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Abstract

Transport of intracellular components relies on a variety of active
and passive mechanisms, ranging from the diffusive spreading of small
molecules over short distances, to motor-driven motion across long
lengths. The cell-scale behavior of these mechanisms is fundamen-
tally dependent on the morphology of the underlying cellular struc-
tures. Diffusion-limited reaction times can be qualitatively altered by
the presence of occluding barriers or by confinement in complex archi-
tectures, such as those of reticulated organelles. Motor-driven transport
is modulated by the architecture of cytoskeletal filaments that serve as
transport highways. In this review we discuss the impact of geometry
on intracellular transport processes that fulfill a broad range of func-
tional objectives, including delivery, distribution, and sorting of cellu-
lar components. By unraveling the interplay between morphology and
transport efficiency, we aim to elucidate key structure-function relation-
ships that govern the architecture of transport systems at the cellular
scale.
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1. Introduction

Eukaryotic cells face the dual task of maintaining a complex spatial organization, including
sorting and sequestration into different subcellular structures, while at the same time being
able to transport components efficiently within and among those structures. Unraveling
the coupling between subcellular morphology and the dynamics of transport is critical to
understanding structure-function relationships at the cellular scale.

The general mechanisms involved in intracellular transport have been extensively char-
acterized, both for in vitro reconstituted systems and in live cells. Small molecules moving
over short distances can rely on diffusion-like transport driven by broadly dispersed fluctu-
ations in the intracellular medium (33, 40, 53). Proteins, for example, have a cytoplasmic
diffusivity on the order of 10um? /s, and metabolites diffuse an order of magnitude faster
still (85). Larger particles, such as vesicles (~ 100nm) and RNA molecules (~ 40nm), or ex-
tended cell regions, such as neuronal projections (100um - 1m), fungal hyphae (10—100pm),
and large oocytes (100pum-1mm), require active motor-driven transport along cytoskeletal
highways (at speeds of 0.1 — 2um/s) for efficient distribution across the cell (85). In ad-
dition to being able to traverse long distances, motor-driven motion allows for a plethora
of regulatory mechanisms that control delivery and sorting of cargo among specific cellular
regions (24, 46, 62). In certain cell types, ranging from slime molds (5) to algal cells (50)
to fly oocytes (97), long-range fluid flows in the cytoplasm (at speeds of 0.3 — 1000um/s)
also contribute to the delivery and distribution of particles.

Intracellular morphology plays a critical role in determining the efficiency of each of
these transport mechanisms, as well as the balance between their contributions. Active mo-
tion (through motors or flows) becomes increasingly important as the path length between
the particle starting point and its target increases (88). This path length can be extended
by the formation of long cellular projections, as in neurites, or by the presence of barriers
that hinder diffusive passage. At the same time, the spatial architecture of cytoskeletal fila-
ments governs the long-range behavior of motor-driven cargos, allowing for efficient sorting
between subcellular destinations (46, 62, 124), for faster target search times (54, 112), and
for enhanced precision of cargo localization in space and time (49).

The physical and molecular mechanisms underlying diffusive transport (21, 33, 75),
motor-driven motion (11, 46, 55), and cytoplasmic streaming (50, 97), as well as their ef-
fective behavior on a cellular scale (24, 88), have been extensively reviewed elsewhere. In
this review, we focus on the interplay of spatial architecture and transport dynamics in
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the context of different cellular transport systems. In Section 2, we consider the effect of
structural features such as tubular networks and occluding barriers on the diffusive dis-
tribution of molecules through the cell. In Section 3, we turn to motor-driven transport
and explore the role of cytoskeletal organization in a variety of cellular transport systems.
We end with a brief overview of important questions and future challenges in this field.
Rather than attempting an exhaustive coverage of morphology-transport coupling, we aim
to delineate key general principles for how intracellular architecture regulates, limits, and
enhances transport processes, highlighting illustrative examples as we go.

2. Intracellular morphology and diffusive transport

Most biomolecular pathways rely on the diffusive encounter of molecules within a cellular
fluid or lipid membrane environment. Many such pathways are embedded within domains of
complex geometry, determined by the morphology of either the cell itself or of intracellular
organelle structures. Here we review some key conceptual results regarding the impact of
domain morphology on diffusive search.

2.1. Diffusion on a fractal

One fruitful approach to modeling diffusion in a complex geometry treats both the particle
dynamics and the geometry as continuous, scale-free fractals. Such a model assumes that
zooming in to ever-smaller length scales does not change the system, implying that pores
and obstacles, as well as step sizes, exhibit a broad power-law distribution over many
scales (16). Fractal structures have been used to describe biological morphologies ranging
from neuronal trees (14) to the cortical actin meshwork (102), to mitochondrial networks
and the cytoplasm itself, within certain length limits (8, 15).

