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Scope of the thesis
Transport processes are essential for neuronal survival and functioning. As neurons are the core
components of the nervous system, defective or suboptimal neuronal trafficking can cause severe
neurological disease. Although the basic mechanisms of neuronal transport are well known,
it remains to be elucidated how neuronal cargos become specific, how they are directed onto
their action site and how motor activity is regulated. The aim of this thesis is to identify novel
regulatory mechanisms that modulate neuronal transport.
In Chapter 1 current knowledge of neuronal transport is briefly discussed. The main focus will
be on the different components of the neuronal transport system.
The structure and molecular organization of synapses is highlighted in Chapter 2. In addition
the functional effects of synapse pathology in brain disease is discussed.
The exact mechanism of how cargos are sorted between axons and dendrites is unclear. Chapter 3
describes the role of the cytoskeleton and motor proteins in the regulation of polarized transport.
By using a trafficking assay in hippocampal neurons to selectively probe specific motor proteins,
the role of dynein motors in polarized dendritic cargo transport is examined.
Chapter 4 demonstrates how the molecular interplay between adaptor proteins and microtubule
motors drives polarized intracellular transport. By studying Milton/TRAK-adaptor proteins, we
gained new insights about how mitochondrial transport in neurons is regulated. Furthermore
the functional differences between the two TRAK proteins - explained by their differing
conformations - are discussed.
In Chapter 5 the function of the recently identified KBP protein is studied. By investigating the
interaction of this protein with the motor domain of kinesin, a new mode of motor regulation is
highlighted. We study the critical role of KBP in the synaptic transport of vesicles and provide new
insights into the molecular mechanism of the developmental disorder known as the GoldbergShprintzen syndrome.
Chapter 6 focuses on an additional layer of control in neurons by the recently discovered
evolutionarily conserved non-coding RNAs, known as microRNAs. These microRNAs regulate
gene expression at the level of translation. This discovery has shed new light on how different cellular
processes are fine-tuned. A systematic and in-depth analysis of microRNA expression profiles in
hippocampal neurons was carried out. We study the expression of microRNAs during development
and after the induction of neuronal activity in the hippocampal neuron culture system.
Chapter 7 discusses the results of the studies described in this thesis in a broader perspective.
Unresolved questions and future research directions are highlighted as well.
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A neuron is a highly polarized cell
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Chapter 1
General introduction
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General introduction

1.1 Neurons
The brain is the center of the nervous system; it is the most complex and perhaps the most
intriguing organ of the human body. Together with the spinal cord and the peripheral nervous
system it controls every aspect of our daily life (Figure 1). The brain is not only our decisionmaking and communicating center, but it also enables us to perceive the external world. It
fixes our attention, controls the machinery of action, facilitates our breathing and allows us to
dream.
Neurons are the basic computational units of the brain. They are electrically excitable cells
that communicate with each other to form an extensive neuronal network, enabling us to think,

Figure 1. The human nervous system
The nervous system consists of the brain, the spinal cord (together, the central nervous system) and the
peripheral nervous system. The brain is the center of the nervous system. Neurons are the core components
of the nervous system.
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walk, and talk. During neural development, billions of newly generated neurons migrate to
different parts of the brain, organizing themselves into specific structures, each with its own task
(Kandel, 2000).
Different neuronal cell types exist depending on the specific brain areas. All are asymmetric
structures with a complex morphology, typically consisting of a cell body, several tapering
dendrites and one long thin axon (that, in humans, can be up to a meter in length) (Figure 2).
The polarization of the axon and the dendrites allows the neurons to integrate and transmit
information in the brain (Barnes and Polleux, 2009; Liu and Hajnoczky, 2009). A neuron uses
its axon to propagate signals from the cell body to target cells, and receives input signals from
the axons of thousands of other neurons. The structure where two neurons make contact and
the electro-chemical signals are transmitted from one neuron to another is called the synapse.
Each synapse consists of a presynaptic axon terminal and a postsynaptic region. The postsynaptic
region is usually on the shaft of the dendrites or on dendritic spines. These small protrusions
are specialized dendritic microdomains, that can receive input from one single axon (see also
Chapter 2) (Kandel, 2000; Tada and Sheng, 2006). The pre- and postsynaptic sites are separated
by a gap of 20 to 25 nm, the synaptic cleft (Yamada and Nelson, 2007).
In addition to the synapses, a neuron contains other specialized structures such as axonal
growth cones - dynamic extensions of developing axons in search of their synaptic target (Dent
et al., 2011) and the axon hillock - a specialized structure that connects the cell body to the axon
where membrane potentials propagated from synaptic inputs are gathered together before being
transmitted to the axon (Palay et al., 1968).

Figure 2. Specialized structures of a neuronal cell
Neurons are asymmetric, polarized cells with a complex morphology. Typically, they consist of a cell body,
several tapering dendrites with dendritic spines, and one long thin axon that can make synaptic contacts
with other neurons. (Modified from Santiago Ramón Cajal 1852-1934)
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To function properly, neurons have to be able to distribute proteins and organelles from the cell
body to the dendrites and the axon (Goldstein et al., 2008). The majority of proteins and organelles
are produced in the cell body, but many of them are also needed in the other compartments of
the neurons and at the synapses, which may be some distance away. As the axon and the dendrites
form two distinct domains, functionally and molecularly they also need different sets of proteins
and organelles (Barnes and Polleux, 2009; Craig and Banker, 1994). Postsynaptic receptors, such as
the AMPA receptors, are concentrated in dendritic spines and are excluded from the axon, whereas
synaptic vesicles are needed in the axon, but not needed in the dendrites. Other organelles, such
as mitochondria, are present throughout the whole neuron, including the axon and the dendrites.
Moreover, since the distances are so long and local demands quickly change from moment to
moment, diffusion is insufficient to adequately distribute cargos throughout the neuron. Therefore
the neuron needs an active transport system to transport different types of cargo accurately from the
cell body to the correct destination in the neuron, and at the right time (Barnes and Polleux, 2009;
Hirokawa et al., 2010; van der Sluijs and Hoogenraad, 2011).

1.2 The cytoskeleton
The cytoskeleton is a major component of the neuronal transport system. Like the bones of
the skeleton that give structure and support to the human body, eukaryotic cells contain a
cytoskeleton. In contrast to the bony skeleton of vertebrates, the cytoskeleton is much more
dynamic. It not only provides strength and shape, but it also has an important role to play in the
migration and division of cells, and functions as tracks used by molecular motors to transport
specific cellular cargos (see also 1.3.1) (Alberts B, 2007).
There are two types of cytoskeletal networks involved in neuronal transport: the microtubule
and the actin cytoskeleton (Hirokawa and Takemura, 2005). Actin filaments (F-actin) are very
dynamic polymers of actin proteins, polymerized from ATP bound actin (G-actin) (Pollard
and Borisy, 2003; Pollard and Cooper, 2009). Actin is particularly abundant in the highly
dynamic structures of the neuron such as the dendritic spines, (axonal) growth cones and in
the axonal initial segment (Hotulainen and Hoogenraad, 2010; Matus, 2000; Pak et al., 2008).
Microtubules are cytoskeletal filaments that polymerize from tubulin subunits and form dynamic,
long, hollow cylinders with a fast growing and shrinking plus-end and a more stable minus-end
(Akhmanova and Steinmetz, 2010; Alberts B, 2007). Microtubules are mainly present in the cell
body and in the shafts of the dendrites and the axon (Kapitein and Hoogenraad, 2011; Kuijpers
and Hoogenraad, 2011). Recently, it has been shown that microtubules can also regularly enter
dendritic spines (Hoogenraad and Akhmanova, 2010; Hoogenraad and Bradke, 2009; Kapitein
et al., 2010). Microtubules have a unique organization in dendrites and axons. Microtubules
in the axon show a uniform polarity with all oriented plus-end out, whereas microtubules in
dendrites have both polarity orientations (plus-end and minus-end out). However, in more distal
dendrites plus-end out microtubules dominate (Figure 3) (Baas et al., 1988; Burton, 1988) (Baas
et al., 1989; Baas and Lin, 2010; Kapitein and Hoogenraad, 2011).
17
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Figure 3. Specialized cytoskeletal arrangements in neuronal compartments
The morphology of a neuron surrounded by close-ups of specific compartments, showing orientations of
microtubules (green) with their plus-ends (red) and actin filaments (orange).

The microtubule cytoskeleton can be decorated and modified in several ways. Specific
proteins, the so-called microtubule binding proteins (MAPs), bind to the microtubules that
decorate the cytoskeleton. For example, axonal microtubules are decorated with Tau, while
dendritic microtubules are covered with MAP2. In addition, the microtubules themselves can
acquire posttranslational modifications such as acetylation and detyrosination, which alter their
stability. Cytoskeletal decorations and modifications may be recognized by molecular motor
proteins which, therefore, can play an important role in regulating transport within the neuron
(1.3 and 1.4) (Janke and Kneussel, 2010).

1.3 Transport mechanisms
1.3.1 Motor proteins
Molecular motor proteins are - together with the underlying cytoskeleton - the key players in
organizing the transport and localization of proteins, organelles and other cargos within neurons
(Vale, 2003). Motor proteins are enzymes that convert the chemical energy of ATP hydrolysis
into mechanical work along microtubule tracks (Verhey et al., 2011). These motors operate
along the microtubule and actin cytoskeleton and are highly regulated so that different cargos
can be transported in any specific direction, anywhere within the neuron, (Hirokawa and
Takemura, 2005; Vale, 2003). All three types of motor proteins cooperate in neuronal transport.
The motor proteins that move along microtubules are dyneins, which move in the direction of
the minus-end, and kinesins, which move towards the plus-end, whereas myosins move along
actin filaments. The motor proteins work together transporting cargos over long distances along
18
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microtubules before transferring them to the actin cytoskeleton for the final part of their journey
(Hirokawa et al., 2010; Hirokawa and Takemura, 2005).
Since dyneins travel towards minus-ends, and most kinesins move towards the plus-end, it is
the polarity and organization of the microtubules that will determine the direction in which the
cargo will be transported. Dynein generally mediates the retrograde axonal transport of cargos,
in contrast to the kinesins, which initiate anterograde axonal transport. Because the organization
of microtubules in dendrites is different, establishing the direction of transport in this context is
more complex (see also Chapter 3) (Goldstein and Vale, 1991; Guzik and Goldstein, 2004).
Despite the various subtypes of motor proteins, different subunits and specific interaction
domains, all molecular motors consist of a motor domain and a tail domain (Figure 4). The
relatively highly conserved motor domain contains a region that associate with the microtubule
and another region for ATP binding. This domain is responsible for motility and for generating
the force that moves the molecule along the cytoskeletal track. The motor domain is connected by
a stalk to the less conserved tail domain, which is responsible for linking up with the cargos and
with other factors that facilitate that linkage. Furthermore, the tail domain can also participate in
motor regulation (described in 1.4) (Hirokawa, 2011; Schlager and Hoogenraad, 2009; Schlager
et al., 2010; Vale, 2003).

Figure 4. The three main types of cargo-transporting motor proteins
The catalytic motor domains are displayed in blue. The tail domains implicated in cargo attachment are
shown in purple and the tightly associated subunits of protein motors (light chains of kinesin-1 and dynein
subunits) are shown in green. Modified from Ronald D. Vale 2003.
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There are more than 40 different types of kinesin motor proteins, many of which are neuronspecific. Kinesin-1 is the most ubiquitous and versatile of them all (Akhmanova and Hammer,
2010; Hirokawa et al., 2010). There are also several classes of myosins of which myosin V and
myosin VI are the most common in neurons. In contrast, there is only one dynein subtype
involved in cargo transport. However, the number and combination of dynactin subunits that
interact with dynein varies greatly. The largest subunit of dynactin is p150Glued (Kardon and Vale,
2009; Palmer et al., 2009). The multisubunit protein, dynactin, forms together with dynein, the
dynein/dynactin motor complex.

1.3.2 Adaptor proteins
Adaptor proteins are another class of proteins that play an indispensable role in intracellular
transport within neurons. Adaptor proteins link specific cargos to the correct motor and therefore
play important roles in regulating and coordinating cargo transport (Akhmanova and Hammer,
2010; Kardon and Vale, 2009; Schlager and Hoogenraad, 2009; Schlager et al., 2010). During
recent decades a wide spectrum of adaptor proteins with unique attachment mechanisms have
been identified. Some typical examples of adaptor proteins are indicated below.
Kinesin Light Chain
Kinesin-1, also known as conventional kinesin and KIF5, was identified in squid axoplasm as
a motor that could drive fast axonal transport. It is generally considered to be a heterotetramer
consisting of two kinesin heavy-chain (KHC) and two kinesin light-chain (KLC) subunits
(Figure 5A) (Vale, 2003; Verhey et al., 2011). The KLC subunits are involved in linking, directly
or indirectly, most of the cargos of the kinesin-1 protein family. This is illustrated by the axonal
“traffic jams” stacked with membrane vesicles and organelles observed in loss of function mutants
of KLC in fruit flies (Drosophila) (Hirokawa et al., 2010; Verhey et al., 2011). However, there
is also evidence that the kinesin-1 motors can exist and act without KLC. Processes that are
independent of KLC are the transport of mRNA granules, mitochondrial transport, cytoplasmic
streaming, and microtubule sliding (Verhey et al., 2011).
Milton/TRAK1
Mitochondria, the cellular power plants, are needed throughout the neuron, and reflect the
metabolic demands of its different parts (Craig and Banker, 1994; Frederick and Shaw, 2007).
The two adaptors, Rho-like GTPase Miro and Milton1/TRAK1, are needed for the attachment
of kinesin-1 to mitochondria. The Milton/TRAK1 protein was first identified and studied in
Drosophila (Stowers et al., 2002). It functions as an adaptor of kinesin-1, that, independently of
KLC, links mitochondria to the kinesin-1 motors by connecting to the mitochondrial receptor Miro
on the outer side of the mitochondrial membrane (Figure 5B). Flies that are mutant for Milton
have no mitochondria in their axons. This illustrates the importance of Milton for axonal transport.
In humans, two different orthologes are expressed: “TRAfficking protein”, Kinesin binding 1 and 2
(TRAK1 and TRAK2) (Glater et al., 2006; Rice and Gelfand, 2006; Stowers et al., 2002).
20
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Figure 5. Adaptor proteins link cargos to motor proteins
(A) KLC links various cargos to the kinesin-1 motor. (B) Milton/TRAK proteins connect mitochondria
to the kinesin-1 motor by interacting with the mitochondrial receptor, Miro. (C) DENN/MADD links
synaptic precursors vesicles to the kinesin-3 motor, KIF1A, by association with the Rab3 effector. (D) BicD
is an adaptor protein of dynein that links exocytotic Rab6 vesicles to dynein. BicD can also interact with
kinesin motors.

DENN/MADD
In order to transmit signals to the post-synaptic site of a neighboring neuron, neurotransmitters
need to be released into the synaptic cleft. Therefore, transport of synaptic vesicle precursors
from the cell body to the active zone of the axon is required. Those vesicles are transported by
the kinesin-3 motor, KIF1A, and contain the small Rab GTPase, Rab3. It has recently been
shown that the Rab3 effector DENN/MADD is an important linker between kinesin-3 motors
and the synaptic precursors of vesicles containing Rab3 (Figure 5C) (Akhmanova and Hammer,
2010; Marat et al., 2011; Schlager et al., 2010). DENN/MADD acts as an adaptor protein of
kinesin-3. It regulates the recycling of Rab3 under normal conditions and plays an essential role
in calcium-dependent neurotransmitter release and exocytosis. An adequate transport of Rab3
vesicles by DENN/MADD/KIF1A is essential for neuronal differentiation and especially for
axonal outgrowth (Miyoshi and Takai, 2004; Niwa et al., 2008; Yonekawa et al., 1998).
21
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Bicaudal-D
Adaptor molecules can bind to motors of opposite polarity. These adaptors are therefore in an ideal
position to coordinate bidirectional organelle movement. Opposite motors may help each other to
avoid roadblocks or activate one another (Akhmanova and Hammer, 2010; Schlager et al., 2010).
Bicaudal-D (BicD) and bicaudal-D related (BicDR) proteins are primarily known as dynein adaptors.
The dynein/dynactin motor complex binds through its adaptor proteins BicD or BicDR to vesicles
containing Rab6 and regulates minus-end directed transport along the microtubules (Figure 5D).
Rab6 is involved in membrane and secretory trafficking through the Golgi, and from endosomes to
the Golgi. These processes are essential for neuronal development and function. BicD and BicDR can
also interact with kinesin and are required for certain processes supported by kinesin (Akhmanova
and Hammer, 2010; Hoogenraad et al., 2001; Hoogenraad et al., 2003; Schlager et al., 2010).

1.4 Regulation of transport
To avoid unnecessary expenditure of energy and to ensure proper subcellular localization of
cargoes, motor proteins are inactivated or recycled when the cargo is released. Therefore the
association between a cargo and its motor must be reversible and regulated to ensure that the
cargo reaches its destination. To understand how intracellular transport is regulated, it is essential
to determine how motors and their associated proteins link up to specific cargos and how that
cargo-specific binding is coordinated. For example, how does a complex “know” when to stop?
How is the balance between moving and stationary motors controlled? To understand the exact
mechanisms that regulate transport processes and how the cytoskeleton, motor proteins and
associated proteins work together is a great challenge. However, some of the mechanisms that
regulate transport are becoming clear. Selecting from regulatory mechanisms operating on
different levels of the transport machinery, a number of these are discussed below.

Regulation of polarized transport
In polarized neurons, specific cargos need to be sorted and transported to dendrites and axons.
To bring about polarized transport, motor proteins and different cytoskeletal elements need
to “cooperate”. Motor proteins can recognize unique features of the cytoskeleton in axon and
dendrites. As discussed in 1.3, both the axon and the dendrites have a unique organization and
modifications of microtubules. For example, kinesin that moves to the plus-end of microtubules,
targets the axon in which the plus-ends of all the microtubules are pointing outwards (Stiess
and Bradke, 2010). Motor proteins recognize and have specific preferences for microtubule
modifications (Janke and Kneussel, 2010). For example, tyrosinated microtubules, abundant
in dendritic compartments, prevent kinesin-1 from entering the dendrites (Konishi and Setou,
2009), and the abundance of GTP-tubulin in axonal microtubules may influence the selective
localization of kinesin-1 (Nakata et al., 2011). Furthermore, the initial segment (AIS) in axons
can function as a selective filter that may contribute to the preferential trafficking and segregation
of cellular components in polarized neurons (Song et al., 2009).
22
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Regulation of bidirectional transport
One interesting aspect of transport regulation is that multiple motors may be used for a single
cargo. Various neuronal cargos move bidirectionally along the microtubule network and some can
even switch between actin and microtubules. To explain this bidirectional transport, two models
have been proposed: the “tug of war” and the “coordination model”. Both models describe a
situation in which different types of motors are bound simultaneously to one cargo. In the “tugof-war” model, it is the net force generated by opposite motors that determines the direction in
which the cargo will be transported. Motor loss or changes in the activities of the motors, will
cause the opposing motors to take the lead, with the result that the cargo will move backwards
and forwards. In the “coordination” model, opposite motors never generate force against each
other. When one motor is actively engaged on the microtubule, the opposing motor is turned off.
Here, a disruption in one set of motors will cause transport defects in both directions (Figure 6A)
(Bryantseva and Zhapparova, 2012; Muller et al., 2008; Schlager and Hoogenraad, 2009).
Both of these transport machineries will probably be controlled by regulatory complexes
present on the cargo such as Rab GTPases, scaffolding and signaling proteins that coordinate
the motor activity by turning one of the motors “on” and the opposing motor “off” (Akhmanova
and Hammer, 2010; Schlager and Hoogenraad, 2009). Either model or a combination of both
models could be correct and may depend on the cargo. Recent studies indicate that, in addition to
inevitable tugs-of-war between opposite motors, other levels of regulation coordinate bidirectional
movement (Kunwar et al., 2011). For instance, it has been shown that dynein controls kinesin-3
activity on the early endosomes and thereby determines the long-range motility behavior of the
organelles (Schuster et al., 2011).
Ion concentrations
One mechanism to regulate the association between a cargo and its motor is to change the
local ion concentrations. Recent studies have shown that Ca2+ influx reduces the mitochondrial
motility regulated by the mitochondrial Miro-Milton adaptor complex. Miro protein contains
EF hands that function as Ca2+ sensors in detecting the stimuli for neuronal activity (Reis et
al., 2009). When Ca2+ concentrations are relatively low, the complex is in a “moving” state.
By binding to the Milton adaptor, which in turn interacts with Miro on the mitochondrial
surface, kinesin-1 is linked to the mitochondria. In the presence of high Ca2+ levels, Ca2+ binds
to the Miro adaptor, but Miro no longer binds to Milton. Instead, it interacts directly with the
kinesin-1 motor domain and prevents movement of mitochondria. The interesting aspect of this
model is that kinesin-1 remains associated with mitochondria, regardless of whether they are
moving or stationary (Figure 6B) (Liu and Hajnoczky, 2009; Wang and Schwarz, 2009).
Ion concentration can also play a role in regulating trafficking of cargos by activating the
actin-based transport by myosin. A recent study shows that an influx of calcium in dendritic
spines that receive strong presynaptic input, triggers recycling endosomes containing AMPA
receptors to move into the spine, causing myosin Vb to unfold and become active (Wang et al.,
2008).
23
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Figure 6. Regulation of cargo-transport in neurons
(A) Regulation of bidirectional transport. The tug-of-war model: Motors for both directions are attached
to both the cargo and the microtubules and work against each other. The direction of cargo movement
depends on the relative force exerted by the competing motors. In the example shown, two plus-end
motors pull harder than a single minus-end motor. Coordination model: Opposing motors are attached
to the cargo simultaneously, but other factors ensure that when one motor is actively engaged with the
microtubule, the other motor is turned off. (B) Ca2+-dependent regulation. The transport of mitochondria
that is dependent on Miro/Milton is regulated by calcium concentration. Upon binding of Ca2+, Miro is able
to interact with the kinesin-1 motor domain, thereby preventing microtubule interaction and inhibiting
the transport of mitochondria. Mitochondria are delivered where calcium concentrations are high and
energy is demanded. (C) Rab GTPase dependent transport. Rab3 binds to the effector DENN/MADD
and synaptic vesicle precursors in its GTP bound state. In its GDP bound state, synaptic vesicle precursors
and the motor/adaptor complex are released. Neuronal activity might cause cargo release by activating
Rab GTPase-activating proteins (GAPs). (D) Autoinhibition of the motor protein. When not transporting
cargo, kinesin-1 is autoinhibited by its tail region becoming bound with the motor domains. Interacting
with a cargo can relieve the autoinhibition of kinesin-1 motors.

