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Crowd Control: Effects of Physical
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High concentration of cytoskeletal filaments, organelles, and proteins along with the
space constraints due to the axon’s narrow geometry lead inevitably to intracellular
physical crowding along the axon of a neuron. Local cargo movement is essential
for maintaining steady cargo transport in the axon, and this may be impeded by
physical crowding. Molecular motors that mediate active transport share movement
mechanisms that allow them to bypass physical crowding present on microtubule
tracks. Many neurodegenerative diseases, irrespective of how they are initiated, show
increased physical crowding owing to the greater number of stalled organelles and
structural changes associated with the cytoskeleton. Increased physical crowding may
be a significant factor in slowing cargo transport to synapses, contributing to disease
progression and culminating in the dying back of the neuronal process. This review
explores the idea that physical crowding can impede cargo movement along the
neuronal process. We examine the sources of physical crowding and strategies used by
molecular motors that might enable cargo to circumvent physically crowded locations.
Finally, we describe sub-cellular changes in heurodegenerative diseases that may alter
physical crowding and discuss the implications of such changes on cargo movement.

Keywords: physical crowding, axonal transport, neuron, neurodegeneration, cytoskeleton, organelles, molecular
motors

INTRODUCTION

Neurons are amongst the longest cells in most organisms, with lengths up to 1 m in humans
(Fletcher and Theriot, 2004). This necessitates an efficient transport system that can move material
from the cell body to distal processes. Some organelles, like endosomes, may have diameters up to
5 wm which are similar to the diameter of neuronal processes (200 nm to 20 pwm) within which
they move (Takamori et al., 2006; Misgeld et al., 2007; Assaf et al., 2008; Encalada and Goldstein,
2014). Thus, neurons may occasionally have local physically crowded regions where cargos that are
similar in diameter to the neuronal process may stall.

Physical crowding is an outcome of a large number of macromolecules and organelles present
in the cytosol of cells. A dense cytoskeletal network, pre-existing intracellular organelles, and a
high concentration of proteins imply that the entire cellular volume in a given region is not
always accessible to soluble molecules or organelles that move into a region. In line with previous
literature, we refer to organelles, the cytoskeleton, and proteins as crowding agents. The volume
not available is known as the excluded volume. The average concentration of proteins within a
cell ranges from 17 to 35% by dry cell weight (Fulton, 1982). This concentration, along with
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an average size of about 50 kDa for typical soluble globular
proteins, suggests that proteins are on an average closer to each
other than their radius of gyration (Chang et al., 1987; Luby-
Phelps, 1999). Macromolecular crowding describes the effect
of proteins or complexes (e.g., microtubules, proteasomes) that
exclude other small molecules from the space that they occupy.
The presence of PEG of ~2.5 nm or ~20 nm radius leads to
reduced association equilibria between TEM1-B-lactamase and
B-lactamase inhibitor protein in vitro compared to solutions
lacking PEG (Kozer et al, 2007; Zhou et al, 2008). This
reduced association is thought to arise from the reduced rate
of diffusion of the reactants (Kozer et al., 2007), perhaps due
to reduced available solution space. The relative decrease in the
diffusive movement for any diffusing molecule in the cytosol as
compared to water arising both from macromolecular crowding
and the viscosity of the cytosol is termed as microscopic
viscosity (Lavalette et al., 1999). The microscopic viscosity
is governed both by the concentration and the interactions
between constituents of the solution (Lavalette et al., 1999). The
microscopic viscosity of the cytosol will directly influence the
diffusive properties of each molecule in the cell.

Crowding-related challenges are likely faced by all cells (Luby-
Phelps, 1999), but are particularly relevant in neuronal processes
with a narrow axonal diameter, the narrowest of which can
be as low as 160 nm in diameter in vertebrates (Graf von
Keyserlingk and Schramm, 1984; Perge et al., 2012; Fischer
et al.,, 2018) and 100 nm in diameter in invertebrates (Chalfie
and Thomson, 1979; Graham et al., 1986), both smaller than
the known diameters of some organelles (Zhang et al., 1998;
Encalada and Goldstein, 2014; Fischer et al., 2018). Additionally,
neuronal processes have a high density of cytoskeletal elements
(Osborn et al., 1978). Microtubules (MTs) and neurofilaments
in neurons have been reported to have an average separation
between them of about 25-100 nm (Osborn et al., 1978; Chalfie
and Thomson, 1979). By contrast in non-neuronal cells, some
MTs can be closely spaced but several are separated by >200 nm
(Friede and Samorajski, 1970). Physical crowding is especially
important when molecules, macromolecular complexes, and
organelles need to move and position themselves within neuronal
processes. Active transport that is dependent on molecular
motors (Vale et al., 1985; Schroer et al., 1989; Mehta et al,,
1999) is one strategy to circumvent crowding that leads to
fast transport within a cell. However, active transport also
faces physical challenges, such as availability of free tracks
for transport (Shemesh et al, 2008) and crowded regions
in the cytosol due to organellar exclusion (Mackey et al,
1981). Models of some neurodegenerative diseases are associated
with decreased organelle velocity, organellar displacement, and
increased organelle stalls (Gunawardena and Goldstein, 2001;
Stamer et al., 2002; Pigino et al., 2003; Roy et al., 2005; Kang
et al,, 2014; Kreiter et al., 2018). Increased physical crowding
by proteins, cytoskeletal polymers, and stalled membranous
organelles in neurodegenerative diseases can all contribute to
reducing cargo movement, thereby exacerbating the progression
of neurodegenerative phenotypes.

Although there are many different sources of crowding in
a neuron, how each source affects the movement of other

classes of moving proteins, polymers, or organelles is currently
unclear. This review examines existing evidence that suggests
that physical crowding may influence cargo movement and the
potential strategies that allow cargo to move despite crowding
effects. The review concludes with possible experiments that may
help delineate the role of physical crowding in influencing cargo
movement in neurons.

PHYSICAL BARRIERS TO DIFFUSIVE
AND ACTIVE CARGO MOVEMENT

The location where some proteins or organelles function can be
distant from the cell body in neurons (DeLorenzo and Freedman,
1978). Consequently, their transport through either diffusive or
active (ATP dependent) mechanisms is essential. The different
sources of physical crowding include: microscopic viscosity,
macromolecules, organelles, diameter of the neuronal process,
and cytoskeletal polymers. Some of these crowding agents may
preferentially affect active over diffusive movement and are
discussed below.

Crowding Effects on Diffusion

The local environment can influence the diffusion of molecules
via (i) reduction in apparent diffusion coefficients due to
increased microscopic viscosity of the cytosol (Figure 1C) (Luby-
Phelps, 1999; Zhou et al., 2008) and (ii) excluded volume effects
arising from the presence of macromolecules and polymers
such as actin, neurofilaments, and MTs (Figures 1, 2) (Luby-
Phelps, 1999). Soluble proteins can diffuse at rates ranging
from 0.02 to 50 wm?/s (Luby-Phelps, 1999). Increasing the
viscosity of an aqueous solution by adding a large molecular
weight polysaccharide, Ficoll 70, leads to reduced diffusion
coeflicients for several types of molecules (Dix and Verkman,
2008). A similar 4-100 times reduction in diffusion coeflicients
of proteins compared to their diffusion coefficients in water is
observed in the cytosol (Luby-Phelps, 1999; Verkman, 2002).
A decreased diffusion coefficient not only affects the movement
of molecules but may also reduce reaction rates of fast
reactions owing to reduced rates of bimolecular association
(Zhou et al., 2008).

Additionally, protein diffusion can be retarded by the
cytoskeletal network, such as at the axon initial segment (AIS)
of the neuron that has a high concentration of F-actin and
B-spectrin (Li et al., 2005; Song et al., 2009; Jones et al., 2014).
Dextrans of 70 kDa injected in the cell body are restricted
to the somatodendritic region, as opposed to smaller 10 kDa
dextrans that freely diffuse in the axon (Song et al., 2009). The
exclusion of 70 kDa dextran depends on F-actin that can form
a physically crowded barrier or sieve at the AIS. Although as yet
unexplored, the bundle of microtubules present in axons may also
reduce the available volume for free diffusion (Wortman et al.,
2014). However, microtubule depolymerization by nocodazole
has not demonstrated a change in diffusion coefficients of small
molecules like water (Colvin et al., 2011) or GFP (Song et al.,
2009). The solute size where microtubules may be able to act as a
crowding agent is unclear.
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FIGURE 1 | Schematic representation of sources of physical crowding in the axon. Magnified view of features that contribute to crowding shown in insets. (A) Actin
cortical rings, deep actin. (B) Neurofilaments can physically crowd the neuron by excluding organelles and small molecules. (C) High concentration of soluble
proteins and narrow axonal geometry can lead to a local increase in viscosity. (D) Stalled cargo can physically impede the movement of motile cargo and diffusive
proteins. (E) The MT bundle can exclude organelles but may allow diffusion of small proteins.
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FIGURE 2 | Electron micrograph of myelinated axons from Central Nervous
System (CNS) and Peripheral Nervous System (PNS). (Top panel) Some
myelinated axons in the CNS have mitochondria (M) that can be up to half the
diameter of the neuronal process. In the magnified view on the top right, we
can see a number of microtubules (solid arrows) and neurofilaments
(arrowheads). (Bottom panel) Small caliber axons in the Remak bundles (R)
can be as thin as 200 nm. We also see the axon filled with mitochondria (M),
microtubules (solid arrows), neurofilaments (arrowheads) and vesicles.
Reprinted with permission from Frontiers in Neuroscience, 12, (2018) p. 467
(Stassart et al., 2018).

Crowding Effects on Active Transport:
Microtubules

Active transport leads to fast movement of molecules over long
distances (Nitta and Hess, 2005; Ribeiro and de Wit, 2017). This
type of transport utilizes molecular motors that walk on either
actin or MT tracks (Vale et al., 1985; Schroer et al., 1989; Mehta
et al, 1999). MT motors play a major role in long-distance
transport in neurons. There are three major sources of crowding
experienced by cargo trafficked on MTs: (i) molecular crowding
on tracks, (ii) crowding due to organelles in the vicinity of moving
cargo, and (iii) drag from the axonal cortex.

Sources of crowding on MT tracks may include MT-
associated proteins (MAPs), cargo stalled along the tracks, or
protein/organelles at MT ends. Since the average length of
MTs is shorter than that of axons, MTs are present as an
overlapping staggered array within the neuronal process (Chalfie
and Thomson, 1979; Bray and Bunge, 1981; Yogev et al., 2016).
Thus there are numerous MT ends along the neuronal process,
locations where both motors and cargo are shown to stall
(Lipowsky et al., 2001; Leduc et al., 2012; Yogev et al., 2016).
Additionally, neuronal processes in an organism are flexible to
allow movement (Krieg et al., 2017; Datar et al., 2019). A dynamic
reorganization of the MT bundle may lead to non-uniform cargo
stalling that further leads to rapid changes in local physical

crowding in the axon (Ahmed et al., 2012). To maintain cargo
transport with dynamic overlapping MT tracks, a cargo must
navigate multiple MTs to reach its destination, for instance, the
synapse. Ability to move across tracks in part depends on the
availability of a free track for motor attachment and movement.

Microtubule associated proteins, such as Tau and MAP2
(Lakadamyali, 2014), or tubulin post-translational modifications,
like polyglutamylation or tyrosination (Sirajuddin et al., 2014;
Lessard et al., 2019), are known to physically compete with or
affect the affinity of MT motors for binding sites on the MTs
respectively (Hagiwara et al., 1994; Stamer et al., 2002; Vershinin
et al., 2007). However, the extent to which each MAP competes
with MT motors can differ (Gumy et al., 2017). Since MAPs
may be distributed differentially on the minus and plus end of
a given MT (Qiang et al., 2018), movement of MT motors may
vary depending on their location on the MT (Dixit et al., 2008;
Monroy et al., 2019). As an example, the plus TIP complex that
forms at the plus end of MTs may physically compete with MT
motor binding, forcing the release of MT motors and associated
cargo from the MT plus end (Akhmanova and Steinmetz, 2015).
In vitro, kinesin motors are also known to physically crowd
the plus end of MTs leading to a slowing of other kinesins
approaching the plus end (Telley et al., 2009). Therefore, MT
motors face many obstacles on the transport path to facilitate the
active movement of cargo.

Physical Crowding Effects on Active

Transport: Organelles

Transported cargo that varies in size from 0.04 to 2 pm (Zhang
et al.,, 1998; Encalada and Goldstein, 2014; Fischer et al., 2018)
can also be physically obstructed by objects present in its vicinity.
These include stationary cargo in close proximity, actin-rich
regions along the axon (Sood et al, 2018), and trapping of
cargo by the actin cytoskeleton in the dendrite (Bommel et al.,
2019). A subset of different stationary cargo has been observed
in the neuronal processes of a variety of neurons (Kang et al.,
2008; Tang-Schomer et al., 2012; Iacobucci et al., 2014). These
stationary cargos can themselves physically impede the transport
of any moving cargo that encounter them, irrespective of the
cargo type, thereby leading to a local build-up of stalled cargo
(Sood et al., 2018). Moreover, increased cargo stalling and
reduced cargo run length are observed in crowded regions
that are enriched in actin (Sood et al., 2018; Bommel et al,
2019). Therefore, both actin-rich regions and stationary cargo at
actin-rich regions may act as local crowding agents for moving
membrane-bound organelles (MBOs) irrespective of cargo type.

Physical Effects on Active Transport: The
Axonal Cortex

Cargos may also face increased drag due to interaction with
the axonal cortex. In neurons, the axonal diameter ranges from
~160 to 20 wm in humans (Graf von Keyserlingk and Schramm,
1984; Perge et al.,, 2012), and ~100 to 350 nm in Caenorhabditis
elegans (Chalfie and Thomson, 1979; Graham et al., 1986).
Cargos that are transported in axons may occasionally contact the
axonal cortex (Topalidou et al., 2012; Narayanareddy et al., 2014;
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Wortman et al., 2014). For instance, in axons, retrogradely
moving lysotracker-marked vesicles induce local stretching of the
plasma membrane of the axon (Wang et al., 2018). This could lead
to increased drag, and may cause moving organelles to encounter
greater stiffness from the proximate axonal cortex compared to
stiffness encountered within the cytosol. Consistent with this
hypothesis, the speed of large organelles in neuronal processes
is shown to reduce with increasing organelle size and reducing
axonal diameter (Narayanareddy et al., 2014; Leite et al., 2016).

In conclusion, there are many crowding agents in the neuron
that can impede the movement of molecules within the neuronal
process (Pannese et al., 1984; Luby-Phelps, 1999; Sood et al.,
2018; Vassilopoulos et al., 2019). Cytosolic diffusion is affected
by the viscosity of the medium where the cytoskeletal filaments
themselves can act as molecular sieves (Lewis et al., 2009; Song
et al., 2009). On the other hand, active transport by molecular
motors on MT tracks is affected by crowding on MT tracks
(Hagiwara et al., 1994; Akhmanova and Steinmetz, 2015; Gumy
et al., 2017), by the axonal plasma membrane (Narayanareddy
et al., 2014; Leite et al., 2016; Wang et al., 2018), organelles, and
cytoskeletal filaments near the tracks (Figures 1B,D,E) (Sood
et al.,, 2018; Bommel et al., 2019). Both diffusion and motor-
dependent movement face physical constraints that cargo must
circumvent for steady transport.