In this framework, search times are dictated by two fractal dimensions. The dimen-
sion d,, of a random walk is defined by the scaling of its mean squared displacement:
MSD ~ ¢2/dw (16), or equivalently the scaling for the time to exit a sphere of radius R:
texit ~ R (30). Classic Brownian diffusion has a dimension of d,, = 2, with higher di-
mensionality for subdiffusive fractional Brownian motion (such as observed in a viscoelastic
continuum (65)), and lower dimensionality for Lévy flights (arising from active processive
motion (26) or exploration of a folded filament by hopping in three-dimensional space (31)).
The dimension of a domain relates its volume (or the number of sites, N, in a discrete lattice
model) to its spatial extent (R) according to N ~ R%. An unobstructed three-dimensional
domain has dy = 3, confinement to a membrane or narrow tubule can give effective dimen-
sionality dy = 2 or dy = 1, respectively. More complex morphologies, such those of a cyto-
plasm or membrane region crowded with obstructions across many size scales (8, 15, 102),
can have a fractional dimension d; (Fig. 1a).

Target search processes on a fractal domain fall into two general classes (16, 17). Com-
pact search occurs in the regime with d., > d; and corresponds to a particle that thoroughly
covers each region of the domain it visits, leaving no gaps behind (Fig. 1a.iv). In this regime,
search times are strongly dependent on the distance between the particle source and the
target, and a particle starting near its target is very likely to find it without ever reaching
the domain boundary. For a compact search process, the search rate scales super-linearly
with the target concentration (mean search time ~ N dw/dy ) and the search times exhibit a
broad long-tailed distribution that is not well represented by the mean time (17).
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Morphological features of cellular structures modulate diffusive transport. (a) (i)
Fractal architecture of cortical actin obtained with super-resolution imaging; (ii) compartments
formed by filaments exhibit (iii) fractal morphology of dimension dy = 1.8. (iv) Trajectory of
plasma membrane channel shows compartmentalization resulting in compact exploration
dynamics. Figure adapted from Reference (102), CC BY. (b) Example cellular network structures
include (i) peripheral endoplasmic reticulum in a mammalian cell (data provided by Laura
Westrate), (ii) yeast mitochondrial network (image provided by Matheus Viana), (iii) slime mold
P. polycephalum plasmodium (adapted with permission [pending] from Reference (4)), (iv)
dendritic trees of Drosophila optical sensory neurons (adapted from Reference (19), CC BY); (v)
schematic of key parameters that govern particle transport through a dendritic tree. (c) Example
intracellular structures that increase tortuosity for diffusing particles; (i) mitochondrial cristae
(adapted with permission from Reference (42)), (ii) membranous discs in outer segment of rod
photoreceptor (adapted with permission from Reference (132)), (iii) ER perinuclear sheet stack
connected by spiral dislocation (adapted with permission from Reference (126)). (d) Dendritic

spines serve as entropic traps for diffusing particles (image from mouse pyramidal neurons;
adapted from Reference (127), CC BY).

By contrast, non-compact search (d, < dy) involves sparse sampling of subregions, so
that most particles explore the full extent of the domain before ever encountering the target.
This is the regime of mass action kinetics, with search rates proportional to concentration
(mean search time ~ N). Notably, switching from bulk to compact kinetics (eg: by confine-
ment to a membrane surface) increases the frequency of rebinding events and can convert
a distributive enzymatic process into a processive one, wherein the substrate remains effec-
tively associated with a single enzyme for multiple sequential reactions (123). This switch
can have profound functional consequences, including the suppression of bistability and
ultrasensitivity in a multi-step reaction pathway (1, 123).

2.2. Diffusion on networks

An alternate perspective on diffusion in complex geometry treats the domain structure as a
network of interconnected tubes and containers. The architecture of such networks modu-
lates both the overall spreading of particles (74) and the kinetics of encounter with reactive
targets (23, 71, 75). Network structures (Fig. 1b) can be used to describe polymorphic or-
ganelles such as the peripheral endoplasmic reticulum (23, 44) and mitochondria (131, 140),
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as well as cellular-scale morphologies in a variety of cell types, including branched neuronal
axons or dendrites (41, 60, 106), slime molds (6, 4), and fungal mycelia (43).

2.2.1. Modeling random walks on networks. Random walks on network structures have
been studied extensively for applications ranging from porous media to urban transportation
(see (81) for a review). For a given distribution of transition times between connected nodes,
the low-order moments of the first passage times between any two nodes on the network can
be calculated directly (51, 114). Analysis of mean first passage times on varying network
structures leads to a number of general results. One is that the accessibility of different
regions in a network can be highly heterogeneous, with several ‘centrality’ metrics developed
to quantify the importance of a node in network search processes (13, 93). Another is
the asymmetry of search on a network: the mean first passage time from one node to
another can be orders of magnitude greater than the mean first passage time for the reverse
transition (93).