Small Rab GTPases
Another mechanism to regulate the association between a cargo and its motor is by using small
Rab GTPases to recruit motor proteins. The crucial regulatory site is the Rab’s nucleotide
state. Rabs switch between two conformations, an inactive form bound to GDP (guanosine
diphosphate), and an active form bound to GTP (guanosine triphosphate). Adaptor proteins
serve as Rab effectors and recognize their cognate GTPase in its GTP-bound form and associate
with the Rab and its motor simultaneously using non-overlapping domains to form a bridge
between the activated Rab and its motor (Figure 6C). Several secretory and endosomal Rab
proteins have been shown to associate with specific motors in specific compartments of the
24
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neuron using specialized adaptor proteins such as melanophilin (Rab27a), optineurin (Rab8),
Bicaudal D (Rab6) (described in 1.3), RILP (Rab7) and DENN/MADD (Rab3) (described in
1.3) (Akhmanova and Hammer, 2010; Marat et al., 2011; Schlager and Hoogenraad, 2009).

Autoinhibition
It is known for some motors that they can exist in an enzymatically and mechanically inactive
form when they are not associated with a cargo. Kinesin motors, when not bound to a cargo, are
kept in an inactive state by an autoinhibitory mechanism that allows the motor to be activated
with controlled precision, both spatially and temporally (Verhey et al., 2011). Autoinhibition as
a control mechanism was first described for kinesin-1. There are two conformations of kinesin-1
motors: an extended active conformation and a folded inactive conformation that allows the
tail region to interact with the motor domain and inhibit it. The KLC can also be involved in a
second intramolecular inhibiting mechanism (Figure 6D) (Verhey and Hammond, 2009; Verhey
et al., 2011). There exist comparable mechanisms for other motors.
Several other mechanisms have been described that contribute to the precise regulation of
neuronal transport. For example, phosphorylation, specific lipid binding and the cargo-driven
dimerization of motors.

1.5 Neuronal transport and disease
Considering all the processes involved in intracellular transport, it is not hard to imagine that
when transport is not well regulated the consequences for the neuron are dramatic. This is
illustrated by many neurological diseases, including developmental as well as neurodegenerative
disorders that result from defects in the transport machinery of neurons. Also studies in animal
models shed light on the importance of well-functioning trafficking machinery for normal brain
function (De Vos et al., 2008; Hirokawa et al., 2010).
Neurodegenerative diseases such as Alzheimer’s disease, Huntington’s disease, Parkinson’s
disease and developmental disorders such as the fragile X syndrome (FXS) all have to do with
transport processes in neurons. Disruption of transport contributes to diseases that damage the
“rails” (the microtubules), the motor-adaptor-cargo complex (for example, by inhibiting their
attachment to motors) and the supply of ATP (fuel to the mitochondria for the motor proteins)
(Chen and Chan, 2009; De Vos et al., 2008; Schon and Przedborski, 2011). Here we discuss
four neurological diseases that are linked to, or the direct consequence of, defects in the neuronal
trafficking machinery. The role of the cytoskeleton in disease is also described. The proteins
and diseases already identified are probably just the top of the iceberg. In future, many more
diseases and disorders will probably be identified in which defects in “transport proteins” are the
underlying cause of the pathology or play key roles in the pathogenic pathway.

25

21520_Myrrhe van Sprongen binnenwerk.indd 25

19-03-2012 14:37:12

Chapter 1

Hereditary Spastic Paraplegia
Hereditary Spastic Paraplegia (HSP) is a group of heterogeneous hereditary neurological disorders
that affect upper motor neurons. Thirty genetic loci have been linked to HSP and 15 responsible
mutant genes have so far been identified. Mutations in kinesin-1 are the cause of a few rare forms
of HSP and have been shown to disrupt axonal transport. In addition, four causative mutations
have been identified which are also likely to influence motor function as they occur either in
motor-head domains or in the coiled-coil stem region of the neuron (De Vos et al., 2008; Reid
et al., 2002).
Charcot-Marie-Tooth disease, type 2A
Mutations in other kinesins can lead to other neurological diseases (Hirokawa and Takemura,
2003). For example, the loss-of-function mutation in the KIF1bß member of the kinesin-3 family
that transports synaptic vesicles can cause the axonal Charcot-Marie-Tooth disease (CMT2A),
which is an autosomal dominant subtype of a heterogeneous group of hereditary motor and
sensory neuropathies. Heterozygous KIF1bß knockout mice develop a peripheral neuropathy
(Zhao et al., 2001). CMT2A patients have heterozygous point mutation in the ATP-binding
site of the motor region of KIF1Bß that causes significant reduction in ATPase and in vitro
motor activities (Hirokawa and Takemura, 2003). Furthermore, overexpression of the mutant
KIF1Bß, which harbors the pathogenic mutation, results in abnormal perinuclear clustering of
lysosomes (Matsushita et al., 2004), indicating that lysosome translocation might contribute to
pathogenicity.
In 2004, the mutations in another gene, mitofusin 2 (MFN2) (in the linked chromosomal
region of KIF1B) were detected in pedigrees with CMT2A (Bissar-Tadmouri et al., 2004). MFN2,
is a mitochondrial transmembrane GTPase that regulates the architecture of the mitochondrial
network by fusing mitochondria. KIF1bß dependent transport and formation of a mitochondrial
network by MFN2 would be required to maintain the functional peripheral nerve axon (Kijima
et al., 2005).
Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) is a severe motor neuron disease caused by the degeneration
of the upper and lower neuron motors, resulting in progressive paralysis. Although most forms
of ALS are sporadic, ~10% of cases are familial, and mutations in five genes have been identified
as causing the disorder (Pasinelli and Brown, 2006). Mutant dynactin and disruption to the
cytoplasmic dynein function have been linked to ALS. This indicates that molecular motor
dysfunction may play a direct role in ALS (Munch et al., 2005; Puls et al., 2003). Mutations in
the dynactin subunit p150Glued were reported among members of a family suffering from ALS,
and loss of the dynactin/dynein function in various mouse models, has been associated with
defective retrograde transport (traffic jams) in axons and with ALS pathology (Hafezparast et al.,
2003; Kieran et al., 2005; LaMonte et al., 2002; Teuling et al., 2008).
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Fragile X syndrome
The complexity of neuronal subcellular domains and their distance from the soma also demand
local spatial and temporal control of the synthesis of many synaptic proteins (such as GluR and
PSD-95). It has been shown that transport and regulated local protein synthesis is essential for
neuronal development and memory formation.
Transport and translational repression depend on formation of ribonucleoprotein (RNP)
particles that contain mRNA, ribosomes and RNA binding proteins (RBPs) such as Staufen and
the fragile X mental retardation protein (FMRP). The RBPs regulate mRNA transport and the
translation of target mRNAs at the synapse. Mutations in many of these RBPs are associated with
neurological diseases (Liu-Yesucevitz et al., 2011).
The fragile X syndrome (FXS), the most common inherited cause of mental retardation
(Bassell and Warren, 2008), is caused by the absence of functional fragile X mental retardation
protein (FMRP), and is characterized by altered mRNA transport, docking, and protein
translation (Kao et al., 2010). FMRP contains multiple RNA-binding domains and functions
as a translational suppressor of specific mRNAs, including MAP1b, CaMKIIa, and Arc (Bassell
and Warren, 2008).
Recently, the microRNA (miRNA) pathway was implicated in the molecular pathogenesis of
FXS. MiRNAs have been detected in the FMRP-complex, and FMRP interacts with proteins (e.g.,
Argonaute and Dicer) in the RNA interference silencing complex (RISC)(Barbee et al., 2006;
Cheever and Ceman, 2009). It is thought that miRNAs in the FMRP-complex may suppress
mRNAs involved in synaptic function and dendritic spine morphology, thereby contributing to
the pathogenesis of FXS in humans (Irwin et al., 2001).
The cytoskeleton and disease
Several cytoskeletal proteins have been linked to neurological and neurodevelopmental disorders,
highlighting the important role of the cytoskeleton in brain function and neuronal migration
(Kuijpers and Hoogenraad, 2011). Mutations in the a- and ß-tubulin genes, which encode
microtubule subunits, have been associated with neurodevelopmental diseases, including
polymicrogyria (Jaglin and Chelly, 2009), optic nerve hypoplasia (Abdollahi et al., 2009; Tischfield
et al., 2011) and a broad spectrum of disorders of the nervous system, including intellectual and
behavioral impairments, facial paralysis and axonal sensorimotor polyneuropathy (Tischfield and
Engle, 2010). Mutations in genes that encode components of the centrosome (a cytoskeletal
structure involved in microtubule organization) are also associated with several neurological
diseases, such as lissencephaly and microcephaly, psychiatric disorders, such as schizophrenia or
syndromes with neurological symptoms, such as Bardet–Biedl and Joubert Syndrome (Kuijpers
and Hoogenraad, 2011). Those genetic, clinical and neurobiological studies emphasize the
importance of the cytoskeleton for brain function and brain development.

27

21520_Myrrhe van Sprongen binnenwerk.indd 27

19-03-2012 14:37:12

Chapter 1

References
Abdollahi, M.R., Morrison, E., Sirey, T., Molnar, Z., Hayward, B.E., Carr, I.M., Springell, K., Woods, C.G.,
Ahmed, M., Hattingh, L., et al. (2009). Mutation of the variant alpha-tubulin TUBA8 results in polymicrogyria
with optic nerve hypoplasia. American journal of human genetics 85, 737-744.
Akhmanova, A., and Hammer, J.A., 3rd (2010). Linking molecular motors to membrane cargo. Current opinion
in cell biology 22, 479-487.
Akhmanova, A., and Steinmetz, M.O. (2010). Microtubule +TIPs at a glance. Journal of cell science 123, 34153419.
Alberts B, J.A., Lewis J, Raff M, Roberts K, Walter P (2007). Molecular Biology of the Cell, Fith Edition edn
(Garland Science).
Baas, P.W., Black, M.M., and Banker, G.A. (1989). Changes in microtubule polarity orientation during the
development of hippocampal neurons in culture. The Journal of cell biology 109, 3085-3094.
Baas, P.W., Deitch, J.S., Black, M.M., and Banker, G.A. (1988). Polarity orientation of microtubules in
hippocampal neurons: uniformity in the axon and nonuniformity in the dendrite. Proceedings of the National
Academy of Sciences of the United States of America 85, 8335-8339.
Baas, P.W., and Lin, S. (2010). Hooks and comets: The story of microtubule polarity orientation in the neuron.
Developmental neurobiology.
Barbee, S.A., Estes, P.S., Cziko, A.M., Hillebrand, J., Luedeman, R.A., Coller, J.M., Johnson, N., Howlett, I.C.,
Geng, C., Ueda, R., et al. (2006). Staufen- and FMRP-containing neuronal RNPs are structurally and functionally
related to somatic P bodies. Neuron 52, 997-1009.
Barnes, A.P., and Polleux, F. (2009). Establishment of axon-dendrite polarity in developing neurons. Annual
review of neuroscience 32, 347-381.
Bassell, G.J., and Warren, S.T. (2008). Fragile X syndrome: loss of local mRNA regulation alters synaptic
development and function. Neuron 60, 201-214.
Bissar-Tadmouri, N., Nelis, E., Zuchner, S., Parman, Y., Deymeer, F., Serdaroglu, P., De Jonghe, P., Van Gerwen,
V., Timmerman, V., Schroder, J.M., et al. (2004). Absence of KIF1B mutation in a large Turkish CMT2A family
suggests involvement of a second gene. Neurology 62, 1522-1525.
Bryantseva, S.A., and Zhapparova, O.N. (2012). Bidirectional transport of organelles: unity and struggle of
opposing motors. Cell biology international 36, 1-6.
Burton, P.R. (1988). Dendrites of mitral cell neurons contain microtubules of opposite polarity. Brain research
473, 107-115.
Cheever, A., and Ceman, S. (2009). Translation regulation of mRNAs by the fragile X family of proteins through
the microRNA pathway. RNA biology 6, 175-178.
Chen, H., and Chan, D.C. (2009). Mitochondrial dynamics--fusion, fission, movement, and mitophagy--in
neurodegenerative diseases. Human molecular genetics 18, R169-176.
Craig, A.M., and Banker, G. (1994). Neuronal polarity. Annual review of neuroscience 17, 267-310.

28

21520_Myrrhe van Sprongen binnenwerk.indd 28

19-03-2012 14:37:13

General introduction

De Vos, K.J., Grierson, A.J., Ackerley, S., and Miller, C.C. (2008). Role of axonal transport in neurodegenerative
diseases. Annual review of neuroscience 31, 151-173.
Dent, E.W., Gupton, S.L., and Gertler, F.B. (2011). The growth cone cytoskeleton in axon outgrowth and
guidance. Cold Spring Harbor perspectives in biology 3.
Frederick, R.L., and Shaw, J.M. (2007). Moving mitochondria: establishing distribution of an essential organelle.
Traffic 8, 1668-1675.
Glater, E.E., Megeath, L.J., Stowers, R.S., and Schwarz, T.L. (2006). Axonal transport of mitochondria requires
milton to recruit kinesin heavy chain and is light chain independent. The Journal of cell biology 173, 545-557.
Goldstein, A.Y., Wang, X., and Schwarz, T.L. (2008). Axonal transport and the delivery of pre-synaptic
components. Current opinion in neurobiology 18, 495-503.
Goldstein, L.S., and Vale, R.D. (1991). Motor proteins. A brave new world for dynein. Nature 352, 569-570.
Guzik, B.W., and Goldstein, L.S. (2004). Microtubule-dependent transport in neurons: steps towards an
understanding of regulation, function and dysfunction. Current opinion in cell biology 16, 443-450.
Hafezparast, M., Klocke, R., Ruhrberg, C., Marquardt, A., Ahmad-Annuar, A., Bowen, S., Lalli, G., Witherden,
A.S., Hummerich, H., Nicholson, S., et al. (2003). Mutations in dynein link motor neuron degeneration to
defects in retrograde transport. Science 300, 808-812.
Hirokawa, N. (2011). From electron microscopy to molecular cell biology, molecular genetics and structural
biology: intracellular transport and kinesin superfamily proteins, KIFs: genes, structure, dynamics and functions.
Journal of electron microscopy 60 Suppl 1, S63-92.
Hirokawa, N., Niwa, S., and Tanaka, Y. (2010). Molecular motors in neurons: transport mechanisms and roles in
brain function, development, and disease. Neuron 68, 610-638.
Hirokawa, N., and Takemura, R. (2003). Biochemical and molecular characterization of diseases linked to motor
proteins. Trends in biochemical sciences 28, 558-565.
Hirokawa, N., and Takemura, R. (2005). Molecular motors and mechanisms of directional transport in neurons.
Nature reviews Neuroscience 6, 201-214.
Hoogenraad, C.C., and Akhmanova, A. (2010). Dendritic spine plasticity: new regulatory roles of dynamic
microtubules. The Neuroscientist : a review journal bringing neurobiology, neurology and psychiatry 16, 650-661.
Hoogenraad, C.C., Akhmanova, A., Howell, S.A., Dortland, B.R., De Zeeuw, C.I., Willemsen, R., Visser, P.,
Grosveld, F., and Galjart, N. (2001). Mammalian Golgi-associated Bicaudal-D2 functions in the dynein-dynactin
pathway by interacting with these complexes. The EMBO journal 20, 4041-4054.
Hoogenraad, C.C., and Bradke, F. (2009). Control of neuronal polarity and plasticity--a renaissance for
microtubules? Trends in cell biology 19, 669-676.
Hoogenraad, C.C., Wulf, P., Schiefermeier, N., Stepanova, T., Galjart, N., Small, J.V., Grosveld, F., de Zeeuw,
C.I., and Akhmanova, A. (2003). Bicaudal D induces selective dynein-mediated microtubule minus end-directed
transport. The EMBO journal 22, 6004-6015.
Hotulainen, P., and Hoogenraad, C.C. (2010). Actin in dendritic spines: connecting dynamics to function. The
Journal of cell biology 189, 619-629.

29

21520_Myrrhe van Sprongen binnenwerk.indd 29

19-03-2012 14:37:13

Chapter 1

Irwin, S.A., Patel, B., Idupulapati, M., Harris, J.B., Crisostomo, R.A., Larsen, B.P., Kooy, F., Willems, P.J., Cras, P.,
Kozlowski, P.B., et al. (2001). Abnormal dendritic spine characteristics in the temporal and visual cortices of patients
with fragile-X syndrome: a quantitative examination. American journal of medical genetics 98, 161-167.
Jaglin, X.H., and Chelly, J. (2009). Tubulin-related cortical dysgeneses: microtubule dysfunction underlying
neuronal migration defects. Trends in genetics : TIG 25, 555-566.
Janke, C., and Kneussel, M. (2010). Tubulin post-translational modifications: encoding functions on the neuronal
microtubule cytoskeleton. Trends in neurosciences 33, 362-372.
Kandel, E.R., Schwartz, J.H. & Jessell, T.M. (2000). Principles of neural science.
Kao, D.I., Aldridge, G.M., Weiler, I.J., and Greenough, W.T. (2010). Altered mRNA transport, docking, and
protein translation in neurons lacking fragile X mental retardation protein. Proceedings of the National Academy
of Sciences of the United States of America 107, 15601-15606.
Kapitein, L.C., and Hoogenraad, C.C. (2011). Which way to go? Cytoskeletal organization and polarized
transport in neurons. Molecular and cellular neurosciences 46, 9-20.
Kapitein, L.C., Yau, K.W., and Hoogenraad, C.C. (2010). Microtubule dynamics in dendritic spines. Methods
in cell biology 97, 111-132.
Kardon, J.R., and Vale, R.D. (2009). Regulators of the cytoplasmic dynein motor. Nature reviews Molecular cell
biology 10, 854-865.
Kieran, D., Hafezparast, M., Bohnert, S., Dick, J.R., Martin, J., Schiavo, G., Fisher, E.M., and Greensmith, L.
(2005). A mutation in dynein rescues axonal transport defects and extends the life span of ALS mice. The Journal
of cell biology 169, 561-567.
Kijima, K., Numakura, C., Izumino, H., Umetsu, K., Nezu, A., Shiiki, T., Ogawa, M., Ishizaki, Y., Kitamura,
T., Shozawa, Y., et al. (2005). Mitochondrial GTPase mitofusin 2 mutation in Charcot-Marie-Tooth neuropathy
type 2A. Human genetics 116, 23-27.
Konishi, Y., and Setou, M. (2009). Tubulin tyrosination navigates the kinesin-1 motor domain to axons. Nature
neuroscience 12, 559-567.
Kuijpers, M., and Hoogenraad, C.C. (2011). Centrosomes, microtubules and neuronal development. Molecular
and cellular neurosciences 48, 349-358.
Kunwar, A., Tripathy, S.K., Xu, J., Mattson, M.K., Anand, P., Sigua, R., Vershinin, M., McKenney, R.J., Yu, C.C.,
Mogilner, A., et al. (2011). Mechanical stochastic tug-of-war models cannot explain bidirectional lipid-droplet
transport. Proceedings of the National Academy of Sciences of the United States of America 108, 18960-18965.
LaMonte, B.H., Wallace, K.E., Holloway, B.A., Shelly, S.S., Ascano, J., Tokito, M., Van Winkle, T., Howland,
D.S., and Holzbaur, E.L. (2002). Disruption of dynein/dynactin inhibits axonal transport in motor neurons
causing late-onset progressive degeneration. Neuron 34, 715-727.
Liu, X., and Hajnoczky, G. (2009). Ca2+-dependent regulation of mitochondrial dynamics by the Miro-Milton
complex. The international journal of biochemistry & cell biology 41, 1972-1976.
Liu-Yesucevitz, L., Bassell, G.J., Gitler, A.D., Hart, A.C., Klann, E., Richter, J.D., Warren, S.T., and Wolozin, B.
(2011). Local RNA translation at the synapse and in disease. The Journal of neuroscience : the official journal of
the Society for Neuroscience 31, 16086-16093.

30

21520_Myrrhe van Sprongen binnenwerk.indd 30

19-03-2012 14:37:13

General introduction

Marat, A.L., Dokainish, H., and McPherson, P.S. (2011). DENN domain proteins: regulators of Rab GTPases.
The Journal of biological chemistry 286, 13791-13800.
Matsushita, M., Tanaka, S., Nakamura, N., Inoue, H., and Kanazawa, H. (2004). A novel kinesin-like protein,
KIF1Bbeta3 is involved in the movement of lysosomes to the cell periphery in non-neuronal cells. Traffic 5, 140-151.
Matus, A. (2000). Actin-based plasticity in dendritic spines. Science 290, 754-758.
Miyoshi, J., and Takai, Y. (2004). Dual role of DENN/MADD (Rab3GEP) in neurotransmission and
neuroprotection. Trends in molecular medicine 10, 476-480.
Muller, M.J., Klumpp, S., and Lipowsky, R. (2008). Tug-of-war as a cooperative mechanism for bidirectional
cargo transport by molecular motors. Proceedings of the National Academy of Sciences of the United States of
America 105, 4609-4614.
Munch, C., Rosenbohm, A., Sperfeld, A.D., Uttner, I., Reske, S., Krause, B.J., Sedlmeier, R., Meyer, T.,
Hanemann, C.O., Stumm, G., et al. (2005). Heterozygous R1101K mutation of the DCTN1 gene in a family
with ALS and FTD. Annals of neurology 58, 777-780.
Nakata, T., Niwa, S., Okada, Y., Perez, F., and Hirokawa, N. (2011). Preferential binding of a kinesin-1 motor to
GTP-tubulin-rich microtubules underlies polarized vesicle transport. The Journal of cell biology 194, 245-255.
Niwa, S., Tanaka, Y., and Hirokawa, N. (2008). KIF1Bbeta- and KIF1A-mediated axonal transport of presynaptic
regulator Rab3 occurs in a GTP-dependent manner through DENN/MADD. Nature cell biology 10, 12691279.
Pak, C.W., Flynn, K.C., and Bamburg, J.R. (2008). Actin-binding proteins take the reins in growth cones. Nature
reviews Neuroscience 9, 136-147.
Palay, S.L., Sotelo, C., Peters, A., and Orkand, P.M. (1968). The axon hillock and the initial segment. The Journal
of cell biology 38, 193-201.
Palmer, K.J., Hughes, H., and Stephens, D.J. (2009). Specificity of cytoplasmic dynein subunits in discrete
membrane-trafficking steps. Molecular biology of the cell 20, 2885-2899.
Pasinelli, P., and Brown, R.H. (2006). Molecular biology of amyotrophic lateral sclerosis: insights from genetics.
Nature reviews Neuroscience 7, 710-723.
Pollard, T.D., and Borisy, G.G. (2003). Cellular motility driven by assembly and disassembly of actin filaments.
Cell 112, 453-465.
Pollard, T.D., and Cooper, J.A. (2009). Actin, a central player in cell shape and movement. Science 326, 12081212.
Puls, I., Jonnakuty, C., LaMonte, B.H., Holzbaur, E.L., Tokito, M., Mann, E., Floeter, M.K., Bidus, K., Drayna,
D., Oh, S.J., et al. (2003). Mutant dynactin in motor neuron disease. Nature genetics 33, 455-456.
Reid, E., Kloos, M., Ashley-Koch, A., Hughes, L., Bevan, S., Svenson, I.K., Graham, F.L., Gaskell, P.C., Dearlove,
A., Pericak-Vance, M.A., et al. (2002). A kinesin heavy chain (KIF5A) mutation in hereditary spastic paraplegia
(SPG10). American journal of human genetics 71, 1189-1194.
Reis, K., Fransson, A., and Aspenstrom, P. (2009). The Miro GTPases: at the heart of the mitochondrial transport
machinery. FEBS letters 583, 1391-1398.

