Chapter 8
Molecular Motors in Cargo Trafficking
and Synapse Assembly

Robert van den Berg and Casper C. Hoogenraad

Abstract Every production process, be it cellular or industrial, depends on a
constant supply of energy and resources. Synapses, specialized junctions in the
central nervous system through which neurons signal to each other, are no excep-
tion to this rule. In order to form new synapses and alter the strength of synaptic
transmission, neurons need a regulatory mechanism to deliver and remove
synaptic proteins at synaptic sites. Neurons make use of active transport driven
by molecular motor proteins to move synaptic cargo over either microtubules
(kinesin, dynein) or actin filaments (myosin) to their specific site of action. These
mechanisms are crucial for the initial establishment of synaptic specializations
during synaptogenesis and for activity-dependent changes in synaptic strength
during plasticity. In this chapter, we address the organization of the neuronal
cytoskeleton, focus on synaptic cargo transport activities that operate in axons
and dendrites, and discuss the spatial and temporal regulation of motor protein-
based transport.
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8.1 Introduction

One apparent feature of neurons is that once the axon and dendrites have grown out,
they establish synaptic contacts forming neuronal networks that propagate infor-
mation in a unidirectional fashion. Excitatory synaptic signaling in the brain occurs
by releasing glutamate from “sending” neurons and activating glutamate receptors
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at “receiving” neurons (Sheng and Hoogenraad 2007; Sudhof 2004). Structurally,
synapses are divided into two specialized domains: the presynaptic bouton on the
axon side of the “sending neuron” and the postsynaptic compartment on the
dendrite of the “receiving” neuron. The directional nature of signal relay requires
that synaptic contacts are morphologically asymmetric with distinct protein
components. Recent studies have identified the molecular components of synapses,
particularly by using genetic and proteomic strategies, and have revealed that the
specification of synaptic function, for example, excitatory or inhibitory, at both pre-
and postsynapses is achieved via the recruitment and assembly of very distinct
synaptic complexes (Jin and Garner 2008; Kim and Sheng 2004; Margeta et al.
2008; Sheng and Hoogenraad 2007). Proper arrangement of pre- and postsynaptic
membranes and organization of pre- and postsynaptic compartments is essential for
accurate synaptic signaling, neural network activity, and cognitive processes such
as learning and memory formation (Kasai et al. 2010; Lisman et al. 2007; Yuste and
Bonhoeffer 2001).

Most of the synaptic cargos, such as neurotransmitter receptors, ion channels,
integral membrane proteins, signaling complexes, mRNAs, synaptic vesicle
precursors, or mitochondria, are made and preassembled in the cell soma and
need to be transported to the proper synaptic destinations. Studies on intracellular
trafficking have demonstrated various mechanisms for compartment-specific local-
ization (Goldstein and Yang 2000; Hirokawa and Takemura 2005; Hoogenraad and
Bradke 2009; Winckler and Mellman 2010). For example, several synaptic cargos
are nonspecifically transported to both axons and dendrites and are then selectively
retained at the required compartments (Bel et al. 2009; Garrido et al. 2001; Leterrier
et al. 2006; Sampo et al. 2003; Wisco et al. 2003). Alternatively, many presynaptic
cargos are correctly sorted into axons (Kaether et al. 2000; Pennuto et al. 2003),
whereas postsynaptic components move specifically into dendritic branches and
spines, which are specialized dendritic protrusions that mediate most of the excit-
atory synaptic transmission (Craig et al. 1993; Ruberti and Dotti 2000; Stowell and
Craig 1999; Wang et al. 2008). In consequence, synaptic precursor vesicles need to
be steered into axons in order to reach the presynaptic terminals, and glutamate
receptors need to be transported into dendrites to be correctly inserted in the
postsynaptic membrane. Importantly, several neurological diseases are linked to
abnormalities in the machinery that controls synaptic cargo trafficking (Chevalier-
Larsen and Holzbaur 2006; Gunawardena and Goldstein 2004; Lau and Zukin
2007; Shepherd and Huganir 2007; van Spronsen and Hoogenraad 2010).

Most intracellular cargo transport is driven by molecular motor proteins that
move along two types of cytoskeletal elements: actin filaments and microtubules
(Schliwa and Woehlke 2003; Vale 2003). Actin facilitates motility of motor
proteins of the myosin superfamily, whereas microtubules serve as tracks for two
families of motor proteins, kinesin and dynein. While many different motor
proteins have been found to participate in neuronal cargo trafficking (Goldstein
and Yang 2000; Hirokawa and Takemura 2005), for many of these their precise
contribution to synaptic cargo transport has remained unclear. Most current models
for neuronal trafficking rely heavily on microtubule plus-end-directed kinesin
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family members (Hirokawa and Takemura 2005); however, recent work reported
important roles for dynein and myosin in synaptic cargo transport (Kapitein et al.
2010; Lewis et al. 2009; Zheng et al. 2008). Further evidence suggests that the
docking of molecular motors to synaptic cargo vesicles via adaptor molecules is an
important mechanism to achieve transport specificity (Akhmanova and Hammer
2010; Schlager and Hoogenraad 2009).