Cellular transport relies on a specific class of network structures termed geographic or
spatial networks. These networks are characterized by nodes with a well-defined location in
space, and a distance-dependent connectivity where each node is most likely to be connected
to its nearest spatial neighbors (13). The efficiency of particle distribution through a spatial
network is highly dependent on the node layout and connectivity, with optimal architectures
explored in the context of public transportation (47), flow-driven nutrient delivery in slime
molds (80, 83), vasculature systems (101), and organelle morphologies (23, 131).

Diffusive propagation in a spatial network is limited by the lengths of connecting
tubules (114) and by the escape time from compartments at individual nodes (71, 74).
The latter can be modeled as a narrow escape problem from a small hole of size € on the
boundary of a cavity of size R, with escape times scaling as R*/(De) in a 3D compartment
and (R?/D)log(R/€) in a 2D one (18, 110). When these escape times are relatively slow,
particles exhibit a compact search process, thoroughly exploring each compartment before
hopping to the next (71). Such behavior has been observed for the motion of membrane
proteins corralled by the cortical actin meshwork (Fig. la.iv) (102) and for cytoplasmic
proteins compartmentalized by the tubules of the endoplasmic reticulum (69).

2.2.2. Cellular networks: tubular and tree structures. One important class of cellular net-
works is composed of percolating structures of interconnected tubules. Tubular network
architectures are observed for two critical eukaryotic organelles — the endoplasmic reticu-
lum (ER)(23, 44, 135) and fused mitochondria networks (131, 140) (Fig. 1b). These net-
works host a number of functionally important biomolecular reaction pathways, including
the protein quality control pathways within the ER and the binding of regulatory factors
to nucleoids within mitochondria. The proteins involved in these pathways rely largely on
diffusion to find each other and carry out their functions. Furthermore, both organelles play
a critical role in calcium homeostasis within the cell, with localized release of ER calcium
requiring intra-organelle transport from other regions of the network (66).

Peripheral ER and mitochondrial networks have relatively small junction regions, so
that movement across the network is dominated by the timescale of passing along each
tubule and by the tubule connectivity. Such networks can be treated as percolation lattice
systems — a generalized model for structures with evenly distributed nodes and some amount
of missing connectivity between neighbors (8, 23, 122). When the neighbor connection
probability approaches close to a critical value, percolation systems exhibit universal power-
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law scaling behaviors for transport quantities such as the effective diffusivity and search
times of particles on the network (16, 120).

Both the peripheral ER in adherent mammalian cells (23, 73) and the surface-confined
mitochondrial networks of yeast cells (131) form nearly planar structures with evenly dis-
tributed nodes. Averaged search times on such networks tend to be dominated by two
global parameters: the total edge length and the network loop number. Networks with low
total edge length and high connectivity result in the fastest search kinetics, and the scaling
of search times with these two global parameters can be predicted by mapping to a perco-
lation system (23). Deletion of the proteins responsible for mitochondrial fusion and fission
results in yeast mitochondrial networks with reduced looping connectivity, and simulations
indicate that this morphological change may substantially lower kinetic rates for particles
at low copy number (131).

In some cellular tubule networks, diffusive transport is greatly accelerated by the pres-
ence of flows that arise from tubule contraction. One well-studied example are the peristaltic
waves of contraction that help deliver material throughout the plasmodium network of the
slime mold Physarum polycephalum (5, 4) (Fig. 1b.iii). Such waves enhance diffusive mixing
via Taylor dispersion (9), with the effective dispersion coefficient increased by pruning of
the network architecture into a hierarchy of tubules of varying thickness (80). On a smaller
scale, luminal proteins in the peripheral ER network exhibit short processive motions that
have been hypothesized to arise from uncoordinated tubule contractions (58). These flows
may lead to transport of particles in discrete packets, with the most rapid mixing observed
for intermediate values of the flow persistence time (35).

Another important class of cellular networks are the branching, loop-less trees that
describe the morphology of neuronal projections (Fig. 1b.iv). Dendritic trees exhibit hi-
erarchically branched structures, with heterogeneous branch widths that taper away with
distance from the soma (38, 72). While active motor-driven transport plays an important
role in distributing components throughout the dendritic tree, passive diffusion remains
critical for the local dispersion and distribution of distally translated proteins (41).

The architecture of the branched network, including branch lengths, widths, and taper-
ing (Fig. 1b.v), determines the concentration gradients established by diffusive molecules
produced at either the soma or the distal tips. Neuronal pathologies associated with aging
and Alzheimer’s disease are known to reduce the depth of the dendritic tree, potentially
interfering with the formation of such gradients (60). The narrowing of dendritic branches
along the tree implies an increased surface-area-to-volume ratio, resulting in enhanced dif-
fusive transport of membrane versus luminal proteins towards the distal tips (106). This
observation highlights the inherent directional biases that arise for diffusive transport in
tubules of varying cross-sectional area (142). Interestingly, the observed statistics of branch
thickness in pyramidal neuron dendrites imply that they may be tuned to optimally and
evenly distribute a variety of neuronal proteins (106), suggesting diffusive protein transport
as one of the functional objectives modulated by dendritic morphology (72).