31

21520_Myrrhe van Sprongen binnenwerk.indd 31

19-03-2012 14:37:13

Chapter 1

Rice, S.E., and Gelfand, V.I. (2006). Paradigm lost: milton connects kinesin heavy chain to miro on mitochondria.
The Journal of cell biology 173, 459-461.
Schlager, M.A., and Hoogenraad, C.C. (2009). Basic mechanisms for recognition and transport of synaptic
cargos. Molecular brain 2, 25.
Schlager, M.A., Kapitein, L.C., Grigoriev, I., Burzynski, G.M., Wulf, P.S., Keijzer, N., de Graaff, E., Fukuda, M.,
Shepherd, I.T., Akhmanova, A., et al. (2010). Pericentrosomal targeting of Rab6 secretory vesicles by Bicaudal-Drelated protein 1 (BICDR-1) regulates neuritogenesis. The EMBO journal 29, 1637-1651.
Schon, E.A., and Przedborski, S. (2011). Mitochondria: the next (neurode)generation. Neuron 70, 1033-1053.
Schuster, M., Lipowsky, R., Assmann, M.A., Lenz, P., and Steinberg, G. (2011). Transient binding of dynein
controls bidirectional long-range motility of early endosomes. Proceedings of the National Academy of Sciences
of the United States of America 108, 3618-3623.
Song, A.H., Wang, D., Chen, G., Li, Y., Luo, J., Duan, S., and Poo, M.M. (2009). A selective filter for cytoplasmic
transport at the axon initial segment. Cell 136, 1148-1160.
Stiess, M., and Bradke, F. (2010). Neuronal polarization: The cytoskeleton leads the way. Developmental
neurobiology.
Stowers, R.S., Megeath, L.J., Gorska-Andrzejak, J., Meinertzhagen, I.A., and Schwarz, T.L. (2002). Axonal
transport of mitochondria to synapses depends on milton, a novel Drosophila protein. Neuron 36, 1063-1077.
Tada, T., and Sheng, M. (2006). Molecular mechanisms of dendritic spine morphogenesis. Current opinion in
neurobiology 16, 95-101.
Teuling, E., van Dis, V., Wulf, P.S., Haasdijk, E.D., Akhmanova, A., Hoogenraad, C.C., and Jaarsma, D. (2008).
A novel mouse model with impaired dynein/dynactin function develops amyotrophic lateral sclerosis (ALS)-like
features in motor neurons and improves lifespan in SOD1-ALS mice. Human molecular genetics 17, 2849-2862.
Tischfield, M.A., Cederquist, G.Y., Gupta, M.L., Jr., and Engle, E.C. (2011). Phenotypic spectrum of the
tubulin-related disorders and functional implications of disease-causing mutations. Current opinion in genetics
& development 21, 286-294.
Tischfield, M.A., and Engle, E.C. (2010). Distinct alpha- and beta-tubulin isotypes are required for the
positioning, differentiation and survival of neurons: new support for the ‘multi-tubulin’ hypothesis. Bioscience
reports 30, 319-330.
Vale, R.D. (2003). The molecular motor toolbox for intracellular transport. Cell 112, 467-480.
van der Sluijs, P., and Hoogenraad, C.C. (2011). New insights in endosomal dynamics and AMPA receptor
trafficking. Seminars in cell & developmental biology 22, 499-505.
Verhey, K.J., and Hammond, J.W. (2009). Traffic control: regulation of kinesin motors. Nature reviews Molecular
cell biology 10, 765-777.
Verhey, K.J., Kaul, N., and Soppina, V. (2011). Kinesin assembly and movement in cells. Annual review of
biophysics 40, 267-288.
Wang, X., and Schwarz, T.L. (2009). The mechanism of Ca2+ -dependent regulation of kinesin-mediated
mitochondrial motility. Cell 136, 163-174.

32

21520_Myrrhe van Sprongen binnenwerk.indd 32

19-03-2012 14:37:14

General introduction

Wang, Z., Edwards, J.G., Riley, N., Provance, D.W., Jr., Karcher, R., Li, X.D., Davison, I.G., Ikebe, M., Mercer,
J.A., Kauer, J.A., et al. (2008). Myosin Vb mobilizes recycling endosomes and AMPA receptors for postsynaptic
plasticity. Cell 135, 535-548.
Yamada, S., and Nelson, W.J. (2007). Synapses: sites of cell recognition, adhesion, and functional specification.
Annual review of biochemistry 76, 267-294.
Yonekawa, Y., Harada, A., Okada, Y., Funakoshi, T., Kanai, Y., Takei, Y., Terada, S., Noda, T., and Hirokawa, N.
(1998). Defect in synaptic vesicle precursor transport and neuronal cell death in KIF1A motor protein-deficient
mice. The Journal of cell biology 141, 431-441.
Zhao, C., Takita, J., Tanaka, Y., Setou, M., Nakagawa, T., Takeda, S., Yang, H.W., Terada, S., Nakata, T., Takei,
Y., et al. (2001). Charcot-Marie-Tooth disease type 2A caused by mutation in a microtubule motor KIF1Bbeta.
Cell 105, 587-597.

33

21520_Myrrhe van Sprongen binnenwerk.indd 33

19-03-2012 14:37:14

21520_Myrrhe van Sprongen binnenwerk.indd 34

19-03-2012 14:37:14

Chapter 2
Synapse pathology in psychiatric and
neurologic disease

Myrrhe van Spronsen and Casper C. Hoogenraad
Department of Neuroscience, Erasmus Medical Center, Rotterdam, The Netherlands
Current Neurology Neuroscience Reports 2010 May 10(3):207-214

21520_Myrrhe van Sprongen binnenwerk.indd 35

19-03-2012 14:37:14

Chapter 2

Abstract
Inhibitory and excitatory synapses play a fundamental role in information processing in the
brain. Excitatory synapses are usually situated on dendritic spines, which are small membrane
protrusions that harbor glutamate receptors and postsynaptic density components and help
transmit electrical signals. In recent years it has become evident that spine morphology is
intimately linked to synapse function - smaller spines have smaller synapses and support reduced
synaptic transmission. The relationship between synaptic signaling, spine shape and brain
function is never more apparent than when the brain becomes dysfunctional. Many psychiatric
and neurological disorders ranging from mental retardation and autism to Alzheimer’s disease
and addiction are accompanied by alterations in spine morphology and synapse number. In this
review, we highlight the structure and molecular organization of synapses and discuss functional
effects of synapse pathology in brain disease.
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Introduction
The brain is the center of the nervous system and the most complex biological structure known. All
thoughts, emotions, memories, behaviors, dreams and other aspects of cognition arise within the
brain. The brain coordinates the abilities to move, touch, smell, taste, hear, and see. It enables people
to form words, understand mathematics, communicate with others, make decisions, compose and
appreciate music, plan ahead, and even fantasize. It comes as no surprise that alterations in brain
function accounts for many, if not most, neurological and psychiatric disorders.
The human brain consists of more than a 1011 (100 billion) neurons, which process and transmit
information in the form of electrical signals. Communication between neurons occurs at specialized
junctions called synapses. Over the last century, basic neuroscience has taught us a great deal about
the molecular and cellular mechanisms of synapse formation, stability and function. Precise control
of synaptic development and connectivity is critical for maintaining accurate neuronal network
activity and normal brain function. Now it is widely believed that information in the brain can be
stored in the form of altered structure and chemistry of synapses, and/or by the formation of new
synapses and the elimination of old ones (Yuste and Bonhoeffer, 2001). This so-called plasticity of
synapses is believed to be the basis of learning and memory in the brain.
It is not surprising that the inappropriate loss of synaptic stability can lead to the disruption of
neuronal circuits and to brain diseases. Whether due to genetics, drug use, the aging process, virus
infections, or other various causes, dysfunction in neuronal communication is almost certainly the
underlying cause of many psychiatric and neurological diseases, such as mental retardation (Pfeiffer
and Huber, 2009), schizophrenia (Stephan et al., 2006), Parkinson’s disease (Calabresi et al., 2006),
autism (Sudhof, 2008), Alzheimer’s disease (Selkoe, 2002), compulsive behavior (Welch et al.,
2007) and addiction (Kauer and Malenka, 2007). Recent studies show that many neuropsychiatric
diseases are characterized by synaptic pathology - including abnormal density and morphology of
dendritic spines, synapse loss, and aberrant synaptic signaling and plasticity (Blanpied and Ehlers,
2004). For Alzheimer’s disease, synaptic loss is the best current pathologic correlate of cognitive
decline, and synaptic dysfunction is evident long before synapses and neurons are lost. The synapse
thus constitutes an important target for treatments to slow progression and preserve cognitive and
functional abilities in the disease. Understanding brain disorders is, at least in part, a matter of
understanding the biochemical and cell biological basis of synaptic function and plasticity.
In this review, we discuss recent evidence that alteration in synapse structure and function
underlie several psychiatric and neurologic disorders. We describe our current understanding
of the molecular organization of excitatory and inhibitory synapses and propose that basic cell
biological mechanisms link synapse function with neuropsychiatric health and disease.

Microanatomy of the synapse
Chemical synapses consist of presynaptic axon terminals harboring synaptic vesicles and a
postsynaptic region (usually on dendrites) containing neurotransmitter receptors (Figure 1).
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The pre- and postsynaptic sites are separated by a gap of 20-25 nm, the synaptic cleft (Bourne
and Harris, 2008; Sheng and Hoogenraad, 2007). A wide variety of cell adhesion molecules
hold pre- and postsynaptic membranes together at the appropriate separation. Recently, several
cell adhesion molecules, including N-cadherin have been implicated in synapse formation and
function (Arikkath and Reichardt, 2008; Craig et al., 2006). In humans, alterations in genes
encoding the cell adhesion molecules neuroligins (NLGN) and neurexins (NRXN) have recently
been implicated in autism, directly linking synaptic proteins to cognition and its disorders
(Sudhof, 2008).

Presynaptic structure and function
The nerve impulse - or action potential - traveling along the axonal membrane of the presynaptic
neuron cannot cross the synaptic cleft to communicate with postsynaptic neurons. Therefore,
the electric signal is carried at the synapse by neurotransmitters, such as glutamate or gammaaminobutyric acid (GABA). These neurotransmitters are made by the presynaptic neuron and
stored in synaptic vesicles at presynaptic terminals (Figure 1). Synaptic vesicles make contact
with a thickening of the presynaptic plasma membrane, named the active zone, where vesicle
fusion and exocytosis of neurotransmitters occurs (Sudhof, 2004). Genetic and biochemical
studies from mice, C. elegans and Drosophila have identified numerous proteins involved in
controlling synaptic vesicle fusion and neurotransmitter release (Jin and Garner, 2008). The
docking and fusion of vesicles at the presynaptic membrane is at least controlled by the soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex (Sudhof,
2004). Many other presynaptic proteins bind to SNAREs and regulate the formation or
disassembly of this complex, while others control Ca2+-dependent neurotransmitter release (Jin
and Garner, 2008). Other studies show a critical role for presynaptic molecules in the pathology
of neurodegenerative disease. For example, the presynaptic protein α-synuclein is involved in the
pathogenesis of Parkinson’s disease (Waxman and Giasson, 2009)
Postsynaptic structure and function
Neurotransmitters released from the presynaptic terminal act upon neurotransmitter receptors
on the membrane of the postsynaptic neuron. Whether a synapse is excitatory or inhibitory
determines the postsynaptic current displayed, which in turn is a function of the type of receptors
and neurotransmitters operating at the synapse (Figure 1). There are two types of postsynaptic
receptors that recognize neurotransmitters - ligand gated ion channels (ionotropic receptors) and
G-protein coupled (metabotropic) receptors. The binding of glutamate to amino-3-hydroxy-5methyl-4-isoazolepropionate (AMPA)-type and N-methyl-D-aspartate (NMDA)-type ionotropic
glutamate receptors leads to excitatory synaptic transmission (Malinow and Malenka, 2002),
while the interaction of GABA to ionotropic GABA(A) receptors allows an influx of negatively
charged chloride ions and provides the major form of inhibitory synaptic transmission (Jacob et
al., 2008). Recently, the architecture and atomic structure of the ionotropic glutamate receptor
has been resolved (Sobolevsky et al., 2009).
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Figure 1. Molecular architecture of inhibitory and excitatory synapses
The top panels show schematic diagrams of excitatory and inhibitory synapses. Excitatory synapses target on
mature mushroom-shaped spines containing a prominent postsynaptic density (PSD) and inhibitory synapses
are present along the dendritic shaft lacking postsynaptic thickening. Various organelles support the synapse;
mitochondria provide energy, poly-ribosomes and RNA particles allow local proteins synthesis, recycling
endosomes transports internalized synaptic receptors back to the plasma membrane and the cytoskeleton
regulates spine dynamics. The abundant actin cytoskeleton is connected to the PSD and is the primary
determinant of spine shape and motility. Transient invasion of dynamic microtubule into dendritic spines
can regulate formation of spine head protrusions and rapid spine growth. Excitatory and inhibitory synapses
contain a unique set of channels, scaffolding proteins and other post-synaptic molecules. The microanatomy
of the inhibitory and excitatory synapse and their organization of proteins and protein-protein interactions are
depicted in the left and right panel, respectively. Major families of postsynaptic proteins are shown including
scaffolding proteins, adhesion molecules and receptors.
The lower panel shows a simplified schematic representation of major morphological events occurring in
dendritic spines upon LTP (left) or LTD (right). In Alzheimer’s disease and mental retardation signaling
cascades are triggered similar to LTD, leading to thinner, immature spines. In contrast cocaine addiction shows
similarities with LTP, resulting in bigger, mushroom shaped, mature spines. The molecular and morphological
changes of the synapse are hallmarks of the disease pathology and are responsible for the cognitive alterations
in neuropsychiatric diseases. Abbreviations: GABA, g-Aminobutyric acid; RE, recycling endosomes; PSD,
post synaptic density; CamKII, Ca2+/calmodulin dependent kinase II; SAPAP, Synapse-associated protein 90/
postsynaptic density-95-associated protein; LTP, Long term potentiation; LTD, Long term depression.
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Neuronal signal processing is mediated by integration of excitatory and inhibitory synaptic
inputs. A single neuron usually has hundreds or thousands of excitatory and inhibitory synapses
at its dendrites or cell body and whether this neuron fires an action potential depends on the
summed up input of all these synapses. If the postsynaptic neuron receives many strong inhibitory
synaptic inputs, the likelihood of the cell to fire an action potential is very low. Therefore,
precise regulatory mechanisms must exist to maintain the balance of excitatory and inhibitory
synaptic transmission, the so-called “E/I balance”. Alteration in the E/I synapse balance has
been proposed for many brain disorders, including autism and schizophrenia (Jacob et al., 2008;
Sudhof, 2008).
Immediately behind the postsynaptic membrane is an elaborate complex of interlinked
proteins called the postsynaptic density (PSD), were adhesion molecules, receptors and their
associated signaling proteins are highly concentrated (Figure 1). The presence of a prominent
PSD is characteristic of excitatory synapses, in contrast, inhibitory synapses lack postsynaptic
thickening (Bourne and Harris, 2008; Sheng and Hoogenraad, 2007). The PSD is identified by
electron microscopy as electron-dense material of ~20-30 nm thick and ~300 nm wide. Recent
EM studies are beginning to reveal the precise three-dimensional organization of the PSD and its
constituent protein complexes (Chen et al., 2008). PSDs are primarily composed of glutamate
receptors, ion channels, cell adhesion molecules, and signaling enzymes, as well as membrane
trafficking, cytoskeletal and scaffolding proteins (Sheng and Hoogenraad, 2007). Key among
these are NMDA and AMPA receptors, postsynaptic density-95 (PSD-95), Ca2+/calmodulin
dependent kinase II (CamKII), neuroligin (NLGN), Shank family proteins, synapse-associated
protein-associated protein (SAPAP) and actin. The PSD primarily functions as a postsynaptic
organizing structure – it clusters receptors, adhesion molecules and channels and assembles a
variety of signaling molecules at the postsynaptic membrane (Kennedy et al., 2005; Renner et
al., 2008).
Glutamate receptors and PSD proteins play a central role in excitatory synaptic plasticity.
Current models show that intense NMDA receptor activation triggers a signaling cascade in
the PSD that induces recruitment of AMPA receptors into the postsynaptic membrane, leading
to long-term potentiation (LTP) of synaptic strength, whereas weaker prolonged activation
of NMDA receptors leads to removal of postsynaptic AMPA receptors and hence long-term
depression (LTD) (Malinow and Malenka, 2002). Thus, it is of key importance that the trafficking
of synaptic AMPA receptors is carefully controlled in order to modify synaptic strength during
plasticity. Misregulation of synaptic trafficking may contribute to various brain disorders by
preventing appropriate synaptic signaling and plasticity (Blanpied and Ehlers, 2004).

Spine morphology controls synaptic function
Dendritic spines are small membranous protrusions that contain the postsynaptic machinery,
including glutamate receptors, postsynaptic density (PSD), actin cytoskeleton, and a wide
variety of membrane-bound organelles, such as smooth endoplasmic reticulum, mitochondria
and endosomes (Figure 1) (Sheng and Hoogenraad, 2007). Typical spines have a bulbous
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head connected to the dendritic shaft through a thin spine neck. Electron microscopy studies
identified several categories of spines based on their shape and size - thin, stubby, cup and
mushroom shaped spines (Bourne and Harris, 2008). Live imaging studies showed that spines
are remarkably dynamic, changing size and shape over timescales of seconds to minutes and of
hours to days (Holtmaat and Svoboda, 2009). Dynamic changes in spine morphology are closely
linked to changes in strength of synaptic connections (Yuste and Bonhoeffer, 2001). Mushroom
spines have larger, more complex PSDs with a higher density of glutamate receptors and are
more sensitive to glutamate (Kasai et al., 2003). The size of the spine head is correlated with the
dimensions of the PSD and the size of the presynaptic active zone (Bourne and Harris, 2008).
Spine morphology is subject to rapid alteration dependent on neuronal activity and glutamate
receptor activation. Induction of LTP causes enlargement of spine heads, while activity patterns
that induce long-term depression LTD causes spine head shrinkage (Figure 1) (Kasai et al., 2003;
Yuste and Bonhoeffer, 2001). Long term in vivo two-photon fluorescence imaging showed that
dendritic spines undergo structural changes in size and shape after novel sensory experience
(Holtmaat and Svoboda, 2009). Interestingly, abnormal spine structures are often associated
with various neurological disorders, such as Fragile X syndrome, Rett’s syndrome and Down
syndrome (Blanpied and Ehlers, 2004).
Recent studies have identified several cell biological pathways that regulate dendritic spine
morphology (Tada and Sheng, 2006; Yoshihara et al., 2009). Trafficking of recycling endosomes
by motor protein myosin Vb leads to spine enlargement (Schlager and Hoogenraad, 2009; Wang
et al., 2008). Transient invasion of dynamic microtubule into dendritic spines is associated with
the formation of spine head protrusions and rapid spine growth (Hoogenraad and Bradke,
2009; Jaworski et al., 2009). Most signaling pathways controlling spine shape seem to directly
or indirectly regulate the actin cytoskeleton (Tada and Sheng, 2006; Yoshihara et al., 2009).
It is therefore not surprising that several genes that encode factors involved in spine structure
and organization have been found mutated in human brain disease. GTPase-activating proteins
and guanosine exchange factors are mutated in individuals with mental retardation and autism
(Newey et al., 2005). LIM kinase 1, a serine/threonine kinase controlling actin dynamics, and
CYLN2 encoding for the microtubule plus-end binding protein CLIP-115 are hemizygously
deleted in Williams-Beuren syndrome (WBS), leading to abnormal thin spines, mental
retardation and visuospatial cognitive deficits (Hoogenraad et al., 2004). Consequently, there
is now considerable interest in understanding the underlying molecular mechanisms of spine
pathology and the relationship between spine alterations and cognitive deficits.

Neuropsychiatric disorders and synapse alteration
Neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease and Huntington’s
disease are caused by gradual neuronal death, leading to decline in movement control, memory
and cognition. The role of synaptic pathology in Alzheimer’s disease is particularly interesting,
since ß-amyloid (Aß) oligomers, which are formed after proteolytic cleavage of the amyloid
41

21520_Myrrhe van Sprongen binnenwerk.indd 41

19-03-2012 14:37:17

Chapter 2

precursor protein (APP) may interfere with basic synaptic mechanisms at an early disease stage
(Gotz and Ittner, 2008; Selkoe, 2002). Moreover, alterations in synaptic receptor trafficking,
abnormal spine morphology and defects in synaptic function have been reported in animal
models of neuropsychiatric disorders including addiction and schizophrenia (Kauer and
Malenka, 2007; Lau and Zukin, 2007) as well as in models of mental retardation, such as Fragile
X syndrome (Dolen and Bear, 2008). Recently, autism has been associated with mutations in
synaptic adhesion and scaffolding molecules, which most likely has important consequences for
E/I balance (Sudhof, 2008). Here we will discuss in more detail the relationship between these
disorders and synapse pathology.

Autism spectrum disorders
Autism spectrum disorders (ASDs), including autism, Asperger syndrome, and pervasive
developmental disorder-not otherwise specified (PDD-NOS) are diagnosed on the basis of
three behavioral features; deficits in social communication, absence or delay in language, and
stereotypy. ASDs are brain disorders that are typically diagnosed before the second or third year
of age, during the time of human synapse formation and maturation (Lord et al., 2000). ASDs
have a strong genetic basis and are the most heritable (~ 80%), which suggests that the disease
is largely determined by genes and not by the environment. In spite of the high heritability, the
identification of genetic factors in ASDs has proved difficult, due at least in part to the fact that
ASDs are characterized by a high degree of genetic heterogeneity.
It has been widely speculated that alterations at the synaptic level make individuals more
vulnerable to developing ASDs. This theory was confirmed by the identification of mutations
affecting the synaptic cell-adhesion molecules Neurexins (NRXNs) and Neuroligins (NLGNs)
in individuals with ASD (Abrahams and Geschwind, 2008). NRXNs and NLGNs are thought
to form a trans-synaptic complex stabilized by synaptic scaffolding proteins (Sudhof, 2008).
NRXNs are pre-synaptic receptors, whereas NLGNs, the ligands of NRXSs are present on
the post-synaptic side, where they interact with PSD-95 and its binding partners SAPAP and
Shank (Figure 1). Mice lacking NRXNs or NLGNs show strong deficits in synaptic transmission
but not in synapse number, suggest that NRXNs and NLGNs are not required for the initial
formation of synapses but for synaptic function (Sudhof, 2008). Moreover, different members of
the NLGNs family control the functional E/I balance in hippocampal neurons (Figure 1).
The human genome contains three NRXN genes and four NLGN genes. Several point
mutations, distinct translocations events and different large-scale deletions in NRXN1, NLGN3
and NLGN4 were observed in patients with autism (Abrahams and Geschwind, 2008). In
addition, several mutations in the gene encoding Shank3 have been found in patients with
ASDs. However, Shank3 mutations are often observed in non-symptomatic siblings, suggesting
that Shank3 might only increase the chance of ASDs rather than causing it (Sudhof, 2008).
Functional studies of the NLGN3-R451C knock-in mice, that mimic a human autistic mutation,
show enhanced spatial learning and impaired social interaction. These mice exhibited a shift
of E/I balance by a selective enhancement of GABA(A) receptor-mediated inhibitory synaptic
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transmission (Tabuchi et al., 2007). Interestingly, epilepsy is observed in patients with autism,
which is also caused by an imbalance between excitatory and inhibitory synaptic transmission.
These NRXN, NLGN and Shank3 mutations still concern a limited number of cases (<1% of
the individuals), but mutations in other synaptic proteins such as contactin-associated proteinlike 2 gene (CNTNAP2) and calcium channel voltage-dependent L type alpha 1C subunit gene
(CACNA1C) were identified in patients with ASD related syndromes (Abrahams and Geschwind,
2008). Moreover, single-nucleotide polymorphisms (SNPs) surrounding several prominent
ASD candidate loci, including NMDA receptor (GRIN2A), kainate receptor (GRIK2) and cell
adhesion molecules cadherin 9/10 (CDH9/10) genes were identified as risk factors for ASD
(Wang et al., 2009). Overall these linkage, association and functional studies suggest that synaptic
dysfunction is most likely the common defect in ASDs.