STRATEGIES FOR BYPASSING
CROWDING DEPENDING ON THE TYPE
OF NEURONAL CARGO

Neuronal cargos can vary in size and chemical composition.
However, each type of cargo achieves long-range transport
that can bypass physical crowding. Small molecules may
be transported along neuronal processes by diffusion, active
transport, or a combination of both. This may prove sufficient for
small proteins, however, large protein complexes with potentially
slower diffusion rates may be transported largely by active
transport. Strategies to bypass crowding are discussed below.

Strategies for Small Molecules

We define small molecules as any molecule below the molecular
weight of 100 kDa (~5 nm radius), and here, we discuss
movement of this size class of proteins. In neurons, MTs form
bundles separated from each other by about 25 nm in the axon (by
Tau) and by about 65 nm in the dendrite (by MAP2) (Chen et al.,
1992; Méphon-Gaspard et al., 2016). Tau cross-links between
different MTs are transient, and Tau is known to diffuse along the
MT lattice (Hinrichs et al., 2012). Separation of 25 nm between
axonal MTs is unlikely to allow entry of large organelles or
molecular complexes within the MT bundle. Moreover, this deep
axonal region is rich in neurofilaments and actin that can be as
many and as closely spaced as MTs (Osborn et al., 1978; Ganguly
et al., 2015). However, the diameter of neurofilaments (6-10 nm)
is lower than that of MTs (25 nm) (Fuchs and Cleveland, 1998).
Thus, the deep axonal space may preferentially be available for
protein diffusion both along MTs and in the cytosolic spaces
between MTs and other cytoskeletal elements (Figure 3E).

Soluble proteins, such as Casein Kinase 1 (CK1) and
Ca®*/calmodulin-dependent protein kinase Ila (CamKITa), are
also actively transported. Soluble proteins are actively transported
in two ways: by associating with synaptic vesicles as shown
for CK1 (Gross et al., 1995) and CamKIlIa (Scott et al., 2011),
and by associating with molecular motors as shown for choline
acetyltransferase that directly binds to Kinesin-II (Sadananda
et al., 2012). Due to transient association with MBOs and
their small size, soluble proteins undergo assisted movement
characterized by bouts of processive transport followed by
periods of classic diffusive behaviors (Figure 3C) (Smith and
Simmons, 2001; Kuznetsov et al., 2009; Scott et al., 2011).
Although intermittent active transport may reduce the overall
speed of transport as compared to continuous active transport at
large distances (>100 pwm), the ability to diffuse buffers soluble
proteins from MT-based crowding factors.

Macromolecular crowding can have consequences on proteins
that use assisted transport depending on the protein’s turnover
rate in the axon. The turnover rate of a protein measures the time
when half the existing protein is replaced with newly synthesized
protein. This depends on the half-life of the protein, the rate
of its synthesis, and rate of its transport. Fast turnover proteins
like CK1 (half-life ~16 h) (Cohen et al, 2013) may be more
susceptible to the slowing down of transport from physical
crowding along the transport path compared to CamKIIa, which
is known to have a longer half-life (~2 days) (Cohen et al., 2013).
This difference in susceptibility may arise from the degradation
of fast turnover proteins before it reaches the distal part of
the neuronal process. Radioisotope pulse-labeling reveals the
presence of proteins such as tubulin and neurofilament proteins
for at least 45 days post labeling along the neuronal process
(Lasek R., 1968; Lasek R.J., 1968; Brown et al., 1982; Nixon et al.,
1982). One possible explanation for long lifetimes of proteins
in the axon as found by radioisotope labeling (Lasek R.J., 1968;
used in Lasek R., 1968; Brown et al., 1982; Nixon et al., 1982), in
contrast to stable isotope labeling with amino acids in cell culture
(SILAC) (used in Cohen et al., 2013) based labeling, may be due
to the axon having a slower degradation rate compared to the cell
body or synapse.

In summary, small molecules may preferentially diffuse deep
within the axon, but also associate intermittently with organelles
leading to active transport. Depending on the turnover rate of the
protein, multiple modes of transport can assist in maintaining the
levels of any given protein at the distal end of the neuron.

Molecular Motor-Based Strategies for

Large Molecular Complexes

Large macromolecular complexes may be too large for
substantive diffusive transport in axons given cytosolic viscosity.
Therefore, the transport of molecular complexes may occur
largely by active transport. Some examples of molecular
complexes include the ribosomal machinery (25-30 nm)
(Schavemaker et al., 2017) and the proteasome machinery
(20S proteasome ~15 nm, 60S proteasome diffusion coefficient
~0.44 wm?/s) (Unno et al., 2002; Ritland Politz et al., 2003). One
way to transport large macromolecular complexes is to move
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FIGURE 3 | Strategies to maintain cargo movement that can bypass physical crowding. (A) Multiple active motors can increase pulling force or reverse. (B) Motors
can switch to a MT track that is less crowded. (C) Macromolecular complexes can be transported by transient association with organelles interspersed potentially
with diffusion. (D) Switch to an actin track from a MT track. (E) Small soluble proteins can preferentially diffuse deep within the axon (arrows indicate diffusion) rich in
MTs and other cytoskeletal elements. Some MAPs can also diffuse along MTs. These proteins can evade crowding near the axonal cortex.

the components individually and then assemble them distally.
One such example is the ribosome whose components can be
assembled in a nucleolus-independent manner in the axons
where both the individual ribosomal proteins and their mRNAs
are independently actively transported in the axon (Elvira et al.,
2006; Noma et al., 2017; Shigeoka et al., 2018).

Another way to transport large macromolecular complexes
includes association with an MBO. An example is a pre-
assembled proteasome known to associate with MBOs that leads
to its processive transport (Otero et al., 2014). The interaction of
the pre-assembled proteasome with MBOs is regulated through
the adaptor protein PI31 (Liu et al,, 2019). Since the size of
molecular complexes is of the order of small vesicles, the types
of crowding agents affecting these molecular complexes while
undergoing active transport are likely to be similar to those
faced by MBOs. However, due to a half-life of 4-7 days of
the proteasome subunits (Cohen et al., 2013), constant active
transport may not be required. Large molecular complexes
with slower turnover are likely to be more resilient to local
transient crowding.

Unlike large protein complexes, RNAs are transported by
aggregating into a Membrane-Less Organelles (MLOs) with the
help of RNA binding proteins (RBPs) (Lin et al., 2015; Gopal et al.,
2017; Maharana et al., 2018). RNAs have a high negative charge
and naked RNA has an extended geometry (Borodavka et al.,
2016) both of which are unfavorable for diffusion-dependent
movement in the cytosol (Lifland et al., 2011). RNAs such as
B-actin >500 kDa in size, ~1.5 kb in bp length and ~12 nm
in physical length (Borodavka et al., 2016) are known to have
very low diffusion coefficients (Lifland et al., 2011). RBPs such
as TDP-43, hnRNP A2, FUS (Shan et al., 2003; Fujii et al,
2005; Gopal et al.,, 2017) can condense RNA and form MLOs.
These MLOs are known to be actively transported by MT
motors (Kanai et al, 2004; Turner-Bridger et al, 2018). In
contrast to protein complexes and organelles, MLOs are highly
dynamic and undergo fission and fusion events while interacting
with each other (Gopal et al.,, 2017). These deformations may
allow MLOs to transport mRNAs through crowded locations by
changing their size and geometry, thus bypassing some physical
crowding bottlenecks.
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Active transport appears to be the primary means through
which large macromolecular protein complexes or RNA-protein
complexes move along axons. Thus, the ability of such complexes
to navigate crowding are likely similar to those used by MBOs (see
below). Additionally, dynamic MLOs that can deform can permit
easier movement across crowded regions in the axons.

Molecular Motor-Based Strategies to
Help Organelles Navigate Crowded
Locations

In the above-mentioned cases, physical crowding can act as
a deterrent to the movement of proteins and larger cargo.
Molecular motors are a primary means to help MBOs and MLOs
bypass physical crowding (Goychuk et al., 2014; Lakadamyali,
2014). Distinct features of molecular motors allow them to help
cargo maneuver across physical obstacles typically along the
tracks that they use. These obstacles may be present on the MTs,
such as MAPs, or present in the cytosol around the MT such
as MLOs and MBOs. The strategy used depends on the types of
molecular motors that a specific cargo use.

Motors can be distinguished based on the type of cytoskeletal
filament they walk on (MT or F-actin). These motors include
kinesins, dyneins (MT dependent) (Vale et al., 1985; Schroer
et al., 1989) and myosins (F-actin dependent) (Mehta et al.,
1999). Specific properties of motors can help cargo maneuver
across crowded regions of the neuron. Mechanisms to overcome
crowding on MTs can include: (i) dissociation of kinesin on
encountering MAPs or other kinesins on the MT, as shown
for Kinesin-1 (Telley et al., 2009); (ii) binding to multiple MT
protofilaments/MTs, which may allow the cargo to switch to
another less physically crowded protofilament on the same MT
or to switch to another MT (Figure 3B) (Hunt and Howard,
1993); (iii) dissociating with an increased frequency from MT
plus ends as shown for Kinesin-3, that may prevent traffic jams
along the MT (Leduc et al.,, 2012; Guedes-Dias et al., 2019); (iv)
frequent protofilament switching as is shown for dynein, that
can help cargo navigate across physical obstacles (Reck-Peterson
et al., 2006); and (v) a physically obstructed MT-attached cargo
may switch to the F-actin cortical ring via unconventional myosin
V that allows cargos to move tangentially to the MT bundle
and access a less physically crowded region of the axoplasm
(Figures 1A, 3D) (Ali et al., 2008; Vassilopoulos et al., 2019).
Thus, a combination of the above-mentioned characteristics of
molecular motors can allow transported organelles to circumvent
physically crowded locations along MT tracks.

Cargos such as endosomes can recruit multiple motors, such
as kinesin and dynein (Figure 3A) (Welte, 2004; Vershinin
et al., 2007; Hendricks et al., 2010). Multiple motors are able to
exert a greater pulling force (Rai et al.,, 2013) that may allow
organelles to continue moving despite plasma membrane drag
or other cytosolic obstacles. Computational modeling suggests
that the presence of MTs in close proximity is sufficient to recruit
multiple motors on different MTs (Conway et al., 2014; Wortman
et al., 2014). Moreover, in silico modeling also suggests that a
combination of increased pulling force and track switching due to
kinesins engaged on multiple MTs is sufficient for sustained cargo

transport across organellar traffic jams (Lai et al., 2018). Cargos
are also known to recruit opposing motors (Rogers et al., 1997;
Ally et al., 2009; Encalada and Goldstein, 2014). This can lead to
frequent switching of direction (viz. reversals) of motion (Morris
and Hollenbeck, 1993; Welte et al., 1998; Encalada and Goldstein,
2014). Reversing cargos may be able to sample many more MTs
owing to dynein’s ability to switch MT protofilaments while
walking (Wang et al., 1995; Reck-Peterson et al., 2006; Hoeprich
et al., 2017). Increased MT sampling may, in turn, help cargos
maneuver across obstacles present on MTs, and potentially in the
cytosol as well. Indeed, reversals have been observed in multiple
systems for multiple types of cargo (Welte, 2004; Hendricks
et al,, 2010). These cargo reversals may also distribute the cargo
along the track and maintain a steady supply to the distal ends
(Wu et al,, 1998). The cytoskeletal network physically crowds
the neuron and creates space constraints for organelle trafficking
while providing the tracks required for movement. Mechanisms
such as multiple motors, multiple tracks, and opposing motors
are all strategies that use this contiguous cytoskeletal physical
crowding in an advantageous manner to circumvent physical
crowding on tracks or crowding from other organelles.

The neuronal cytoskeleton consists of regularly spaced
(~200 nm) braid-like actin cortical rings (Figure 1A) (Xu
et al., 2013; Vassilopoulos et al., 2019), actin filaments deep in
the axoplasm (Ganguly et al., 2015), neurofilaments within the
axoplasm (Friede and Samorajski, 1970; Fuchs and Cleveland,
1998), and a staggered array of MTs of lengths from 1 to
10 pm in C. elegans and up to 760 pwm in Mus musculus
(Chalfie and Thomson, 1979; Bray and Bunge, 1981; Tsukita and
Ishikawa, 1981). The cytoskeletal arrangement may be disrupted
by external forces caused, for instance, through body movement
that subjects the underlying neuronal processes to tensile and
torsional forces. These stresses can induce local deformations in
the neuronal process, which may disrupt active transport and
result in non-uniform crowding (Ahmed et al, 2012, 2013).
Neurons can resist deformations by maintaining the stiffness of
the MT bundle through cross-linking between MTs (Peter and
Mofrad, 2012). Furthermore, uniform membrane tension allows
the axon to regain its shape after deformation, a process thought
to depend on axonal spectrin (Krieg et al., 2014, 2017; Dubey
etal., 2019). Thus, recovering from deformation of the axon after
movement and reducing deformation maintains neuronal shape
and potentially helps in maintaining local cargo transport.

EFFECTS OF PHYSICAL CROWDING IN
NEURODEGENERATION

Neurodegenerative diseases due to a combination of genetic
predisposition, environmental factors, and traumatic injuries are
a confluence of multiple factors such as pathogenic aggregates,
defects in transport, and collapse of the axonal cortex (Trapp
et al., 1998; van Horssen et al., 2011; Sorbara et al., 2014; Kreiter
et al., 2018). Many neurodegenerative diseases are known to be
initiated by the formation of macromolecular aggregates (Kumar
etal,, 2016), mutations in MT motors and their adapters (Morfini
et al., 2009a; Millecamps and Julien, 2013; Okamoto et al., 2014),

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 470


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Sabharwal and Koushika

Physical Crowding in Neurons

and increased concentration of reactive oxygen species (ROS)
(Williamson and Cleveland, 1999; Manoharan et al., 2016).
These defects further lead to (i) mitochondrial and lysosomal
dysfunction (Bros et al., 2014; Gowrishankar et al., 2015), (ii)
changes in the cytoskeleton of the neuron (Dubey et al., 2015;
Oberstadt et al., 2018), and (iii) stalled MBO and MLO transport
(Baloh et al., 2007; Morfini et al., 2009a; Burk and Pasterkamp,
2019). We discuss below the sub-cellular consequences of
some neurological disorders whose pathologies can influence
or be influenced in part by physical crowding, and their likely
consequences on cargo movement.

Crowding in Neurodegenerative

Diseases

Abnormal aggregate formation of some RBPs (like TDP-43
and FUS) or structural proteins (like Tau and a-Synuclein)
are characteristics of neurodegenerative diseases like frontal
temporal dementia (FTD) and amyotrophic lateral sclerosis
(ALS) for the former two (Neumann et al., 2006; Cairns et al.,
2007; Vance et al., 2009; Mackenzie et al., 2010), and familial
Alzheimer’s and Parkinson’s diseases for the latter two (Alonso
et al., 1996; Polymeropoulos et al., 1997). Increase in the size of
aggregates over time is seen with Tau where the formation of 20-
40 nm granular aggregates precedes larger 200 nm neurofibrillary
tangles (Maeda et al., 2007). Tau oligomers can form granular
aggregates up to 200 nm in diameter, or fibrils that are up to
1 pm in length and 20 nm in diameter (Maeda et al., 2007). RBPs
generally form dynamic aggregates within cells (Brangwynne
et al,, 2009; Lin et al.,, 2015; Maziuk et al., 2017), which are
hypothesized to become gel-like when transitioning to form
pathological aggregates in neurons (Gopal et al., 2017). These
RBP containing aggregates are seen to increase in numbers along
the axon in diseased neurons (Fang et al., 2014). Different types of
aggregates (amorphous, ribbon-like, fibril, etc.) (Figure 4C) that
are formed in the neuron have been thought to lead to divergent
disease phenotypes (e.g., ALS, FTLD-TDP-A, and FTLD-TDP-
C) (Laferriere et al., 2019) that may arise from altering different
cellular processes (e.g., recruitment of proteasome, interaction
with MBOs, etc.) (Fahrenkrog and Harel, 2018; Guo et al., 2018).
Dysfunctional aggregated Tau has been shown to (i) decrease
binding of kinesin to MTs (Stamer et al., 2002; Mandelkow
et al., 2003; Cuchillo-Ibanez et al., 2008), (ii) disrupt MT bundles
(Figure 4D) (Lovestone et al., 1996; Shemesh et al., 2008), and
(iii) crowd the neuronal process (Alonso et al., 1996; Wegmann
et al., 2018). Decreased MT bundle stability may also result in
the collapse of the space between MTs (Figure 4E) that in turn
leads to loss of soluble-protein diffusion within the MT bundle,
reducing movement of material to the synapse.