2.3. Tortuosity and traps

Another role for geometry in modulating transport is the curtailing of particle diffusion by
local traps and occluding barriers. Subcellular structures can form physical barriers that
force individual particles to follow highly convoluted paths to reach from the source site to
the target. This effect is measured by the ‘tortuosity’ of the domain, defined as the ratio
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between the typical length traversed by a diffusing particle and the straight-line distance
between start and end points (115). A tortuosity of 7 can be used to scale the diffusion
coeflicient according to Deg = D/ 72 when describing diffusion through porous or crowded
media(67, 115).

Cellular obstacles, like folded cristae in mitochondria (Fig. 1c.i) and membranous disc
stacks in the outer segment of photoreceptor cells (Fig. 1lc.ii), can increase local tortuos-
ity and thereby slow axial diffusivity (up to 5-fold inside mitochondria (32) and 20-fold
in photoreceptors (25)). In the cytoplasm, a broad range of obstacles and compartment
sizes give rise to heterogeneous local diffusion and limited long-range spreading of parti-
cles (15, 69). Such heterogeneous diffusivity has been proposed to account for the anoma-
lous non-Gaussian distribution of step sizes observed for cytoplasmic particles (29, 68, 133).
Notably, closely spaced structures can impose different degrees of volume exclusion and tor-
tuosity on proteins of variable size, yielding steep decreases in diffusivity for larger protein
complexes (91). Similar size-dependent effects have been observed in cytoplasmic diffusivity
measurements (15, 33).

A unique example of intracellular morphology that must be traversed with highly tor-
tuous paths is provided by the stacks of membranous sheets in the perinuclear endoplasmic
reticulum (126). These sheets are interconnected by spiral dislocations that locally resem-
ble a helicoidal ‘parking-garage’ structure (Fig. 1d.iii). Such connectivity allows membrane
or luminal proteins inside the sheet to pass from one layer to another by winding around
the spiral dislocations, without needing to find specific narrow connections points, allowing
relatively efficient diffusive transport through the stack (59).

Beyond occluding barriers, cellular morphology can slow diffusion by providing local-
ized entropic traps, in the form of locally expanded regions from which the particle must
escape before continuing its spread (21, 142). An extreme form of trapping arises from
narrow-necked projections branching off a primary path. This morphology is exemplified
by dendritic spines, which form mushroom-shaped outgrowths spaced along the dendrite
(Fig. 1d). These traps give rise to anomalous subdiffusive motion along the dendritic axis
over short timescales, and a reduced effective diffusivity at long times (105). Coarse-grained
models of dendritic networks imply that the presence of spines slows mean first passage times
of diffusing signaling components from distal tips to the soma by up to 50% (60). Interest-
ingly, neuronal pathologies such as schizophrenia and Down’s syndrome may reduce spine
volume, while aging and Alzheimer’s disease are associated with lowered spine density. Both
effects are expected to hinder concentration gradient formation by decreasing trapping in
the spines (60).

3. Cytoskeletal architecture and motor-driven transport

For large cargos and long cellular distances, intracellular transport is dominated by active
rather than diffusive motion (88). A ubiquitous form of active transport in eukaryotic cells
relies on attaching cargo to molecular motors that walk processively along cytoskeletal fil-
aments. The distribution and delivery of motor-driven cargo is modulated by a panoply of
molecular factors that regulate motor-cargo and motor-track attachment (45, 113). Trans-
port organization is also heavily dependent on the morphology of the cytoskeletal track
arrangement, often closely coupled to the morphology of the cell itself (24, 103). Here we
focus on animal and fungal cells, which rely largely on microtubules for long-range transport,
with some contribution from actin filaments for local positioning (62) and dispersion (54).
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Transport objectives for parallel microtubule architectures in narrow cellular
morphologies. (a) Directed delivery: (i) Overlapping tiling of polarized microtubules allows
efficient long-range anterograde and retrograde transport in neuronal axons, with cargos tending
to pause at microtubule plus-ends and minus-ends, respectively (139). (ii) IFT trains in ciliary
projections allow directed transport of molecular components between the base and tip, with
alternately marked A and B microtubules precluding collisions between oppositely moving cargo.
(b) Sorting between different cell regions: (i) Directed motion through a narrow connecting
structure, a diffusive barrier, and reversible local binding combine to sort peripheral membrane
proteins to specialized regions of photoreceptor cells (adapted from Reference (22), CC BY-SA).
(ii) Differing microtubule polarity and an actin-rich filter structure in the proximal axon allow for
sorting of dendritic and axonal cargos. (c) Distribution to sequential target regions: (i) The
‘sushi-belt’ model describes circulating cargo locally halted at target regions such as dendritic
spines or axonal presynaptic boutons (36). (ii) Maintenance of mitochondria stationed at
peripheral sites of high energetic demand requires occasional exchange between motile and
stationary populations (adapted from Reference (2), CC BY). (iii) Distribution of delivered cargo
in different dendritic tree morphologies highlights the reduced accuracy of a sushi-belt delivery
system in long or highly branched structures. (image adapted from Reference (136), CC BY).