It has intrigued scientists for a long time how synaptic cargo can be sorted in
neurons along the cytoskeleton network to ensure precise cargo delivery. How are
motor-cargo complexes able to choose between transport routes to the axon or
dendrites? Here, it is important to consider that the actin and microtubule filaments
themselves are intrinsically polarized structures with two functionally distinct ends,
a “plus” and “minus” end. The polarity of the cytoskeleton filaments exists not only
at the two ends but also all along the length of its lattice, which is critical for the
directional movement of molecular motor proteins. For example, dynein transports
cargo toward the minus end of microtubules, while kinesins motor proteins move
toward the plus end of microtubules. In this way, local polarity patterns of
microtubules and actin filaments in axon and dendrites can direct motor-driven
cargo trafficking within neurons. Recent evidence suggests that a well-organized
cytoskeleton network exists in neurons that can facilitate directional motor-driven
cargo trafficking and establish asymmetric distributions of specific synaptic proteins
(Kapitein and Hoogenraad 2010). Moreover, variations in cytoskeleton density,
binding proteins, and posttranslational modifications could also drive synaptic
cargo transport in specific directions. Thus, knowing the polarity and modification
pattern of microtubules and actin in axon and dendrites is an instrumental piece
of information for understanding how molecular motors direct synaptic cargo traffic.

In this chapter, we aim to give an overview of the molecular trafficking
mechanisms important for the delivery of synaptic proteins. We will review current
knowledge about the organization of the neuronal cytoskeleton, focus on synaptic
cargo sorting and trafficking into axons and dendrites, and discuss the spatial and
temporal regulation of motor protein—based transport. Studying the basic cellular
machinery for synaptic cargo trafficking will help us to understand fundamental
principles of synapse formation, function, and plasticity.

8.2 Microtubule and Actin Cytoskeleton in Neurons

The cytoskeletal organization in neurons is specialized in several ways, involving
intracellular variations in density, orientations, binding proteins, and posttransla-
tional modifications. Recently, it has become increasingly clear that these specific
cytoskeletal properties directly modulate the activity of specific molecular motor
proteins. In this section, we will review current knowledge about the structure,
organization, and modifications of the microtubule and actin cytoskeleton
(Fig. 8.1).
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Fig. 8.1 Cytoskeleton organization in neurons. Microtubules (red) are present in both axons
and dendritic shaft, while actin (purple) is enriched in the axon initial segment and dendritic
spines. From the cell soma, synaptic cargo vesicles are sorted into the dendrites (yellow vesicles) or
the axon (red vesicles). (a) In the axon, all microtubules are oriented with their plus ends (blue
comets) pointing outward. (b) In dendrites, microtubules have a mixed orientation. (¢) Dynamic
microtubules occasionally enter spines

8.2.1 Actin and Microtubule Structure and Dynamics

The main transport infrastructure in eukaryotic cells is formed by the microtubules
and actin cytoskeleton. To serve this function, the cytoskeleton must be organized
into a wide variety of configurations, ranging from the higher-order actin-based
networks in dendritic spines to the dense antiparallel microtubule array in dendritic
shaft. Without the cytoskeleton, neurons would not be able to maintain their
complex axonal and dendritic architectures and synaptic organization. Micro-
tubules are noncovalent polymers of a- and B-tubulin dimers that form a hollow
cylinder with a diameter of 25 nm and actin filaments consist of monomers of the
protein actin that polymerizes to form 8-nm fibers (Howard and Hyman 2009;
Pollard and Cooper 2009). There are multiple actin and o- and B-tubulin genes that
are highly conserved among and between species and might be utilized for distinct
neuronal functions. With the recent discovery of several congenital neurological
disorders that result from mutations in genes that encode different a- and B-tubulin
isotypes, novel paradigms have emerged to assess how selective perturbations
in microtubule subunits affect neuronal functioning (Baran et al. 2010; Keays
et al. 2007). For example, a series of heterozygous missense mutations in
TUBB3, encoding the neuron-specific B-tubulin isotype III, have been described
that result in a spectrum of human nervous system disorders (Tischfield et al. 2010).
A knock-in disease mouse model reveals axon guidance defects without evidence
of cortical cell migration abnormalities. Importantly, it was demonstrated that the
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disease-associated mutations impair tubulin heterodimer formation and disrupt the
interaction with kinesin motors.

Microtubules and actin filaments are intrinsically polar structures and contain
two distinct ends, a “plus end” favored for assembly/disassembly and a “minus
end” which is less favored for these dynamics. Minus ends of microtubules are
often, but not always, attached to the centrosome from which the microtubule is
nucleated. It was recently found that the centrosome loses its function as
a microtubule-organizing center during development of hippocampal neurons
(Stiess et al. 2010). It is well possible that acentrosomal microtubule nucleation
arranges the neuronal microtubule cytoskeleton in mature neurons and is respon-
sible for the extended and complex morphology of neurons. In living cells,
microtubules and actin filaments are highly dynamic, and their dominant kinetic
behavior is known as dynamic instability, where the individual ends alternate
between bouts of growth (“polymerization”) and shrinkage (“‘depolymerization”)
(Mitchison and Kirschner 1984). Microtubules and actin filaments may also
undergo treadmilling, a phenomenon in which filament length remains approxi-
mately constant, while monomers add at the plus end and dissociate from the
minus end (Kueh and Mitchison 2009).

Regulation of microtubule and actin dynamics and turnover plays an important
role in neuronal development and synaptic plasticity (Conde and Caceres 2009;
Dent and Gertler 2003; Frost et al. 2010a; Hotulainen and Hoogenraad 2010). It is
not surprising that recently, a lot of attention has been given to the plus ends of
the microtubule, the site where most dynamics takes place. The microtubule plus
end can grow, then undergo a shrinking event (“catastrophe”), pause, and grow
again (“rescue”), all in a matter of seconds. The fate of the microtubule is
determined by a large number of plus-end tracking proteins, most of them only
found on the microtubule tip, that can control microtubule dynamics (Akhmanova
and Steinmetz 2008; Gouveia and Akhmanova 2010). Plus-end tracking proteins
regulate different aspects of neuronal architecture by mediating the cross talk
between microtubule ends, the actin cytoskeleton, and the cell cortex, and partic-
ipate in transport and positioning of signaling factors and membrane organelles
(Hoogenraad and Bradke 2009; Jaworski et al. 2008). For example, it was
recently found that the microtubule plus-end binding protein EB3 regulates
actin dynamics in dendritic spines and is involved in spine morphology and
synaptic plasticity (Jaworski et al. 2009).