Mental retardation: Fragile X syndrome
Fragile X syndrome (FXS) is the most common inherited form of mental retardation; it affects
approximately 1:4000 males and 1:8000 females and is characterized by reduced intellectual
ability, hyperactivity, hypersensitivity to sensory stimuli, anxiety, impaired visuo-spatial
processing, and developmental delay. Thirty percent of children with FXS are diagnosed with
autism and 2% to 5% of autistic children have FXS (Hagerman et al., 2005). A trinucleotide
(CGG) repeat expansion, inactivating the FMR1 gene on the X chromosome, leads to the absence
of the fragile X mental retardation protein (FMRP) resulting in FXS (Brouwer et al., 2009). The
full mutation state is defined as more than 200 CGG repeats in the 5’-UTR of the FMR1 gene.
Studies in patients and animal models of FXS have identified marked alterations in dendritic
spine morphology (Pfeiffer and Huber, 2009). Several studies report abnormally long, thin, and
immature filopodia-like spines, which are indicative of alterations in synapse development and/
or function in FXS.
In normal individuals, FMRP regulates the local processing of a subset of mRNAs - transport,
translation, and stability - in response to activation of metabotropic glutamate receptors (mGluRs)
(Bassell and Warren, 2008). FMRP binds to a number of dendritically localized mRNAs that
encode synaptic proteins, such as postsynaptic density protein 95 (PSD-95), activity regulated
cytoskeletal protein (Arc), elongation factor 1a (EF1a), SAPAP3/4, AMPA receptor subunit
GluR1/2, and Ca2+/calmodulin dependent kinase II (CamKIIa), which is consistent with
the observed synapse alterations in FXS (Bassell and Warren, 2008). Remarkably, many of the
synapse and behavioral deficits are rescued by reduced mGluR5 function (Dolen and Bear,
2008). Experimental evidence shows that AMPA receptor internalization triggered by mGluR5
stimulation is increased in FMRP knockout mice. It is tempting to speculate that FMRP inhibits
the translation of mRNAs that are important for AMPA receptor trafficking, which might explain
the observed increase in LTD and excess of filopodia-like spines in FXS. Especially the potential
link between the dysregulation PSD-95 mRNA in FXS and LTD is of great interest (Zalfa et al.,
2007).
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Neurodegenerative disease: Alzheimer’s disease
Alzheimer’s disease (AD) is the most common cause of dementia. It is characterized by early
memory deficits, followed by the gradual decline of cognitive and intellectual functions.
Generally, it is diagnosed in people over 65 years of age, although early-onset AD can occur
(Gotz and Ittner, 2008). In familiar AD (FAD) autosomal dominant mutations have been
identified in the amyloid precursor protein (APP) gene and genes encoding for presenilin 1
(PSEN1) and presenilin 2 (PSEN2), which are components of the proteolytic-γ-secretase
complex. AD is characterized by loss of neurons and synapses in the hippocampus, cerebral
cortex and subcortical regions, as well as β-amyloid plaques and neurofibrillary lesions. The
major protein component of plaques is the polypeptide ß-amyloid (Aß) that is derived from
proteolytic cleavage of APP. Consistently, mutations linked to early onset familial AD lead to
increased Aß production. Importantly, Aß isolated directly from human AD brains can cause
impaired synaptic plasticity and memory in rodents (Shankar et al., 2008). Synaptic activity and
chronic sleep restriction significantly increases the amount of Aβ in brain interstitial fluid and
plaque formation in APP transgenic mice (Kang et al., 2009). Mechanistically, Aβ is thought
to mediate toxicity by triggering signaling cascades on the postsynaptic membrane. Neuronal
culture experiments revealed that surface APP is internalized by clathrin-mediated endocytosis
and that proteolytic Aß cleavage occurs in the endosomal pathway in the axon. Subsequently, Aß
recycles to the cell surface where it is released into the extracellular fluid and triggers signaling
cascades on the postsynaptic membrane that shares remarkable similarities with LTD, including
increased synaptic AMPA receptor endocytosis and dendritic spine loss (Hsieh et al., 2006).
Recent studies show that inhibition of endocytosis reduces APP internalization and immediately
lowers Aß levels in vivo (Cirrito et al., 2008). Thus, it is tempting to speculate that at its early
stages, AD is a disorder of synaptic receptor trafficking and synapse dysfunction.
Addiction
Drug addiction is a chronic neuropsychiatric pathological condition, which is caused, in part,
by powerful and long-lasting memories of the drug experience and has genetic, psychosocial,
and environmental dimensions. It is generally thought that synaptic plasticity mechanisms that
are normally used to reinforce associated behavior become pathological in patients with drug
addiction. Several in vivo studies indicate that addictive drugs, such as cocaine, nicotine and
ethanol influence synaptic plasticity mechanisms in brain circuits involved in reinforcement and
reward processing (Kalivas, 2009). Although modifications at the synaptic level are complex,
the current model suggests that addictive drugs might induce LTP in the reward system. For
instance, administration of cocaine elicits NMDA-dependent LTP at excitatory synapses in the
dopamine system (Kauer and Malenka, 2007). Consistently, changes in dendritic spine and
synaptic proteins have been described after chronic drug administration. An increase in dendritic
spine density and larger spine heads have been observed in the striatum and prefrontal cortex of
rats after 45 minutes of acute cocaine administration to animals earlier withdrawn from chronic
cocaine exposure (Kalivas, 2009). Recent data show that several synaptic mechanisms are affected
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after chronic drug administration, such as AMPA receptor trafficking, mGluR signaling and
spine actin dynamics (Kauer and Malenka, 2007). Interestingly, exposure to cocaine generates
inactive or “silent” synapses (Huang et al., 2009). Reversing or preventing drug-induced synaptic
modifications might provide treatments for drug addiction.

Conclusion
In recent years genetic linkage studies have identified a number of synaptic genes contributing to
neuropsychiatric disorders (Abrahams and Geschwind, 2008; Brouwer et al., 2009; Ramocki and
Zoghbi, 2008; Selkoe, 2002). At the same time, basic neurobiological research has led to a better
understanding of the molecular composition, structure, and function of synapses (Figure 1) (Sheng
and Hoogenraad, 2007). Still new pathways upstream of the synapse are discovered in which failure
of the cellular machinery leads to synaptic dysfunction and neuropsychiatric phenotypes. Small
non-coding microRNAs (miRNA) that repress the translation of target mRNAs are emerging as
important pathophysiological mechanisms for neurological and psychiatric disease. Abnormal
regulation of protein turnover, chromatin remodeling and genomic imprinting are also suggested
to result in synapse pathology (Ramocki and Zoghbi, 2008). For instance, the gene responsible
for Angelman syndrome encodes for ubiquitin-protein ligase E3A (UBE3A) and marks synaptic
proteins for degradation. The gene causing Rett syndrome encodes for X-linked gene encoding
methyl-CpG-binding protein 2 (MECP2) and is thought to modulate the expression of synaptic
activity-regulated genes such as brain-derived neurotrophic factor (BDNF).
In some cases, such as in FXS, the basic neurobiological mechanisms underlying the symptoms
are well studied and become more clear, but in other cases the pathways are only beginning to
be elucidated. Loss of function of a single gene in FXS (Brouwer et al., 2009) or a limited
number of genes in WBS (Hoogenraad et al., 2004) gives an unique opportunity to uncover
basic neurobiological mechanisms underlying neuropsychiatric diseases. Unfortunately this
model does not account for the common forms of most neuropsychiatric disorders, which are
etiologically heterogeneous and complex, and likely determined by the combination of variants
and/or defects in multiple genes, each playing a small effect. For example, polymorphic variants
in genes encoding synaptic proteins have recently been identified in genome-wide association
studies as important determinants of the risk of developing ASD (Wang et al., 2009).
Other studies implicate that the genetics factors between neuropsychiatric disorders may
not be as diverse as the clinical manifestations. It is not unlikely that alteration in the same gene
can be associated with different phenotypes in different people – one gene alteration can cause
psychosis in one individual, obsessive-compulsive disorder in another and autism in yet another.
Almost certainly these neuropsychiatric phenotypes are modified by the genetic background and
experiences throughout life. It is therefore very likely that many disorders that involve synapse
dysfunction are manifested in different ways. Conversely, different mutations can produce similar
syndromes. For example, mutations in several different genes encoding for proteins regulating
the E/I synapse balance have been linked to epilepsy (Jacob et al., 2008).
45

21520_Myrrhe van Sprongen binnenwerk.indd 45

19-03-2012 14:37:18

Chapter 2

Neuropsychiatric diseases nicely illustrate the importance of synapse-specific molecules for
normal synapse composition and plasticity. To gain better insight into how synapse pathology
underlies psychiatric and neurological disease, it is essential to combine basic research with clinical
genetic studies. In this way, knowledge about synapse function at the basic level has immediate
and significant impact on clinically relevant issues. Finally, synaptic molecules are also important
future targets for protective treatments, to slow disease progression and preserve cognitive and
functional abilities by preserving synaptic structure and function.
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Summary
Background
To establish and maintain their polarized morphology, neurons employ active transport driven
by molecular motors to sort cargo between axons and dendrites. However, the basic traffic rules
governing polarized transport on neuronal microtubule arrays are unclear.
Results
Here we show that the microtubule minus-end directed motor dynein is required for the
polarized targeting of dendrite-specific cargo, such as AMPA receptors. To directly examine
how dynein motors contribute to polarized dendritic transport, we established a trafficking
assay in hippocampal neurons to selectively probe specific motor protein activity. This revealed
that, unlike kinesins, dynein motors drive cargo selectively into dendrites, governed by their
mixed microtubule array. Moreover, axon-specific cargos, such as presynaptic vesicle protein
synaptophysin, are redirected to dendrites by coupling to dynein motors. Quantitative modeling
demonstrated that bidirectional dynein-driven transport on mixed microtubules provides an
efficient mechanism to establish a stable density of continuously renewing vesicles in dendrites.
Conclusions
These results demonstrate a powerful approach to study specific motor protein activity inside
living cells and imply a key role for dynein in dendritic transport. We propose that dynein
establishes the initial sorting of dendritic cargo while additional motor proteins assist in
subsequent delivery.
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Introduction
A neuron’s ability to receive, process and transmit information depends on its polarized
organization into axons and dendrites. While axons transmit signals by releasing neurotransmitters
from synaptic vesicles, dendrites receive information using neurotransmitter receptors (Bradke
and Dotti, 2000; Craig and Banker, 1994; Horton and Ehlers, 2003). To establish and maintain
this complex morphology, neurons employ active transport driven by microtubule-based motor
proteins to sort cargo (such as synaptic vesicles and glutamate receptors) between axons and
dendrites (Hirokawa and Takemura, 2005). These motor proteins drive cargo transport by
moving along microtubules to their plus end (most kinesins) or minus end (dynein) (Schliwa
and Woehlke, 2003; Vale, 2003).
Although many different microtubule-based motor proteins have been found to participate
in neuronal cargo transport, the basic principles underlying polarized transport are unknown
(Goldstein and Yang, 2000; Hirokawa and Takemura, 2005; Vale, 2003). Motors could move
cargo specifically into axons or dendrites or, alternatively, move non-specifically while cargo
is selectively retained at the required destination (Goldstein and Yang, 2000; Hirokawa and
Takemura, 2005; Sampo et al., 2003; Witte and Bradke, 2008). Current models for polarized
transport heavily rely on microtubule plus-end directed kinesin family members (Hirokawa
and Takemura, 2005; Lewis et al., 2009; Song et al., 2009), but to what extent these motors
distinguish between axons and dendrites has remained unclear.
Whereas in mature neurons axonal microtubules have uniform orientations with all plus ends
pointing outward, microtubules in mature proximal dendrites have mixed orientations (Baas
et al., 1989; Baas et al., 1988; Conde and Caceres, 2009; Dombeck et al., 2003; Stepanova
et al., 2003). This raises important questions about the establishment of directional transport
in dendrites. First of all, how can directional transport be established if plus- and minus-end
directed motors themselves can move bidirectionally on mixed microtubule arrays in dendrites?
While in axons selective activation of either kinesin or dynein will determine the direction
of transport, selective activation of unidirectional motors on a uniformly mixed microtubule
array will not determine directionality unless motor proteins use subsets of uniformly oriented
microtubules. Secondly, the presence of minus-end out oriented microtubules in dendrites
suggests that recruitment of the microtubule minus end-directed motor protein dynein could
establish selective transport from the cell body to dendrites (Black and Baas, 1989). Indeed,
dynein has been implicated in dendritic transport in Drosophila neurons (Liu et al., 2000; Zheng
et al., 2008), where microtubules in dendrites have uniform polarity opposite to that of axons
(i.e. with all minus-end pointing outwards) (Stone et al., 2008). However, whether dynein plays
a role in dendrite-specific transport in mammalian neurons, where polarity is mixed and plus-end
out microtubules dominate more distally, is unknown.
Here we investigate the role of dynein in dendrite-selective cargo transport. We show that
dynein inhibition disrupts the dendrite-specific localization of AMPA receptors. Directly
addressing how specific motors contribute to neuronal transport is challenging because vesicular
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cargos typically have multiple types of motors attached whose activities are often highly regulated
(Karcher et al., 2002; Vale, 2003). Therefore, visualizing cargo trafficking does not necessarily
report the activity of specific motors. To directly examine how motors contribute to polarized
dendritic cargo transport we established a trafficking assay in hippocampal neurons to selectively
probe specific motor protein activity. This revealed that, while kinesin-1/Kif5 and kinesin-2/
Kif17 predominantly target the axon, dynein motors drive cargo selectively into dendrites.
Inside dendrites, dynein drives bidirectional transport with equal speeds and burst lengths in
both directions. Numerical and mathematical modeling revealed how bidirectional movement
on mixed microtubule arrays results in efficient dendritic targeting with a limited number of
vesicles. Together, our results establish a key role for dynein in driving cargo transport selectively
into dendrites.

Results
Dendrite-specific targeting of GluR2 depends on dynein
AMPA-type glutamate receptors are selectively transported to dendrites in mature hippocampal
neurons (Craig et al., 1993) (Figure 1A,B). To examine the role of dynein in the dendritic
trafficking of AMPA receptor GluR2 subunits we inhibited dynein function by expressing
GFP-tagged p50/dynamitin (Burkhardt et al., 1997). We observed that hippocampal dendrite
morphology was severely impaired upon dynein inhibition (Figure S1A-D), consistent with
a role for dynein in targeting dendritic cargo. Moreover, the GluR2 distribution in GFP-p50
expressing neurons was dramatically different from controls; GluR2 labeling was no longer
exclusively present in dendrites, but now also appeared in the axon (Figure S1E). Comparing
GFP-p50 neurons to GFP controls by measuring the immunofluorescent intensity demonstrated
a decrease in endogenous GluR2 in the dendrites as well as an increase in the axon (Figure
1E). In contrast, kinesin-1 inhibition did not affect GluR2 levels in axons nor dendrites (data
not shown). Co-expression of HA-tagged GluR2 subunits and GFP-p50 confirmed the loss of
polarized GluR2 distribution upon dynein inhibition (Figure 1A-D, Figure S1F-G).
To further quantify GluR2 distribution in GFP-p50 neurons, we measured both the average
dendrite intensity Id and average axonal intensity Ia and calculated the Polarity Index (PI) using
PI=(Id-Ia)/(Id+Ia). For uniformly distributed proteins Id=Ia and PI=0 (α-tubulin: 0.02 ± 0.06,
Figure 1F), whereas PI>0 or PI<0 indicates polarization towards dendrites and axons, respectively
(MAP2: 0.98 ± 0.04, tau: 0.98 ± 0.05, Figure 1F). GluR2 staining in control neurons yielded
a PI of 0.85 ± 0.07 (Figure 1G), comparable with the dendritic marker MAP2. In GFP-p50
neurons, the PI of GluR2 is -0.01 ± -0.06 and similar to non-polarized α-tubulin, indicating
that GluR2 was now uniformly distributed in both axons and dendrites (Figure 1G). These
data demonstrate that the microtubule minus-end directed motor protein dynein is essential
for polarized sorting of AMPA receptor GluR2 subunits. Upon dynein inhibition, dendrite
morphology and polarized neuronal transport are lost and dendrite specific cargo (such as AMPA
receptors) enters the axon.
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Figure 1. Dendrite-specific targeting of GluR2 depends on dynein
(A-D) Representative images of hippocampal neurons cotransfected at DIV13 with HA-GluR2 and control
GFP (A, B) or GFP-p50/dynamitin (C, D) and stained after 2 days with an antibody to HA (red) and the
axonal marker tau (blue). Axonal segments are enlarged to show the HA-GluR2 signal in control (B) and
GFP-p50 transfected (D) neurons. Arrows mark the axon.
(E) Quantification of endogenous GluR2 fluorescence label intensities in axons and dendrites of hippocampal
neurons transfected at DIV13 for 2 days with GFP or GFP-p50. Staining was done with a mouse antibody
to GluR2. See also Figure S1E.
(F) Validation of the polarity index (see text and methods) using dendrite-specific MAP2, axon-specific tau
and uniformly distributed α-tubulin. 1 indicates pure dendritic labeling, -1 pure axonal labeling.
(G) Polarity index of endogenous GluR2, total HA-GluR2 and surface HA-GluR2 for neurons transfected
with GFP or GFP-p50. Scale bars, 20 µm. See also Figure S1.

Inducible and selective cargo binding of specific microtubule-based motor proteins
We hypothesized that activation of specific motor proteins governs the sorting both to axon
and dendrites and wanted to test whether dynein motor recruitment to cargo is sufficient to
establish dendrite-specific targeting. Probing selective motor proteins using endogenous carriers
(such as AMPA receptor containing vesicles) is challenging because these cargos typically have
different types of motors attached, precluding direct determination of the active type of motor
that is driving vesicle motility at any given moment. We therefore developed a well-controlled
trafficking assay in hippocampal neurons that allows inducible recruitment of specific motor
proteins to drive cargo transport. In this assay, addition of a cell-permeable small molecule during
55
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live-cell imaging triggers the binding of specific kinesin or dynein motor proteins to stationary
peroxisomes, which then report the activity of that particular motor (Figure 2A). Peroxisomes
are labeled by expressing PEX-RFP-FKBP, a fusion construct of PEX-RFP, peroxisomal targeting
signal coupled to the Red Fluorescent Protein (RFP), and FKBP12, a domain that can be
crosslinked to a FRB domain using an analog of the natural product rapamycin (AP21967,
from now on called rapalog1) (Clackson et al., 1998). Truncated kinesin motors or dynein/
dynactin interacting proteins, which are known to be constitutively active without interference
of regulatory pathways (Cai et al., 2007; Hoogenraad et al., 2003), were fused to a FRB fragment
and co-expressed with PEX-RFP-FKBP.
We first tested the trafficking assay in COS-7 cells, which contain radial microtubule arrays
consisting of long microtubules running from the centrosome. In the absence of rapalog1, most
peroxisomes were distributed nearby the cell center and relatively immobile (Figure 2B-F, see
also Movie S1). Furthermore, rapalog treatment of cells only expressing PEX-RFP-FKBP did

Figure 2. Using inducible dimerization to selectively recruit and probe specific microtubule-based
motor proteins
(A) Assay: fusion construct of PEX, RFP and FKBP targets peroxisomes. Fusion of FRB with truncated
motor construct (Kif5 or Kif17) or with dynein/dynactin adaptor (BICDN) is recruited to FKBP and
consequently the peroxisomes upon addition of rapalog1. A truncated dynein (DHC(1453-4644)) fused to
FKBP* and FRB is first dimerized by rapalog2.
(B) Peroxisome motility upon recruitment of Kif17. Time (minutes:seconds) starts with rapalog1 addition.
Yellow curves indicate cell outline. Box indicates region used for kymography (C). See Movie S1.
(C) Kymograph of recording shown in B, acquired with 10 second intervals. White arrow marks rapalog1
addition (3:45).
(D) Overlay of sequential binarized images from the recording in B, color-coded by time.
(E, F) Peroxisome distribution before and after rapalog1 addition in the presence of Kif5 (E) or BICDN
(F). See Movie S2.
(G-J) Kinesin-1 motility on individual microtubules in COS7 cells expressing Cherry-tubulin, Kif5-FRB
and PEX-GFP-FKBP.
(G) Microtubules in COS7 cell. Average over 10 frames.
(H) Image of region shown in F, displaying for each pixel the maximum intensity of PEX-GFP-FKBP
during a acquisition series of 255 frames at 2 frames/second.
(I) Peroxisome tracks superimposed on F. Yellow tracks change direction upon switching to a different
microtubule. See Movie S3.
(J) Kymograph showing unidirectional Kif5-driven peroxisome motility on an individual microtubule.
Taken at 10 frames/second.
(K-O) Dynein motility on individual microtubules in COS7 cells expressing Cherry-tubulin, BICDN-FRB
and PEX-GFP-FKBP.
(K) Microtubules in COS7 cell. Average over 50 frames.
(L) Peroxisome tracks superimposed on K. Yellow tracks change direction upon switching to a different
microtubule. Red lines indicate geometry of microtubules used in track 9, with arrow pointing towards the
microtubule plus-end (inferred from peroxisome directionality). See Movie S4.
(M) Position versus time for the unidirectional tracks from L.
(N) Position versus time for tracks from L that change direction. Change of color marks interaction with a
different microtubule.
(O) Kymograph created along the light red microtubule in L. Scale bars, 10 µm (except in J and O; 5 µm).
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not induce motility. In contrast, addition of the rapalog1 to cells co-expressing the plus-end
directed motor proteins Kif5 (Kinesin-1) or Kif17 (Kinesin-2) induced a rapid redistribution
of peroxisomes to the cell periphery, where most microtubule plus ends are located (Figure 2BE, Movie S1), consistent with a selective activation of plus-end directed motors. To selectively
probe movement driven by minus-end directed dynein, we used the N-terminus of the dynein/
dynactin interacting protein BICD2 fused to FRB (Hoogenraad et al., 2003). Addition of rapalog
to cells expressing PEX-RFP-FKBP and BICDN-FRB resulted in the strong redistribution of