Despite independent origins of the above aggregates, all of
them have the potential to alter physical crowding in the neuron.
Small aggregates of Tau, a-Synuclein, and TDP-43 formed during
disease initiation is associated with reduced trafficking of MBOs
and MLOs (Ebneth et al., 1998; Lee et al., 2006; Alami et al., 2014).
Indeed, overexpression of proteins such as a-Synuclein that form
pathogenic aggregates leads to a decrease in transmembrane and
cytosolic pre-synaptic proteins at synapses (Kamal et al., 2001;

Stamer et al., 2002; Scott et al., 2010). This is consistent with the
hypothesis that the presence of aggregates itself may physically
impede cargo movement. The presence of protein aggregates may
alter neuronal trafficking through both a disruption of specific
cellular pathways as well as an increase in physical crowding.

Many animal models for neurodegenerative disease that
resemble human late-onset neurodegenerative diseases are
associated with an increase in the number of stalled MBOs, MBOs
that travel shorter distances before stalling, and a decrease in
the number of transported MBOs (Gunawardena and Goldstein,
2001; Stamer et al., 2002; Pigino et al., 2003; White et al., 2015;
Kreiter et al., 2018). Transport defects in models of late-onset
neurodegeneration may arise from three different processes: (i)
a slow buildup of reduced MBO transport (Williamson and
Cleveland, 1999; Duncan and Goldstein, 2006), (ii) an increase
in intracellular viscosity with age (Figure 4B) (Lamoureux et al.,
2010), and (iii) a loss in regulation of the transport machinery
(Figure 4A) (Morfini et al., 2009b; Falzone et al., 2010). These
altered processes can, independently or synergistically with
increased physical crowding, contribute to the progressive nature
of the disease with aging. However, all three different processes
can also directly increase physical crowding in the neuron and
promote further cargo stalling. The sources of age-dependent
increase in viscosity are currently unclear. Further investigation
is necessary to distinguish between the relative contributions of
cargo stalling and viscosity changes in worsening of late-onset
neurodegenerative diseases.

Nearly all these diseases progress through an increase in
crowding in the neuron. Defects in cargo transport in diseased
neurons are thought to starve the distal ends of the neuronal
process of freshly synthesized proteins and cargo (Collard et al,,
1995; Gunawardena and Goldstein, 2001; Mandelkow et al., 2003;
Pigino et al., 2003; Scott et al., 2010; Okamoto et al., 2014).
These defects in cargo transport could partly occur through
increased physical crowding, which subsequently reduces, over
time, the material reaching the synapse. Progression of many
neurodegenerative diseases that result in death of a neuron is
associated with axonal swellings and “dying-back” of the neuron
from its distal end. Dying back may occur due to starvation of the
distal neuronal ends of different types of materials transported
from the cell body (Schiffer et al., 1994; Collard et al., 1995).

Crowding in Brain Injury and

Demyelination

Axonal swellings are also seen in cases of physical injury
[e.g., traumatic brain injury (TBI)] (Rand and Corville, 1934),
or where the myelin sheath is inflamed and destroyed (e.g.,
demyelinating diseases like multiple sclerosis) (Trapp et al., 1998;
Ohno et al., 2014). These external factors lead to increased
swelling due to disruption in the cytoskeleton (Datar et al.,
2019), or damage due to increased local ROS (Trapp et al,
1998; Ohno et al., 2014). TBI exerts large rotational and stretch
forces that can lead to axonal buckling and local swelling
(Figure 5i.A). These local swellings are hypothesized to occur
due to loss of membrane tension through disruption of MT-
membrane interactions (Datar et al., 2019). These swellings may
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FIGURE 4 | Defects observed in neurodegenerative diseases. (A) Defective transport or increased physical crowding leads to increase in stalled cargo by
disengaging motor-based transport as indicated by arrows. (B) Increased aggregation of cytosolic proteins lead to increased viscosity in the entire neuron. (C) MLOs
may undergo a phase transition from a fluid to a gel-like state which further crowds the neuron as illustrated by the arrow. (D) Discontinuous coverage of MTs
throughout the axon or (E) collapsed MT bundle lead to jamming of cargo due to unavailability of tracks and defects in cytosolic protein diffusion respectively in the
neuronal process.

act temporarily as locally uncrowded regions, where material ~depolymerizing 3 h post-injury (Tang-Schomer et al., 2012). The
can freely diffuse (Figure 5i.B). However, over time these disruption of MT tracks leads to loss of transport at this local
periodic swellings have bent and non-uniform MTs that begin  swelling, leading to an accumulation of vesicles and proteins
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(Shemesh et al., 2008; Hooman et al., 2009; Johnson et al.,
2013). This accumulation of MBOs in the swelling can further
reduce transport and diffusion rates due to physical crowding
of the region (Figure 5i.C). Severe TBI is associated with
a higher risk of Alzheimers disease later in life (Fleminger
et al, 2003; Li et al, 2017). This increased risk may arise
from the injury site continuing to act as a locally crowded
region that favors aggregation of organelles and aggregation-
prone proteins. This potential for increased crowding may
be one factor that contributes to the observed increased risk
of Alzheimer’s in TBI patients (Figure 5i.D). Demyelination
diseases are caused by a loss of myelin (Figure 5ii.A), essential
for electrical conduction (Hess and Young, 1952; Yin et al,
2006). Survival of demyelinated neurons has been shown to
require redistribution of mitochondria to the demyelinated
region to scavenge locally increased ROS (Mahad et al., 2008;
Ohno et al., 2014). Mitochondria have been shown to slow
down or stall transport of other organelles (Che et al., 2016;
Sood et al., 2018). Thus, redistribution of a large organelle like
a mitochondrion could physically occupy significant available
space in the cross section of a narrow diameter axon (Figure 2),
and this crowding may be followed by additional reduction in
transport by reducing the available space for other MBOs and
MLOs to move through this region (Figure 5ii.B). Mitochondrial
redistribution is an early event in disease progression and may
initiate physical crowding (Bilsland et al., 2010; Sorbara et al,,
2014). Mitochondria appear sufficient to physically crowd the
neuron and stall other cargos in the vicinity (Che et al., 2016;
Sood et al., 2018). As demyelination progresses, ovoids filled with
organelles and altered MT structures are formed (Figure 5ii.C)
(Trapp et al., 1998; Ohno et al., 2014). The local varicosities filled
with organelles, similar to that seen in TBI, lead to secondary
axotomy (Trapp et al., 1998). Therefore, loss in myelin of the
neuron can lead to local physical crowding which in turn is one
factor among many that may disrupt the trafficking of material
from the cell body to the synapses (Figure 5ii.D). The protective
movement of mitochondria in the early stages of disease comes
along with a potentially detrimental effect of increased physical
crowding. In space-constrained axonal processes, this balance
is a tradeoft between competing effects. Whether this crowding
tradeoff is actively monitored, and if so, how it occurs, is
worth investigating.

PERSPECTIVE

A mounting body of evidence suggests that intracellular physical
crowding is an inevitable consequence of the geometry and
content of the axon (Pannese et al., 1984; Méphon-Gaspard
et al,, 2016; Sood et al., 2018; Vassilopoulos et al., 2019). Physical
crowding in healthy neurons is not detrimental to neuronal
health (Sood et al., 2018), perhaps in part due to molecular
motors that have ways to circumvent locally crowded regions
while carrying cargo over large distances (Hunt and Howard,
1993; Reck-Peterson et al., 2006; Telley et al., 2009; Guedes-
Dias et al., 2019). However, any increase in physical crowding,
as seen in multiple neurodegenerative diseases from classical

tauopathies to TBI, may underlie some of the pathological
changes that are observed in these conditions. Neurons seem
to be the most adversely affected by aggregate-prone proteins
such as Tau and RBPs (Spillantini et al., 1997; Neumann et al,,
2006), even though these proteins are present in many cells
(Gu et al,, 1996; Hoell et al., 2011; Tollervey et al., 2011). The
susceptibility of neurons to physical crowding might arise from
the narrow diameter of the axon compared to the diameter
of transported organelles, bundled MTs that exclude organelles
between them, a continuously varying and dynamic cytoskeleton,
stalled organelles, and actin-rich regions (Osborn et al., 1978;
Chalfie and Thomson, 1979; Misgeld et al., 2007; Assaf et al.,
2008; Encalada and Goldstein, 2014; Krieg et al., 2017). In healthy
neurons, local crowding may not have detrimental consequences.
However, in unhealthy neurons, increased crowding may
explain the observation of reduced cargo movement over time
(Williamson and Cleveland, 1999; Stamer et al., 2002; Mandelkow
et al., 2003). Further, local crowding amongst other changes may
lead to trafficking defects of multiple cargos over time (Evans
et al., 2003; Sugiyama et al., 2008). Delineating the contribution
of individual crowding agents toward overall physical crowding
as impacts cargo movement or protein diffusion may help shed
light on neurodegenerative disease progression.

However, crowding is not all detrimental. Neurons show
multiple trade-offs in terms of function and crowding. MTs
may crowd the neuronal process by excluding organelles from
within the MT bundle, but the presence of the bundle provides
structural integrity to the neuronal process (Peter and Mofrad,
2012) and enables MT motor-dependent transport (Vale et al.,
1985; Schroer et al, 1989). Organelles by their size and
geometry cause crowding, but are essential for neuronal function
e.g., synaptic vesicles and mitochondria. Large organelles like
mitochondria can physically crowd the neuronal process, but
their presence at nodes of Ranvier and at synapses are critical
for neuronal function (Ly and Verstreken, 2006; Chiu, 2011).
Further, Tau aggregates crowd neurons in tauopathies, but may
also protect neurons from ROS-mediated damage (Lee et al,
2005). Nonetheless, the density of organelles, and even protective
aggregates formed during neurodegenerative diseases, may need
to strike a balance. Too much physical crowding over time
may adversely affect cargo movement (Hooman et al., 2009;
Kuznetsov and Avramenko, 2009) where the ability of molecular
motors to circumvent crowding fall short for the degree of
physical crowding seen in unhealthy neurons. In vitro studies
with defined physical crowding due to Tau have identified
a precise degree of physical crowding on MT tracks where
molecular motors are unable to sustain cargo displacement
(Hagiwara et al., 1994; Stern et al., 2017; Shigematsu et al., 2018).
Similar studies with other MAPs or crowding agents may help
delineate the contribution of crowding to progressive slowing
down of organelle transport in neurodegenerative diseases.

Physical crowding can also be utilized by the neuron to
promote the distribution of cargo throughout the neuronal
process via slowing down of transport using physical barriers.
Indeed, cargo such as synaptic vesicles and mitochondria are
seen to distribute along the entire neuronal process, often at
actin-rich regions (Frederick and Shaw, 2007; Kang et al., 2008;
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FIGURE 5 | Sub-cellular events after injury/disease leading to axonal swellings. (i.A) Large tensile or torsional forces can buckle the cytoskeleton of the axon leading
to local swelling of the axonal membrane. (i.B) Axonal swellings are temporarily locally uncrowded and allow free diffusion of proteins as indicated by lighter green.
(i.C) Eventual accumulation at the time scale of minutes of organelles and destabilization of MTs in the swelling can lead to a loss of the movement of organelles and
proteins illustrated by a darker shade of green. (i.D) Axonal swelling further may act as a locally crowded region promoting aggregation of proteins that later in life
may predispose the neuron to degeneration. (ii.A) In the case of demyelinating diseases, external factors lead to a redistribution of mitochondria along the axons.
(ii.B) Increase in mitochondria in a region may lead to increased crowding in its vicinity that reduces movement of organelles and cytosolic proteins as illustrated by a
darker shade of green. (ii.C) Reduced movement of organelles and proteins at a region leads to swelling of the plasma membrane. (ii.D) Axonal swelling filled with

organelles can lead to increased disruption of transport.

Tacobucci et al., 2014; Sood et al., 2018; Sure et al., 2018). These
can lead to formation of naturally occurring cargo reservoirs that
can be mobilized during cellular need (Hoerndli et al., 2015; Sood
et al., 2018), such as during neuronal injury, where mitochondria
localize to the cut-site (Han et al., 2016; Zhou et al., 2016), or
during repeated stimulation of the neuron where synaptic vesicles
are mobilized to synapses (Kittelmann et al., 2013; Hoerndli et al.,
2015). Therefore, physical crowding is an inevitable consequence
of the cellular design of axons but may be co-opted to distribute
cargo along the neuronal process.

One way to reduce crowding in neurodegenerative models
may be to gently perturb the MT and actin cytoskeleton.

Cytoskeletal elements such as actin and MT physically
crowd the neuronal process while maintaining the shape
of the neuron, as well as enabling transport. Low doses
of paclitaxel that stabilize MTs (Horwitz, 1994) have been
shown to reduce axonal swellings in a hereditary spastic
paraplegia model (Fassier al, 2013). One potential
explanation is that drugs that target the MT cytoskeleton
may be able to provide additional tracks for transport,
thereby alleviating crowding. Further, a low dose of
such drugs in combination with treatments to reduce
aggregation have been shown to slow disease progression
in patients (Trojanowski et al., 2005; Zhang et al., 2005). This

et
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slowing of neurodegeneration may in part occur through reduced
physical crowding in neurons.