8.2.2 Actin Organization in Neurons

Microtubules and actin filaments are present throughout the cell body and axonal
and dendritic compartments (Cingolani and Goda 2008; Conde and Caceres 2009;
Hotulainen and Hoogenraad 2010). In mature neurons, actin is the most prominent
cytoskeletal protein at synapses, being present at both the pre- and the postsynaptic
terminals but highly enriched at dendritic spines (Landis et al. 1988; Landis and
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Reese 1983). Neurons treated with latrunculin, an inhibitor of actin polymerization,
showed that the actin cytoskeleton is necessary for synapse formation, stability, and
normal synaptic activity (Krucker et al. 2000; Okamoto et al. 2004). At the
presynaptic terminal, actin filaments are important in organizing and recycling of
synaptic vesicle (Cingolani and Goda 2008), while at the postsynaptic site, actin is
involved in receptor trafficking and spine plasticity (Frost et al. 2010a; Hotulainen
and Hoogenraad 2010). Spines exhibit a continuous network of both branched and
long, linear actin filaments (Korobova and Svitkina 2010). In the spine heads, actin
filaments are oriented with their plus ends to the postsynaptic density and synaptic
membrane and their minus ends toward the dendritic shaft. The most likely role of
actin in mature spines is to stabilize postsynaptic proteins and modulate spine head
structure in response to postsynaptic signaling (Frost et al. 2010a; Hotulainen and
Hoogenraad 2010). Several recent studies using advanced microscopy techniques
present new insights in the organization and molecular composition of actin
cytoskeleton in dendritic spines (Frost et al. 2010b; Honkura et al. 2008; Korobova
and Svitkina 2010). For example, electron microscopy revealed that actin filaments
in the neck of dendritic spines were shown to exhibit mixed polarity, although the
plus ends are predominantly oriented away from the dendritic shaft (Hotulainen
et al. 2009; Korobova and Svitkina 2010). Mutations in genes that code for actin
regulatory proteins, like Rho GTPases, are commonly associated with mental
retardation (Govek et al. 2004). Subtle variations in spine size and shape, mediated
by the actin cytoskeleton, are associated with a variety of neurological and psychi-
atric disorders like schizophrenia and drug addiction (Blanpied and Ehlers 2004;
van Spronsen and Hoogenraad 2010).

Apart from its organization in synapses and spines, little is known about the
arrangement of the actin cytoskeleton in the axonal and dendritic shafts in mature
neurons (Kapitein and Hoogenraad 2010). Evidence suggests that actin is present
as short, branched filaments in the axon oriented perpendicular to the plasma
membrane and is sometimes aligned with microtubules (Bearer and Reese 1999).
Several papers showed that actin is enriched in the axon initial segment (Nakada
et al. 2003; Winckler et al. 1999). Here, actin is an important regulator of Na*-
channel stability at the initial segment membrane and is actively involved in the
maintenance of neuronal polarity (Rasband 2010). The actin network in the initial
segment could also function as a selective barrier for cargo transport to enter the
axon. In fact, a recent paper presented evidence for an actin-based molecular
sieve that prevents the diffusional entry of large macromolecules at the initial
segment and isolates the axon from the cell body (Song et al. 2009). In contrast,
other work proposed that the actin organization in axons promotes retrograde
cargo transport by myosin Va motors (Lewis et al. 2009), which would require
actin filaments of uniform polarity oriented parallel to the axon long axis. To
better understand actin-based transport activity in neurons, detailed studies are
required to reveal the actin cytoskeleton organization in axons, dendrites, and
at the initial segment.
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8.2.3 Microtubule Organization in Neurons

In mature neurons, most neuronal microtubules are not attached to the centrosome
(Stiess et al. 2010) and form dense bundles running along the length of axons and
dendrites (Fig. 8.1). Individual microtubules do not extend along the entire length
of neuronal processes; instead, microtubule fragments stabilized at their minus ends
form regularly spaced longitudinal arrays cross-linked by microtubule-associated
proteins (MAPs) (Chen et al. 1992). Two abundant neuronal MAPs whose distri-
butions are polarized between axons and dendrites are tau and MAP2 (Dehmelt and
Halpain 2005). Since tau and MAP2 induce the formation of longitudinal micro-
tubule bundles with a distinct spacing, it is plausible that MAPs are directly
involved in the organizing of polarized cargo trafficking in axons and dendrites.
So far, there is no evidence that this different spacing directly influences the
transport machinery. In contrast, the presence of MAPs on the microtubule lattice
seems to affect motor protein motility in vitro (Dixit et al. 2008). MAPs can cause
decreased attachment and/or increased detachment of kinesin-1 motors and/or
vesicles (Verhey and Hammond 2009). However, a direct role of MAPs in guiding
polarized transport seems unlikely, as tau and MAP2 knockout mice show rela-
tively mild phenotypes (Dehmelt and Halpain 2005).