57

21520_Myrrhe van Sprongen binnenwerk.indd 57

19-03-2012 14:37:24

Chapter 3

peroxisomes to the center of the cell, where most minus-ends are located (Figure 2F, Movie
S2). These results demonstrate that our strategy successfully recruits the motor of interest to
peroxisomes to induce their motility.
To test whether our approach reports specific unidirectional motor activity, peroxisome
movement on individual microtubules was examined. COS7 cells expressing Cherry-α-tubulin,
PEX-GFP-FKBP and BICDN-FRB or Kif5-FRB were visualized using high-speed dual-color
total internal reflection microscopy (TIRFM), which allowed individual microtubules and
peroxisomes to be imaged side by side. Before induction most peroxisomes were immobile,
without apparent colocalization with microtubules. Upon addition of rapalog, more and more
vesicles moved on microtubules. All vesicles moving on a given microtubule moved in the same
direction and reversals were not observed, indicating that the motors recruited to the peroxisomes
functioned without interference of oppositely directed motors (Figure 2G-M, Movie S3 and S4).
Interestingly, vesicles still frequently changed direction, but only by switching to a differently
oriented microtubule (Figure 2H,I,L,N,O). Together with the experiments that revealed a robust
accumulation in either the cell periphery or cell center (Figure 2B-F), these results validate our
strategy in which peroxisomes report on the unidirectional motility of specific motors recruited
to it by inducible dimerization.
Figure 3. Polarized redistribution of peroxisomes by Kif5, Kif17 and dynein in hippocampal
neurons
(A) Morphology of neuron expressing GFP, PEX-RFP-FKBP and Kif5-FRB, visualized by imaging GFP.
Red arrow marks axon.
(B) Images displaying for each pixel the maximum intensity of PEX-RFP-FKBP during the indicated
imaging interval (minutes:seconds) for the neuron in A. Dendrites do not change upon rapalog addition at
0:00; no new peroxisomes are entering. Axon intensity increases upon rapalog addition, starting proximally
and progressing outward (indicated by arrows), revealing the continuous entry of peroxisomes into the
axon. See Movie S5.
(C) Overlay of sequential binarized images from the recording in B, color-coded by time. Red indicates
regions targeted upon addition of rapalog1 (i.e. axon).
(D) Morphology of neuron expressing GFP, PEX-RFP-FKBP and BICDN-FRB, visualized by imaging
GFP. Red arrows mark axons.
(E) Maximum projections of PEX-RFP-FKBP for the neuron in D. Upon dynein recruitment dendrites,
and not axons, are targeted, as indicated by yellow arrows. See Movie S6.
(F) Overlay of sequential binarized images from the recording in B, color-coded by time. Red indicates
regions targeted upon addition of rapalog1 (i.e. all dendrites).
(G-J) Intensity time traces of axons and dendrites before and after rapalog addition for Kif5 (G, N = 4
neurons), Kif17 (H, N = 4), BICDN (I, N = 4), and Kif5 in neurons treated with paclitaxel (J, 200 nM
paclitaxel for 5 hrs, N = 5). Traces were normalized to the average intensity before rapalog addition.
(K) Final relative intensity of dendrites and axons, obtained by averaging over the interval 20:00-25:00 of
the traces in G-J.
(L) Time traces showing the change of polarity index (PI) upon addition of Rapalog1 for the indicated
experiments. Obtained from G-J as PI=(Id(t)-Ia(t))/(Id(t)+Ia(t)).
(M) Final PIs obtained by averaging over the interval 20:00-25:00 of the traces in L. Negative/positive
values indicate peroxisome translocation into axons or dendrites, respectively. Error bars indicate s.e.m.
Scale bars, 20 µm. See also Figure S2.
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Dynein can drive anterograde transport in dendrites
To examine motor-specific motility on neuronal microtubule networks, we next performed our assay
in mature hippocampal neuron cultures. In neurons with moderate expression of PEX-RFP-FKBP,
peroxisomes were largely immobile and predominately localized to the somatodendritic compartment
(Figure 3B,E). Addition of rapalog1 to neurons co-expressing Kif5-FRB or Kif17-FRB induced a
rapid burst of peroxisomes from the cell body into the axon (Figure 3A-C,G,H, Figure S2A,B, Movie
S5). Addition of rapalog1 to neurons co-expressing BICDN-FRB and PEX-RFP-FKBP caused the
perinuclear accumulation of several peroxisomes (Movie S6 and S9). However, many other peroxisomes
moved away from the cell body into the primary dendrites but never entered the axon (Figure 3D-F,I,
Movie S6 and S9, see also Figure 4 and 5). Measuring the intensity change in axons and dendrites and
calculating the PI values over time directly demonstrated that, whereas Kif5 and Kif17 predominantly
drove transport into axons, dynein motors drove cargo selectively into dendrites (Figure 3G-M).
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Although Kif5 and Kif17 predominantly targeted the axon, both could induce motility of
cargo already present inside dendrites (Figure S2C-E). Unlike Kif5, Kif17 recruitment also slightly
increased the number of peroxisomes inside dendrites (Figure 3K). To test whether Kif5 exclusion
from dendrites depended on the microtubule modifications typically found on stable microtubules
(Hammond et al., 2008; Konishi and Setou, 2009; Nakata and Hirokawa, 2003), we treated
neurons with low doses of paclitaxel to stabilize the microtubules in axons and dendrites (Nakata
and Hirokawa, 2003). In these conditions, Kif5-driven peroxisomes now also targeted dendrites
(Figure 3J-M), consistent with earlier work demonstrating a strong preference of Kif5 for stable
microtubules (Konishi and Setou, 2009; Nakata and Hirokawa, 2003; Reed et al., 2006).
Upon rapalog1 addition, peroxisomes moved unidirectionally on individual microtubules
in COS-7 cells, indicating that the motors recruited to the peroxisomes functioned without
strong interference of oppositely directed motors (Figure 2G-M). Nevertheless, peroxisomes in
neurons might still have motors attached that influence their motility. We therefore developed
an alternative method in which motor proteins drive the transport of exogenous fluorescent
protein particles, also referred to as the PIM (particles induced by multimerization) trafficking
assay (Figure 4A). Here, the peroxisomal targeting sequence was replaced by FKBP*, a domain
that homodimerizes upon addition of AP20187 (Figure 4A). In COS-7 cells expressing FKBP*RFP-FKBP, addition of AP20187 (from now on called rapalog2) led to the formation of uniform
red fluorescent particles and co-expression with BICDN-FRB and addition of both rapalog1 and
rapalog2 induced a rapid redistribution of these particles to the cell center (Figure 4B,C), similar
to the peroxisome assay. Consistently, in hippocampal neurons, BICDN-FRB was capable of
redistributing the fluorescent particles out of the axon and into dendrites (Figure 4D,E). These
results validate our strategy to use peroxisomes to report on the unidirectional motility of specific
motors and show that dynein drives dendritic cargo transport independent of its molecular
context.

Dynein targets dendrites through bidirectional runs
To examine in more detail the dynamics of dynein-driven motility in dendrites, we studied the
trajectories of individual peroxisomes at high acquisition rates (every one or two seconds, Figure
5A-D). We observed that after induction peroxisomes targeted the dendrites with bidirectional
runs (Figure 5D and Movies S9 and S10). Acquisition of zoomed regions at increased frame rates
(5-10 frames per second, Figure 5E) revealed that the motility of peroxisomes in dendrites had
three components. Vesicles either moved anterograde at constant velocity (mean velocity ± s.e.:
1.05 ± 0.04 µm/s, mean burst length ± s.e.: 2.6 ± 0.2 µm, N = 100 bursts), paused or moved
retrograde at a similar velocity (1.08 ± 0.05 µm/s, mean burst length ± s.e.: 2.6 ± 0.2 µm, N
= 62 bursts). This resembles the behavior observed at microtubule intersections in COS-7 cells
(Figure 2N,O), suggesting that pauses and reversals are caused by the interaction with oppositely
oriented microtubules.
Dendrite specific bidirectional runs were also observed with BICDN-FRB recruited to PIM,
excluding a role for plus-end directed motors in the bidirectional motility (Figure 5F). To further
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Figure 4. Dynein transports exogenous particles into dendrites
(A) PIM trafficking assay: fusion construct of FKBP*, RFP and FKBP multimerizes upon addition of
Rapalog2 and recruits motors upon addition of Rapalog1.
(B) Time series showing the emergence and translocation of fluorescent particles upon addition of Rapalog2
and Rapalog1 in COS-7 cells coexpressing BICDN and FKBP-RFP-FKBP*. Box indicates region used for
kymography (C).
(C) Kymograph of recording shown in B.
(D) Time series showing the emergence and translocation of fluorescent particles upon addition of Rapalog2
and Rapalog1 in DIV15 hippocampal neurons coexpressing BICDN and FKBP-RFP-FKBP*. Arrow marks
the axon. See Movie S8.
(E) Normalized intensity time traces of axons and dendrites before and after rapalog1 addition. Scale bars,
10 µm.

strengthen the above findings we created a minimal processive minus-end directed motor construct
using a truncated form of dynein heavy chain (Figure 2A). DHC(1453-4644), comprising the
microtubule binding site and catalytic AAA ring, but not the putative dimerization domain, was
fused to both FKBP and FKBP*. Addition of rapamycin to an analogous construct based on
yeast dynein has previously been shown to induce its (slow) unidirectional motility in a cell-free
system (Reck-Peterson et al., 2006) . Consistently, our construct induced bidirectional dendritic
motility of peroxisomes upon addition of both rapalog1 and rapalog2 (Figure 5G), albeit at
a slower pace than with BICDN, suggesting that efficient dynein motility requires additional
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Figure 5. Dynein targets dendrites through bidirectional runs
(A) Hippocampal neuron expressing GFP, PEX-RFP-FKBP and BICDN-FRB, visualized by imaging GFP.
Red arrow marks the axon.
(B) Maximum projections of PEX-RFP-FKBP for the neuron in A. Upon dynein recruitment dendrites,
and not axons, are targeted, as indicated by yellow arrows. See Movie S9.
(C) Enlargement of B for the region marked with a dotted box in A.
(D) Kymograph of the region labeled D in A. Rapalog was added at the start of the recording (marked by
yellow arrow).
(E) Kymograph of the region labeled E in A. Image sequence was acquired 16 minutes after induction with
a QuantEM camera using streaming acquisition and 150 ms exposure time. See Movie S10.
(F) Kymograph showing the motility of induced fluorescent particles after recruitment of BICDN (PIM
trafficking assay).
(G) Kymograph showing the change in motility of peroxisomes upon recruitment of DHC(1453-4644) by
addition of Rapalog1 (marked by yellow arrow). Imaging was briefly interrupted at 34:00. See also Movie
S11.
(H) Simulated kymograph showing the expected motility of dynein-driven cargo motility in dendrites. For
clarity, every tenth particle is displayed brighter. See Figure S3 and Supplemental Information for details.
(I) Density of particles obtained by averaging the final 2000 frames of simulated kymographs for three
different dendrite lengths. Solid lines show best fit to Equation 3.
(J) Total number of particles versus time for three dendrite lengths. Data points were reduced by averaging
over 50 seconds. Scale bars, 10 µm. See also Figure S3.

regulatory elements absent in the truncated DHC construct. Altogether, these results indicate
that dynein drives transport from the cell body into dendrites by exploiting the mixed polarity
of microtubules in dendrites.

Modeling dynein motility on mixed polarity bundles
Intuitively, bidirectional runs seem inefficient to transport cargo. However, unbiased bidirectional
runs of 2.7 µm at 1.1 µm/s would resemble one-dimensional diffusion at 1.5 µm2 s-1 (Berg,
1993), which is much faster than passive motility observed for organelles inside cells (1-50 x
10-4 µm2 s-1) (Huet et al., 2006) . Moreover, a dynein-driven random walk cannot occur in
axons and is therefore sufficient to establish dendrite selectivity. Nevertheless, motility cannot be
totally unbiased, because more microtubules are oriented with their plus ends outward in distal
dendritic regions (Baas et al., 1989), possibly preventing dynein-driven anterograde transport
to these regions. To examine the targeting efficiency and expected particle density for dyneindriven transport on non-uniform microtubule arrays, we numerically modeled vesicle behavior
on different types of mixed polarity arrays (Figure S3, Figure 5H-J). Both uniform microtubule
orientations (Figure S3C) and uniformly mixed orientations (Figure S3D) resulted in a constant
particle density along the dendrite length (Figure S3F,G), although the time to establish a stable
density was longer with mixed orientations (~L2/vl versus ~L/v (uniform), with L the dendrite
length, v motor velocity, l the directional burst length). Mixed arrays with a gradient of minusends, as observed experimentally (Baas et al., 1989) (Figure S3A,B), displayed uniform density in
the first part and a gradually attenuating density in the second part (Figure S3E,H). For a dendrite
of 100 µm and a burst length of 3 µm, the density at 75 µm was reduced by ~90% (Figure S3H).
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We then derived a general mathematical expression for the expected equilibrium particle density
and could successfully describe all final density profiles obtained from the simulations (Figure
S3F-H, see Supplemental Information for derivation). As expected, particles on uniform arrays
never turned back and piled up at the dendrite tip (Figure S3C). Consequently, maintaining
a constant density required ever more particles to enter the dendrite (Figure S3I). In contrast,
the number of dendritic particles saturated in both scenarios with mixed orientations and a
constant number of particles was sufficient to maintain the equilibrium density (Figure S3J,K).
These results indicate that bidirectional runs provide an efficient mechanism to maintain a stable
density with a limited number of vesicles.

Dynein recruitment redistributes axonal cargo into dendrites
We have shown that dynein inhibition causes dendrite-specific cargo (GluR2) to mislocalize to
the axon (Figure 1). We furthermore showed that dynein can autonomously drive peroxisomes
and PIMs into dendrites (Figure 3-5). We finally wanted to test if dynein could redistribute
axon-specific cargo into dendrites. Synaptophysin, a glycoprotein present in the membrane of
presynaptic vesicles, was fused to FKBP and GFP and co-expressed with BICDN-FRB. Addition
of rapalog1 resulted in a marked decrease of the axonal intensities, as well as increase of dendritic
intensity (Figure 6). These results directly demonstrate that, in addition to driving retrograde
transport in axons, dynein functions in neurons to drive anterograde transport into dendrites.

Discussion
In this study, we establish a key role for dynein in the dendrite-specific targeting of neuronal cargo.
We found that dynein inhibition disrupts the polarized distribution of dendrite-specific GluR2
and severely impairs dendrite morphology. To selectively probe specific microtubule-dependent
motors in neurons we have developed a new intracellular transport assay and found that motor
activity itself is highly polarized between axons and dendrites. Kinesin motors predominantly
drive transport into axons, while minus-end directed dynein selectively drives transport into
dendrites. These two extreme targeting preferences provide a neuron with a straightforward
mechanism to selectively transport cargo into axons or dendrites by recruiting or activating the
proper motor protein.
Axonal targeting of kinesin-1 is consistent with earlier work demonstrating preferential axonal
localization (Jacobson et al., 2006; Nakata and Hirokawa, 2003; Reed et al., 2006) and most
likely depends on microtubule modifications that enhance kinesin binding (Dunn et al., 2008;
Hammond et al., 2008; Nakata and Hirokawa, 2003; Reed et al., 2006). This is supported by our
finding that upon treatment with paclitaxel, which stabilizes all microtubules and allows them to
accumulate more modifications, kinesin also efficiently targets dendrites. Dynein motility, on the
other hand, appears governed predominantly by microtubule orientations rather than modification.
The uniform orientations in axons prevent dynein entry, whereas the mixed orientations in dendrites
result in bidirectional runs with similar speeds and burst lengths in both directions.
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Figure 6. Dynein recruitment redirects axonal cargo into dendrites
(A) Hippocampal neuron expressing RFP, synaptophysin-GFP-FKBP and BICDN-FRB, visualized by
imaging GFP. Red arrow marks the axon.
(B) Synaptophysin distribution before and after recruitment of dynein by rapalog1 addition.
(C) Average intensity time traces of dendritic regions at 14 (black) and 24 µm (red) from the soma. The
delayed intensity increase at 24 µm indicates anterograde dynein-driven transport.
(D) Normalized intensity time traces of synaptophysin-GFP-FKBP in axons and dendrites before and after
dynein recruitment (at 0:00). N = 6 neurons. Error bars denote s.e.m.
(E) Time trace of the polarity index (PI) of synapophysin, obtained from D. Error bars indicate s.e.m. Scale
bars, 10 µm.

Dynein sorts dendritic cargo
Recent work revealed the existence of an actin-based sieve in the axon initial segment that prevents
entry of large thermally diffusing macromolecules (Song et al., 2009). While individual Kif5 and
Kif17 motor proteins could still move through this barrier, some motor-cargo combinations
65

21520_Myrrhe van Sprongen binnenwerk.indd 65

19-03-2012 14:37:34

Chapter 3

could not. It was proposed that kinesin-cargo combinations with high efficacy could cross the
barrier and target the axon (Kif5 plus cargo), while combinations with reduced efficacy (Kif17
plus cargo) would automatically target dendrites (Song et al., 2009). In contrast, other recent
data suggested that Myosin-V functions at the initial segment to actively return mislocalized
dendritic cargo to the soma (Lewis et al., 2009). Cargo with both kinesin and Myosin-V attached
would thus be excluded from the axon and subsequently target dendrites. Both models imply
kinesins as the key motors for transport into axons as well as dendrites, requiring a passive (sizebased) or active (myosin-based) exclusion mechanism at the axon initial segment to establish
dendrite selectivity.
Our results demonstrate that Kif5 and Kif17 predominantly target axons and not dendrites.
Preventing kinesin-driven cargo from entering the axon would therefore not be sufficient to
target them to dendrites. Furthermore, our observation that Kif17 has enough efficacy to drive
peroxisomes into axons reveals that a purely size-based filter is insufficient to prevent axon entry
of kinesin-driven cargo. Instead, our data support a model for dendritic transport in which dynein
activity establishes the initial cargo sorting from the cell body to the dendrites and kinesin motors
can contribute to cargo motility once the vesicle is inside dendrites (Figure 7A-D). A specific role
for Kif17 in the distal targeting of glutamate receptors has been reported previously (Kayadjanian
et al., 2007) and is further supported by our observation of Kif17-driven bidirectional runs
inside (distal) dendrites. The Myosin V-based axon blockage mentioned above likely functions
as a safety mechanism to correct any axon entry that might result from kinesin motors already
loaded onto dendrite-destined cargo.

Mixed microtubules govern dendritic transport
We have shown that in dendrites of hippocampal neurons, where microtubule orientations
are mixed, dynein-driven cargo moves bidirectionally. These data indicate that dynein motor
proteins do not selectively recognize a subset of uniformly oriented microtubules. In fact, our
modeling revealed that bidirectional motility establishes an efficient way to maintain a stable
density of particles with a limited number of vesicles. Unlike in axons, where most cargo needs
to target termini far away from the cell body, much transport in dendrites eventually targets
postsynaptic sites, located along the whole length of the dendrites. Our data and quantitative
modeling demonstrate that dynein drives cargo from soma into the dendrites and subsequently
maintains a constant density of available cargo by moving it back and forth in the dendrite.
Consistently, bidirectional motility is a general characteristic of most dendritic vesicle transport
(Bannai et al., 2004; McNamara et al., 2004; Yap et al., 2008). Once cargo is wandering inside
the dendrite, final targeting could be regulated more locally and achieved through selective
retention by target sites and/or specific delivery by additional microtubule-dependent motors,
such as Kif17 and Kif5 (Kayadjanian et al., 2007; Setou et al., 2000; Setou et al., 2002) or actindependent motors, such as Myosin-V for selective transport into dendritic spines (Wang et al.,
2008).
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Figure 7. Model for polarized transport in hippocampal neurons
(A) Proposed roles for microtubule-based motor proteins in polarized transport. In axons, kinesin and
dynein drive anterograde and retrograde transport, respectively (B). In proximal dendrites, dynein drives
transport from soma to dendrites through bidirectional runs on mixed microtubules (C). Kif17 moves cargo
towards more distal dendritic regions, where most plus ends point outwards (D).

In summary, we propose a model for dendritic transport in which dynein establishes the initial
cargo sorting from the cell body to the dendrites and kinesin motors can assist in cargo motility
once the transport vesicle is inside dendrites (Figure 7A-D).

Experimental procedures
DNA constructs, immunohistochemistry, imaging and analysis of fixed neurons, live-cell data
processing, simulations, and analytical modeling are described in the Supplemental Experimental
Procedures.

Cell cultures and transfection
COS-7 cells were cultured in DMEM/Ham’s F10 (50/50%) medium containing 10% FCS and
1% penicillin/streptomycin. 2-3 days before transfection, cells were plated on 24 mm diameter
coverslips. COS-7 cells were transfected with Fugene6 transfection reagent (Roche) according to
the manufacturers protocol and grown for 16 hours.
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains (Banker
and Goslin, 1998; Jaworski et al., 2009). Cells were plated on coverslips coated with poly-Llysine (30 µg/ml) and laminin (2 µg/ml) at a density of 75,000/well. Hippocampal cultures
were grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5
µM glutamate and penicillin/streptomycin. Hippocampal neurons were transfected at DIV13
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using Lipofectamine 2000 (Invitrogen). DNA (3.6 µg /well) was mixed with 3 µl Lipofectamine
2000 in 400 µl NB, incubated for 30 minutes and then added to the neurons in NB at 37°C
in 5% CO2 for 45 minutes. Next, neurons were washed with NB and transferred to the original
medium at 37°C in 5% CO2 for 2 days.

Live-cell image acquisition
Time-lapse live cell imaging was performed on a Nikon Eclipse TE2000E (Nikon) equipped with
an incubation chamber (Tokai Hit; INUG2-ZILCS-H2) mounted on a motorized stage (Prior).
Coverslips (24 mm) were mounted in metal rings, immersed in 0.6 ml standard culture medium
and maintained at 37ºC (and 5% CO2). COS-7 cells were imaged in Ringer’s solution (10 mM
Hepes, 155 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 2 mM NaH2PO4, 10 mM glucose, pH
7.2) without CO2 present. For most acquisitions 4-6 cells were selected and imaged every 10-15
seconds for 30-60 minutes using a 40x objective (Plan Fluor, NA=1.3, Nikon) and a Coolsnap
HQ camera (Photometrics). A mercury lamp (Osram) was used for excitation. To rapidly image
microtubules and peroxisomes side-by-side (Figure 2F-N), two-color laser TIRFM using a 100x
objective (Apo TIRF, NA=1.49, Nikon) was performed as described previously (Kapitein et al.,
2008). Data shown in Figure 2F-N as well as Figure 5E were acquired on a EMCDD (QuantEM,
Roper Scientific) with the 100x objective, plus additional 2.5x magnification. All other data
shown were acquired on the Coolsnap HQ with the 40x objective.
Rapalog1 (AP21967) and rapalog2 (AP20187, both Ariad Pharmaceuticals) were dissolved
to 1 mM in Ethanol. To induce motility during image acquisition, 0.2 ml of culture medium
(neurons) or Ringer’s solution (COS-7 cells) with rapalog1 (4 µM) was added to establish a final
rapalog1 concentration of 1 µM. In experiments using rapalog2 and rapalog1, 0.2 ml of 4 µM
rapalog2 was first added, followed by 0.2 ml of 5 µM rapalog1. In neurons expressing PEXRFP-FKBP to high levels, motile PEX positive vesicles were occasionally found in the axon.
Therefore, neurons without axonal RFP labeling were selected. To optimally address axonal or
dendritic specific targeting, neurons with peroxisomes predominantly located to their cell body
were selected. To probe Kif5 motility after paclitaxel treatment, paclitaxel was added to 200 nM
to the culture dish 5 hours before the experiment.