To understand neurodegenerative disease progression, it
is valuable to understand the effect of increased molecular
crowding on the movement of different proteins and organelles.
Currently, most studies have focused on movement of MBOs
and MLOs by molecular motors (Cairns et al., 2007; Mackenzie
et al, 2010; Encalada and Goldstein, 2014; Fang et al., 2014;
Gowrishankar et al., 2015). We speculate that diffusive movement
may also be altered, contributing to deprivation of proteins
at distal ends of unhealthy neurons. It is interesting to note
that diffusion at longer distances is slower than predicted
by experimentally observed diffusion of the same proteins at
shorter distances (Saxton, 1994; Masuda et al., 2004). Therefore,
experimental paradigms that assess diffusion at short length
scales have to be used in conjunction with those that can
assess diffusion at longer length scales. To investigate the
contribution of crowding to diffusive transport of proteins
at short length scales, one can use fluorescence correlation
spectroscopy (FCS) (Dauty and Verkman, 2004; Banks and
Fradin, 2005) and single particle tracking (SPT) (Hall and
Hoshino, 2010). FCS and SPT can assess differences in rates of
diffusion dependent, for instance, on the density of organelles
in the vicinity of the diffusing proteins. Further, studies using
magnetic resonance imaging (MRI) have been used to calculate
the apparent diffusion coefficient of water in vivo (Sener, 2001;
Trouard et al., 2008). The diffusion coefficient of water has
been suggested to depend on multiple factors, including the
caliber of the axon (Assaf et al., 2008). MRI based imaging can
help assess diffusion at longer length scales and is particularly
suited for in vivo studies (Sener, 2001). To assess long-term
rates of active transport of MBOs without using radioactive
tracers, experiments such as Retention Using Selective Hooks
may be useful (Boncompain et al,, 2012; Farias et al., 2016;
Li et al, 2016). This method is particularly valuable as it
might be able to bridge the gap between vesicle imaging

REFERENCES

Ahmed, W. W,, Li, T. C, Rubakhin, S. S., Chiba, A., Sweedler, J. V., and
Saif, T. A. (2012). Mechanical tension modulates local and global vesicle
dynamics in neurons. Cell. Mol. Bioeng. 5, 155-164. doi: 10.1007/s12195-012-
0223-1

Ahmed, W. W., Williams, B. J., Silver, A. M., and Saif, T. A. (2013). Measuring
nonequilibrium vesicle dynamics in neurons under tension. Lab Chip 13,
570-578. doi: 10.1039/C2LC41109A

Akhmanova, A., and Steinmetz, M. O. (2015). Control of microtubule organization
and dynamics: two ends in the limelight. Nat. Rev. Mol. Cell Biol. 16, 711-726.
doi: 10.1038/nrm4084

Alami, N. H., Smith, R. B., Carrasco, M. A., Williams, L. A., Winborn, C. S., Han,
S.S. W, et al. (2014). Axonal transport of TDP-43 mRNA granules is impaired
by ALS-causing mutations. Neuron 81, 536-543. doi: 10.1016/j.neuron.2013.12.
018

Ali, M. Y., Lu, H., Bookwalter, C. S., Warshaw, D. M., and Trybus, K. M. (2008).
Myosin V and Kinesin act as tethers to enhance each others’ processivity. Proc.
Natl. Acad. Sci. 105, 4691-4696. doi: 10.1073/pnas.0711531105

Ally, S., Larson, A. G., Barlan, K., Rice, S. E., and Gelfand, V. 1. (2009). Opposite-
polarity motors activate one another to trigger cargo transport in live cells.
J. Cell Biol. 187, 1071-1082. doi: 10.1083/jcb.200908075

over short-time scales of minutes and movement of cargo
over hours that result in observed steady state distributions
of cargo. Using this method one can begin to assess the role
of crowding, for instance, from microtubule-based crowding
agents and actin on long-term cargo movement in neurons. The
above methods may also allow screening for drugs that aid in
alleviating crowding while concomitantly increasing movement
of cargo in neurons.

Several studies are necessary to understand the role of
physical crowding in the neuron on both diffusive and
active transport. Additionally, understanding how crowding
changes during neuronal injury or neurodegenerative disease
and whether it has both protective and detrimental effects
are all open to investigation. Physical crowding effects may
be as important as molecular pathways in progression of
neurodegenerative diseases.

AUTHOR CONTRIBUTIONS

SK conceived the study. VS and SK wrote the manuscript.

FUNDING

Research in the SK lab is supported by the TIFR, the HHMI, and
DAE Project Grant Number 12-R&D-IMS-5.02-0202.

ACKNOWLEDGMENTS

We apologize to authors whose work we could not cite due
to space limitations. We thank the reviewers for their critical
reading. We also thank Drs. Julia Edgar and Wiebke Moebius
for sharing the electron micrograph of central and peripheral
nervous system axon cross sections.

Alonso, A. D. C., Grundke-Igbal, I., and Igbal, K. (1996). Alzheimer’s disease
hyperphosphorylated tau sequesters normal tau into tangles of filaments and
disassembles microtubules. Nat. Med. 2, 783-787. doi: 10.1038/nm0796-783

Assaf, Y., Blumenfeld-Katzir, T., Yovel, Y., and Basser, P. J. (2008). AxCaliber: a
method for measuring axon diameter distribution from diffusion MRI. Magn.
Reson. Med. 59, 1347-1354. doi: 10.1002/mrm.21577

Baloh, R. H., Schmidt, R. E., Pestronk, A., and Milbrandt, J. (2007). Altered
axonal mitochondrial transport in the pathogenesis of charcot-marie-tooth
disease from mitofusin 2 mutations. J. Neurosci. 27, 422-430. doi: 10.1523/
JNEUROSCI.4798-06.2007

Banks, D. S., and Fradin, C. (2005). Anomalous diffusion of proteins due to
molecular crowding. Biophys. J. 89, 2960-2971. doi: 10.1529/biophys;j.104.
051078

Bilsland, L. G., Sahai, E., Kelly, G., Golding, M., Greensmith, L., and Schiavo, G.
(2010). Deficits in axonal transport precede ALS symptoms in vivo. Proc. Natl.
Acad. Sci. U.S.A. 107, 20523-20528. doi: 10.1073/pnas.1006869107

Bommel, B. V., Konietzny, A., Kobler, O., Bir, J., and Mikhaylova, M. (2019).
F-actin patches associated with glutamatergic synapses control positioning of
dendritic lysosomes. bioRxiv[Preprint]. doi: 10.15252/embj.2018101183

Boncompain, G., Divoux, S., Gareil, N., De Forges, H., Lescure, A., Latreche, L.,
et al. (2012). Synchronization of secretory protein traffic in populations of cells.
Nat. Methods 9, 493-498. doi: 10.1038/nmeth.1928

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 470


https://doi.org/10.1007/s12195-012-0223-1
https://doi.org/10.1007/s12195-012-0223-1
https://doi.org/10.1039/C2LC41109A
https://doi.org/10.1038/nrm4084
https://doi.org/10.1016/j.neuron.2013.12.018
https://doi.org/10.1016/j.neuron.2013.12.018
https://doi.org/10.1073/pnas.0711531105
https://doi.org/10.1083/jcb.200908075
https://doi.org/10.1038/nm0796-783
https://doi.org/10.1002/mrm.21577
https://doi.org/10.1523/JNEUROSCI.4798-06.2007
https://doi.org/10.1523/JNEUROSCI.4798-06.2007
https://doi.org/10.1529/biophysj.104.051078
https://doi.org/10.1529/biophysj.104.051078
https://doi.org/10.1073/pnas.1006869107
https://doi.org/10.15252/embj.2018101183
https://doi.org/10.1038/nmeth.1928
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Sabharwal and Koushika

Physical Crowding in Neurons

Borodavka, A., Singaram, Surendra, W., Stockley, Peter, G., Gelbart, et al. (2016).
Sizes of long RNA molecules are determined by the branching patterns of their
secondary structures. Biophys. J. 111, 2077-2085. doi: 10.1016/j.bpj.2016.10.014

Brangwynne, C. P., Eckmann, C. R, Courson, D. S., Rybarska, A., Hoege, C.,
Gharakhani, J., et al. (2009). Germline P granules are liquid droplets that localize
by controlled dissolution/condensation. Science 324, 1729-1732. doi: 10.1126/
science.1172046

Bray, D., and Bunge, M. B. (1981). Serial analysis of microtubules in cultured rat
sensory axons. J. Neurocytol. 10, 589-605. doi: 10.1007/BF01262592

Bros, H., Millward, J. M., Paul, F., Niesner, R, and Infante-Duarte, C. (2014).
Oxidative damage to mitochondria at the nodes of Ranvier precedes axon
degeneration in ex vivo transected axons. Exp. Neurol. 261, 127-135. doi: 10.
1016/j.expneurol.2014.06.018

Brown, B. A., Nixon, R. A., and Marotta, C. A. (1982). Posttranslational processing
of alpha-tubulin during axoplasmic transport in CNS axons. J. Cell Biol. 94,
159-164. doi: 10.1083/jcb.94.1.159

Burk, K., and Pasterkamp, R. J. (2019). Disrupted neuronal trafficking in
amyotrophic lateral sclerosis. Acta Neuropathol. 137, 859-877. doi: 10.1007/
s00401-019-01964-7

Cairns, N. J., Neumann, M., Bigio, E. H., Holm, I. E., Troost, D., Hatanpaa,
K. J., et al. (2007). TDP-43 in familial and sporadic frontotemporal lobar
degeneration with ubiquitin inclusions. Am. J. Pathol. 171, 227-240. doi: 10.
2353/ajpath.2007.070182

Chalfie, M., and Thomson, J. N. (1979). Organization of neuronal microtubules in
the nematode Caenorhabditis elegans. J. Cell Biol. 82, 278-289. doi: 10.1083/jcb.
82.1.278

Chang, T., Kim, H., and Yu, H. (1987). Diffusion through coarse meshes.
Macromolecules 20, 2629-2631. doi: 10.1021/ma00176a051

Che, D. L., Chowdary, P. D., and Cui, B. (2016). A close look at axonal transport:
Cargos slow down when crossing stationary organelles. Neurosci. Lett. 610,
110-116. doi: 10.1016/j.neulet.2015.10.066

Chen, J., Kanai, Y., Cowan, N. J., and Hirokawa, N. (1992). Projection domains
of MAP2 and tau determine spacings between microtubules in dendrites and
axons. Nature 360, 674-677. doi: 10.1038/360674a0

Chiu, S. Y. (2011). Matching mitochondria to metabolic needs at nodes of ranvier.
Neuroscientist 17, 343-350. doi: 10.1177/1073858410393740

Cohen, L. D., Zuchman, R,, Sorokina, O., Miiller, A., Dieterich, D. C., Armstrong,
J. D, et al. (2013). Metabolic turnover of synaptic proteins: kinetics,
interdependencies and implications for synaptic maintenance. PLoS One
8:¢63191. doi: 10.1371/journal.pone.0063191

Collard, J.-F., Coté, F., and Julien, J.-P. (1995). Defective axonal transport in a
transgenic mouse model of amyotrophic lateral sclerosis. Nature 375, 61-64.
doi: 10.1038/375061a0

Colvin, D. C,, Jourquin, J., Xu, J., Does, M. D., Estrada, L., and Gore, J. C. (2011).
Effects of intracellular organelles on the apparent diffusion coeflicient of water
molecules in cultured human embryonic kidney cells. Magn. Reson. Med. 65,
796-801. doi: 10.1002/mrm.22666

Conway, L., Gramlich, M. W, Tabei, S. M. A,, and Ross, J. L. (2014). Microtubule
orientation and spacing within bundles is critical for long-range kinesin-1
motility. Cytoskeleton 71, 595-610. doi: 10.1002/cm.21197

Cuchillo-Ibanez, 1., Seereeram, A., Byers, H. L., Leung, K.-Y., Ward, M. A,,
Anderton, B. H., et al. (2008). Phosphorylation of tau regulates its axonal
transport by controlling its binding to kinesin. FASEB J. 22, 3186-3195. doi:
10.1096/1j.08-109181

Datar, A., Ameeramja, J., Bhat, A,, Srivastava, R, Bernal, R, Prost, J., et al. (2019).
The roles of microtubules and membrane tension in axonal beading, retraction,
and atrophy. bioRxiv[Preprint].doi: 10.1016/j.bpj.2019.07.046

Dauty, E., and Verkman, A. (2004). Molecular crowding reduces to a similar
extent the diffusion of small solutes and macromolecules: measurement by
fluorescence correlation spectroscopy. J. Mol. Recogn. 17, 441-447. doi: 10.
1002/jmr.709

DeLorenzo, R. J, and Freedman, S. D. (1978). Calcium dependent
neurotransmitter release and protein phosphorylation in synaptic vesicles.
Biochem. Biophys. Res. Commun. 80, 183-192. doi: 10.1016/0006-291X(78)
91121-X

Dix, J. A., and Verkman, A. S. (2008). Crowding effects on diffusion in solutions
and cells. Annu. Rev. Biophys. 37, 247-263. doi: 10.1146/annurev.biophys.37.
032807.125824

Dixit, R., Ross, J. L., Goldman, Y. E., and Holzbaur, E. L. (2008). Differential
regulation of dynein and kinesin motor proteins by tau. Science 319, 1086-1089.
doi: 10.1126/science.1152993

Dubey, J., Ratnakaran, N., and Koushika, S. P. (2015). Neurodegeneration and
microtubule dynamics: death by a thousand cuts. Front. Cell. Neurosci. 9:343.
doi: 10.3389/fncel.2015.00343

Dubey, S., Bhembre, N., Ghose, A., Callan-Jones, A., and Pullarkat, P. A. (2019).
The axonal actin-spectrin lattice acts as shock absorbers to protect neurons
from stretch-induced damage. bioRxiv[Preprint].doi: 10.1101/510560

Duncan, J. E., and Goldstein, L. S. B. (2006). The genetics of axonal transport
and axonal transport disorders. PLoS Genet. 2:e124. doi: 10.1371/journal.pgen.
0020124

Ebneth, A., Godemann, R., Stamer, K., Illenberger, S., Trinczek, B., Mandelkow,
E.-M,, et al. (1998). Overexpression of Tau protein inhibits kinesin-dependent
trafficking of vesicles, mitochondria, and endoplasmic reticulum: implications
for Alzheimer’s disease. J. Cell Biol. 143, 777-794. doi: 10.1083/jcb.143.3.777

Elvira, G., Wasiak, S., Blandford, V., Tong, X.-K., Serrano, A., Fan, X., et al. (2006).
Characterization of an RNA granule from developing brain. Mol. Cell. Proteom.
5, 635-651. doi: 10.1074/mcp.M500255- MCP200

Encalada, S. E., and Goldstein, L. S. B. (2014). Biophysical challenges to
axonal transport: motor-cargo deficiencies and neurodegeneration. Annu. Rev.
Biophys. 43, 141-169. doi: 10.1146/annurev-biophys-051013-022746

Evans, M. R, Juhdsz, R., and Santen, L. (2003). Shock formation in an exclusion
process with creation and annihilation. Phys. Rev. E 68:026117. doi: 10.1103/
PhysRevE.68.026117

Fahrenkrog, B., and Harel, A. (2018). Perturbations in traffic: aberrant
nucleocytoplasmic transport at the heart of neurodegeneration. Cells 7:E232.
doi: 10.3390/cells7120232

Falzone, T. L., Gunawardena, S., McCleary, D., Reis, G. F., and Goldstein,
L. S. B. (2010). Kinesin-1 transport reductions enhance human tau
hyperphosphorylation, aggregation and neurodegeneration in animal models
of tauopathies. Hum. Mol. Genet. 19, 4399-4408. doi: 10.1093/hmg/ddq363

Fang, Y.-S., Tsai, K.-J., Chang, Y.-J., Kao, P, Woods, R., Kuo, P.-H,, et al.
(2014). Full-length TDP-43 forms toxic amyloid oligomers that are present
in frontotemporal lobar dementia-TDP patients. Nat. Commun. 5:4824. doi:
10.1038/ncomms5824

Farias, G. G., Britt, D.]., and Bonifacino, J. S. (2016). “Imaging the polarized sorting
of proteins from the Golgi complex in live neurons,” in The Golgi Complex, ed.
W. Brown, (New York, NY: Humana Press), 13-30. doi: 10.1007/978-1-4939-
6463-5_2

Fassier, C., Tarrade, A., Peris, L., Courageot, S., Mailly, P., Dalard, C., et al.
(2013). Microtubule-targeting drugs rescue axonal swellings in cortical neurons
from spastin knockout mice. Dis. Models Mech. 6, 72-83. doi: 10.1242/dmm.
008946