Microtubule arrays within axon and dendrites are highly organized with respect
to their intrinsic polarity (Hoogenraad and Bradke 2009; Kapitein and Hoogenraad
2010). In the late 1980s, an elegant hook-decoration technique was used to deter-
mine the orientation of microtubules in axons and dendrites by electron microscopy
(Baas et al. 1988; Burton 1988). Surprisingly, microtubules in the axon are gener-
ally long and uniformly oriented, with their plus ends facing outward, while the
microtubules in the dendrites are oriented in both directions (Fig. 8.1). Thinner,
more distal dendrites, however, contain unipolar microtubules oriented the same
way as axonal ones (Baas et al. 1988, 1989). This specialized microtubule organi-
zation has also been captured in action by visualizing EB3-GFP in living neuronal
cells (Jaworski et al. 2009; Morrison et al. 2002; Stepanova et al. 2003). Stepanova
et al. showed that in axons and distal dendrites, all dynamic microtubule plus ends
point toward growth cones, while in proximal dendrites, significant EB3-GFP
displacement was directed toward the cell body (Stepanova et al. 2003). Remark-
ably, the use of EB1-GFP tracking in Drosophila neurons provided strong evidence
that axons and dendrites both have microtubule arrays of uniform polarity orienta-
tion. However, while axonal microtubules were uniformly plus-end distal, dendritic
microtubules were of the opposite orientation, nearly all minus-end out (Rolls et al.
2007; Stone et al. 2008). These results show a striking difference in microtubule
orientations in axons and dendrites and further prompt the idea that these distinct
patterns might underlie polarized sorting of synaptic cargos (Fig. 8.2). Distinct
patterns of microtubule orientation can directly generate asymmetries in the com-
position of each neuronal compartment by directing specific motor protein transport
into axons or dendrites. Indeed, recent work in vertebrates, worms, and flies
reported a specific role for plus- and minus-end-directed motor proteins in steering
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Fig. 8.2 Essential components of the synaptic cargo transport machinery. Kinesin, dynein,
and myosin are the three classes of motor proteins that form the workforce of the transport system.
(a) In the axon, dynein typically moves its cargo retrograde, toward the cell body, while kinesins
move outward toward the synapse. Multiple active and inactive motors can be simultaneously
attached to one synaptic cargo vesicle. (b) The situation in the dendrite is more complex, as both
kinesins and dynein can move in antero- and retrograde direction, depending on the orientation of
the underlying microtubule. (¢) Upon arrival at the base of the spine, cargo vesicles are transported
along the actin network by myosin motors

synaptic cargo transport into either axons or dendrites (Kapitein et al. 2010; Zheng
et al. 2008) and found that the cyclin-dependent kinase pathway regulates polarized
trafficking of presynaptic components (Ou et al. 2010).

8.2.4 Microtubule Modifications in Neurons

One other way to directly influence synaptic cargo transport is to generate func-
tional diversity by modifying the cytoskeleton; motor proteins recognize the vari-
ous spatial cues and establish specific synaptic cargo trafficking routes. It has also
recently been demonstrated that posttranslational modification of microtubules can
alter their stability and motor protein—binding characteristics (Verhey and
Hammond 2009). Stable microtubules in neurons typically accumulate a variety
of posttranslational modifications, like acetylation, detyrosination, and (poly)
glutamylation. Although both dendrites and axons have high levels of acetylated
microtubules, acetylated microtubules are abundantly present in axons (Witte et al.
2008). The selective enrichment of acetylated microtubules in axons can be
abolished by inhibition of a known o-tubulin deacetylase histone deacetylase 6
(HDACS®), suggesting that in normal situations, the activity of tubulin-modifying
enzymes differs between axons and dendrites rather than that the acetylation
reaction is restricted to the axon (Janke and Kneussel 2010). Biochemical evidence
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revealed that kinesin-1 has an increased affinity for acetylated microtubules, con-
sistent with the observation that in fibroblast cells, kinesin-1 motility occurs
predominantly over modified microtubules (Cai et al. 2009). It was proposed that
acetylation of microtubules was the major determinant for the selective motility of
kinesin-1 motors into specific neurites. Kinesin-1 also preferentially binds
detyrosinated microtubules (Liao and Gundersen 1998), which are also enriched
in the axon. Recent work identified a specific region in kinesin-1, termed 5-L8, to
be responsible for this preference (Konishi and Setou 2009). Interestingly, upon
knockdown of tubulin tyrosine ligase (TTL), the fraction of dendrites that contained
kinesin-1 increased. Recently, synaptic activity has been shown to modify
microtubules posttranslational modifications (Maas et al. 2009). Treatment of
neurons with strychnine, an inhibitor of the glycine receptor, increases neuronal
activity, leads to increased polyglutamylation, and influences synaptic cargo trans-
port. In this way, microtubule modifications are intimately related to synaptic
changes and synaptic cargo transport.

8.3 Microtubule- and Actin-Based Motor Proteins

In general, cargos are transported over long distances along microtubules before
transferring to the actin cytoskeleton for the final part of their journey. A common
feature of both actin- and microtubule-based transport is that the force required for
cargo transport is generated by molecular motor proteins through ATP hydrolysis
(Kardon and Vale 2009; Schliwa and Woehlke 2003; Vale 2003; Woolner and
Bement 2009). The motor proteins that use microtubules as tracks are the minus-
end-directed dynein and plus-end-directed kinesins, whereas myosins move along
actin filaments. Neuronal cargo trafficking is achieved by the concerted efforts of
both microtubule-based and actin-based motors (Hirokawa and Takemura 2005;
Schlager and Hoogenraad 2009). Several classes of myosin motors participate in
synaptic cargo transport in axon and dendrites—most commonly used are myosin V
and myosin VI. Although the basic machinery for microtubule- and actin-dependent
transport in neurons is well established, how synaptic cargos achieve specificity and
directionality to their site of action is an emerging field of investigation. In this
section, we will introduce the actin and microtubule transport system and its main
components. We will also explain the role the actin network plays in selecting the
destination of cargo and its role in synaptic function.

