:96) and k0� � k0� � k0 � 0:34 sec�1

(r2 � 0:99). See Ref. [9], Sec. F for a comparison with other
systems in literature.
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distance �, at time t. The initial uniform distribution was
then found to map to a linear curve p��� � 2�, [� in
Fig. 4(b)]. Interestingly, for all markers, the steady state
asymmetric distributions (�, 4, and �) in r space were
transformed to uniform distributions over � � 	0:1; 0:9
.
The apparent perinuclear accumulation of vesicles is ac-
tually due to the anisotropic, asterlike organization of MTs.
A slight reduction in p��; t� near the cell membrane (p <
0:05) is attributed to inaccuracies in coordinate transfor-
mation from r to � caused by nonconvex cell geometry.
Similarly, the interval � � 	0; 0:1
 maps to a region of
2 �m width around the nucleus, where overcrowding of
organelles probably leads to exclusion of vesicles from the
perinuclear region (see Ref. [9], Sec. C).

Further supporting evidence for one-dimensional ve-
sicular confinement and equilibration along the MTs is
shown in Fig. 4(d), where concentrations of microtubules
FIG. 4. (a) Concentration of vesicles c�r; t�. (i) PEI-DNA vesicles a
observed for other vesicles and are not shown for clarity, (ii) Distribu
PEI-DNA (�) at 60–180 min postincubation. Over these time period
where short time data (�) are statistically different from long time d
containing vesicles at short time (12–30 min postincubation) showin
(30– 45 min,�); and at long times (60–180 min,�) and distribution
state. (c) Immunolabeled microtubules (anti-� tubulin, [15]) with the
the MTOC and (d) concentration of MTs in pixel intensity= �m2 (
function of distance from the nuclear membrane.
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and vesicles are plotted. These data show that both decay
with very similar profiles and confirm that vesicles are
uniformly distributed on MTs.

A clear picture now emerges that the apparent accumu-
lation of endosomes near the nucleus is a result of uniform
distribution of endosomes on MTs. A question remains
how the ballistic motion of vesicles on a short time scale
(1–10 sec), leads to a uniform distribution after long times
(10–60 min). Specifically, how are the parameters k; k0; v,
and D0 related to the time scale at which distribution
achieves steady state. Since particle tracking experiments
cannot be performed for 30 min, we used stochastic simu-
lations to answer this question. The simulations closely
mimicked cellular conditions, including cell geometry,
organization, and dynamic instability of MTs (see
Ref. [9], Sec. D). Vesicles were allowed to switch stochas-
tically between diffusion and directed transport just as in
real cells. The binding/unbinding rate constants and dis-
tributions of motor speeds were directly adapted from data
reported in Fig. 3. MSDs and whole-cell endosome distri-
butions were generated for up to 60 min. At the whole-cell
level, simulated vesicle distributions agreed well with
experimental observations (see Fig. 4 in Ref. [9]), thus
lending further support to experimental observations.

A comparison between the predicted MSD and the
measured MSD is shown in Fig. 5(a). At short times (t <
1 sec ), simulations show that vesicle motion is ballistic, as
also seen in experiments (t�; � � 1:5–2). However, at long
times (t > 10 sec ), simulations and theory show that ves-
icle motion exhibits diffusive scaling (t1) and may be
described by an effective diffusive coefficient, Deff . Over
short time scales, vesicles experience limited runs such that
mean velocity is nonzero and directional. However, at long
times, vesicle motion is averaged over several random
t short time (12–30 min postincubation, �). Similar curves were
tion of dextran (�) at 10–30 min, LDL (4) at 30–150 min, and
s, the distribution does not change. Asterisks mark the abscissae
ata (�), p < 0:05. (b) Distribution of vesicles p��; t�. PEI-DNA
g p��� � 2�, (r2 � 0:9 for a linear fit, �); at intermediate times
of dextran (�) and LDL (4) containing vesicles at quasi-steady-
nuclear and cell membranes superimposed. Arrow points towards
�) and concentration of PEI-DNA vesicles in #= �m2 (�) as a
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FIG. 5. (a) Average mean squared displacement for simulated
trajectories (solid line) and the experimentally measured trajec-
tories (�). A clear crossover from the sub-ballistic to diffusive
regime occurs between t � 10–100 sec. See Ref. [9] for a dis-
cussion of MSD at very short time scales (t < 1). Inset: Variation
of �, (where MSD� t�) with t for measured trajectories (�) and
simulated trajectories (solid line). (b) Comparison of predicted
and observed time required for 95% equilibration for dextran
(�), LDL (4), and PEI-DNA (�). In the presence of nocodazole
(5), a microtubule-destabilizing drug, t approaches infinity,
calculated here by assuming Deff � D0 � 10�3 �m2= sec .
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bidirectional ballistic runs and pauses, and exhibits a dif-
fusionlike behavior. Over a period of 1–25 sec, the experi-
mentally measured exponent of time, �, decreases
monotonously from �1:8 to 1 (Fig. 5, inset), showing
progressive transformation from ballistic to diffusive mo-
tion. The crossover time is related to the time it takes for a
vesicle to undergo several distinct ballistic runs and can be
estimated by the time to complete one cycle of binding/
unbinding [8]. Interestingly, t3=2 scaling has also been
observed in other unrelated systems but has been attributed
to different physical mechanisms [11,12].

The long time (t > 10 sec ) effective diffusion coeffi-
cient, Deff can be theoretically related to short time (t <
10 sec ) ballistic parameters [8], Deff � �D0�2Kv2=k0�

2K�1 �

f v
2

k0 . Deff can now be predicted using the parameter values
measured for all three markers (Table I). These values of
Deff are typically 100-fold higher than vesicle’s thermal
diffusivity D0. Consequently, vesicles rapidly disperse
along the MTs, and the initial linear gradient of p��; t� is
removed. The time required to complete � 95% of equili-
bration is � � L2=4Deff , where L is the mean length of
MTs, or the mean radius of the cells. A comparison of
predicted time of equilibration (95%) with experimentally
observed times is shown in Fig. 5(b). The differences in �
for three markers arise from a combination of differences
in their sizes and/or due to differences in their mobile
fractions (cf. Table I). It is possible that interactions be-
tween the marker and the vesicle influence the rate of
binding of the motor-vesicle complex to MT, and conse-
quently alter the trafficking rate of endosomes.

In summary, the measurements presented here demon-
strate a simple principle by which the cells achieve and
maintain an apparently asymmetric organization of endo-
cytic vesicles on a time scale of 10–60 min. Two important
aspects of the principle are (i) symmetric, bidirectional
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MT-based transport that translates to facilitated diffusion
at long time scales and (ii) confined 1D motion on asterlike
assembly of the MTs. It is now possible to predict the
evolution of intracellular distribution of vesicles based
only upon measurement of transport properties and the
cell shape.

We argue that a well-defined distribution of endocytic
vesicles is crucial to mixing and segregation of vesicle
content, which in turn, is critical to delivery and process-
ing of internalized material and transport of signals.
Symmetric bidirectional transport provides a robust and
rapid mechanism to establish such a distribution regardless
of frequent perturbations in operating environments, such
as cell motion and changing endocytic loads. It remains to
be seen whether symmetric bidirectional movements are
generic to all organelles. Other entities like mitochondria,
lipid granules, and viruses have been shown to exhibit
visibly biased directional transport [13,14], which leads
to highly asymmetric distribution. It should be noted,
nevertheless, that the asymmetry seen in distribution of
early endocytic vesicles is inherent in the shape and orga-
nization of the cell, and must be considered while examin-
ing the spatial organization of all intracellular entities.
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