Fischer, T. D., Dash, P. K,, Liu, J., and Waxham, M. N. (2018). Morphology
of mitochondria in spatially restricted axons revealed by cryo-electron
tomography. PLoS Biol. 16:¢2006169. doi: 10.1371/journal.pbio.2006169

Fleminger, S., Oliver, D. L., Lovestone, S., Rabe-Hesketh, S., and Giora, A. (2003).
Head injury as a risk factor for Alzheimer’s disease: the evidence 10 years on;
a partial replication. J. Neurol. Neurosurg. Psychiatry 74, 857-862. doi: 10.1136/
jnnp.74.7.857

Fletcher, D. A., and Theriot, J. A. (2004). An introduction to cell motility for the
physical scientist. Phys. Biol. 1, T1-T10. doi: 10.1088/1478-3967/1/1/T01

Frederick, R. L., and Shaw, J. M. (2007). Moving mitochondria: establishing
distribution of an essential organelle. Traffic 8, 1668-1675. doi: 10.1111/j.1600-
0854.2007.00644.x

Friede, R. L., and Samorajski, T. (1970). Axon caliber related to neurofilaments and
microtubules in sciatic nerve fibers of rats and mice. Anat. Record 167, 379-387.
doi: 10.1002/ar.1091670402

Fuchs, E., and Cleveland, D. W. (1998). A structural scaffolding of intermediate
filaments in health and disease. Science 279, 514-519. doi: 10.1126/science.279.
5350.514

Fujii, R, Okabe, S., Urushido, T., Inoue, K., Yoshimura, A., Tachibana, T, et al.
(2005). The RNA binding protein TLS is translocated to dendritic spines by
mGlIuR5 activation and regulates spine morphology. Curr. Biol. 15, 587-593.
doi: 10.1016/j.cub.2005.01.058

Fulton, A. B. (1982). How crowded is the cytoplasm? Cell 30, 345-347. doi: 10.1016/
0092-8674(82)90231-8

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 470


https://doi.org/10.1016/j.bpj.2016.10.014
https://doi.org/10.1126/science.1172046
https://doi.org/10.1126/science.1172046
https://doi.org/10.1007/BF01262592
https://doi.org/10.1016/j.expneurol.2014.06.018
https://doi.org/10.1016/j.expneurol.2014.06.018
https://doi.org/10.1083/jcb.94.1.159
https://doi.org/10.1007/s00401-019-01964-7
https://doi.org/10.1007/s00401-019-01964-7
https://doi.org/10.2353/ajpath.2007.070182
https://doi.org/10.2353/ajpath.2007.070182
https://doi.org/10.1083/jcb.82.1.278
https://doi.org/10.1083/jcb.82.1.278
https://doi.org/10.1021/ma00176a051
https://doi.org/10.1016/j.neulet.2015.10.066
https://doi.org/10.1038/360674a0
https://doi.org/10.1177/1073858410393740
https://doi.org/10.1371/journal.pone.0063191
https://doi.org/10.1038/375061a0
https://doi.org/10.1002/mrm.22666
https://doi.org/10.1002/cm.21197
https://doi.org/10.1096/fj.08-109181
https://doi.org/10.1096/fj.08-109181
https://doi.org/10.1016/j.bpj.2019.07.046
https://doi.org/10.1002/jmr.709
https://doi.org/10.1002/jmr.709
https://doi.org/10.1016/0006-291X(78)91121-X
https://doi.org/10.1016/0006-291X(78)91121-X
https://doi.org/10.1146/annurev.biophys.37.032807.125824
https://doi.org/10.1146/annurev.biophys.37.032807.125824
https://doi.org/10.1126/science.1152993
https://doi.org/10.3389/fncel.2015.00343
https://doi.org/10.1101/510560
https://doi.org/10.1371/journal.pgen.0020124
https://doi.org/10.1371/journal.pgen.0020124
https://doi.org/10.1083/jcb.143.3.777
https://doi.org/10.1074/mcp.M500255-MCP200
https://doi.org/10.1146/annurev-biophys-051013-022746
https://doi.org/10.1103/PhysRevE.68.026117
https://doi.org/10.1103/PhysRevE.68.026117
https://doi.org/10.3390/cells7120232
https://doi.org/10.1093/hmg/ddq363
https://doi.org/10.1038/ncomms5824
https://doi.org/10.1038/ncomms5824
https://doi.org/10.1007/978-1-4939-6463-5_2
https://doi.org/10.1007/978-1-4939-6463-5_2
https://doi.org/10.1242/dmm.008946
https://doi.org/10.1242/dmm.008946
https://doi.org/10.1371/journal.pbio.2006169
https://doi.org/10.1136/jnnp.74.7.857
https://doi.org/10.1136/jnnp.74.7.857
https://doi.org/10.1088/1478-3967/1/1/T01
https://doi.org/10.1111/j.1600-0854.2007.00644.x
https://doi.org/10.1111/j.1600-0854.2007.00644.x
https://doi.org/10.1002/ar.1091670402
https://doi.org/10.1126/science.279.5350.514
https://doi.org/10.1126/science.279.5350.514
https://doi.org/10.1016/j.cub.2005.01.058
https://doi.org/10.1016/0092-8674(82)90231-8
https://doi.org/10.1016/0092-8674(82)90231-8
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Sabharwal and Koushika

Physical Crowding in Neurons

Ganguly, A., Tang, Y., Wang, L., Ladt, K., Loi, J., Dargent, B, et al. (2015). A
dynamic formin-dependent deep F-actin network in axons. J. Cell Biol. 210,
401-417. doi: 10.1083/jcb.201506110

Gopal, P. P., Nirschl, J. J., Klinman, E., and Holzbaur, E. L. F. (2017). Amyotrophic
lateral sclerosis-linked mutations increase the viscosity of liquid-like TDP-43
RNP granules in neurons. Proc. Natl. Acad. Sci. U.S.A. 114, E2466-E2475.
doi: 10.1073/pnas.1614462114

Gowrishankar, S., Yuan, P., Wu, Y., Schrag, M., Paradise, S., Grutzendler, J., et al.
(2015). Massive accumulation of luminal protease-deficient axonal lysosomes at
Alzheimer’s disease amyloid plaques. Proc. Natl. Acad. Sci. 112, E3699-E3708.
doi: 10.1073/pnas.1510329112

Goychuk, I, Kharchenko, V. O., and Metzler, R. (2014). How molecular motors
work in the crowded environment of living cells: coexistence and efficiency
of normal and anomalous transport. PLoS One 9:¢91700. doi: 10.1371/journal.
pone.0091700

Graf von Keyserlingk, D., and Schramm, U. (1984). Diameter of axons and
thickness of myelin sheaths of the pyramidal tract fibres in the adult human
medullary pyramid. Anatomischer Anzeiger 157, 97-111.

Graham, W. J., Eileen, S., Thomson, J. N., and Brenner, S. (1986). The structure
of the nervous system of the nematode Caenorhabditis elegans. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 314, 1-340. doi: 10.1098/rstb.1986.0056

Gross, S. D., Hoffman, D. P., Fisette, P. L., Baas, P., and Anderson, R. A. (1995). A
phosphatidylinositol 4,5-bisphosphate-sensitive casein kinase I alpha associates
with synaptic vesicles and phosphorylates a subset of vesicle proteins. J. Cell
Biol. 130, 711-724. doi: 10.1083/jcb.130.3.711

Gu, Y., Oyama, F., and Thara, Y. (1996). t is widely expressed in rat tissues.
J. Neurochem. 67, 1235-1244. doi: 10.1046/j.1471-4159.1996.67031235.x

Guedes-Dias, P., Nirschl, J. J., Abreu, N., Tokito, M. K., Janke, C., Magiera,
M. M, et al. (2019). Kinesin-3 responds to local microtubule dynamics to
target synaptic cargo delivery to the presynapse. Curr. Biol. 29, 268.e8-282.e8.
doi: 10.1016/j.cub.2018.11.065

Gumy, L. F., Katrukha, E. A., Grigoriev, I, Jaarsma, D., Kapitein, L. C., Akhmanova,
A., et al. (2017). MAP2 defines a pre-axonal filtering zone to regulate KIF1-
versus KIF5-dependent cargo transport in sensory neurons. Neuron 94, 347.e7-
362.e7. doi: 10.1016/j.neuron.2017.03.046

Gunawardena, S., and Goldstein, L. S. B. (2001). Disruption of axonal transport
and neuronal viability by amyloid precursor protein mutations in Drosophila.
Neuron 32, 389-401. doi: 10.1016/S0896-6273(01)00496-2

Guo, Q., Lehmer, C., Martinez-Sanchez, A., Rudack, T., Beck, F., Hartmann, H.,
et al. (2018). In situ structure of neuronal C9orf72 Poly-GA aggregates reveals
proteasome recruitment. Cell 172, 696.e12-705.e12. doi: 10.1016/j.cell.2017.
12.030

Hagiwara, H., Yorifuji, H., Sato-Yoshitake, R., and Hirokawa, N. (1994).
Competition between motor molecules (kinesin and cytoplasmic dynein) and
fibrous microtubule-associated proteins in binding to microtubules. J. Biol.
Chem. 269, 3581-3589.

Hall, D., and Hoshino, M. (2010). Effects of macromolecular crowding on
intracellular diffusion from a single particle perspective. Biophys. Rev. 2, 39-53.
doi: 10.1007/s12551-010-0029-0

Han, S. M., Baig, H. S., and Hammarlund, M. (2016). Mitochondria localize to
injured axons to support regeneration. Neuron 92, 1308-1323. doi: 10.1016/j.
neuron.2016.11.025

Hendricks, A. G., Perlson, E., Ross, J. L., Schroeder, H. W., Tokito, M., and
Holzbaur, E. L. F. (2010). Motor coordination via a Tug-of-War mechanism
drives bidirectional vesicle transport. Curr. Biol. 20,697-702. doi: 10.1016/j.cub.
2010.02.058

Hess, A., and Young, J. Z. (1952). The nodes of Ranvier. Proc. R. Soc. Lond. Ser. B
Biol. Sci. 140, 301-320. doi: 10.1098/rspb.1952.0063

Hinrichs, M. H., Jalal, A., Brenner, B., Mandelkow, E., Kumar, S., and Scholz, T.
(2012). Tau protein diffuses along the microtubule lattice. J. Biol. Chem. 287,
38559-38568. doi: 10.1074/jbc.M112.369785

Hoell, J. I, Larsson, E., Runge, S., Nusbaum, J. D., Duggimpudj, S., Farazi, T. A.,
et al. (2011). RNA targets of wild-type and mutant FET family proteins. Nat.
Struct. Mol. Biol. 18, 1428-1431. doi: 10.1038/nsmb.2163

Hoeprich, G. J., Mickolajczyk, K. J., Nelson, S. R., Hancock, W. O., and Berger,
C. L. (2017). The axonal transport motor kinesin-2 navigates microtubule
obstacles via protofilament switching. Traffic 18, 304-314. doi: 10.1111/tra.
12478

Hoerndli, F. J., Wang, R., Mellem, Jerry, E., Kallarackal, A., Brockie, et al. (2015).
Neuronal activity and CaMKII regulate kinesin-mediated transport of synaptic
AMPARSs. Neuron 86, 457-474. doi: 10.1016/j.neuron.2015.03.011

Hooman, K., Ejlali, A., and Abdel-Jawad, M. M. (2009). Hydrodynamic modeling of
traffic jams in intracellular transport in axons. Int. Commun. Heat Mass Transf.
36, 329-334. doi: 10.1016/j.icheatmasstransfer.2008.11.011

Horwitz, S. B. (1994). Taxol (paclitaxel): mechanisms of action. Ann. Oncol.
5(Suppl. 6), S3-S6.

Hunt, A. J.,, and Howard, J. (1993). Kinesin swivels to permit microtubule
movement in any direction. Proc. Natl. Acad. Sci. U.S.A. 90, 11653-11657.
doi: 10.1073/pnas.90.24.11653

Tacobucci, G. J., Rahman, N. A, Valtuefa, A. A., Nayak, T. K., and Gunawardena,
S. (2014). Spatial and temporal characteristics of normal and perturbed vesicle
transport. PLoS One 9:€97237. doi: 10.1371/journal.pone.0097237

Johnson, V. E., Stewart, W., and Smith, D. H. (2013). Axonal pathology in
traumatic brain injury. Exp. Neurol. 246, 35-43. doi: 10.1016/j.expneurol.2012.
01.013

Jones, S. L., Korobova, F., and Svitkina, T. (2014). Axon initial segment
cytoskeleton comprises a multiprotein submembranous coat containing sparse
actin filaments. J. Cell Biol. 205, 67-81. doi: 10.1083/jcb.201401045

Kamal, A., Almenar-Queralt, A., LeBlanc, J. F., Roberts, E. A., and Goldstein,
L.S.B. (2001). Kinesin-mediated axonal transport of a membrane compartment
containing B-secretase and presenilin-1 requires APP. Nature 414, 643-648.
doi: 10.1038/414643a

Kanai, Y., Dohmae, N., and Hirokawa, N. (2004). Kinesin transports RNA: isolation
and characterization of an RNA-transporting granule. Neuron 43, 513-525.
doi: 10.1016/j.neuron.2004.07.022

Kang, J.-S., Tian, J.-H., Pan, P.-Y,, Zald, P, Li, C,, Deng, C,, et al. (2008). Docking
of axonal mitochondria by syntaphilin controls their mobility and affects
short-term facilitation. Cell 132, 137-148. doi: 10.1016/j.cell.2007.11.024

Kang, M. J., Hansen, T. ], Mickiewicz, M., Kaczynski, T. J., Fye, S,
and Gunawardena, S. (2014). Disruption of axonal transport perturbs
bone morphogenetic protein (BMP)-signaling and contributes to synaptic
abnormalities in two neurodegenerative diseases. PLoS One 9:e104617. doi:
10.1371/journal.pone.0104617

Kittelmann, M., Liewald, J. F., Hegermann, J., Schultheis, C., Brauner, M.,
Costa, W. S., et al. (2013). In vivo synaptic recovery following optogenetic
hyperstimulation. Proc. Natl. Acad. Sci. U.S.A. 110, E3007-E3016. doi: 10.1073/
pnas.1305679110

Kozer, N., Kuttner, Y. Y., Haran, G., and Schreiber, G. (2007). Protein-protein
association in polymer solutions: from dilute to semidilute to concentrated.
Biophys. J. 92, 2139-2149. doi: 10.1529/biophys;j.106.097717

Kreiter, N., Pal, A., Lojewski, X., Corcia, P., Naujock, M., Reinhardt, P., et al. (2018).
Age-dependent neurodegeneration and organelle transport deficiencies in
mutant TDP43 patient-derived neurons are independent of TDP43 aggregation.
Neurobiol. Dis. 115, 167-181. doi: 10.1016/j.nbd.2018.03.010

Krieg, M., Dunn, A. R, and Goodman, M. B. (2014). Mechanical control of
the sense of touch by B-spectrin. Nat. Cell Biol. 16, 224-233. doi: 10.1038/
ncb2915

Krieg, M., Stithmer, J., Cueva, J. G., Fetter, R., Spilker, K., Cremers, D., et al. (2017).
Genetic defects in B-spectrin and tau sensitize C. elegans axons to movement-
induced damage via torque-tension coupling. eLife 6:e20172. doi: 10.7554/eLife.
20172