Supplemental information
Supplemental Information includes three figures, 11 movies, and Supplemental Experimental
Procedures and can be found online at http://www.cell.com/current-biology/supplemental/
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Supplemental figures

Figure S1: See for figure legend next page.
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Figure S1, related to main Figure 1
Dynein inhibition affects dendrite morphology and polarized sorting of AMPA receptors
(A) Morphology of hippocampal neurons (GFP) cotransfected at DIV13 for 4 days with control vector or
GFP-p50/dynamitin plus GFP as transfection marker.
(B,C) Quantification of total dendritic length (B) and number of dendritic tips (C) in hippocampal neurons
transfected at DIV13 for 4 days with control vector (n=24), GFP-p50 (n=23) constructs as indicated. n
is the number of neurons analyzed in two independent experiments. Histogram shows mean ± SEM. ***
p<0.0005.
(D) Sholl analysis of hippocampal neurons transfected at DIV13 for 4 days with indicated constructs. Error
bars indicate SEM.
(E) Representative images of hippocampal neurons cotransfected at DIV13 with control GFP (left) or
GFP- p50/dynamitin (right) and stained after 2 days with an antibody to GluR2 (red). Axonal segments
are enlarged to show the endogenous GluR2 signal in the GFP-p50 transfected neurons. Arrows indicate
the axon.
(F) Representative images of hippocampal neurons cotransfected at DIV13 with HA-GluR2 and control
GFP or GFP- p50/dynamitin and stained after 2 days with an antibody to HA (red). Axonal segments are
enlarged to show the HA-GluR2 signal in the GFP-p50 transfected neurons (B,D). Arrows indicate the
axon.
(G) Representative images of hippocampal neurons cotransfected at DIV13 with extracellular HA-tagged
GluR2 and GFP or GFP-p50 and stained for surface (blue) and internalized (red) GluR2 using an antibody
to HA. Insets show the HA-GluR2 signal in the axon of GFP-p50 transfected neurons. Arrows indicate the
axon. Scale bars, 20 µm.

Figure S2, related to main Figure 3
Kif5 and Kif17 dynamics in dendrites
(A) Morphology of neuron expressing GFP, PEX-RFP-FKBP and Kif5-FRB. Red arrow marks axon and
yellow boxes indicate axonal (B) and dendritic (C) region used for kymography (B,C).
(B, C) Kymograph of the regions indicated in A showing unidirectional peroxisome motility in the axon (B)
and moderate bidirectional motility in the dendrite (C).
(D) Time series showing the emergence of fluorescent particles upon addition of Rapalog2 in DIV15
hippocampal neurons coexpressing Kif17 and FKBP-RFP-FKBP*. Box marked E shows the region used
for kymography in E.
(E) Kymographs showing the motility of the fluorescent particles in A before (left) and after (right) the
addition of Rapalog1. See also Supplemental Video 7. Scale bars, 10 µm.
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Figure S3, related to main Figure 5
Modeling dynein motility on mixed polarity bundles
(A) Fraction of minus-end out oriented microtubules against distance from soma, P-(x), obtained using
electron microscopy in DIV14 hippocampal dendrites. Data taken from [12].
(B) Data from A plotted against fractional position (position divided by total dendrite length). Solid line
represents the approximation by a third-order polynomial satisfying P-(0) = 0.5 and P-(1) = 0 (Equation
1).
(C-E) Simulated kymographs of dynein-driven cargo motility for three microtubule geometries: D, all minus
ends pointing outwards; E, uniformly mixed with 50% of minus ends pointing outwards; F, experimentally
observed geometry [12] (Equation 1). Time per frame: 0.5 s, number of frames: 750, dendrite/kymograph
length: 75 µm, calibration factor: 161 nm pixel-1, entry rate: 0.3 particles s-1, velocity: 1 µm s-1, burst
length: 3 µm. For clarity, every tenth particles is displayed brighter.
(F-H) Density of particles obtained for geometries in C-E and for three dendrite lengths. Averages over
the final 2000 frames. Parameters: Time per frame: 0.5 s, number of frames: 3000 (G) or 30000 (H,I),
dendrite/kymograph length: 50, 100, 200 µm, calibration factor: 161 nm pixel-1, entry rate: 0.2 particles
s-1, velocity: 1 µm s-1, burst length: 3 µm. Solid lines in g and h show average values. Solid lines in I show
best fit by Equation 3. Obtained fit values in I for L = 50 µm: c0 = 0.19 particles µm-1, l = 3.6 µm. For L =
100 µm: c0 = 0.18 particles s-1, l = 2.8 µm. For L = 200 µm: c0 = 0.19 particles s-1, l = 2.8 µm.
(I-K) Total number of particles versus time for geometries in F-H. Data points were reduced by averaging
over 5 (I) or 50 (J,K) seconds. Note the different scales in J. Scale bars, 10 µm.

Supplemental experimental procedures
DNA constructs
The following mammalian expression plasmids have been described: pGW1-GFP (Hoogenraad et
al., 2005), pGW1-HA-GluR2 (Hoogenraad et al., 2005), GFP-p50/dynamitin (Hoogenraad et
al., 2001). FKBP- and FRB-encoding fragments were from Argent Regulated Heterodimerization
kit (Ariad Pharmaceuticals). pC4M-F2E contains two copies of the human FKBP12 (for FK506
binding protein) fragment (FKBP) and pC4-RHE contains a single copy of the modified
human FRAP (for FKBP12-rapamycin-associated protein also called mTOR) fragment (amino
acid 2021-2113)(FRB) in which the threonine at amino acid 2098 was mutated to leucine
(T2098L), to accommodate the chemical substitution that blocks AP21967 binding to wild
type FRAP. The FKBP*-encoding fragment was from Argent Regulated Homodimerizarion kit
(Ariad Pharmaceuticals). pC4M-Fv2E contains two copies of the human FKBP12 (for FK506
binding protein) fragment with a single amino acid substitution, Phe36Val (FKBP*) allowing
homodimerization by addition of AP20187. Synaptophysin-GFP is a gift of Dr. L. Reichardt
(Bamji et al., 2003), Flag-DHC is a gift of Dr. R.Vallee (Tai et al., 2002) and mCherry-α-tubulin
is a gift of Dr. R.Tsien (Shaner et al., 2004).
For optimal neuronal expression all constructs were subcloned in GW1 or pβactin expression
vectors (Hoogenraad et al., 2005). The PEX-GFP construct was generated by inserting the
peroxisomal targeting sequence (amino acid 1-42) of human PEX3 (Accession NM_003630)
(Kammerer et al., 1998), before GFP in pβactin. PEX-RFP was generated by substituting the
GFP-encoding part of PEX-GFP for mRFP (a gift of Dr. R. Tsien). For the PEX trafficking
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assay PEX-RFP-FKBP was made by PCR using the FKBP fragment in pC4M-F2E. For the
PIM trafficking assay, FKBP*-RFP-FKBP was generated by PCR using the FKBP* fragment in
pC4M-Fv2E. HA-BICD2-N(1-594)-FRB (BICDN-FRB) was cloned in the pCI-neo expression
vector by PCR using mouse BICD2 cDNA (Hoogenraad et al., 2001) and the FRB fragment
in pC4-RHE as templates. HA-Kif5b(1-807)-FRB (Kif5-FRB) and KIF17(1-547)-GFP-FRB
(Kif17-FRB) were made with PCR from human Kif5b cDNA (NM_004521) and human Kif17
cDNAs (NM_020816), purchased from Geneservice (BG104204, BU183384 and BC065927)
and inserted by PCR before the FRB fragment in pβactin. FRB-GFP-FKBP*-DHC(1453-4644)
was generated by PCR using full length rat dynein heavy chain cDNA (NM_019226) and
synaptophysin-GFP-FKBP was made by PCR using full length rat synaptophysin cDNA
(NM_012664).

Immunohistochemistry
Hippocampal neurons were fixed for 10 minutes with 4% formaldehyde/4% sucrose in
phosphate-buffered saline (PBS) or ice-cold 100% methanol with 1 mM EGTA at –20°C. After
fixation, cells were washed two times for 30 min with PBS at room temperature, and incubated
with primary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30
mM phosphate buffer, pH 7.4) overnight at 4°C. The following primary antibodies were used
in this study: mouse anti-GluR2, mouse anti-HA, mouse anti-Tau (Chemicon), mouse antiMAP2, mouse anti-α-tubulin (Sigma), rabbit anti-HA (Santa Cruz Biotechnology). Neurons
were then washed three times in PBS for 30 min at room temperature and incubated with
secondary antibody conjugated to Alexa488, Alexa568 or Alexa633 in GDB for 2 hours at room
temperature and washed three times in PBS for 30 min. Slides were mounted using Vectashield
mounting medium (Vector laboratories). Confocal images were acquired using a Zeiss LSM 510
confocal laser-scanning microscope.
Surface and intracellular staining of AMPA receptors
The fluorescent-based AMPAR surface and internalization assay was performed as described (Lee
et al., 2004). Hippocampal neurons co-transfected with HA-tagged GluR2 subunits were “live”
labeled with 10 µg/ml mouse anti-HA antibody (12CA5, Roche) by incubating coverslips in
conditioned medium for 10 min at 37°C. After brief washing in prewarmed DMEM, neurons
were returned to conditioned medium (for control incubation) and incubated for the given time.
Neurons were fixed in 4% formaldehyde/4% sucrose for 8 min at room temperature and surfaceremaining receptors were visualized with Alexa633-conjugated secondary antibody. Internalized
receptors were detected with Alexa568-conjugated secondary antibody after permeabilizing cells
in methanol (-20°C) for 2 min.
Imaging and analysis of fixed neurons
Confocal images were acquired with a LSM510 confocal microscope (Zeiss) with 40x or 63x
oil objective using sequential acquisition settings at the maximal resolution of the microscope.
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Each image was a z-series of 6-10 images each averaged 2 times. Maximum projection was used
to present the resulting z-stack in a single image. Morphometric analysis and quantification were
performed using Metamorph software (Universal Imaging). Quantification of the number of
dendritic tips, total dendrite length and Sholl analysis was done with images acquired with 40x
objective and 0.7x electronic zoom. For dendrite length all dendrites of a single neuron were traced
in MetaMorph. For Sholl analysis concentric circles increasing diameters were drawn around the
cell body, and the number of dendrites crossing each circle was counted. The dendrites of GFP
expressing neurons were identified based on their morphology and by immunostaining for the
dendritic marker MAP2. Axons were defined by morphology and positive immunostaining for
tau and ankyrin G. Acquisition of images as well as morphometric quantification was performed
under “blinded” conditions. Statistical analysis was performed with student’s t test assuming a
two-tailed and unequal variation. n was defined as the number of transfected neurons.
The average intensity of the fluorescent staining signals in dendrites and axons was determined
using Metamorph software as described [2, 8]. To control for background and ‘false–positive’
signals from other neurons, we rotated the red-channel image of the GluR2 staining by 90°
and subtracted the random fluorescent intensity from the average dendrite and axonal GluR2
intensity. The average dendrite intensity Id and average axonal intensity Ia was used to calculate
the Polarity Index (PI) using PI=(Id-Ia)/(Id+Ia). For uniformly distributed proteins Id=Ia and PI=0,
whereas PI>0 or PI<0 indicates polarization towards dendrites and axons, respectively.

Live-cell data processing
Images of live cells were processed and analyzed using MetaMorph or LabVIEW (National
Instruments) software. Kymographs and maximum projections were created in Metamorph.
Speeds were analyzed using kymography in Metamorph. Bursts were defined as intervals with
constant non-zero slopes. The intensity time traces were measured by integrating the background subtracted signal in the initial ~40-70 µm of axons and dendrites and normalizing it to
the average intensity in the five minutes before rapalog1 addition. 3-4 dendrites per neuron were
averaged after normalization. From the intensity time traces, the time-dependent polarity index
(Figure 2L) was calculated as described above.
To optimize microtubule images in Figure 2G,K, 10 (G) or 50 (K) frames were averaged and a
low-pass filtered image was subtracted from the original image (unsharp masking). To optimize
particles in Supplemental Video 4, the GFP image sequence was first low-pass filtered and then
convoluted with the kernel described in (Mashanov and Molloy, 2007). The resulting image
sequence was then overlaid on the average microtubule image from Figure 2K.
For the color plots in Figure 2D and Figure 3C,F all images of a time-lapse recording were
thresholded to yield binary images that were subsequently overlaid non-transparently, starting
with the final frame (first frame on top). Each frame was colored using a time-coded gradient that
ran from blue to white before and from white to red after Rapalog1 addition at 0:00.
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Simulations of transport on mixed polarity arrays
Definitions:
L = length of microtubule
N = number of frames
p = pixel calibration (nm/px)
t = time per frame
r = rate of entry attempts
v = velocity
P-(x) = fraction of minus-end out microtubules at x
d = direction of movement (+1, from soma or -1, to soma)
l = length of directional burst
Simulations were performed in LabVIEW (National Instruments). A microtubule was
represented by a one-dimensional array of L/p elements and the resulting kymograph by a matrix
of L/p by N. The matrix was filled up in a loop that for each subsequent frame updated the
position of existing particles and also generated new particles entering a dendrite. Sub-pixel
positioning was established by translating a fractional position (e.g. 3.75) into two weights for
two neighboring matrix elements (e.g. 0.25 for element 3, 0.75 for element 4). The final matrix
was convoluted with a one-dimensional Gaussian kernel of rank 7 to produce ‘diffraction-limited’
images. In the case of non-uniform microtubule orientations, N was chosen > L2/(l .v . t) to allow
equilibration. For uniform orientations N > L/(v .t) was sufficient to establish a stable density.
In each cycle of the loop, the number of new particles was picked from a Poisson distribution
with mean P_(0). r. t. Movement of new particles was directed towards the dendrite tip (over
minus-end out microtubules). Next, the position and directionality of already existing particles
was updated. The position was shifted by d .v . t, but particles whose new position became <
0 disappeared into soma. In addition, a directional burst was ended if a random number r1
(uniformly distributed from 0-1) was smaller than 1–exp(–vt/l) or if the end of the dendrite was
reached. This criterion yielded exponentially distributed burst lengths with a mean burst length of
l, provided t<<l/v. If t=l/v, the fitted burst length was ~0.8l. In our simulations,t≈0.17l/v, yielding
both a mean and fitted burst length of ~0.9l. In the case of a burst ending, the directionality of
the subsequent burst was set by comparing a random number r2 to the local fraction of minusend out microtubules (d = +1 if r2 < P_(x)). We did not explicitly model pauses, but their effect
could in principle be included implicitly by reducing v.
Two mechanisms prevented that only pixels spaced at v . t/p intervals were occupied by
particles (due to start at zero and constant displacement per frame). First, the initial position
was not precisely zero, but instead set by the absolute value of a number picked from a Gaussian
distribution with width 0.5vt. Second, a small diffusive displacement (D = 0.05 µm2/s) was
added to each new position. This diffusive spreading was much smaller than that caused by the
bidirectional motility (D = 1.5 µm2/s for v = 1 µm/s and l = 3 µm).
To model the actual microtubule array in dendrites, we plotted published data on microtubule
orientations in hippocampal dendrites obtained by electron microscopy (Figure S5A [12]).
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Plotting the fraction of minus-ends out versus fractional position (x/L) revealed that microtubule
organization scales with dendrite length (Figure S5B). In the first half of a dendrite ~50% of
microtubules have their minus end pointing outwards, independent of dendrite length. In the
second half plus end out microtubules begin to dominate. We approximated this experimentally
obtained distribution by (Figure S5B)
P_(x)=0.5+0.1(x/L)2–0.6(x/L)3,         (Equation S1)
which satisfies both P_(0)=0.5 and P–(L)=0
To determine the equilibrium particle density from the simulated kymographs, we averaged
the intensity over the final 200 time lines of a kymograph and then averaged over 10 different
kymographs. In addition, we kept track of the number of particles in each time line to determine
the final number of particles.
We used the experimentally observed burst length of dynein-driven peroxisome motility to
set l. It should however be noted that the length of directional bursts depends on the frequency
at which vesicle-attached motors encounter an oppositely oriented microtubule, which in
turn depends on the vesicle size and number of motors attached to vesicles. Vesicles driven by
endogenous motors probably have fewer motors attached than the peroxisomes to which we
recruited exogenous motors. Fewer motors decrease the chance of interacting with oppositely
oriented microtubules and yield longer bursts, resulting in more rapid and deeper penetration
into dendrites. Similarly, smaller vesicles will redistribute faster and farther.

Analytical modeling of transport on mixed polarity arrays.
We consider one-dimensional motion along the x-axis, in which particles move with velocity
v over lengths of l. The net flux of particles moving to the right at position x depends on the
concentration c of particles at position x ± l, as well as on the probabilities P± of finding plus and
minus end out oriented microtubules at these positions:
J(x) = P_(x–l)vc(x–l) – P+(x+l)vc(x+l)
The probabilities are given by:
P±(x)= 1/2(1± (x))
where
= p+–P–
is the polarization of microtubules. Over length scales large compared with l, we find ordinary
diffusion in an unpolarized system ( ε = 0 ). Assuming the microtubule organization varies
slowly on the scale of l,
.
Provided that particles are not absorbed within the dendrite or at the distal end (i.e., particle
conservation and reflecting boundary conditions at x=L), there can be no net current in steady
steady-state. Thus,
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.
The solution to this equation is given by

or
     (Equation 2)
For the microtubule distribution described above,

which results in:
   (Equation 3)
where c(0) = r/v.
For a uniformly mixed microtubule array (P_(x)=0.5, and (x)=0), the steady-state concentration
profile is constant: c(x)=c(0). In general, particles entering the dendrite contribute to c(0) with
r.P_(0)/v. Equilibrium is reached when the number of particles entering into and departing from
the dendrite are equal, resulting in c(0)=2r.P_(0)/v. Note that this condition cannot be satisfied
in the case of a uniform array (P–(x)=P–(0)=1), in which case c(0)=r/v.
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Abstract
In neurons, the distinct molecular composition of axons and dendrites is established through
polarized targeting mechanisms, but it is currently unclear how non-polarized cargoes, such
as mitochondria, become uniformly distributed over these specialized neuronal compartments.
Here we show that mammalian TRAK1 and TRAK2, adaptor proteins that link mitochondria to
microtubule-based motors, utilize two different transport machineries to steer mitochondria into
axons and dendrites. TRAK1 binds to both kinesin-1 and dynein/dynactin, facilitates axonal
transport of mitochondria and is needed for normal axon outgrowth and branching, whereas
TRAK2 predominantly interacts with dynein/dynactin, mediates dendritic mitochondria
transport and is required for dendritic development. These functional differences follow from
their distinct conformations: TRAK2, but not TRAK1, preferentially adopts a folded state,
which interferes with the kinesin-1 binding and axonal transport. Our study demonstrates how
the molecular interplay between bidirectional adaptor proteins and specific microtubule motors
drives polarized intracellular transport.
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Introduction
Transport of mitochondria to meet local energy demands is critical in highly differentiated
and polarized cells such as neurons. In the axon mitochondrial ATP production supports the
generation of action potentials and trafficking of synaptic vesicles, and in dendrites it is needed
for synaptic transmission. Mitochondria are produced in the cell body, which is often far away
from the energy demanding synapses. Thus, proper targeting of mitochondria from the cell body
into dendrites and the axon is essential for the support of synapses and maintenance of axon and
dendrites. Consistently, several neurological diseases are known to arise from dysfunction and
defective trafficking of mitochondria (Chan, 2006; Mattson et al., 2008).
Several studies have shown that cytoskeletal motor proteins are responsible for transport of
mitochondria in neurons (Boldogh and Pon, 2007; Frederick and Shaw, 2007; Hollenbeck and
Saxton, 2005). In both axons and dendrites, the majority of these movements are microtubulebased and characterized by alternating outward (or anterograde) and inward (or retrograde)
transport, interspersed with periods of stationary docking (Kang et al., 2008; Ligon and Steward,
2000; Pilling et al., 2006). Such bidirectional transport suggests that mitochondria interact
with both families of microtubule-based motors, kinesins and dynein, which drive transport
towards the microtubule plus-end and minus-end, respectively (Hirokawa and Noda, 2008; Vale,
2003). The regulatory mechanism of opposing motor activities is unknown, but are of obvious
importance to deliver mitochondria to the desired spatiotemporal locations (Welte, 2004). Both
motor proteins are also involved in polarized transport and sorting of specific cargo between
axons and dendrites (Kapitein and Hoogenraad, 2010). In several model systems, it has been
demonstrated that kinesin motors specifically target the axon and drive synaptic vesicle transport
(Nakata and Hirokawa, 2003; Ou et al., 2010), whereas the dynein/dynactin motor complex
sorts postsynaptic receptors and Golgi outposts to dendrites (Kapitein et al., 2010a; Zheng et al.,
2008). However, whereas two different transport mechanisms exist to control polarized transport
in neurons, it is unclear which machinery is used to uniformly distribute non-polarized neuronal
cargos, such as mitochondria.
Mitochondrial Rho GTPase (Miro) and TRAK/Milton are part of a conserved protein
complex (Beck et al., 2002; Brickley et al., 2005; Fransson et al., 2006) that is known to be
essential for mitochondrial distribution in many cell types, including neurons (Glater et al.,
2006; Guo et al., 2005; Stowers et al., 2002). The trafficking kinesin-binding protein (TRAK)
serves as the motor-adaptor molecule that connects microtubules via kinesin-1/KIF5 to the
mitochondria-anchored protein Miro (Boldogh and Pon, 2007; Goldstein et al., 2008; MacAskill
and Kittler, 2010). Recent studies showed that the Miro protein serves as a calcium sensor that
regulates kinesin-mediated mitochondrial motility (MacAskill et al., 2009; Wang and Schwarz,
2009). Whereas Drosophila carries one TRAK/Milton gene, mammals have two different
TRAK/Milton orthologues, named TRAK1 and TRAK2 (i.e., Milton-1/OIP106 and Milton-2/
GRIF-1, respectively) (Brickley et al., 2005). All TRAK/Milton family proteins consist of an
N-terminal coiled-coil domain and a Huntingtin-associated protein 1 (HAP1) region, found in
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several kinesin and dynein interacting proteins (Caviston et al., 2007). The C-terminal domain
of TRAK/Milton interacts with Miro (Glater et al., 2006). The high degree of similarity between
the mammalian TRAK family members of proteins suggests that they may have redundant
functions; however, this has not previously been investigated.
Here we use a large variety of immunohistochemical, biochemical, cell biological and
quantitative microscopy approaches to demonstrate that TRAK1 and TRAK2 differentially
regulate polarized sorting of mitochondria. Our data show that TRAK1 binds to both kinesin-1/
KIF5B and dynein/dynactin and steers mitochondria into axons, whereas TRAK2 predominantly
interacts with dynein/dynactin and mediates dendritic targeting. Depletion of TRAK1 impairs
mitochondrial mobility in axons and reduces axon outgrowth and branching, whereas TRAK2
knockdown displays similar defects in dendrites. The difference between the two TRAK proteins
arises from TRAK2’s preference for a backfolded conformation, which is inhibitory for the
binding to KIF5B and, hence, for axonal transport. Thus, our study demonstrates that differential
adaptor-motor interplay regulates polarized mitochondria trafficking. Our findings advance
the knowledge of fundamental transport processes essential for the maintenance of neuronal
homeostasis and have important implications for our understanding of neuronal degeneration.