8.3.1 Myosin Motor Proteins in Neurons

Myosins were the first molecular motors to be discovered and comprise a large (~25
classes) evolutionarily conserved family of actin-based motor proteins (Conti and
Adelstein 2008). Early studies focused on the role of myosins as force generators in
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muscle tissue. The head region in the myosin heavy chain contains the motor
domain; this is the site of ATP hydrolysis, which leads to a force generating
conformational change (Conti and Adelstein 2008). It was long thought that the
sole function of myosin was to generate force in muscles; however, with the
discovery of nonmuscle (unconventional) myosin, new roles for myosin motors
were uncovered. Several myosin motors can move directionally along actin
filaments, such as myosin V toward the plus end and myosin VI toward the minus
end (Sweeney and Houdusse 2010; Woolner and Bement 2009). Myosin motors
have been implicated in short-range transport of synaptic cargos, especially in the
areas of the neuron where there is hardly any microtubule network, like dendritic
spines and presynaptic terminals. For example, myosin V and VI regulate the
mobility of synaptic vesicles at the presynapse (Cingolani and Goda 2008) and
AMPA receptor—containing recycling endosomes in dendritic spines (Nash et al.
2010; Osterweil et al. 2005; Rudolf et al. 2010; Wang et al. 2008). Moreover,
myosin motors can also be involved in regulating microtubule-based cargo trans-
port, either by making direct physical contact with kinesin motors and enhancing
each other’s processivity (Ali et al. 2008; Huang et al. 1999) or by cooperative
actions of actin- and microtubule-based motors on a single cargo (Gross et al.
2007). These motor-motor interactions may represent a mechanism by which the
transition of vesicles from microtubules to actin filaments or vice versa is regulated.
In contrast, recent data suggest that myosin V and VI can facilitate organelle
docking by opposing, rather than complementing, microtubule-based movements
(Pathak et al. 2010). Emerging data show that myosin motors are not only important
for transport of cargo, they also regulate the secretion of exocytotic vesicles by
docking them in actin-rich areas (Desnos et al. 2007). Moreover, myosin II can also
regulate actin dynamics in spines in response to synaptic stimulation (Rex et al.
2010; Ryu et al. 2006). All these different actions of myosin motors, such as
regulating synapse shape and stability, transporting and docking synaptic vesicles,
and influencing actin dynamics, are important for synaptic function and plasticity
(Hotulainen and Hoogenraad 2010).

8.3.2 Kinesin Motor Proteins in Neurons

Kinesin-1 was the neuronal transport motor to be identified based on assays of
vesicular motility along microtubules in extruded axoplasm (Vale et al. 1985).
Similar to the myosin superfamily nowadays, many different kinesin motors have
been found. It is thought that approximately 45 different mammalian kinesin genes
exist which, by virtue of alternative splicing, code for as many as 90 different
kinesin proteins (Hirokawa et al. 2009). The vast majority of kinesin proteins share
a number of structural characteristics: a highly conserved kinesin motor domain,
responsible for microtubule binding and force generation by ATP hydrolysis; one or
more coiled-coil domains for protein dimerization; and a cargo-binding domain
(Hirokawa and Noda 2008; Lawrence et al. 2004; Schliwa and Woehlke 2003;
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Vale 2003). The motor domain is ATP bound and upon attachment to the microtu-
bule, ATP is hydrolyzed to ADP, resulting in a conformational change of the
kinesin protein. This conformational change effectively results in a step of 8§ nm
along the microtubule (Schnitzer and Block 1997). Since most kinesin form a
homodimer, the two heads of the kinesin molecule move in a hand-over-hand
mechanism along the microtubule (Yildiz et al. 2004). Kinesin movement is highly
processive, meaning that once bound to the microtubule, the motor will move prior to
detaching, allowing it to transport cargo over long distances in axons and dendrites.
The position of the kinesin motor domain determines the direction in which it moves:
kinesin proteins with an N-terminal motor domain (the most common layout) move
to the microtubule plus end, whereas kinesins with a C-terminal motor domain move
toward the minus end. Kinesins with a motor domain in the middle are involved in
regulating microtubule dynamics (Hirokawa and Noda 2008; Verhey and Hammond
2009). The nonmotor regions of kinesin motor proteins are poorly conserved and
have been shown to regulate both motor function (by intramolecular folding and
inhibition of ATPase activity) (Verhey and Hammond 2009) and cargo binding (by
interacting with adaptor proteins) (Schlager and Hoogenraad 2009).