Kumar, V., Sami, N., Kashav, T., Islam, A., Ahmad, F., and Hassan, M. 1. (2016).
Protein aggregation and neurodegenerative diseases: from theory to therapy.
Eur. ]. Med. Chem. 124, 1105-1120. doi: 10.1016/j.ejmech.2016.07.054

Kuznetsov, A. V., and Avramenko, A. A. (2009). A minimal hydrodynamic model
for a traffic jam in an axon. Int. Commun. Heat Mass Transf. 36, 1-5. doi:
10.1016/j.icheatmasstransfer.2008.09.004

Kuznetsov, A. V., Avramenko, A. A., and Blinov, D. G. (2009). Macroscopic
modeling of slow axonal transport of rapidly diffusible soluble proteins. Int.
Commun. Heat Mass Transf. 36, 293-296. doi: 10.1016/j.icheatmasstransfer.
2009.01.005

Laferri¢re, F., Maniecka, Z., Pérez-Berlanga, M., Hruska-Plochan, M., Gilhespy,
L., Hock, E.-M., et al. (2019). TDP-43 extracted from frontotemporal
lobar degeneration subject brains displays distinct aggregate assemblies and
neurotoxic effects reflecting disease progression rates. Nat. Neurosci. 22, 65-77.
doi: 10.1038/541593-018-0294-y

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 470


https://doi.org/10.1083/jcb.201506110
https://doi.org/10.1073/pnas.1614462114
https://doi.org/10.1073/pnas.1510329112
https://doi.org/10.1371/journal.pone.0091700
https://doi.org/10.1371/journal.pone.0091700
https://doi.org/10.1098/rstb.1986.0056
https://doi.org/10.1083/jcb.130.3.711
https://doi.org/10.1046/j.1471-4159.1996.67031235.x
https://doi.org/10.1016/j.cub.2018.11.065
https://doi.org/10.1016/j.neuron.2017.03.046
https://doi.org/10.1016/S0896-6273(01)00496-2
https://doi.org/10.1016/j.cell.2017.12.030
https://doi.org/10.1016/j.cell.2017.12.030
https://doi.org/10.1007/s12551-010-0029-0
https://doi.org/10.1016/j.neuron.2016.11.025
https://doi.org/10.1016/j.neuron.2016.11.025
https://doi.org/10.1016/j.cub.2010.02.058
https://doi.org/10.1016/j.cub.2010.02.058
https://doi.org/10.1098/rspb.1952.0063
https://doi.org/10.1074/jbc.M112.369785
https://doi.org/10.1038/nsmb.2163
https://doi.org/10.1111/tra.12478
https://doi.org/10.1111/tra.12478
https://doi.org/10.1016/j.neuron.2015.03.011
https://doi.org/10.1016/j.icheatmasstransfer.2008.11.011
https://doi.org/10.1073/pnas.90.24.11653
https://doi.org/10.1371/journal.pone.0097237
https://doi.org/10.1016/j.expneurol.2012.01.013
https://doi.org/10.1016/j.expneurol.2012.01.013
https://doi.org/10.1083/jcb.201401045
https://doi.org/10.1038/414643a
https://doi.org/10.1016/j.neuron.2004.07.022
https://doi.org/10.1016/j.cell.2007.11.024
https://doi.org/10.1371/journal.pone.0104617
https://doi.org/10.1371/journal.pone.0104617
https://doi.org/10.1073/pnas.1305679110
https://doi.org/10.1073/pnas.1305679110
https://doi.org/10.1529/biophysj.106.097717
https://doi.org/10.1016/j.nbd.2018.03.010
https://doi.org/10.1038/ncb2915
https://doi.org/10.1038/ncb2915
https://doi.org/10.7554/eLife.20172
https://doi.org/10.7554/eLife.20172
https://doi.org/10.1016/j.ejmech.2016.07.054
https://doi.org/10.1016/j.icheatmasstransfer.2008.09.004
https://doi.org/10.1016/j.icheatmasstransfer.2008.09.004
https://doi.org/10.1016/j.icheatmasstransfer.2009.01.005
https://doi.org/10.1016/j.icheatmasstransfer.2009.01.005
https://doi.org/10.1038/s41593-018-0294-y
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Sabharwal and Koushika

Physical Crowding in Neurons

Lai, X., Brown, A., and Xue, C. (2018). A stochastic model that explains axonal
organelle pileups induced by a reduction of molecular motors. J. R. Soc. Interf.
15:20180430. doi: 10.1098/rsif.2018.0430

Lakadamyali, M. (2014). Navigating the cell: how motors overcome roadblocks
and traffic jams to efficiently transport cargo. Phys. Chem. Chem. Phys. 16,
5907-5916. doi: 10.1039/C3CP55271C

Lamoureux, P. L., O’Toole, M. R., Heidemann, S. R., and Miller, K. E. (2010).
Slowing of axonal regeneration is correlated with increased axonal viscosity
during aging. BMC Neurosci. 11:140. doi: 10.1186/1471-2202-11-140

Lasek, R. (1968). Axoplasmic transport in cat dorsal root ganglion cells: as studied
with [3H]-L-leucine®. Brain Res. 7, 360-377. doi: 10.1016/0006-8993(68)90
003-6

Lasek, R. J. (1968). Axoplasmic transport of labeled proteins in rat ventral
motoneurons®. Exp. Neurol. 21, 41-51. doi: 10.1016/0014-4886(68)90032-0

Lavalette, D., Tétreau, C., Tourbez, M., and Blouquit, Y. (1999). Microscopic
viscosity and rotational diffusion of proteins in a macromolecular environment.
Biophys. J. 76, 2744-2751. doi: 10.1016/s0006-3495(99)77427-8

Leduc, C., Padberg-Gehle, K., Varga, V., Helbing, D., Diez, S., and Howard,
J. (2012). Molecular crowding creates traffic jams of kinesin motors on
microtubules. Proc. Natl. Acad. Sci. U.S.A. 109, 6100-6105. doi: 10.1073/pnas.
1107281109

Lee, H.-G., Perry, G., Moreira, P. I, Garrett, M. R,, Liu, Q., Zhu, X,, et al. (2005).
Tau phosphorylation in Alzheimer’s disease: pathogen or protector? Trends Mol.
Med. 11, 164-169. doi: 10.1016/j.molmed.2005.02.008

Lee, H.-J., Khoshaghideh, F., Lee, S., and Lee, S.-J. (2006). Impairment of
microtubule-dependent trafficking by overexpression of a-synuclein. Eur. J.
Neurosci. 24, 3153-3162. doi: 10.1111/j.1460-9568.2006.05210.x

Leite, S. C., Sampaio, P., Sousa, V. F., Nogueira-Rodrigues, J., Pinto-Costa, R.,
Peters, L. L., et al. (2016). The actin-binding protein a-adducin is required for
maintaining axon diameter. Cell Rep. 15, 490-498. doi: 10.1016/j.celrep.2016.
03.047

Lessard, D. V., Zinder, O. J., Hotta, T., Verhey, K. J, Ohi, R, and
Berger, C. L. (2019). Polyglutamylation of tubulin’s C-terminal tail controls
pausing and motility of kinesin-3 family member KIF1A. J. Biol. Chem.
294:jbc.RA118.005765. doi: 10.1074/jbc. RA118.005765

Lewis, T. L. Jr., Mao, T., Svoboda, K., and Arnold, D. B. (2009). Myosin-dependent
targeting of transmembrane proteins to neuronal dendrites. Nat. Neurosci. 12,
568-576. doi: 10.1038/nn.2318

Li, P., Merrill, S. A., Jorgensen, E. M., and Shen, K. (2016). Two clathrin adaptor
protein complexes instruct axon-dendrite polarity. Neuron 90, 564-580. doi:
10.1016/j.neuron.2016.04.020

Li, Y., Li, Y., Li, X,, Zhang, S., Zhao, J., Zhu, X,, et al. (2017). Head injury as
a risk factor for dementia and Alzheimer’s disease: a systematic review and
meta-analysis of 32 observational studies. PLoS One 12:€0169650. doi: 10.1371/
journal.pone.0169650

Li, Y.-C,, Cheng, C.-X, Li, Y.-N., Shimada, O., and Atsumi, S. (2005). Beyond the
initial axon segment of the spinal motor axon: fasciculated microtubules and
polyribosomal clusters. J. Anat. 206, 535-542. doi: 10.1111/j.1469-7580.2005.
00418.x

Lifland, A. W., Zurla, C., Yu, J., and Santangelo, P. J. (2011). Dynamics of native
p-actin mRNA transport in the cytoplasm. Traffic 12, 1000-1011. doi: 10.1111/
j.1600-0854.2011.01209.x

Lin, Y., Protter, David, S. W., Rosen, Michael, K., and Parker, R. (2015). Formation
and maturation of phase-separated liquid droplets by RNA-binding proteins.
Mol. Cell 60, 208-219. doi: 10.1016/j.molcel.2015.08.018

Lipowsky, R., Klumpp, S., and Nieuwenhuizen, T. M. (2001). Random walks
of cytoskeletal motors in open and closed compartments. Phys. Rev. Lett.
87:108101. doi: 10.1103/PhysRevLett.87.108101

Liu, K., Jones, S., Minis, A., Rodriguez, ]., Molina, H., and Steller, H. (2019). PI31 is
an adaptor protein for proteasome transport in axons and required for synaptic
development and function. bioRxiv[Preprint].doi: 10.1016/j.devcel.2019.06.009

Lovestone, S., Hartley, C. L., Pearce, J., and Anderton, B. H. (1996).
Phosphorylation of tau by glycogen synthase kinase-3f in intact mammalian
cells: the effects on the organization and stability of microtubules. Neuroscience
73, 1145-1157. doi: 10.1016/0306-4522(96)00126- 1

Luby-Phelps, K. (1999). “Cytoarchitecture and physical properties of cytoplasm:
volume, viscosity, diffusion, intracellular surface area,” in International Review
of Cytology, eds H. Walter, D. E. Brooks, and P. A. Srere, (Cambridge, MA:
Academic Press), 189-221. doi: 10.1016/s0074-7696(08)60527-6

Ly, C. V., and Verstreken, P. (2006). Mitochondria at the synapse. Neuroscientist
12, 291-299. doi: 10.1177/1073858406287661

Mackenzie, 1. R., Rademakers, R., and Neumann, M. (2010). TDP-43 and FUS in
amyotrophic lateral sclerosis and frontotemporal dementia. Lancet Neurol. 9,
995-1007. doi: 10.1016/S1474-4422(10)70195-2

Mackey, S., Schuessler, G., Goldberg, D. J., and Schwartz, J. H. (1981). Dependence
of fast axonal transport on the local concentration of organelles. Biophys. J. 36,
455-459. doi: 10.1016/s0006-3495(81)84745-5

Maeda, S., Sahara, N, Saito, Y., Murayama, M., Yoshiike, Y., Kim, H., et al. (2007).
Granular Tau oligomers as intermediates of Tau filaments. Biochemistry 46,
3856-3861. doi: 10.1021/bi0613590

Mahad, D., Lassmann, H., and Turnbull, D. (2008). Review: mitochondria and
disease progression in multiple sclerosis. Neuropathol. Appl. Neurobiol. 34,
577-589. doi: 10.1111/j.1365-2990.2008.00987.x

Mabharana, S., Wang, J., Papadopoulos, D. K., Richter, D., Pozniakovsky, A., Poser,
L, et al. (2018). RNA buffers the phase separation behavior of prion-like RNA
binding proteins. Science 360, 918-921. doi: 10.1126/science.aar7366

Mandelkow, E.-M., Stamer, K., Vogel, R., Thies, E., and Mandelkow, E. (2003).
Clogging of axons by tau, inhibition of axonal traffic and starvation of synapses.
Neurobiol. Aging 24, 1079-1085. doi: 10.1016/j.neurobiolaging.2003.04.007

Manoharan, S., Guillemin, G. J., Abiramasundari, R. S., Essa, M. M., Akbar, M., and
Akbar, M. D. (2016). The role of reactive oxygen species in the pathogenesis
of Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease: a mini
review. Oxid. Med. Cell Longev. 2016:8590578.

Masuda, A., Ushida, K., Nishimura, G., Kinjo, M., Tamura, M., Koshino, H., et al.
(2004). Experimental evidence of distance-dependent diffusion coefficients of
a globular protein observed in polymer aqueous solution forming a network
structure on nanometer scale. J. Chem. Phys. 121, 10787-10793. doi: 10.1063/1.
1810476

Maziuk, B., Ballance, H. I., and Wolozin, B. (2017). Dysregulation of RNA binding
protein aggregation in neurodegenerative disorders. Front. Mol. Neurosci.
10:89. doi: 10.3389/fnmol.2017.00089

Mehta, A. D., Rock, R. S., Rief, M., Spudich, J. A., Mooseker, M. S., and Cheney,
R. E. (1999). Myosin-V is a processive actin-based motor. Nature 400, 590-593.
doi: 10.1038/23072

Méphon-Gaspard, A., Boca, M., Pioche-Durieu, C., Desforges, B., Burgo, A.,
Hamon, L., et al. (2016). Role of tau in the spatial organization of
axonal microtubules: keeping parallel microtubules evenly distributed despite
macromolecular crowding. Cell. Mol. Life Sci. 73, 3745-3760. doi: 10.1007/
s00018-016-2216-z

Millecamps, S., and Julien, J. -P. (2013). Axonal transport deficits and
neurodegenerative diseases. Nat. Rev. Neurosci. 14, 161-176. doi: 10.1038/
nrn3380

Misgeld, T., Kerschensteiner, M., Bareyre, F. M., Burgess, R. W., and Lichtman,
J. W. (2007). Imaging axonal transport of mitochondria in vivo. Nat. Methods
4, 559-561. doi: 10.1038/nmeth1055

Monroy, B. Y., Tan, T. C,, Oclaman, J. M., Han, J. S., Simo, S., Nowakowski,
D. W, et al. (2019). A combinatorial MAP code dictates polarized microtubule
transport. bioRxiv[Preprint].doi: 10.1101/731604

Morfini, G. A., Burns, M., Binder, L. I, Kanaan, N. M., LaPointe, N., Bosco,
D. A, et al. (2009a). Axonal transport defects in neurodegenerative diseases.
J. Neurosci. 29, 12776-12786. doi: 10.1523/JNEUROSCI.3463-09.2009

Morfini, G. A, You, Y.-M.,, Pollema, S. L., Kaminska, A., Liu, K., Yoshioka, K.,
etal. (2009b). Pathogenic huntingtin inhibits fast axonal transport by activating
JNK3 and phosphorylating kinesin. Nat. Neurosci. 12, 864-871. doi: 10.1038/
nn.2346

Morris, R. L., and Hollenbeck, P. J. (1993). The regulation of bidirectional
mitochondrial transport is coordinated with axonal outgrowth. J. Cell Sci. 104
(Pt 3),917-927.