3.1. Parallel microtubule structures

Parallel arrangements of microtubules are found in narrow cellular projections and in ep-
ithelial cells exhibiting planar cell polarity (24). Parallel arrangements can support directed
anterograde or retrograde transport between perinuclear regions and the periphery (62, 78),
as well as broad dispersion and servicing of multiple consecutive target sites (36, 136, 137).
In this section, we explore how structural features of parallel microtubule arrays contribute
to a variety of cellular transport objectives.

3.1.1. Directed delivery. A number of narrow cellular projections feature fully polarized
arrays of microtubules, with plus-ends pointing towards the distal tip. Examples include the
distal regions of fungal hyphae (104), cilia and flagella (121), and neuronal axons (63, 139).
These polarized arrangements allow directed delivery of cargos that are carried towards the
projection tip by the kinesin family of motors (57) or back towards the soma by dynein
motors (100). Examples include anterograde motion of synaptic vesicle precursors (SVPs)
and retrograde delivery of mature autophagosomes in axons (77) (Fig. 2a.i), as well as the
intraflagellar transport (IFT) trains that deliver components between the base and tip of
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primary cilia projections (121, 125) (Fig. 2a.ii).

The directed run-length of motor-driven cargo is governed by mechanochemical coupling
between multiple motors (55), by interaction with microtubule-associated and cytoplasmic
proteins (12, 11, 34), and by the length of the microtubule tracks themselves. Severing and
motor-driven sliding of microtubules (63) allows long cellular regions, such as the axon,
to be covered by a tiling of relatively short overlapping filaments (Fig. 2a.i). Cargo can
move beyond the length of a single filament and bypass obstacles by stepping between
parallel microtubules. Efficiency of such sideways transitions is determined in part by the
density and distribution of microtubule filaments within the cross-section of the cylindrical
projection. For example, pause durations in axonal transport were shown to be shorter in
regions with high local density of microtubules (139).

The microtubule density also limits the rate of a particle first initializing active trans-
port. Such initiation requires a diffusing particle to encounter a microtubule within the
cylindrical cross-section, at a rate which scales with the number of available filaments (89).
Particles that rely on hitchhiking transport (104) must also wait for a passing carrier or-
ganelle along a nearby microtubule, so that tethering to the cytoskeletal filament can greatly
accelerate transport initiation (89). In some systems, dynein motors are observed to accu-
mulate into ‘dynein comets’ at the microtubule plus-ends (90, 111). Cellular cargos need to
diffusively find these point-like capture regions to initiate retrograde transport. Mathemat-
ical modeling indicates this initiation process is optimized when the microtubule plus-ends
are scattered over a broad range of axial positions (87, 114).

An important feature of parallel microtubule arrays is their ability to simultaneously
host anterograde and retrograde transport. Collisions between cargo walking in opposite di-
rections along the same microtubule can hinder processive motion, triggering pausing events
that are resolved by 3D reorientation of the cargo around the microtubule (130). Some cel-
lular structures have evolved specialized regulatory mechanisms to avoid such collisions. In
the axoneme of cilia and flagella (Fig. 2a.ii), each doublet of microtubules serves as a pair
of directed tracks, marked by post-translational modifications, with anterograde particles
moving along B-microtubules and retrograde particles along A-microtubules (121). This
arrangement allows cargos to move fully processively, passing each other in both directions
without noticeable pausing or side-stepping (121).

3.1.2. Sorting to Cellular Regions. In addition to enabling rapid delivery to and from dis-
tal regions, parallel microtubule architectures also facilitate the sorting of cargo to different
cellular compartments. Several physical mechanisms are leveraged by cells to achieve the ac-
cumulation of particles in one region and depletion in another. Diffusive transport coupled
with regional binding or anchoring can yield local enhancement in bound particle concentra-
tions. With this mechanism, however, increasing the steady-state accumulation of particles
requires lower unbinding rates, leading to slower mixing (82) and delayed temporal response
to changing conditions.

An alternate approach to sorting relies on directed transport towards a cellular region,
which results in accumulation even in the absence of local anchoring. In general, par-
ticle concentrations will drop exponentially from the region of flow-driven accumulation,
according to ¢ ~ exp(—Pe - /L), where L is the length of the domain. The dimensionless
quantity Pe is the Péclet number comparing the relative strength of advective and diffusive
transport (49, 88).

Accumulation due to directed transport can be combined with localized binding or hin-
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dered diffusion through a narrow connecting region to further enhance particle sorting. This
combination of mechanisms is thought to be responsible for the localization of peripheral
membrane proteins to the outer segment of rod photoreceptor cells (25, 82) (Fig. 2b.i). In
the initial segment of neuronal axons, an actin-rich barrier hinders diffusive entry of com-
ponents into the axon (119). Only cargos that acquire kinesin-1 motors in the pre-axonal
exclusion zone are able to make it past this initial segment and into the axon itself (37, 92).