Most cargos bound to kinesin-1 motor proteins, such as amyloid precursor
protein (APP) and Reelin receptor AporER2, interact indirectly via kinesin-1
light chains (Hirokawa et al. 2010). However, some cargos bind directly to the
kinesin heavy chain, such as the AMPA receptor, which binds via adaptor protein
GRIP1 (Setou et al. 2002), and mitochondria, which bind via adaptor protein Milton
(Glater et al. 2006). A recent study showed that kinesin-1 binds synaptic precursor
vesicles via syntabulin and syntaxin-1 (Cai et al. 2007). Knockdown of syntabulin
impairs the anterograde transport of synaptic vesicle precursors. Members of the
kinesin-3 family, including KIF1A and KIF1Bp, also transport synaptic vesicle
precursors in the axon. Both KIF1A and KIF1BJ knockout mice exhibit defects in
sensory and motor neurons, including a loss of synaptic vesicles (Hirokawa et al.
2010). The delivery of GABAA receptors to synapses is mediated by the kinesin-
HAP-1 complex and is disrupted by mutant huntingtin (Twelvetrees et al. 2010).
Several kinesin motors are now critically involved in neuronal disease pathogenesis
(Goldstein 2001; Hirokawa and Noda 2008; Mandelkow and Mandelkow 2002;
Morfini et al. 2009). For example, mutations in kinesin-1/KIFSA are associated
with spastic paraplegia (Ebbing et al. 2008), truncating mutations in KIF17 are
associated with schizophrenia (Tarabeux et al. 2010), and heterozygous missense
mutations in KIF21A have been found to cause congenital fibrosis of the
extraocular muscles (CFEOM), a rare congenital eye movement disorder that
results from the dysfunction of the oculomotor nerve (Yamada et al. 2003).

8.3.3 Dynein Motor Proteins in Neurons

Similar to kinesin motors, the motor proteins of the dynein family move along
microtubule structures. However, while most kinesin motors move toward the
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microtubule plus end, dyneins move toward the minus end of the microtubule.
In most species, more than 15 dynein encoding genes have been identified, where
the majority of dynein motor proteins are involved in nontransport actions but drive
flagellar beating (Kardon and Vale 2009). In stark contrast to kinesin proteins where
many different motor types perform many different tasks, only one dynein motor,
cytoplasmic dynein 1, is responsible for the bulk of the minus-end-directed cargo
transport. In other respects, dynein is very different from kinesin and myosin motor
proteins. One of the most obvious differences is the sheer size of the dynein motor
complex: with a mass of 1-2 MDa, it is several times larger than a typical myosin or
kinesin motor. At the core of the motor complex is the dynein heavy chain (DHC1),
a polypeptide of over 500 kDa, which is essential for the motor activity consisting
of three different domains: the stalk, motor, and tail domains. While in kinesin and
myosin motors, the polymer-binding site and catalytic site are integrated within
a single globular motor domain; in dynein, the microtubule-binding domain is
separated from the motor domain by a ~15-nm stalk (Carter et al. 2008). The
stalk is a coiled-coil structure that extends directly from the motor domain and is
thought to function as a lever (Houdusse and Carter 2009; Kardon and Vale 2009).
The circular motor domain consists of six ATPase domains, the tail domains
mediate dimerization and form the interaction site for five additional dynein
subunits. The intermediate chain (IC) and light intermediate chain (LIC) bind
directly to the heavy chain tail, whereas light chain 8 (LC8), light chain 7 (LC7
or roadblock), and T-complex testis-specific protein 1 (Tctex1) bind to the interme-
diate chain (Kardon and Vale 2009). The dynein subunits are essential in determin-
ing the binding of dynein to specific cargos, the cellular localization, and even
intrinsic properties of dynein, like its processivity. Interestingly, missense point
mutations in the tail domain of cytoplasmic dynein heavy chain have been shown to
result in progressive motor neuron degeneration in mice (Hafezparast et al. 2003).
Recent data show that the mutations in the nonmotor part of the protein inhibit
dynein motor run length and significantly alter motor domain coordination (Ori-
McKenney et al. 2010). These results suggest a potential role for the dynein tail
in motor function and provide direct evidence for a link between single-motor
processivity and disease.

The efficient function of cytoplasmic dynein critically depends on the dynactin
(dynein activator) accessory complex. Most dynein-dependent processes from yeast
and filamentous fungi to invertebrates and mammals require dynactin (Schroer
2004). Dynactin has been shown to regulate dynein transport in several ways;
it is involved in targeting of dynein, functions as adaptor protein, and regulates
processive dynein movement (Kardon and Vale 2009; Schroer 2004). Dynactin is
a large complex that contains 11 different subunits, and since some subunits are
present in multiple copies, the complete assembly can be comprised of as many as
20 proteins. Detailed EM studies have revealed that dynactin basically consists of
two parts, a rod domain and arm domain projecting from the rod (Schroer 2004).
Mutations in the p150glued gene, coding for one of the large dynactin subunits, are
found in a family with motor neuron disease (Puls et al. 2003). Affected patients
develop adult-onset vocal fold paralysis, facial weakness, and distal limb muscle
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weakness, mainly caused by the selective loss of motor neurons. Mutant mice with
impaired dynein/dynactin function showed disrupted retrograde axonal transport
and develop motor neuron disease similar to amyotrophic lateral sclerosis (ALS)
(LaMonte et al. 2002; Teuling et al. 2008). This illustrates both the importance of
subunits in the dynactin complex as well as the crucial role of dynein-based
transport in the nervous system.

Cytoplasmic dynein transports neurotrophic tyrosine kinase receptor family
(Trk) (Ha et al. 2008), Rab6-positive neuropeptide-containing secretory vesicles
(Colin et al. 2008; Schlager et al. 2010), the piccolo/bassoon complex (Fejtova et al.
2009), and mitochondria (Hollenbeck and Saxton 2005) retrogradely in the axon,
while in the dendrites, the cargos carried by cytoplasmic dynein include glycine
receptor vesicles (Maas et al. 2006), messenger ribonucleoproteins (mRNPs)
(Villace et al. 2004), Rab5 endosomes (Satoh et al. 2008), and AMPA receptor
vesicles (Kapitein et al. 2010). In these cases, the cargos bind to the dynein complex
either directly or through adaptor proteins such as gephyrin (glycine receptor) or
bicaudal-D and related proteins (Rab6, BDNF, NPY) (Fig. 8.3). Regulation of the
binding is controlled via phosphorylation, GTP hydrolysis of the small Rab-
GTPases, or Ca®* signaling (Schlager and Hoogenraad 2009).