Narayanareddy, B. R. J., Vartiainen, S., Hariri, N., O’'Dowd, D. K., and Gross,
S. P. (2014). A biophysical analysis of mitochondrial movement: differences
between transport in neuronal cell bodies versus processes. Traffic 15, 762-771.
doi: 10.1111/tra.12171

Neumann, M., Sampathu, D. M., Kwong, L. K., Truax, A. C., Micsenyi, M. C.,
Chou, T. T., et al. (2006). Ubiquitinated TDP-43 in frontotemporal lobar
degeneration and amyotrophic lateral sclerosis. Science 314, 130-133. doi: 10.
1126/science.1134108

Nitta, T., and Hess, H. (2005). Dispersion in active transport by Kinesin-powered
molecular shuttles. Nano Lett. 5, 1337-1342. doi: 10.1021/n1050586t

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 470


https://doi.org/10.1098/rsif.2018.0430
https://doi.org/10.1039/C3CP55271C
https://doi.org/10.1186/1471-2202-11-140
https://doi.org/10.1016/0006-8993(68)90003-6
https://doi.org/10.1016/0006-8993(68)90003-6
https://doi.org/10.1016/0014-4886(68)90032-0
https://doi.org/10.1016/s0006-3495(99)77427-8
https://doi.org/10.1073/pnas.1107281109
https://doi.org/10.1073/pnas.1107281109
https://doi.org/10.1016/j.molmed.2005.02.008
https://doi.org/10.1111/j.1460-9568.2006.05210.x
https://doi.org/10.1016/j.celrep.2016.03.047
https://doi.org/10.1016/j.celrep.2016.03.047
https://doi.org/10.1074/jbc.RA118.005765
https://doi.org/10.1038/nn.2318
https://doi.org/10.1016/j.neuron.2016.04.020
https://doi.org/10.1016/j.neuron.2016.04.020
https://doi.org/10.1371/journal.pone.0169650
https://doi.org/10.1371/journal.pone.0169650
https://doi.org/10.1111/j.1469-7580.2005.00418.x
https://doi.org/10.1111/j.1469-7580.2005.00418.x
https://doi.org/10.1111/j.1600-0854.2011.01209.x
https://doi.org/10.1111/j.1600-0854.2011.01209.x
https://doi.org/10.1016/j.molcel.2015.08.018
https://doi.org/10.1103/PhysRevLett.87.108101
https://doi.org/10.1016/j.devcel.2019.06.009
https://doi.org/10.1016/0306-4522(96)00126-1
https://doi.org/10.1016/s0074-7696(08)60527-6
https://doi.org/10.1177/1073858406287661
https://doi.org/10.1016/S1474-4422(10)70195-2
https://doi.org/10.1016/s0006-3495(81)84745-5
https://doi.org/10.1021/bi061359o
https://doi.org/10.1111/j.1365-2990.2008.00987.x
https://doi.org/10.1126/science.aar7366
https://doi.org/10.1016/j.neurobiolaging.2003.04.007
https://doi.org/10.1063/1.1810476
https://doi.org/10.1063/1.1810476
https://doi.org/10.3389/fnmol.2017.00089
https://doi.org/10.1038/23072
https://doi.org/10.1007/s00018-016-2216-z
https://doi.org/10.1007/s00018-016-2216-z
https://doi.org/10.1038/nrn3380
https://doi.org/10.1038/nrn3380
https://doi.org/10.1038/nmeth1055
https://doi.org/10.1101/731604
https://doi.org/10.1523/JNEUROSCI.3463-09.2009
https://doi.org/10.1038/nn.2346
https://doi.org/10.1038/nn.2346
https://doi.org/10.1111/tra.12171
https://doi.org/10.1126/science.1134108
https://doi.org/10.1126/science.1134108
https://doi.org/10.1021/nl050586t
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Sabharwal and Koushika

Physical Crowding in Neurons

Nixon, R. A., Brown, B. A, and Marotta, C. A. (1982). Posttranslational
modification of a neurofilament protein during axoplasmic transport:
implications for regional specialization of CNS axons. J. Cell Biol. 94, 150-158.
doi: 10.1083/jcb.94.1.150

Noma, K., Goncharov, A., Ellisman, M. H., and Jin, Y. (2017). Microtubule-
dependent ribosome localization in C. elegans neurons. eLife 6:¢26376. doi:
10.7554/eLife.26376

Oberstadt, M., Claflen, J., Arendt, T., and Holzer, M. (2018). TDP-43 and
cytoskeletal proteins in ALS. Mol. Neurobiol. 55, 3143-3151. doi: 10.1007/
$12035-017-0543-1

Ohno, N.,, Chiang, H., Mahad, D. J.,, Kidd, G. J., Liu, L., Ransohoff, R. M,,
et al. (2014). Mitochondrial immobilization mediated by syntaphilin facilitates
survival of demyelinated axons. Proc. Natl. Acad. Sci. U.S.A. 111, 9953-9958.
doi: 10.1073/pnas.1401155111

Okamoto, N., Miya, F., Tsunoda, T., Yanagihara, K., Kato, M., Saitoh, S., et al.
(2014). KIFIA mutation in a patient with progressive neurodegeneration.
J. Hum. Genet. 59, 639-641. doi: 10.1038/jhg.2014.80

Osborn, M., Webster, R. E., and Weber, K. (1978). Individual microtubules viewed
by immunofluorescence and electron microscopy in the same PtK2 cell. J. Cell
Biol. 77, R27-R34.

Otero, M. G., Alloatti, M., Cromberg, L. E., Almenar-Queralt, A., Encalada, S. E.,
Devoto, V. M. P., et al. (2014). Fast axonal transport of the proteasome complex
depends on membrane interaction and molecular motor function. J. Cell Sci.
127(Pt 7):1537-1549 doi: 10.1242/jcs.140780

Pannese, E., Ledda, M., Arcidiacono, G., Rigamonti, L., and Procacci, P. (1984). A
comparison of the density of microtubules in the central and peripheral axonal
branches of the pseudounipolar neurons of lizard spinal ganglia. Anat. Record
208, 595-605. doi: 10.1002/ar.1092080415

Perge, J. A., Niven, J. E., Mugnaini, E., Balasubramanian, V., and Sterling, P.
(2012). Why do axons differ in caliber? J. Neurosci. 32, 626-638. doi: 10.1523/
JNEUROSCI.4254-11.2012

Peter, S. J., and Mofrad, M. R. K. (2012). Computational modeling of axonal
microtubule bundles under tension. Biophys. J. 102, 749-757. doi: 10.1016/j.bpj.
2011.11.4024

Pigino, G., Morfini, G., Pelsman, A., Mattson, M. P., Brady, S. T., and Busciglio,
J. (2003). Alzheimer’s presenilin 1 mutations impair kinesin-based axonal
transport. J. Neurosci. 23, 4499-4508. doi: 10.1523/J]NEUROSCI.23-11-04499.
2003

Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra,
A, et al. (1997). Mutation in the a-synuclein gene identified in families with
Parkinson’s disease. Science 276, 2045-2047. doi: 10.1126/science.276.5321.2045

Qiang, L., Sun, X, Austin, T. O., Muralidharan, H,, Jean, D. C,, Liu, M,, et al. (2018).
Tau does not stabilize axonal microtubules but rather enables them to have long
labile domains. Curr. Biol. 28, 2181.e4-2189.e4. doi: 10.1016/j.cub.2018.05.045

Rai, A. K, Rai, A., Ramaiya, A. J., Jha, R, and Mallik, R. (2013). Molecular
adaptations allow dynein to generate large collective forces inside cells. Cell 152,
172-182. doi: 10.1016/j.cell.2012.11.044

Rand, C. W., and Corville, C. B. (1934). Histologic changes in the brain in cases of
fatal injury to the head: V. Changes in the nerve fibers. Arch. Neurol. Psychiatry
31, 527-555.

Reck-Peterson, S. L., Yildiz, A., Carter, A. P., Gennerich, A., Zhang, N., and Vale,
R. D. (2006). Single-molecule analysis of dynein processivity and stepping
behavior. Cell 126, 335-348. doi: 10.1016/j.cell.2006.05.046

Ribeiro, L. F., and de Wit, J. (2017). Neuronal polarity: MAP2 shifts secretory
vesicles into high gear for long-haul transport down the axon. Neuron 94,
223-225. doi: 10.1016/j.neuron.2017.04.002

Ritland Politz, J. C., Tuft, R. A., and Pederson, T. (2003). Diffusion-based transport
of nascent ribosomes in the nucleus. Mol. Biol. Cell 14, 4805-4812. doi: 10.1091/
mbc.e03-06-0395

Rogers, S. L., Tint, I. S., Fanapour, P. C., and Gelfand, V. I. (1997). Regulated
bidirectional motility of melanophore pigment granules along microtubules
in vitro. Proc. Natl. Acad. Sci. U.S.A. 94, 3720-3725. doi: 10.1073/pnas.94.8.3720

Roy, S., Zhang, B, Lee, V. M.-Y., and Trojanowski, J. Q. (2005). Axonal transport
defects: a common theme in neurodegenerative diseases. Acta Neuropathol. 109,
5-13. doi: 10.1007/s00401-004-0952-x

Sadananda, A., Hamid, R., Doodhi, H., Ghosal, D., Girotra, M., Jana, S. C., et al.
(2012). Interaction with a kinesin-2 tail propels choline acetyltransferase flow
towards synapse. Traffic 13, 979-991. doi: 10.1111/j.1600-0854.2012.01361.x

Saxton, M. J. (1994). Anomalous diffusion due to obstacles: a Monte Carlo study.
Biophys. J. 66, 394-401. doi: 10.1016/s0006-3495(94)80789- 1

Schavemaker, P. E., $migiel, W. M., and Poolman, B. (2017). Ribosome surface
properties may impose limits on the nature of the cytoplasmic proteome. eLife
6:¢30084. doi: 10.7554/eLife.30084

Schiffer, D., Attanasio, A., Chio, A., Migheli, A., and Pezzulo, T. (1994).
Ubiquitinated dystrophic neurites suggest corticospinal derangement in
patients with amyotrophic lateral sclerosis. Neurosci. Lett. 180, 21-24. doi:
10.1016/0304-3940(94)90904-0

Schroer, T. A., Steuer, E. R, and Sheetz, M. P. (1989). Cytoplasmic dynein is
a minus end-directed motor for membranous organelles. Cell 56, 937-946.
doi: 10.1016/0092-8674(89)90627-2

Scott, D. A,, Das, U,, Tang, Y., and Roy, S. (2011). Mechanistic logic underlying
the axonal transport of cytosolic proteins. Neuron 70, 441-454. doi: 10.1016/j.
neuron.2011.03.022

Scott, D. A., Tabarean, I., Tang, Y., Cartier, A., Masliah, E., and Roy, S. (2010).
A pathologic cascade leading to synaptic dysfunction in a-synuclein-induced
neurodegeneration. J. Neurosci. 30, 8083-8095. doi: 10.1523/J]NEUROSCIL.
1091-10.2010

Sener, R. (2001). Diffusion MRI: apparent diffusion coefficient (ADC) values in
the normal brain and a classification of brain disorders based on ADC values.
Comput. Med. Imaging Graph. 25, 299-326. doi: 10.1016/s0895-6111(00)00
083-5

Shan, J., Munro, T. P., Barbarese, E., Carson, J. H., and Smith, R. (2003). A
molecular mechanism for mRNA trafficking in neuronal dendrites. J. Neurosci.
23, 8859-8866. doi: 10.1523/JNEUROSCI.23-26-08859.2003

Shemesh, O. A., Erez, H., Ginzburg, I, and Spira, M. E. (2008). Tau-
induced traffic jams reflect organelles accumulation at points of microtubule
polar mismatching. Traffic 9, 458-471. doi: 10.1111/j.1600-0854.2007.00
695.x

Shigematsu, H., Imasaki, T., Doki, C., Sumi, T., Aoki, M., Uchikubo-Kamo, T., et al.
(2018). Structural insight into microtubule stabilization and kinesin inhibition
by Tau family MAPs. J. Cell Biol. 217, 4155-4163. doi: 10.1083/jcb.201711182

Shigeoka, T., Koppers, M., Wong, H. H.-W., Lin, J. Q., Dwivedy, A., Nascimento,
J. D. F, et al. (2018). On-site ribosome remodeling by locally synthesized
ribosomal proteins in axons. bioRxiv[Preprint]. doi: 10.1101/500033

Sirajuddin, M., Rice, L. M., and Vale, R. D. (2014). Regulation of microtubule
motors by tubulin isotypes and post-translational modifications. Nat. Cell Biol.
16, 335-344. doi: 10.1038/ncb2920

Smith, D. A., and Simmons, R. M. (2001). Models of motor-assisted transport
of intracellular particles. Biophys. J. 80, 45-68. doi: 10.1016/S0006-3495(01)75
994-2

Song, A.-H., Wang, D., Chen, G, Li, Y., Luo, J., Duan, S., et al. (2009). A selective
filter for cytoplasmic transport at the axon initial segment. Cell 136, 1148-1160.
doi: 10.1016/j.cell.2009.01.016

Sood, P., Murthy, K., Kumar, V., Nonet, M. L., Menon, G. L., and Koushika, S. P.
(2018). Cargo crowding at actin-rich regions along axons causes local traffic
jams. Traffic 19, 166-181. doi: 10.1111/tra.12544

Sorbara, C. D., Wagner, Naomi, E., Ladwig, A., Niki¢, 1., Merkler, D., Kleele, T.,
et al. (2014). Pervasive axonal transport deficits in multiple sclerosis models.
Neuron 84, 1183-1190. doi: 10.1016/j.neuron.2014.11.006.

Spillantini, M. G., Schmidt, M. L., Lee, V. M.-Y., Trojanowski, J. Q., Jakes, R.,
and Goedert, M. (1997). a-Synuclein in Lewy bodies. Nature 388, 839-840.
doi: 10.1038/42166.