In neuronal cells, microtubule polarity also plays an important role in cargo sorting
among neuronal projections. Specifically, axonal microtubules tend to be fully polarized
with plus ends pointing towards the distal tips, while mammalian dendrites exhibit a largely
unpolarized microtubule arrangement (64, 138) (Fig. 2b.ii). Dynein-driven cargo is then
excluded from the axon but is broadly distributed throughout dendritic regions via bidirec-
tional transport on the mixed microtubule arrays (64, 62).

3.1.3. Distribution across sequential targets. An important challenge for transport through
long cellular regions is the effective distribution of particles to multiple targets, either lying
sequentially along a linear domain or at the tips and junctions of a branched network. To
carry out this task, the cell must regulate both transport direction and halting dynam-
ics to ensure that particles are appropriately distributed over widely separated regions.
Such targeted distribution is particularly relevant in neuronal projections, whose extended
branched structures exhibit spatial heterogeneity in their metabolic and protein homeosta-
sis needs (56, 98). Specific examples include the stationing of mitochondria at dendritic
spines or axonal nodes of Ranvier (3, 2, 27, 99), the transport of mRNAs to regions of
high synaptic activity (48), and the delivery of synaptic vesicle precursors to en passant
synapses (52).

Despite the importance of efficient distribution, there is no known global addressing
system in neurons that would enable targeted delivery to one versus another synaptic region.
Instead, cellular trafficking relies largely on local signals that halt transport in regions with
high demand for a particular cargo (36, 136). This mechanism, which has been termed
the ‘sushi-belt’ model (36), relies on cargos circulating throughout the neuronal tree with
sporadic capture at en passant boutons (137) or other regions that produce a local stopping
signal (Fig. 2c.i).

One example of a local-signal-based distribution system is the halting of mitochon-
drial transport in response to elevated calcium levels (113) or to the downstream products
of glucose metabolism (96). Localization by a diffusive signal requires both rapid decay
and intermediate concentration levels of the signaling molecule, to enable steep gradient
formation without saturating the kinetics of the biomolecular pathway for halting active
transport (3). An alternate mechanism for local stopping relies on enhanced dynamics of
the microtubule plus-ends in the vicinity of en passant presynaptic regions. Weak binding
of processive kinesin-3 motors to the GTP-bound caps characteristic of highly dynamic
microtubules is thought to result in cargo being dropped off specifically at the presynaptic
zones (52).

Regardless of the precise mechanism, the local halting of cargo transport cannot be
absolute if the cargos are to be distributed among multiple sequentially located regions
rather than accumulating at the first region nearest to the soma. The sushi-belt model (36)
(Fig. 2c.i) assumes that cargo circulating from the soma to the distal tip and back again has
a finite probability of stopping at each demand site. Measurements in Drosophila neurons
show that neuropeptide-carying dense core vesicles are indeed broadly distributed among
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many synaptic boutons by bidirectional recirculation coupled with inefficient sporadic cap-
ture (137).

Such a distribution system faces an inherent trade-off between the rate and precision
of cargo positioning (136). Accurate localization requires a high fraction of time spent in
the stationary state, with a correspondingly slower rate of distribution. In cases where
the cargo is depleted (e.g. aging of distal mitochondria (39)), the steady state distribution
among many demand sites depends on the balance between depletion and delivery rates
(Fig. 2c.ii). Modeling of mitochondrial maintenance in both linear projections and branched
trees indicates the existence of an optimum exchange rate and fraction of mitochondria
that should be maintained in a stationary state at local demand sites (2). Additionally,
simulations of the sushi-belt model in explicit morphologies for different neuronal cell types
indicate that both the precision and distribution rate are lower in long or densely branched
neuronal morphologies (136) (Fig. 2c.iii).

3.2. Cytoskeletal network architecture

In many animal cell types, motor-driven cargo transport relies on a centrally nucleated, en-
tangled three-dimensional network of microtubules, aided by a mesh of short actin filaments
concentrated at the peripheral cell cortex. The spatial organization of these filaments, in-
cluding the distribution of intersections and orientations, modulates the ability of cargos to
traverse and find targets throughout the cytoplasm.

3.2.1. Cytoskeletal architecture: density and polarity. Several computational (7, 86, 107,
118) and experimental (10, 20, 76, 108) studies have focused on how the explicit spatial
distribution of filaments in a bulk cytoskeletal network affects cargo transport. Both in vitro
and in vivo measurements show that microtubule intersections (Fig. 3a) play an important
role in limiting cargo processive run-length, with pausing duration and direction of motion
after an intersection governed by both the motor complement and the geometry of the
intersection itself (10, 130).