Neuropeptide Mitochondrion Glutamate receptor

vesicle vesicle

Milton

G
Kinesin-1
Dynein ) Myosin-V

Fig. 8.3 Motor-adaptor-cargo transport complexes. Three typical examples of motor-adaptor-
cargo transport machineries. Each motor protein connects to its cargo via adaptor molecules.
Although the motor proteins, adaptors, and cargos vary, the essential building blocks are the same
in each case. (a) Dynein motor complex connected to neuropeptide containing Rab6-positive
vesicles via adaptor BICD-2. (b) Kinesin-1 is connected to mitochondria via Miro and Milton.
This complex is regulated by calcium. (¢) Myosin V transports glutamate receptor—containing
vesicles by connecting to Rab11-FIP2
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8.4 Regulating Motor Protein-Based Transport

Precise regulation of motor-based transport is essential to ensure precise cargo
delivery to synapses. The list of molecules that are known to link specific transport
motors to synaptic cargos is rapidly expanding (Hirokawa et al. 2010; Schlager and
Hoogenraad 2009). Biochemical and proteomics approaches and high-throughput
yeast two-hybrid screens have identified more than 100 proteins that bind to
kinesin-1 in mammals, flies, and worms (Gindhart 2006). Most of these proteins
act as cargo molecules themselves or function as motor-adaptor proteins (scaffold-
ing proteins, Rab GTPases, signaling proteins); some are regulators of motor
activity. Emerging data from several organisms and different experimental systems
suggest that transport motors can be regulated at several points, including motor-
cargo binding, motor activation, motor switching, microtubule track selection,
cargo release at the destination, and the recycling of motors (Schlager and
Hoogenraad 2009;Verhey and Hammond 2009). It is becoming increasingly clear
that motor-adaptor-cargo interactions play a key role in identifying synaptic cargos
and regulating synaptic cargo trafficking. In this section, we discuss recent work
that has shed light on the regulation of the synaptic cargo-motor interactions. To
illustrate the common layout and components of motor-adaptor-cargo complexes,
we will focus here on two calcium-regulated motor adaptors, the endosomal
myosin-V-FIP2 and mitochondrial kinesin-1-Milton-Miro complexes (Fig. 8.3).

8.4.1 Motor-Adaptor-Cargo Interactions

In the large majority of cases, motor proteins do not bind directly to vesicles or
synaptic proteins, but they interact with cargo via so-called adaptor proteins. The
main role of adaptor proteins is to provide an additional layer of regulation for
transport specificity and selectivity. Adaptors can be single proteins, such as GRIP
linking KIF5 to AMPA receptors (Hoogenraad et al. 2005; Setou et al. 2002), or
protein complexes such as the Mint/CASK/MALS linking KIF17 to NR2B subunits
of NMDA receptors (Setou et al. 2000). Interestingly, recent findings show that
CaMKII activity is correlated with regulated cargo release near the postsynaptic
membrane. Here, CaMKII has been shown to phosphorylate KIF17, which induces
the dissociation of the Mint scaffolding protein complex and release of NMDA
receptor—containing cargo near the postsynaptic membrane (Guillaud et al. 2008).
In this way, regulated CaMKII activity provides an attractive mechanism for
targeting NMDA receptor complexes to active synapses where an activity regulated
kinase is switched “on.” The significance of KIF17 function to brain function is
further illustrated by the observation that transgenic mice overexpressing KIF17
show enhanced spatial and working memory (Wong et al. 2002). Additional
examples of regulated adaptor proteins are the DENN/MADD adaptor protein
that binds KIF1A and KIF1B# and interacts with Rab3 vesicles (Niwa et al. 2008),
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liprin family proteins as adaptors that link KIF1A to synaptic vesicle precursors
(Miller et al. 2005; Wagner et al. 2009), and bicaudal-D family proteins connecting
dynein motors to Rab6-positive neuropeptide secretory vesicles (Grigoriev et al.
2007; Matanis et al. 2002; Schlager et al. 2010). Interestingly, these Rab6-positive
secretory vesicles also contain semaphorin 3A and BDNF and are anterogradely
transported in axons by kinesin-3 motors (Barkus et al. 2008; de Wit et al. 2006;
Schlager et al. 2010). Thus, regulation of cargo binding can be controlled via
phosphorylation or GTP hydrolysis of the small Rab-GTPases (Schlager and
Hoogenraad 2009).