Stamer, K., Vogel, R., Thies, E., Mandelkow, E., and Mandelkow, E.-M. (2002).
Tau blocks traffic of organelles, neurofilaments, and APP vesicles in neurons
and enhances oxidative stress. J. Cell Biol. 156, 1051-1063. doi: 10.1083/jcb.
200108057

Stassart, R. M., Mobius, W., Nave, K.-A., and Edgar, J. M. (2018). The axon-
myelin unit in development and degenerative disease. Front. Neurosci. 12:467.
doi: 10.3389/fnins.2018.00467

Stern, J. L., Lessard, D. V., Hoeprich, G. J., Morfini, G. A., and Berger, C. L. (2017).
Phosphoregulation of Tau modulates inhibition of kinesin-1 motility. Mol. Biol.
Cell 28, 1079-1087. doi: 10.1091/mbc.e16-10-0728

Sugiyama, Y., Fukui, M., Kikuchi, M., Hasebe, K., Nakayama, A., Nishinari, K.,
et al. (2008). Traffic jams without bottlenecks—experimental evidence for the
physical mechanism of the formation of a jam. New J. Phys. 10:033001. doi:
10.1088/1367-2630/10/3/033001

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 470


https://doi.org/10.1083/jcb.94.1.150
https://doi.org/10.7554/eLife.26376
https://doi.org/10.7554/eLife.26376
https://doi.org/10.1007/s12035-017-0543-1
https://doi.org/10.1007/s12035-017-0543-1
https://doi.org/10.1073/pnas.1401155111
https://doi.org/10.1038/jhg.2014.80
https://doi.org/10.1242/jcs.140780
https://doi.org/10.1002/ar.1092080415
https://doi.org/10.1523/JNEUROSCI.4254-11.2012
https://doi.org/10.1523/JNEUROSCI.4254-11.2012
https://doi.org/10.1016/j.bpj.2011.11.4024
https://doi.org/10.1016/j.bpj.2011.11.4024
https://doi.org/10.1523/JNEUROSCI.23-11-04499.2003
https://doi.org/10.1523/JNEUROSCI.23-11-04499.2003
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1016/j.cub.2018.05.045
https://doi.org/10.1016/j.cell.2012.11.044
https://doi.org/10.1016/j.cell.2006.05.046
https://doi.org/10.1016/j.neuron.2017.04.002
https://doi.org/10.1091/mbc.e03-06-0395
https://doi.org/10.1091/mbc.e03-06-0395
https://doi.org/10.1073/pnas.94.8.3720
https://doi.org/10.1007/s00401-004-0952-x
https://doi.org/10.1111/j.1600-0854.2012.01361.x
https://doi.org/10.1016/s0006-3495(94)80789-1
https://doi.org/10.7554/eLife.30084
https://doi.org/10.1016/0304-3940(94)90904-0
https://doi.org/10.1016/0304-3940(94)90904-0
https://doi.org/10.1016/0092-8674(89)90627-2
https://doi.org/10.1016/j.neuron.2011.03.022
https://doi.org/10.1016/j.neuron.2011.03.022
https://doi.org/10.1523/JNEUROSCI.1091-10.2010
https://doi.org/10.1523/JNEUROSCI.1091-10.2010
https://doi.org/10.1016/s0895-6111(00)00083-5
https://doi.org/10.1016/s0895-6111(00)00083-5
https://doi.org/10.1523/JNEUROSCI.23-26-08859.2003
https://doi.org/10.1111/j.1600-0854.2007.00695.x
https://doi.org/10.1111/j.1600-0854.2007.00695.x
https://doi.org/10.1083/jcb.201711182
https://doi.org/10.1101/500033
https://doi.org/10.1038/ncb2920
https://doi.org/10.1016/S0006-3495(01)75994-2
https://doi.org/10.1016/S0006-3495(01)75994-2
https://doi.org/10.1016/j.cell.2009.01.016
https://doi.org/10.1111/tra.12544
https://doi.org/10.1016/j.neuron.2014.11.006.
https://doi.org/10.1038/42166.
https://doi.org/10.1083/jcb.200108057
https://doi.org/10.1083/jcb.200108057
https://doi.org/10.3389/fnins.2018.00467
https://doi.org/10.1091/mbc.e16-10-0728
https://doi.org/10.1088/1367-2630/10/3/033001
https://doi.org/10.1088/1367-2630/10/3/033001
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Sabharwal and Koushika

Physical Crowding in Neurons

Sure, G. R,, Chatterjee, A., Mishra, N., Sabharwal, V., Devireddy, S., Awasthi, A.,
etal. (2018). UNC-16/JIP3 and UNC-76/FEZ1 limit the density of mitochondria
in C. elegans neurons by maintaining the balance of anterograde and
retrograde mitochondrial transport. Sci. Rep. 8:8938. doi: 10.1038/s41598-018-
27211-9

Takamori, S., Holt, M., Stenius, K., Lemke, E. A., Gronborg, M., Riedel, D., et al.
(2006). Molecular anatomy of a trafficking organelle. Cell 127, 831-846. doi:
10.1016/j.cell.2006.10.030

Tang-Schomer, M. D., Johnson, V. E., Baas, P. W., Stewart, W., and Smith, D. H.
(2012). Partial interruption of axonal transport due to microtubule breakage
accounts for the formation of periodic varicosities after traumatic axonal injury.
Exp. Neurol. 233, 364-372. doi: 10.1016/j.expneurol.2011.10.030

Telley, I. A., Bieling, P., and Surrey, T. (2009). Obstacles on the microtubule reduce
the processivity of kinesin-1 in a minimal in vitro system and in cell extract.
Biophys. J. 96, 3341-3353. doi: 10.1016/j.bpj.2009.01.015

Tollervey, J. R, Curk, T., Rogelj, B., Briese, M., Cereda, M., Kayikci, M., etal. (2011).
Characterizing the RNA targets and position-dependent splicing regulation by
TDP-43. Nat. Neurosci. 14, 452-458. doi: 10.1038/nn.2778

Topalidou, I, Keller, C., Kalebic, N., Nguyen, K. C., Somhegyi, H., Politi, K. A, etal.
(2012). Genetically separable functions of the MEC-17 tubulin acetyltransferase
affect microtubule organization. Curr. Biol. 22, 1057-1065. doi: 10.1016/j.cub.
2012.03.066

Trapp, B. D., Peterson, J., Ransohoff, R. M., Rudick, R., Mork, S., and B, L. (1998).
Axonal transection in the lesions of multiple sclerosis. New Engl. J. Med. 338,
278-285. doi: 10.1056/NEJM199801293380502

Trojanowski, J. Q., Smith, A. B., Huryn, D., and Lee, V. M. (2005). Microtubule-
stabilising drugs for therapy of Alzheimer’s disease and other neurodegenerative
disorders with axonal transport impairments. Expert Opin. Pharmacother. 6,
683-686. doi: 10.1517/14656566.6.5.683

Trouard, T. P., Harkins, K. D., Divijak, J. L., Gillies, R. J., and Galons, J. P. (2008).
Ischemia-induced changes of intracellular water diffusion in rat glioma cell
cultures. Magn. Reson. Med. 60, 258-264. doi: 10.1002/mrm.21616

Tsukita, S., and Ishikawa, H. (1981). The cytoskeleton in myelinated axons: serial
section study. Biomed. Res. 2, 424-437. doi: 10.2220/biomedres.2.424

Turner-Bridger, B., Jakobs, M., Muresan, L., Wong, H. H.-W., Franze, K., Harris,
W. A, et al. (2018). Single-molecule analysis of endogenous B-actin mRNA
trafficking reveals a mechanism for compartmentalized mRNA localization
in axons. Proc. Natl. Acad. Sci. U.S.A. 115, E9697-E9706. doi: 10.1073/pnas.
1806189115

Unno, M., Mizushima, T., Morimoto, Y., Tomisugi, Y., Tanaka, K., Yasuoka,
N., et al. (2002). The structure of the mammalian 20S proteasome at 2.75 A
resolution. Structure 10, 609-618. doi: 10.1016/S0969-2126(02)00748-7

Vale, R. D., Reese, T. S., and Sheetz, M. P. (1985). Identification of a novel force-
generating protein, kinesin, involved in microtubule-based motility. Cell 42,
39-50. doi: 10.1016/S0092-8674(85)80099-4

van Horssen, J., Witte, M. E., Schreibelt, G., and de Vries, H. E. (2011). Radical
changes in multiple sclerosis pathogenesis. Biochim. Biophys. Acta Mol. Basis
Dis. 1812, 141-150. doi: 10.1016/j.bbadis.2010.06.011

Vance, C., Rogelj, B., Hortobégyi, T., Vos, K. J. D., Nishimura, A. L., Sreedharan,
J., et al. (2009). Mutations in FUS, an RNA processing protein, cause familial
amyotrophic lateral sclerosis type 6. Science 323, 1208-1211. doi: 10.1126/
science.1165942

Vassilopoulos, S., Gibaud, S., Jimenez, A., Caillol, G., and Leterrier, C. (2019).
Ultrastructure of the axonal periodic scaffold reveals a braid-like organization
of actin rings. bioRxiv[Preprint]. doi: 10.1101/636217

Verkman, A. S. (2002). Solute and macromolecule diffusion in cellular aqueous
compartments. Trends Biochem. Sci. 27, 27-33. doi: 10.1016/S0968-0004(01)
02003-5

Vershinin, M., Carter, B. C., Razafsky, D. S, King, S. J., and Gross, S. P. (2007).
Multiple-motor based transport and its regulation by Tau. Proc. Natl. Acad. Sci.
U.S.A. 104, 87-92. doi: 10.1073/pnas.0607919104

Wang, T., Li, W., Martin, S., Papadopulos, A., Shamsollahi, G., Lanoue, V.,
et al. (2018). Actomyosin-II facilitates long-range retrograde transport of large
cargoes by controlling axonal radial contractility. bioRxiv[Preprint]. doi: 10.
1101/492959

Wang, Z., Khan, S., and Sheetz, M. P. (1995). Single cytoplasmic dynein molecule
movements: characterization and comparison with kinesin. Biophys. J. 69,
2011-2023. doi: 10.1016/S0006-3495(95)80071-8

Wegmann, S., Eftekharzadeh, B., Tepper, K., Zoltowska, K. M., Bennett, R. E.,
Dujardin, S., et al. (2018). Tau protein liquid-liquid phase separation can
initiate tau aggregation. EMBO J. 37:¢98049. doi: 10.15252/emb;j.201798049

Welte, M. A. (2004). Bidirectional transport along microtubules. Curr. Biol. 14,
R525-R537. doi: 10.1016/j.cub.2004.06.045

Welte, M. A,, Gross, S. P., Postner, M., Block, S. M., and Wieschaus, E. F. (1998).
Developmental regulation of vesicle transport in Drosophila embryos: forces
and kinetics. Cell 92, 547-557. doi: 10.1016/S0092-8674(00)80947-2

White, J. A., Anderson, E., Zimmerman, K., Zheng, K. H. Rouhani, R,
and Gunawardena, S. (2015). Huntingtin differentially regulates the axonal
transport of a sub-set of Rab-containing vesicles in vivo. Hum. Mol. Genet. 24,
7182-7195. doi: 10.1093/hmg/ddv415

Williamson, T. L., and Cleveland, D. W. (1999). Slowing of axonal transport is a
very early event in the toxicity of ALS-linked SOD1 mutants to motor neurons.
Nat. Neurosci. 2, 50-56. doi: 10.1038/4553

Wortman, J. C., Shrestha, U. M., Barry, D. M., Garcia, M. L., Gross, S. P., and Yu,
C. C. (2014). Axonal transport: how high microtubule density can compensate
for boundary effects in small-caliber axons. Biophys. J. 106, 813-823. doi: 10.
1016/j.bpj.2013.12.047

Wu, X., Bowers, B., Rao, K., Wei, Q., and Hammer, J.A. (1998). Visualization
of melanosome dynamics within wild-type and dilute melanocytes suggests
a paradigm for myosin V function in vivo. J. Cell Biol. 143, 1899-1918. doi:
10.1083/jcb.143.7.1899

Xu, K., Zhong, G., and Zhuang, X. (2013). Actin, spectrin, and associated proteins
form a periodic cytoskeletal structure in axons. Science 339, 452-456. doi:
10.1126/science.1232251

Yin, X., Baek, R. C,, Kirschner, D. A., Peterson, A., Fujii, Y., Nave, K.-A,, et al.
(2006). Evolution of a neuroprotective function of central nervous system
myelin. J. Cell Biol. 172, 469-478. doi: 10.1083/jcb.200509174

Yogev, S., Cooper, R, Fetter, R., Horowitz, M., and Shen, K. (2016). Microtubule
organization determines axonal transport dynamics. Neuron 92, 449-460. doi:
10.1016/j.neuron.2016.09.036

Zhang, B., Koh, Y. H., Beckstead, R. B., Budnik, V., Ganetzky, B., and Bellen, H. J.
(1998). Synaptic vesicle size and number are regulated by a clathrin adaptor
protein required for endocytosis. Neuron 21, 1465-1475. doi: 10.1016/S0896-
6273(00)80664-9

Zhang, X., Smith, D. L., Meriin, A. B., Engemann, S, Russel, D. E,
Roark, M., et al. (2005). A potent small molecule inhibits polyglutamine
aggregation in Huntington’s disease neurons and suppresses neurodegeneration
in vivo. Proc. Natl. Acad. Sci. U.S.A. 102, 892-897. doi: 10.1073/pnas.040893
6102

Zhou, B., Yu, P,, Lin, M.-Y., Sun, T., Chen, Y., and Sheng, Z.-H. (2016). Facilitation
of axon regeneration by enhancing mitochondrial transport and rescuing
energy deficits. . Cell Biol. 214, 103-119. doi: 10.1083/jcb.201605101

Zhou, H.-X., Rivas, G., and Minton, A. P. (2008). Macromolecular crowding
and confinement: biochemical, biophysical, and potential physiological
consequences. Annu. Rev. Biophys. 37, 375-397. doi: 10.1146/annurev.biophys.
37.032807.125817

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer AK declared a past collaboration with one of the authors, SK, to the
handling Editor.

Copyright © 2019 Sabharwal and Koushika. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 470


https://doi.org/10.1038/s41598-018-27211-9
https://doi.org/10.1038/s41598-018-27211-9
https://doi.org/10.1016/j.cell.2006.10.030
https://doi.org/10.1016/j.cell.2006.10.030
https://doi.org/10.1016/j.expneurol.2011.10.030
https://doi.org/10.1016/j.bpj.2009.01.015
https://doi.org/10.1038/nn.2778
https://doi.org/10.1016/j.cub.2012.03.066
https://doi.org/10.1016/j.cub.2012.03.066
https://doi.org/10.1056/NEJM199801293380502
https://doi.org/10.1517/14656566.6.5.683
https://doi.org/10.1002/mrm.21616
https://doi.org/10.2220/biomedres.2.424
https://doi.org/10.1073/pnas.1806189115
https://doi.org/10.1073/pnas.1806189115
https://doi.org/10.1016/S0969-2126(02)00748-7
https://doi.org/10.1016/S0092-8674(85)80099-4
https://doi.org/10.1016/j.bbadis.2010.06.011
https://doi.org/10.1126/science.1165942
https://doi.org/10.1126/science.1165942
https://doi.org/10.1101/636217
https://doi.org/10.1016/S0968-0004(01)02003-5
https://doi.org/10.1016/S0968-0004(01)02003-5
https://doi.org/10.1073/pnas.0607919104
https://doi.org/10.1101/492959
https://doi.org/10.1101/492959
https://doi.org/10.1016/S0006-3495(95)80071-8
https://doi.org/10.15252/embj.201798049
https://doi.org/10.1016/j.cub.2004.06.045
https://doi.org/10.1016/S0092-8674(00)80947-2
https://doi.org/10.1093/hmg/ddv415
https://doi.org/10.1038/4553
https://doi.org/10.1016/j.bpj.2013.12.047
https://doi.org/10.1016/j.bpj.2013.12.047
https://doi.org/10.1083/jcb.143.7.1899
https://doi.org/10.1083/jcb.143.7.1899
https://doi.org/10.1126/science.1232251
https://doi.org/10.1126/science.1232251
https://doi.org/10.1083/jcb.200509174
https://doi.org/10.1016/j.neuron.2016.09.036
https://doi.org/10.1016/j.neuron.2016.09.036
https://doi.org/10.1016/S0896-6273(00)80664-9
https://doi.org/10.1016/S0896-6273(00)80664-9
https://doi.org/10.1073/pnas.0408936102
https://doi.org/10.1073/pnas.0408936102
https://doi.org/10.1083/jcb.201605101
https://doi.org/10.1146/annurev.biophys.37.032807.125817
https://doi.org/10.1146/annurev.biophys.37.032807.125817
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Crowd Control: Effects of Physical Crowding on Cargo Movement in Healthy and Diseased Neurons
	Introduction
	Physical Barriers to Diffusive and Active Cargo Movement
	Crowding Effects on Diffusion
	Crowding Effects on Active Transport: Microtubules
	Physical Crowding Effects on Active Transport: Organelles
	Physical Effects on Active Transport: The Axonal Cortex

	Strategies for Bypassing Crowding Depending on the Type of Neuronal Cargo
	Strategies for Small Molecules
	Molecular Motor-Based Strategies for Large Molecular Complexes
	Molecular Motor-Based Strategies to Help Organelles Navigate Crowded Locations

	Effects of Physical Crowding in Neurodegeneration
	Crowding in Neurodegenerative Diseases
	Crowding in Brain Injury and Demyelination

	Perspective
	Author Contributions
	Funding
	Acknowledgments
	References