A common metric for overall transport efficiency is the mean first passage time (MFPT)
for cargo to traverse the cell, either radially (from the perinuclear region to the cell periph-
ery) (7) or from side to side in a rectangular domain (86). In a disc-shaped system with
randomly oriented filaments, the MFPT was found to depend largely on the total filament
mass in the domain, with variability in arrival times increasing when the same mass is dis-
tributed into a few longer filaments (7). When passive states between processive runs were
modeled as a subdiffusive continuous time random walk, the MFPT was found to decrease
for long individual filaments (79). Such anomalous transport was also shown to yield a
biphasic distribution of first passage times, with a bolus of particles arriving rapidly at the
periphery followed by a long tail of slowly arriving particles, consistent with the behavior
observed for glucose-stimulated delivery of insulin granules in pancreatic cells (134).

A key aspect of cytoskeletal architecture in a random network is the polarity distribu-
tion of the filaments. Reversing even a small fraction of outward-pointing filaments can
substantially increase first passage times, and local ‘traps’ of converging polarity (Fig. 3a)
contribute to configurations with unusually high MFPTs (7, 86). Junctions of three or more
filaments with converging polarity give rise to vortex-like traps with power-law escape times
that result in effectively glassy dynamics (107). The polarity of individual filaments was
found to have a disproportionately high impact on the transit time when those filaments
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Figure 3

Transport modulation by density, polarity, and heterogeneous distribution of
cytoskeletal networks. (a) Intermittent transport on an unpolarized, randomly oriented
network of microtubules (brown). Cargo switches between a plus-end-directed state (red), a
minus-end-directed state (blue) or a passive state (green). Localized polarity traps result in
temporary accumulation of cargo. (b) Transport on actin structures is modulated by filament
spacing and polarity. Globally polarized branched networks enable directed transport;
polarity-aligned bundles yield long run-lengths; unpolarized structures with loose spacing enable
more efficient diffusivity and reduced trapping compared to tightly-spaced bundles. (c¢) Interplay
of transport along radially oriented microtubules and a randomly distributed actin network allows
for regulated switching between perinuclear accumulation and broad dispersion. (d)
Heterogeneous architectures with radial microtubules and a narrow peripheral actin network allow
efficient cargo transport to targets on the cell surface and in the bulk (orange). (e) Simulated
microtubule organization in stage 9 Drosophila oocyte, showing gradient in cortical nucleation
density (left) and resulting average directionality of microtubules (right). Image adapted from
Reference (128), CC BY. (f) High perinuclear microtubule density (blue region) enhances first
passage times to periphery for bidirectionally moving cargo (red). Increased microtubule density
near cortex may hinder accumulation of membrane-bound granules (orange) by enabling more
rapid withdrawal of bidirectionally moving particles.

formed a unique forward path out of a localized trap region (86). The importance of cy-
toskeletal filament polarity and the formation of traps has also been observed experimentally
for myosin-driven transport on reconstituted actin networks with a variety of branched and
bundled architectures (76, 108) (Fig. 3b). These results imply that, in the absence of global
filament polarization, different static architectures for the cytoskeletal network can result
in highly variable transit times. Notably, dynamic turnover of the cytoskeletal filaments
can rescue trapped cargo (61) and thus has the potential to both homogenize and speed up
overall transport time.

In some systems, intermeshed cytoskeletal networks of actin and microtubule filaments
can work together to control transport. Specifically, the distribution of pigment granules
in Xenopus and fish oocytes undergoes regulated switching from dispersion to perinuclear
convergence, in a manner dependent on the rate of transition between myosin-driven motion
on a disorganized actin network and dynein-dominated transport along radially polarized
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microtubule filaments (Fig. 3c) (94, 116, 118). In simulations, increasing the probability of
actin to microtubule switching at each intersection is sufficient to trigger granule accumula-
tion at the cell center, while reducing this rate allows granules to disperse broadly between
periods of microtubule attachment (94, 118).

3.2.2. Spatially heterogeneous transport. An additional feature of motor-driven transport
at the whole-cell scale is the spatial heterogeneity of cytoskeletal morphology. All of the pre-
viously discussed parameters of cytoskeletal architecture (density, polarity, filament length)
can vary dramatically between different regions of the same cell, enabling further optimiza-
tion of transport dynamics. In particular, a geometry with radially polarized microtubules
in the perinuclear region coupled to randomly oriented short actin filaments at the cell pe-
riphery (Fig. 3d) is observed in many cell types. This arrangement enables cargos to perform
long runs towards the surface, followed by an effective random walk along the peripheral
layer. Modeling work indicates that such an architecture, together with biased anterograde
movement on the radial microtubules, leads to optimal efficiency for finding narrow targets
on the cell periphery (54, 112). To attain maximal rates of encounter with targets in the
bulk of the cell, the optimal system was shown to have a similar heterogeneous geometry,
with nearly unbiased direction of motion along the microtubules (112).