A third way to control intracellular trafficking is to regulate motor-cargo
interactions by responding to changes in local ion concentrations. It is well
known that activation of NMDA receptors causes a rapid influx of Ca?* in dendritic
spines. A recent study shows that myosin Vb is a “Ca®* sensor” for actin-based
postsynaptic AMPA receptor trafficking (Wang et al. 2008). Increased Ca®* levels
lead to unfolding of myosin Vb motors and allows for binding to Rabl1-FIP2
adaptors on recycling endosomes (Schlager and Hoogenraad 2009) (Fig. 8.3). The
association of myosin Vb with Rab11-FIP2 transports AMPA receptor—containing
recycling endosomes into the actin-rich spines. Thus, elevated Ca”* levels in spines
promote local postsynaptic trafficking. On the other hand, Ca** influx reduces
mitochondrial motility (Boldogh and Pon 2007). The Milton-Miro complex was
identified as an adaptor between kinesin-1 and mitochondria and a candidate for
Ca**-dependent regulation of mitochondrial transport. Indeed, recent studies sug-
gest that the mitochondrial Miro-Milton adaptor complex is important for the Ca®*-
dependent regulation of mitochondria trafficking (Wang and Schwarz 2009)
(Fig. 8.3). Elevated Ca®* levels permit Miro to interact directly with the motor
domain of kinesin-1. The interesting aspect of this model is that kinesin-1 remains
associated with mitochondria regardless of whether they are moving or stationary.
In the “moving” state, kinesin-1 is bound to mitochondria by binding to Milton,
which in turn interacts with Miro on the mitochondrial surface. In the “stationary”
state, in the presence of high Ca”* levels, the kinesin-1 motor domain interacts
directly with Miro and prevents microtubule interactions. In contrast, another recent
paper showed that the presence of Ca* inhibits the Mirol/kinesin-1 protein-protein
interaction and that the motor is dissociated from mitochondria yielding arrested
movement (Macaskill et al. 2009). Both findings imply the existence of “Ca>*
sensors” that detect neuronal activity stimuli and convert Ca** influx into
mechanisms regulating cargo trafficking.

8.5 Conclusion and Future Directions

A typical fully differentiated neuron within an active neuronal circuitry faces an
enormous logistical challenge. Synaptic cargo needs to be sorted into dendrites and
axons both during basal neuronal activity and changes in activity, such during firing
of action potentials. Not all synapses are equally active, and their requirements can
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vary greatly; some may require a constant flow of receptors and neurotransmitters,
while others undergo depression and mainly need transport out of the synapse into
a reserve pool or back to the cell body. Moreover, the distance between the cell
soma and the most distant synapse can be huge, for example, up to 1 m for a motor
neuron. And all these transported proteins, mitochondria, neurotransmitters, and
synaptic vesicle precursors flow through an axon of only 5 micrometer in diameter.
Therefore, neurons are equipped with a well-balanced and meticulously regulated
transport system in order to facilitate synapse formation, function, and plasticity.
First of all, the actin and microtubule cytoskeleton play a pivotal role in synaptic
plasticity—together they determine synaptic architecture, organize subcellular
compartments, and transport intracellular synaptic constituents. Second, the char-
acteristic dynamics, polarity, and modifications patterns of cytoskeleton elements
are instrumental for establishing and maintaining the structural and compositional
polarity of synapses. Third, this highly specialized microtubule and actin cytoskel-
etal organization facilitates local, polarized transport by guiding specific motor
proteins to specific directions. Fourth, synaptic activity may regulate the cytoskele-
ton organization and motor protein transport in neurons. All these mechanisms
occur simultaneous and can influence each other, creating a highly dynamic infra-
structure that is able to rebuild itself in order to adapt to changes in the cellular
environment. Without this highly dynamic cytoskeleton system, synaptic plasticity
and cognitive brain functions would be impossible.

The relationship between cytoskeleton, motor protein transport, and synaptic
signaling is never more apparent than when the brain becomes dysfunctional.
Molecular motor proteins, especially kinesin proteins, are prime candidates to be
involved in several psychiatric and neurological disorders (Goldstein 2001;
Mandelkow and Mandelkow 2002), ranging from schizophrenia (Tarabeux et al.
2010) to spastic paraplegia (Ebbing et al. 2008). Both KIF5 and dynein may be
involved in the pathology of Huntington and other polyQ diseases (Colin et al.
2008; Twelvetrees et al. 2010). The role of dynein and dynactin in neurological
diseases is best described in the motor neuron disease ALS (Chevalier-Larsen and
Holzbaur 2006), and mutations in tubulin isotypes have been observed in patients
with severe neurodevelopmental disorders (Keays et al. 2007; Tischfield et al.
2010). There is also a strong link between the activity of tubulin modifying
enzymes and neuronal abnormalities. Mutant mice that lack the gene for tubulin
tyrosine ligase (TTL), the enzyme that catalyzes the addition of a C-terminal
tyrosine residue to o-tubulin in the tubulin tyrosination cycle, die shortly after
birth because of neuronal disorganization, including premature axon specialization
(Erck et al. 2005). On the other hand, mice that lack functional cytosolic carboxy-
peptidase (CCP1), the enzymes catalyzing deglutamylation, have increased micro-
tubule hyperglutamylation and Purkinje cell degeneration (Rogowski et al. 2010).
However, a number of key mechanistic questions remain to be answered. What are
the downstream effects of transport deficits that lead to neurodegeneration? In some
cases, it may be a failure to supply new material to the distal axons and dendrites, so
that synapses degrade over time. Consistently, defects in both axon and dendritic
transport in various organisms can lead to neuropathies (Hirokawa et al. 2010).
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In other cases, neuronal degeneration may result from the accumulation of toxic
substances in the processes. The molecular motor machinery itself could be criti-
cally involved in removing toxic waste in neurons, but these protein accumulations
may also lead to traffic jams and disrupt normal synaptic trafficking routes.

In this chapter, we have shown how the cellular infrastructure is essential for
neuronal development and plasticity. This highly adaptive network of filaments,
motor, adaptor, and cargo proteins is able to answer the ever-changing demands of
neuronal networks in action. As a large number of neurological diseases illustrate,
there is little room for error. If this fascinating intracellular transport system is not
working at peak efficiency, neurons are not able to function properly and will
eventually degenerate and die. Future studies on neuronal cytoskeletal dynamics
and the synaptic transport machinery may lead to new insights and, hopefully, new
treatments for neurological and psychiatric disorders.
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