Results
Polarized sorting of mitochondria is regulated by kinesin-1 and dynein motor
proteins
Mitochondria have multiple kinesin and dynein motors attached and their opposing activity
most likely leads to bidirectional motion in both axons and dendrites (data not shown). Recent
data demonstrated that kinesin and dynein motors are not only required for bidirectional cargo
transport but also play an important role in controlling polarized cargo transport (Kapitein and
Hoogenraad, 2010). To test whether targeting of mitochondria to axons and dendrites requires
kinesin-1 and dynein motor activity, hippocampal neurons were transfected with the dominant
negative kinesin-1 construct (KIF5B-tail) or the dominant negative dynactin construct (p150cc1). The distribution of endogenous mitochondria, as revealed by mitochondria marker
cytochrome c, in GFP-KIF5B-tail and GFP-p150-cc1 expressing neurons was dramatically
different from controls. Blocking kinesin-1 redistributed mitochondria away from the axon into
the dendrites, while inhibition of dynein led to more mitochondria in axons. To further quantify
the differential mitochondria distribution in neurons we measured both the average dendrite
intensity (Id) and average axonal intensity (Ia) and calculated the polarity index (PI) by using
PI=(Id-Ia)/(Id+Ia) (Kapitein et al., 2010a). For uniformly distributed proteins Id=Ia and PI=0
whereas PI>0 or PI<0 indicates polarization towards dendrites and axons respectively. Analysis
of cytochrome c in control neurons for the mitochondria distribution yielded a polarity index of
0.22 ± 0.09 (Figure 1A) indicating that there are slightly more mitochondria present in dendrites
compared to the axon. Blocking kinesin-1 reveals a positive PI of 0.62 ± 0.09 (more abundant in
dendrites), while inhibition of dynein shows a PI of -0.05 ± 0.14 (more in the axon), indicating
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that kinesin-1 and dynein are necessary for the proper distribution of mitochondria in axons and
dendrites.
To more directly address whether recruitment of kinesin-1 and dynein motor activity to
mitochondria is sufficient to establish axon and dendrite-specific targeting, we made use of
the previously reported inducible cargo trafficking assay (Figure 1B)(Hoogenraad et al., 2003;
Kapitein et al., 2010b). This system makes use of the fact that the FRB domain of mTOR
strongly binds to FKBP in the presence of the cell-permeable rapamycin analog AP21967 (from
now on called rapalog) (Clackson et al., 1998; Kapitein et al., 2010b). Rapalog triggers the
binding of kinesin-1 (KIF5-HA-FRB) or dynein via adaptor protein Bicaudal-D (BICDN-HAFRB) to FKBP-GFP-mito, a fusion construct of FKBP and mitochondrial targeting signal (mito)
coupled to the green fluorescent protein (GFP) (Figure 1B)(Hoogenraad et al., 2003; Kapitein et
al., 2010b). Addition of rapalog to neurons coexpressing KIF5-HA-FRB and FKBP-GFP-mito
induced a rapid burst of mitochondria from the cell body into the axon (Figure 1C). Acquisition
of zoomed regions at increased frame rates (5 frames/s, Figure 1E) revealed that the majority of
mitochondria in axons after rapalog addition moved in anterograde direction (from proximal
to distal, Figure 1G). In contrast, addition of rapalog to neurons expressing BICDN-HA-FRB
caused mitochiondria to move away from the cell body into the primary dendrites (Figure 1D).
Consistent with other cargos moving into dendrites (Hoogenraad et al., 2003; Kapitein et al.,
2010b), we observed that mitochondria coupled to dynein target the dendrites with bidirectional
runs (Figure 1F,H). Addition of rapalog to these neurons also drives retrograde transport of
mitochondria already present in axons (Figure 1F,H). Together these data demonstrate that the
opposing kinesin-1 and dynein motors are both necessary and sufficient for the proper sorting of
mitochondria to respectively axons and dendrites.

Differential distribution of TRAK proteins in the central nervous system
We suspected that regulatory motor-adaptor proteins may exist that steer mitochondria transport
into axons and dendrites and thus focused on TRAK adaptor proteins, which were previously
found to associate with kinesin-1 and regulate mitochondrial transport in neurons (Glater et
al., 2006; Guo et al., 2005; Stowers et al., 2002; MacAskill et al., 2009; Wang and Schwarz,
2009). To study the roles of mammalian TRAK family members in neuronal mitochondrial
trafficking we first generated rabbit polyclonal antibodies to TRAK1 and TRAK2 proteins. The
antibodies were raised against the C-terminal region of the proteins where TRAK1 and TRAK2
showed the lowest amount of sequence homology (Figure 2A). Both newly generated antibodies
reacted strongly and specifically with the appropriate TRAK protein on Western blot and did
not recognize the other TRAK orthologue or control proteins, such as adaptor protein BICD2
or kinesin-2 motor protein KIF17 (Figure 2B). Antibody specificity was also demonstrated by
immunofluorescence stainings in TRAK transfected HeLa cells (data not shown) and mouse brain
and spinal cord sections (Figure 2C-F). TRAK1 and TRAK2 are present in punctate structures
in various neuronal cell types in the central nervous system, including pyramidal neurons in the
hippocampus (Figure 2C and data not shown) and motor neurons in the ventral horn of the
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spinal cord (Figure 2D-F and data not shown). The specific staining was completely blocked by
pre-incubating the antibodies with the corresponding TRAK antigens (Figure 2E and data not
shown). These TRAK labeled structures were observed in the cell body and processes and showed
a significant albeit incomplete overlap with the mitochondrial marker cytochrome c (Figure 2CF). The ability of both TRAK proteins to associate with mitochondria was further confirmed in
primary hippocampal neurons at 14 days in vitro (DIV14) by the colocalization of endogenous
TRAK proteins and cytochrome c (Supplementary Figure 1A) and simultaneous dual color live
imaging of mitochondrial marker mito-DsRed and each GFP-TRAK protein (Supplementary
Figure 1B,C).
In agreement with in situ hybridization data from the Allen Mouse Brain Atlas (Lein et
al., 2007) and the immunohistochemical experiments (Figure 2C-F), Western blot analysis of
various adult mouse tissues showed that both TRAK1 and TRAK2 are expressed throughout the
developing and adult brain (Figure 2G-I). TRAK2 is predominantly expressed in cerebellum,
cortex and midbrain, whereas TRAK1 is also detected in several other organs outside the brain,
including heart, liver, lung and spleen (Figure 2H). Within the regions of the murine nervous
system examined, TRAK1 and TRAK2 expression varied mostly in the spinal cord (Figure 2I).
In this axon-rich tissue, TRAK1 protein is readily detected whereas TRAK2 protein is barely
present, an observation confirmed by comparing the expression of the two TRAK proteins in
cerebral grey and cervical spinal white matter (Figure 2G). The low expression of TRAK2 in
the spinal cord is unexpected for a protein predicted to be involved in axonal transport. In fact,
the axonal transport motor KIF5B is present at higher levels in the white matter in spinal cord
compared to the cortex (Figure 2G). Together these data show that both TRAK1 and TRAK2
associate with mitochondria but have a differential distribution in the central nervous system.

Polarized distribution of TRAK proteins in hippocampal neurons
We next tested whether TRAK1 and TRAK2 proteins are differentially distributed in cultured
hippocampal neurons. As previously reported (Hoogenraad et al., 2005; Jaworski et al., 2009),
dendrites can be distinguished from axons based on the morphologic characteristics: shorter
Figure 1. Kinesin-1 and dynein drive polarized mitochondria transport in neurons
(A) Polarity index of Cytochrome C intensity in GFP (as control), GFP-KIF5-tail and GFP-p150-cc1
transfected neurons (DIV 12+2) as indicated. Error bars indicate SEM, * p<0.05.
(B) Inducible cargo trafficking assay. FKBP-GFP-mito, a fusion construct of FKBP and mitochondrial
targeting signal (mito) coupled to the green fluorescent protein (GFP) targets mitochondria. Fusions of FRB
with the truncated motor construct of kinesin-1 (KIF5-HA-FRB) and dynein adaptor protein Bicaudal D2
(BICDN-HA-FRB) are recruited to FKBP and coupled to the mitochondria upon addition of rapamycin
analog AP21967 (rapalog).
(C-F) Representative images of hippocampal neurons at DIV15 coexpressing FKBP-GFP-mito and KIF5HA-FRB (C,E) and BICDN-HA-FRB (D,F) before and after addition of rapalog. Scale bars represent 20
μm. Yellow arrowheads indicate mitochondria translocation into the axon and blue arrowheads indicate
movement into the dendrites (C,D). Time series show the movement of mitochondria in dendrites and
axons upon addition of rapalog (E,F). (G-H) Kymograph of mitochondria movement in axons and
dendrites from recordings shown in (E-F).
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Figure 2. TRAK proteins are differentially distributed in the central nervous system
(A) Diagram of human TRAK1 and TRAK2 protein structure. Predicted coiled-coil (CC) domains are
shown as boxes. HAP-1 domain is indicated. Specific TRAK1 and TRAK2 antibodies were raised against
GST-tagged TRAK1 and TRAK2 fusion proteins containing amino acids 754–953 (TRAK1) and 848–913
(TRAK2) as indicated.
(B) Specificity of anti-TRAK antibodies. Protein extracts of Hela cells transfected with GFP-TRAK1, GFPTRAK2 and two negative control constructs (GFP-BICD2 and GFP-KIF17) were analyzed by Western
blotting with anti-GFP, anti-TRAK1 or anti-TRAK2 antibodies.
(C-F) Triple labeling of TRAK1 (red), Cytochrome C (green) and Dapi (blue) in CA3 of hippocampus of
adult mouse (C) and motor neurons of the mouse spinal cord (D-F). TRAK1 antibody is blocked with its
own antigen in (E). Scale bars, 100 μm
(G) Western blots of TRAK protein expression and KIF5B expression in extracts from isolated regions of
cortex (grey matter) and spinal cord (white matter) of rat. β-actin is used as a loading control.
(H) Developmental expression patterns of TRAK1 and TRAK2 in E10.5 (whole embryo), E13, E16, E18
and P1, P5 (head only) and P10, P15, adult (forebrain or cerebellum) mouse. Equal amounts of protein
were loaded for each lane. β-actin is used as a loading control.
(I) Western blot analysis of TRAK1 and TRAK2 in various adult mouse tissues, including brain regions and
organs. Equal amounts of protein were loaded for each lane. β-actin is used as a loading control.
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length, thick and non-uniform diameter, dense branching and spines. Although both TRAK1 and
TRAK2 antibodies label the neuronal cell body, the localization patterns in axons and dendrites
are markedly different from each other (Figure 3A). Double labeling immunofluorescence
experiments for each TRAK protein and the axonal marker Tau or the dendritic marker MAP2
revealed a prominent localization of TRAK1 in axons and TRAK2 in dendrites (Figure 3A). To
further quantify the differential TRAK1 and TRAK2 protein distribution in neurons we measured
both the average intensity in axon and dendrites (Figure 3C) and calculated the polarity index
(PI). Quantification of the intensity of TRAK1 antibody staining reveals a negative PI of -0.32 ±
0.11 (more abundant in axons) while TRAK2 has a positive PI of 0.68 ± 0.11 (more abundant
in dendrites), indicating a polarized distribution of endogenous TRAK proteins in hippocampal
neurons. The opposing distribution of the two TRAK proteins was even more apparent by
expression of fluorescently tagged TRAK1 and TRAK2: GFP-TRAK1 mainly targeted the axons,
while GFP-TRAK2 was almost exclusively present in dendrites (Figure 3B,E).
Next we investigated whether the expression of TRAK proteins can influence the normal
mitochondrial distribution in neurons. Expressing GFP-TRAK1 or GFP-TRAK2 dramatically
shifted the mitochondrial localization to axons or dendrites, respectively (Figure 3F). The
opposing effects on mitochondria localization were also observed in cultured HeLa cells:
expression of GFP-TRAK1 induced formation of peripheral mitochondrial clusters, while
GFP-TRAK2 caused strong accumulation of mitochondria in the cell center (Supplementary
Figure 2A-D). Together these data show that TRAK1 and TRAK2 have differential effects on
mitochondria distribution - TRAK1 is prominently localized in axons, while TRAK2 is more
abundantly present in dendrites.

TRAK proteins control mitochondrial mobility in axons and dendrites
To further explore the function of TRAK proteins in mitochondrial trafficking, we generated
shRNAs that specifically inhibited the expression of TRAK1 or TRAK2 in hippocampal neurons
(Supplementary Figure 3A). TRAK1 and TRAK2 antibodies showed more than ~80% reduction
of staining intensity in TRAK1- or TRAK2-shRNA transfected neurons (Supplementary
Figure 3B,C), while staining with other antibodies, such as tau, was unaffected (data not
shown). Furthermore, knockdown of TRAK1 did not affect TRAK2 staining intensity, and vice
versa (data not shown). We then determined the effect of TRAK1 or TRAK2 knockdown on
mitochondria localization. Hippocampal neurons transfected with TRAK2-shRNA showed a
strong accumulation of the mitochondrial marker mito-DsRed in the cell body, while in TRAK1shRNA and pSuper control neurons no mitochondrial accumulation was observed (Figure 4A,B).
Similar organelle accumulations were observed in neurons defective in other dendritic cargo
trafficking pathways (Hoogenraad et al., 2005), suggesting that TRAK2 is important for proper
mitochondria transport from the cell body into dendrites. Indeed, neurons expressing TRAK2shRNA contained fewer mitochondria in the dendrites compared to control cells (Supplementary
Figure 3D,E).
Recent data suggest that TRAK1 is important for mitochondrial transport within axons of
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Figure 3. Polarized distribution of TRAK proteins in hippocampal neurons
(A) Representative images of hippocampal neurons (DIV 14) stained for endogenous TRAK1 and TRAK2
(green) and co-stained with Tau and MAP2 (red) to highlight axon and dendrites. Yellow arrowheads
indicate axons and blue arrowhead indicate dendrites. Scale bar, 20 μm.
(B) Representative images of hippocampal neurons (DIV 12+2) co-transfected with GFP-TRAK1 or GFPTRAK2 and β-galactosidase to visualize neuronal morphology. Yellow arrowheads indicate axons and blue
arrowhead indicate dendrites. Scale bar, 20 μm.
(C) Quantification of endogenous mitochondria marker Cytochrome C (as control), TRAK1 and TRAK2
intensity in axons and dendrites of hippocampal neurons at DIV 14.
(D) Polarity index of endogenous Cytochrome C (as control), TRAK1 and TRAK2 in hippocampal neurons
at DIV 14.
(E) Polarity index of exogenous mitochondria marker mito-DsRed, GFP-TRAK1 and GFP-TRAK2 in
hippocampal neurons at DIV 12+2.
(F) Polarity index of endogenous Cytochrome C intensity in GFP (as control), GFP-TRAK1 and GFPTRAK2 transfected neurons (DIV12+2). Error bars indicate SEM, * p<0.05, ** p<0.005 and *** p<
0.0005.

hippocampal neurons (Brickley and Stephenson, 2011). To study the role of TRAK proteins
both inside axons and dendrites we used live cell video microscopy and observed that knockdown
of both TRAK1 and TRAK2 disrupts mitochondrial motility in both compartments (Figure
4C-F). Kymographs were used to analyze mobile and stationary mitochondria in both axons and
dendrites as previously described (MacAskill et al., 2009; Miller and Sheetz, 2004; Wang and
Schwarz, 2009). In the absence of both TRAK proteins, mitochondrial mobility was reduced
by ~50% in axons and by ~60% in dendrites. We next analyzed mitochondrial mobility in
TRAK1 and TRAK2 single knockdown neurons. Interestingly, expression of TRAK1-shRNA in
hippocampal neurons results in a strong reduction of moving mitochondria in the axon while
mobility in dendrites is normal compared to control and TRAK2-shRNA expressing neurons
(Figure 4C-F). In contrast expression of TRAK2-shRNA decreases the number of moving
mitochondria in dendrites (Figure 4C-F). In all cases, the reduced mobility is observed in both
retrograde and anterograde directions in axons and dendrites (data not shown). Together, these
results indicate that TRAK1 is required for proper axonal trafficking of mitochondria, whereas
TRAK2 is needed for dendritic mitochondria mobility.

TRAK proteins are required for normal morphology of axons and dendrites
Given previous observations that dysfunction and defective transport of mitochondria alters
neuronal morphology (Chan, 2006; Rintoul and Reynolds, 2010), we examined the effect of
TRAK1 and/or TRAK2 knockdown on the outgrowth of axons and dendrites. In developing
neurons co-expressing TRAK1- and TRAK2 shRNAs and β-galactosidase (β-gal; to highlight
neuronal morphology), we observed a marked change in morphology of both axons and dendrites
(Figure 5A). Quantification revealed that the length of axons and dendrites was decreased by ~50%
in TRAK1/2 double knockdown cells compared to control neurons (Figure 5B,E). A similar
morphological phenotype was observed after expressing dominant negative forms of TRAK1
and TRAK2 (Supplementary Figure 4A-E), which contained only the C-terminal Miro binding
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Figure 4. TRAK proteins control mitochondrial motility
(A) Representative images of cell bodies of hippocampal neurons cotransfected at DIV12+4 with GFP
and pSuper control vector, TRAK1-, TRAK2- or TRAK1/2-shRNA and costained with Cytochrome C to
visualize mitochondria. Scale bars, 10 μm.
(B) Quantification of the ratio of immunostaining intensity in pericentral region of the cell body versus the
immunostaining intensity in the rest of the cell body (soma) for Cytochrome C in neurons transfected with
indicated constructs as shown in (A). Histograms show mean ± SEM, ** p<0.005, ***p<0.0005.
(C) Kymographs showing the motility of mitochondria, labeled with mito-DsRed in axons (C) and
dendrites (D). Hippocampal neurons were cotransfected with mito-DsRed and pSuper control vector,
TRAK1-, TRAK2- or TRAK1/2 shRNA. Region of the kymographs in the representative axon or dendrite
are indicated.
(E-F) Percentage of the number of moving mitochondria in axons (E) and dendrites (F) of control and
shRNA transfected neurons as indicated and calculated from different imaging recordings. Error bars
indicate SEM, **p<0.005 and *** p<0.0005.

domain and inhibited the binding of endogenous TRAK1/2 to mitochondria. To understand
better the role of each TRAK protein in shaping axons and dendrites, we next analyzed single
TRAK1 and TRAK2 depletions. We observed that axon morphology of neurons expression
TRAK1-shRNA was severely affected, while neurons expressing TRAK2-shRNA showed a
marked decrease in dendritic outgrowth (Figure 5A). Quantification indicated that knockdown
of TRAK1 decreases axon length, the number of axonal tips and the number of axonal branches
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by ~50%, compared to control neurons (Figure 5B-D). In contrast, knockdown of TRAK2
decreased total dendritic length and number of primary dendrites by ~50%, similar to TRAK1/2
double knockdown neurons (Figure 5E-F). Moreover, TRAK2 depletion increased axonal length
and the number of axonal tips and branches (Figure 5B-D), while the cell soma size was not
significantly changed (Figure 5G). Together these results indicate that TRAK1 plays an essential
role in axonal outgrowth, while TRAK2 is critically important for dendrite morphology.

Differential interaction of TRAK1 and TRAK2 with kinesin-1 and dynein
To better understand how TRAK proteins differentially distribute mitochondria to axons and
dendrites, we next searched for distinct TRAK1 and TRAK2 binding partners. Biotinylated and
GFP-tagged TRAK1 and TRAK2 (bio-GFP-TRAK1 and bio-GFP-TRAK2) and bio-GFP as a
control constructs were transiently coexpressed in HEK293 cells together with the protein-biotin
ligase BirA, isolated with streptavidin beads, incubated with rat brain extracts and isolated proteins
were analysed by mass-spectrometry. Both bio-GFP-TRAK1 and bio-GFP-TRAK2 bound to the
previously identified TRAK partners, including atypical GTPase Miro (Miro 1 or Miro2) (Glater
et al., 2006) and O-GlcNAc transferase (OGT) (Iyer et al., 2003)(Figure 6A). In addition, novel
potential TRAK binding partners were identified, such as several components of dynein and dynactin
complexes, including dynein heavy chain 1 (DHC1), dynein light chain 1 (DLC1), p150Glued
and p50/dynamitin (Figure 6A). These mass spectrometry results were confirmed by Western
blotting (Figure 6B) and immunoprecipitation experiments with GFP-p150Glued (Figure 6C),
indicating that both TRAK1 and TRAK2 bind to the dynein/dynactin motor complex. Expression
of GFP-TRAK1 and GFP-TRAK2 revealed colocalization with dynein/dynactin in HeLa cells,
especially in the pericentral region (Figure 6F) and in the cell body of hippocampal neurons (Figure
6G). Overexpression of GFP-TRAK1 or GFP-TRAK2 in neurons strongly recruited endogenous
dynein/dynactin to mitochondria, which was especially evident in neuronal somas (Figure 6G,H).
Next, we screened the mass spectrometry data for proteins that showed specific affinity for
either TRAK1 or TRAK2 and found that kinesin-1/KIF5B was highly enriched in the TRAK1
biotin-pull down compared to the TRAK2 pull down (27 versus 2 unique KIF5B peptides) (Figure
6A). Additional biotin-pull down and mass-spectrometry experiments from other cell lines also
detected a strong enrichment of KIF5B peptides in TRAK1 pull downs (Figure 6B and data not
shown). Indeed, endogenous KIF5B showed higher binding to TRAK1 in immunoprecipitation
experiments compared to TRAK2, while Miro associated with both TRAK proteins (Figure 6D).
When KIF5B was overexpressed, it bound equally well to TRAK1 and TRAK2 (Figure 6E),
suggesting that TRAK2 does not associate with endogenous kinesin-1 motors but overexpression
can induce the interaction between TRAK2 and KIF5B. Consistent with previous data (Glater
et al., 2006), we did not find kinesin light chain (KLC), a major binding partner of kinesin-1 in
the TRAK pull downs (Figure 6B), indicating that the association between TRAK1 and KIF5
does not require KLC. Together, these data show that the composition of the motor complexes
associated with TRAK adaptors is different; both TRAKs bind to dynein/dynactin and only
TRAK1 shows a strong interaction with kinesin-1.
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Figure 5. TRAK proteins are required for axon and dendrite morphology
(A) Representative images of hippocampal neurons co-transfected at DIV1+4 with empty pSuper control
vector, TRAK1-, TRAK2- or TRAK1/2-shRNA and GFP to visualize the neuron morphology. Yellow
arrowheads indicate axons and blue arrowheads highlight some typical dendrites. Scale bar, 20 μm.
(B-G) Quantification of axon and dendrite morphological parameters of hippocampal neurons, including
axonal length (B), number of axonal tips (C), number of axonal branches (D), total dendrite length (E),
number of primary dendrites (F) and diameter of cell body (G). Error bars indicate SEM, * p<0.05, **
p<0.005 and *** p<0.0005.