The microtubule cytoskeleton itself can exhibit heterogeneity across the cell, with den-
sities depending on filament lengths and the arrangement of nucleation sites anchoring the
minus ends. In mid-stage Drosophila oocytes, for instance, microtubules nucleate at the cell
cortex with a gradient of decreasing density from the anterior to the posterior pole (95).
This gradient gives rise to coupled steady-state patterns of cytoskeletal flows and micro-
tubule orientation (Fig. 3e) that allow the posterior localization of kinesin and dynein-driven
mRNAs to opposite poles of the oocyte (128). Interestingly, removing the bias in nucleation
density leads to the formation of bifurcation points in the cytoskeletal pattern, such that
cargo localization becomes dependent on its starting position.

For cargos with short processive runs, cellular regions with increased microtubule density
correspond to areas of enhanced effective diffusivity (Fig. 3f). In a radially symmetric
system, a band of heightened diffusivity placed near the nucleus has the greatest effect
on speeding up first passage times to the cell periphery (7). In non-differentiated animal
cell morphologies, increased microtubule density is indeed expected near the centrosome, a
microtubule-organizing center located next to the nucleus (24).

Counterintuitively, increased microtubule density beneath the plasma membrane can
actually hinder secretion of vesicle-encapsulated proteins by speeding up the withdrawal of
particles from the periphery and interfering with anchoring interactions at the membrane.
This effect has been observed for the peripheral accumulation of insulin granules in pancre-
atic f-cells, where microtubules can grow long enough to form a peripheral layer parallel
to the membrane that reduces granule accumulation (20, 141) (Fig. 3f). Stimulation by
glucose destabilizes microtubules, decreasing their typical length, reducing peripheral den-
sities, and thereby enhancing insulin granule concentrations at the plasma membrane and
promoting secretion.

4. Perspectives

Over the past several decades, the molecular-scale structure and mechanics of the com-
ponents responsible for intracellular transport have been extensively characterized. The
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load-dependence of molecular motors working individually (129) or in groups (55), as well
as the myriads of regulatory biochemical modifications to motors, adaptors, and micro-
tubules (11, 45, 92), have been explored both in wvitro and in vivo. Similarly, the rhe-
ological properties of the cytoplasm (40, 53) and the dynamic behaviors of individual
molecules (58, 68), vesicles (26, 130), and exogenous particles (40, 53, 69) have been well-
quantified. With the advent of new super-resolution and correlative imaging methods, as
well as 3D reconstruction techniques, the architecture and organization of subcellular com-
ponents, including cytoskeletal networks (10, 130) and organelles (109, 131), have also been
increasingly elucidated. Despite this plethora of structural and dynamic data, however, the
inter-relationship of structure and function at the cellular scale remains a source of many
open questions.

In this review, we have explored some of the many ways in which intracellular morphol-
ogy can modulate transport dynamics, both for diffusing particles and for those undergoing
motor-driven motion. A fundamentally important question for each of the example systems
discussed is the extent to which the coupling between morphology and transport has an
important impact on biological function. Is the networked morphology of structures such
as the endoplasmic reticulum and mitochondria a critical aspect of their role as cellular
transport and distribution networks for ions, metabolites, and secreted proteins? Is the dis-
tribution of branch widths or microtubule orientations in dendritic trees actively optimized
to allow the efficient delivery of diffusing proteins or sorting of motor-driven vesicles?

These questions are beginning to be addressed by studies that focus on how transport
dynamics are altered by experimental perturbations or existing natural variations in cell
morphology. Such measurements have indicated, for instance, that narrowing of ER tubules
reduces luminal protein spreading (66), and that activation of a cyclic-:AMP signaling path-
way in narrower dendritic branches allows longer-range transport of the signal towards the
nucleus (70). A variety of perturbations to cellular architecture and ER morphology are also
associated with neurodegenerative diseases such as Alzheimer’s disease (117) and heredi-
tary spastic paraplegia (28), whose mechanistic basis is thought to involve defects in axonal
transport (84).

Unraveling the functional effects of transport alterations arising from perturbed intra-
cellular morphology requires a detailed understanding of the specific objective fulfilled by
each transport process. For example, the efficiency of sorting, dispersion, or distal delivery
will be affected differently by alterations in cytoskeletal filament polarity. Because the same
cytoskeletal highways support the movement of a broad variety of particles with different
transport needs, we would expect each of these objectives to play a role in cellular processes.
Similarly, morphological changes that enhance the accumulation of membrane-bound pro-
teins in specialized cell regions (eg: photoreceptor outer segments) may simultaneously
hinder the diffusion-limited interaction kinetics of aqueous proteins that must maneuver
around expanded membranous obstructions. The same tubular networks that enable rapid
delivery of proteins throughout the cell bulk must also serve as obstacles for the diffusive
and motor-driven transport of cytoplasmic vesicles that maneuver around the tubules.

It is thus critical to explore the full broad diversity of questions regarding how indi-
vidual cellular structures modulate different transport objectives, be they speed of delivery
or precision of distribution. Developing a comprehensive picture of the coupling between
morphology and transport is a crucial step on the path leading from static imaging of intra-
cellular architecture to a quantitatively predictive understanding of functional consequences
arising from morphological perturbations.
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