Inhibition of KIF5B binding by an intramolecular head-to-tail interaction in TRAK2
To explain the different behaviors of TRAK1 and TRAK2, we further investigated the mechanism
underlying the differential binding of TRAK1 and TRAK2 to kinesin-1. Many motor and adaptor
proteins exist in a folded conformation, which allows the N-terminal and C-terminal regions to
make direct contact and control their activity (Hirokawa and Noda, 2008). We explored whether
such an intramolecular interaction occurs in TRAK proteins and could modulate the interaction
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Figure 6. TRAK proteins bind to dynein/dynactin and differentially to KIF5B
(A) Binding partners of bio-GFP-TRAK in HEK293 cells loaded with brain extracts and identified by mass
spectrometry.
(B) Western blots of TRAK1 and TRAK2 binding partners identified from biotin pull downs of brain
lysates. Equal volumes of total pull down are loaded in each lane. KLC was used as a negative control.
(C) Immunoprecipitations using GFP antibodies from extracts of HeLa cells co-transfected with GFPp150Glued and myc-TRAK1, myc-TRAK2 or myc-GRASP-1 (control) and probed for GFP or myc.
(D) Immunoprecipitations using GFP antibodies from extracts of HEK cells transfected with GFP-TRAK1,
GFP-TRAK2 or GFP (control) and probed for KIF5B, myc-Miro-1 and GFP.
(E) Immunoprecipitations using GFP antibodies specific for GFP from extracts of HEK cells transfected
with myc-KIF5B and indicated GFP-TRAK constructs and probed for myc or GFP.
(F-G) Hela cells (F) and hippocampal neurons (G) transfected with GFP only, GFP-TRAK1 or GFPTRAK2 and stained with anti-p150Glued. Arrowheads indicate accumulation of p150Glued in the cell
body. Scale bar, 10 um.
(H) Quantification of intensity of p150Glued staining in the cell body of hippocampal neurons transfected
as indicated. Error bars indicate SEM, ** p<0.005.
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with kinesin-1. We first tested whether the head and tail domains of TRAK can interact by coexpressed GFP-TRAK2-N and myc-TRAK2-C in HEK293T cells and found the two fragments
co-precipitated with each other (Figure 7A). Moreover, the NH2- and COOH-terminal domains
of TRAK1 also interacted (Figure 7A).
Next, we reasoned that attaching fluorophores to the NH2 and COOH termini of TRAK
proteins (CFP donor and YFP acceptor) would allow us to detect fluorescence resonance energy
transfer (FRET) if TRAK proteins indeed fold back and the NH2 and COOH termini come
in close proximity. We generated TRAK1 and TRAK2 fusion constructs with YFP at the NH2
terminus and CFP at the COOH terminus (YFP-TRAK1-CFP and YFP-TRAK2-CFP).
HEK293T cells were transfected with plasmids, expressing either CFP or YFP, a CFP-YFP tandem
fusion, YFP-TRAK1-CFP or YFP-TRAK2-CFP and the fluorescence spectra of the resulting cell
extracts were measured. As previously published (Lansbergen et al., 2004), a mixture of cell
extracts containing an equimolar amount of CFP and YFP, served as a negative FRET control,
which displayed no significant emission of the YFP acceptor after the excitation of the CFP
donor (Figure 7B). The CFP-YFP tandem, which served as a positive control, displayed marked
sensitized YFP fluorescence after CFP excitation due to FRET (Figure 7B) (Lansbergen et al.,
2004). A smaller, but significant YFP-sensitized emission was displayed by the YFP-TRAK2CFP but not by the YFP-TRAK1-CFP-containing cell extract (Figure 7C). The occurrence of
FRET in the extract, containing the YFP-TRAK2-CFP fusion, is indicated by the ~20% higher
ratio of fluorescence at 527 nm (YFP emission) to fluorescence at 475 nm (CFP emission) upon
excitation at 425 nm, as compared with CFP+YFP mixture and YFP-TRAK1-CFP (Figure 7C).

Figure 7. Intramolecular head-to-tail interactions in TRAK2
(A) Immunoprecipitations using GFP antibodies from extracts of HEK293 cells co-transfected with GFPonly, GFP-TRAK1-HD or GFP-TRAK2-HD and myc-TRAK1-C or myc-TRAK2-C. Immunoblots are
probed for GFP and myc.
(B-E) Emission spectra of the extracts of HEK293 cells, transfected with the indicated constructs, measured
with excitation at 425 nm. Fluorescence intensity is shown in arbitrary units.
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The ratio of YFP to CFP fluorescence in the extract, containing YFP-TRAK2-CFP protein, did
not change after it was diluted, suggesting that the binding between the TRAK2 head and tail
was intramolecular and not intermolecular (data not shown). In apparent contradiction with the
binding of the TRAK1 NH2- and COOH-terminal domains, full length TRAK1 showed almost
no FRET signal. This could be explained if the TRAK2 NH2 and COOH termini only interact
as separate protein domains but not by intramolecular interactions measure by the FRET assay.
Alternatively, the folding of TRAK1 could be transient and highly dynamic, indicating that some
properties of the full-length molecule preclude its efficient self-folding.
Since TRAK2 did not associate with endogenous KIF5B but overexpression of myc-KIF5B
could force an interaction (Figure 6E), we reasoned that the folded TRAK2 conformation might
inhibit endogenous kinesin-1 binding and that high concentrations of KIF5B might release the
inhibitory state by unfolding TRAK2. Extracts prepared from cells co-transfected with mycKIF5B and YFP-TRAK2-CFP or myc-KIF5B, YFP-TRAK2-CFP and the TRAK binding
partner Miro (myc-Miro), no longer displayed a significant FRET signal while YFP-sensitized
emission was still detected in the extract of cells transfected with YFP-TRAK2-CFP alone, or
YFP-TRAK2-CFP together with myc-Miro (Figure 7D,E and data not shown). Consistently,
kinesin-1 overexpression affects the GFP-TRAK2 distribution in hippocampal neurons.
Expression of KIF5B redistributed TRAK2 from the dendrites to the axon (Supplementary Figure
5A-C). A similar effect was observed in HeLa cells, where co-expressing TRAK2 and myc-KIF5
results in strong peripheral translocation (data not shown). Together, these data suggest that the
intramolecular interaction in TRAK2 and TRAK2 binding to KIF5B are mutually exclusive.

Conformational changes in TRAK2 regulate mitochondrial sorting
If the “open” TRAK conformation correlates with KIF5B binding while the “closed” conformation
inhibits it, forcing TRAK1 to fold back might make it more similar to TRAK2. To test this
idea, we again used the rapamycin-mediated FRB-FKBP heterodimerization system but now
fused the FRB and FKBP domains to the NH2 terminus and COOH terminus of TRAK1
and TRAK2 (FRB-GFP-TRAK1-FKBP and FRB-GFP-TRAK2-FKBP), respectively, causing a
tight interaction between the C-terminal and N-terminal parts of TRAK after rapalog addition
(Figure 8A). We first tested the system in HeLa cells by expressing FRB-GFP-TRAK1-FKBP
or FRB-GFP-TRAK2-FKBP and treating cells with rapalog for different time points (0, 15
min and 30 min). Already 15 minutes after the addition of rapalog, the number of FRB-GFPTRAK1-FKBP cells without a peripheral TRAK1 localization shifted from ~90% (control 0
min rapalog) to ~60% (Fig. 8C and data not shown), suggesting a change in balance from plusend directed to minus-end directed transport. No marked effect was observed in cell expressing
FRB-GFP-TRAK2-FKBP. Next, neurons were transfected with FRB-GFP-TRAK1-FKBP or
FRB-GFP-TRAK2-FKBP constructs and treated with rapalog for different times points (0, 30
min, 2 hours). In control situation (0 min rapalog), the localization of TRAK1 and TRAK2 in
axons and dendrites was similar to that described before. However, the addition of rapalog for 30
minutes caused a marked translocation of TRAK1 from the axonal compartment to the dendritic
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Figure 8. Conformational changes in TRAK proteins regulate mitochondrial sorting
(A) Schematic overview of FRB-rapalog-FKBP system used to induce folding of TRAK proteins.
(B) Immunoprecipitations using HA antibodies from extracts of HeLa cells transfected with FRB-HATRAK1-FKBP and treated with (+) or without (-) rapalog for 10 minutes and probed for HA, KIF5B and
p150Glued.
(C) Representative images of tranfected HeLa cells with FRB-GFP-TRAK1-FKBP before (0 min) and after
(30 min) addition of rapalog. Scale bar, 10 μm.
(D) Representative images of hippocampal neurons at DIV 12+2 transfected with FRB-GFP-TRAK1FKBP before (0 min) and after (30 min and 2 hours) addition of rapalog. Scale bar, 10 μm.
(E) Polarity index of FRB-GFP-TRAK1-FKBP in hippocampal neurons at DIV 12+2 before (0 min) and
after (30 min and 2 hours) addition of rapalog. Error bars indicate SEM, *** p<0.0005.

branches (Figure 8D), while TRAK2 maintained its dendritic distribution (data not shown).
The change in PI confirms the strong enrichment of TRAK1 in dendrites (Figure 8E). The lack
of KIF5B binding with the rapalog-induced ‘closed’ conformation of FRB-GFP-TRAK1-FKBP
was confirmed by immunoprecipiation experiments, while the binding for dynein/dynactin was
unaffected (Figure 8B). Together these data strongly indicate that conformational differences
between TRAK proteins control motor binding and regulate polarized mitochondrial sorting in
neurons.

Discussion
Complex processes critical for neuronal polarization have adapted basic cellular pathways to
achieve the functional specialization of axons and dendrites. Some of these processes, such as
cargo trafficking, require additional layers of control and significant fine-tuning. Here, we describe
a new molecular mechanism that efficiently coordinates mitochondrial transport in neurons.
We demonstrate that the TRAK family proteins are bidirectional motor-adaptors that differ in
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their function to transport mitochondria into axons and dendrites. TRAK1 steers mitochondria
into axons and is required for axonal trafficking and outgrowth, whereas TRAK2 is required for
movement of mitochondria into dendrites and dendritic development. Moreover, we show that
the differential function of the TRAK proteins can be explained by conformational differences.
Our data suggest that TRAK2 adopts a folded conformation through an association between
its NH2 and COOH termini, which inhibits the binding to kinesin-1 thus preventing axonal
transport.

Mammalian TRAK proteins control mitochondria trafficking in polarized cells
Previous work examining the role of motor proteins in axonal mitochondrial transport revealed
that the opposite-polarity motors kinesin-1 and dynein drive anterograde and retrograde
transport, respectively (Boldogh and Pon, 2007; Frederick and Shaw, 2007; Hollenbeck and
Saxton, 2005). In many models, targeting of mitochondria depends on kinesin-1’s ability to
overcome the opposing effect of dynein and understanding their differential regulation has
become a key challenge to understand retrograde versus anterograde motility. It is becoming clear
that the activity of both opposite-polarity motors is required to trigger bidirectional transport
and most likely regulated by bidirectional adaptor proteins (Welte, 2004). Our data suggest that
TRAK family proteins bind both dynein and kinesin-1 and may regulate bidirectional transport
in axons and dendrites. Consistently, the Stephenson lab recently demonstrated that TRAK1
is important for bidirectional mitochondrial transport within axons of hippocampal neurons
(Brickley and Stephenson, 2011). Recent work has also revealed that, in addition to bidirectional
transport, kinesin-1 and dynein motor proteins play important roles in selective transport
to axons and dendrites (Kapitein and Hoogenraad, 2010). Studies in both Drosophila and
mammalian neurons indicated that kinesin-1 motors specifically drive transport into the axon
(Nakata and Hirokawa, 2003; Ou et al., 2010), while the dynein and dynactin motor complex
is the key motor for selective transport into dendrites (Kapitein et al., 2010a; Zheng et al.,
2008). The axonal targeting of kinesin-1 is governed by microtubule modifications that enhance
kinesin-1 binding (Dunn et al., 2008; Hammond et al., 2008; Konishi and Setou, 2009; Nakata
and Hirokawa, 2003; Reed et al., 2006), whereas dynein-dependent cargo sorting to dendrites
is facilitated by the minus-end distal oriented microtubules exclusively present in dendrites
(Kapitein et al., 2010a). The strong and opposite targeting preferences of these mitochondrial
transport motors suggest that establishing non-polarized transport of mitochondria requires
fine-tuning of dynein and kinesin-1 motor protein activity. Our data suggests that mammalian
TRAK1 and TRAK2 differentially employ these two transport machineries and together mediate
selective mitochondrial trafficking in polarized cells.
Several lines of evidence support this model. First, we show that TRAK1 and TRAK2 have a
polarized distribution in neurons in vitro and in vivo. Second, TRAK1 and TRAK2 differentially
control the polarized sorting and delivery of mitochondria in neurons. TRAK1 knockdown
impairs mitochondrial mobility in axons and depletion of TRAK2 reduces mitochondrial transport
into dendrites. Increasing TRAK1 expression levels enhances the number mitochondria in the
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axon, while overexpression of TRAK2 leads accumulation of mitochondria in dendrites. These
opposing effects were also observed in non-neuronal cells, where TRAK1 expression exhibits a
more peripheral localization and GFP-TRAK2 shows a central localization. Third, TRAK1 and
TRAK2 associate with different motor protein complexes - TRAK1 binds to both kinesin-1 and
dynein/dynactin while TRAK2 interacts only with dynein/dynactin. This suggests that TRAK2 is
predominately linked to minus-end directed transport motors, which makes it an ideal candidate
for targeting mitochondria to dendrites (Kapitein et al., 2010a). Fourth, TRAK2 adopts a folded
conformation through an association between its NH2 and COOH termini as observed in our
co-immunopreciptation and FRET assay, which is inhibitory for the binding to kinesin-1 and
prevents axonal transport. We propose that TRAK2 coordinates transport of mitochondria from
the cell body into dendrites by promoting dynein motor activity. Consistently, our data show
that dynein and dynactin are required for the proper dendritic distribution of mitochondria
and that direct coupling of dynein to mitochondria drives their transport into dendrites. Once
mitochondria are inside dendrites, the final targeting - such as to synapses - could be achieved
through selective retention at target sites (Kang et al., 2008), or specific delivery by additional
actin-dependent motors such as myosin V (Hollenbeck and Saxton, 2005).

Conformational differences between TRAK proteins govern mitochondrial trafficking
Our data support the model based on studies in Drosophila, which suggests that the linkage of
mitochondria to the transport machinery involves Milton/TRAK adaptor proteins that bind to
kinesin-1 (Wang and Schwarz, 2009). We also show that both TRAK1 and TRAK2 co-precipitate
components of cytoplasmic dynein and dynactin, suggesting that mammalian TRAK proteins
– in addition to kinesin-1 - can interact with the microtubule minus-end directed motors.
Interestingly, expression of Milton in HEK293 cells also showed clustering of mitochondria near
the center (Stowers et al., 2002), suggesting that Milton might also interact with components of
the dynein/dynactin complex. Moreover, several Milton splice variants have been described in
flies that differentially bind to kinesin-1 (Glater et al., 2006). The splice variant Milton-C shows
remarkable similarities with TRAK2 – it induces pericentrosomal accumulation of mitochondria
and binds relatively poorly to kinesin-1 (Glater et al., 2006).
To explain the functional differences between TRAK1 and TRAK2, we propose that TRAK2
proteins change their protein conformation as a result of interaction of the N-terminal coiledcoil region and C-terminal domain, thereby affecting the interaction with KIF5B. Our data
demonstrate that the intramolecular interaction in TRAK2 and KIF5B binding are mutually
exclusive. Thus, only when the N-terminal TRAK2 HAP-1 domain detaches from the C-terminal
tail domain, this HAP-1 region becomes available for kinesin-1 binding. The binding of TRAK2
to the mitochondrial adaptor Miro and to components of the dynein/dynactin complex does not
dependent of TRAK protein folding. Therefore, we hypothesize that conformational switching of
TRAK2 between different interactions modes regulates the affinity of kinesin-1 for mitochondria.
In contrast, TRAK1 is precluded from efficient self-folding and interacts with KIF5. Interestingly,
induced folding of TRAK1 by using the FRB-rapalog-FKBP system makes it behave similar to
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TRAK2 and promotes its translocation from the axon to dendrites. The rapalog-induced ‘closed’
TRAK1 does not longer bind to KIF5B, while the interaction with dynein/dynactin is unaffected.
It is tempting to speculate that TRAK proteins are regulatory adaptors for both dynein/dynactin
and kinesin-1 and coordinators of mitochondria transport in neurons.
In this study we established a key role for mammalian TRAK proteins in axonal and
dendritic targeting of mitochondria. We found that TRAK proteins are important for uniform
mitochondria distribution in polarized cells and both axon and dendritic morphology. Inhibition
and overexpression of each individual TRAK protein changes the distribution of mitochondria
in axons or dendrites and alters neuronal morphology. Disruption of mitochondrial transport in
neurons is correlated with several neurodegenerative diseases (Hollenbeck and Saxton, 2005).
Our current findings provide new molecular targets to investigate the axonal and dendritic
mitochondrial transport machinery in neurodegenerative disease models. Future studies using
genetic disease mouse models will help to elucidate the mechanisms regulating the molecular
interplay between motors, bidirectional adaptor and polarized transport machinery and advance
our understanding of neurodegenerative disorders.

Materials and methods
Antibodies and reagents
cDNAs encoding human TRAK1 (amino acids 754–953) and TRAK2 (amino acid 848-913)
were cloned into pGEX-4T to generate glutathione-S-transferase (GST) fusion proteins. Rabbit
anti-TRAK1 and anti-TRAK2 antibodies were generated by immunizing rabbits with GSTTRAK fusion proteins. Details of TRAK antisera and other antibodies and reagents are in the
Supplemental Material and Methods.
DNA constructs
The TRAK1 and TRAK2 expression constructs and their deletion mutants were
generated by a PCR-based strategy using the human TRAK1 cDNA (KIAA1042, a
gift from Kazusa DNA Research Institute) and human TRAK2 cDNA (IMAGE clone
4814594). The TRAK1 (5’-GCTGTCGCAAATCGTGGACTT) and the TRAK2
(5’-GCTTGTCACATCAAGACAGAA) sequences targeting rat TRAK1 mRNA
(NM_001042646.1) and TRAK2 mRNA (NM_015049.1) were designed by using the
siRNA selection program at the Whitehead Institute for Biomedical Research. See for details
Supplemental Material and Methods.
Primary hippocampal neuron cultures and transfection
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains as described
(Hoogenraad et al., 2005) and transfected using Lipofectamine 2000 (Invitrogen).
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Image acquisition, processing and morphometric analyses
Simultaneous dual color time-lapse live cell imaging and TIRFM was performed on a Nikon
Eclipse TE2000E microscope with Coolsnap and QuantEM cameras (Roper Scientific). Neurons
were maintained at 37ºC with 5% CO2 (Tokai Hit). Mitochondria mobility was assessed by
counting the percentage of mitochondria moving during an imaging period of 3 min. See for
details Supplemental Material and Methods.
Details on the materials and methods are in the Supplemental Material and Methods.
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Supplemental figures

Figure S1. TRAK proteins associate with mitochondria
(A) Representative images of hippocampal neurons at DIV14 for endogenous TRAK1 or TRAK2 (green)
and mitochondria marker cytochrome C (red). Bar is 10 µm.
(B) Simultaneous imaging of GFP-TRAK1 (green) and mito-DsRed (red) in axons of transfected
hippocampal neurons (DIV14). Successive frames are shown and time (seconds) is indicated in the merge
panel.
(C) Kymograph of GFP-TRAK1 (green) and mito-DsRed (red) in the axon shown at left. Kymograph of
GFP-TRAK2 (green) and mito-DsRed (red) in dendrites are shown at right. Dual-color imaging for 60
seconds.
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Figure S2. Differential distribution of TRAK proteins in non-neuronal cells
(A) Representative images of HeLa cells transfected with GFP-TRAK1 or GFP-TRAK2. Note that the
distribution pattern is different between TRAK1 and TRAK2. Open arrowheads show pericentrosomal
accumulation; white arrowheads indicate peripheral signals. Bar is 10 µm.
(B) Images of HeLa cells transfected with GFP-TRAK1 or GFP-TRAK2 and co-stained with cytochrome
C. Open arrowheads show pericentrosomal accumulation; white arrowheads indicate peripheral signals.
Bar is 10 µm.
(C) Quantification of Cytochrome C intensity in central and peripheral area of HeLa cells expressing
indicated constructs.
(D) Ratio of Cytochrome C staining intensity in the central versus peripheral region in Hela cells transfected
as indicated. Error bars indicate SEM, *** p<0.0001.
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Figure S3. TRAK1 and TRAK2 shRNAs suppress expression of corresponding TRAK proteins
(A) Representative images of the cell body of hippocampal neurons cotransfected at DIV12 with GFP
(green) and either pSuper, TRAK1-shRNA or TRAK2-shRNA, and visualized after 4 days with rabbit
antibody against TRAK1 or TRAK2 (red). Bar is 10 µm.
(B-C) Quantification of TRAK1 and TRAK2 fluorescent staining intensities in cell body of hippocampal
neurons transfected at DIV12 for 4 days with GFP and TRAK1-shRNA or TRAK2-shRNA. The TRAK
antibody staining is normalized to the non-transfected surrounding cells in the same image.
(D) Quantification of mitochondria marker mito-DsRed intensity in axons and dendrites of hippocampal
neurons at DIV 12+4 transfected with GFP (as control), TRAK1-shRNA and TRAK2-shRNA and
TRAK1/2-shRNA.
(E) Polarity index of mito-DsRed intensity in GFP (as control), TRAK1-shRNA and TRAK2-shRNA and
TRAK1/2-shRNA transfected neurons (DIV12+4). Error bars indicate SEM, * p<0.05, ** p<0.005 and
*** p<0.0005.
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Figure S4. Expression of C-terminal part of TRAK decreases axonal and dendritic length
(A) Representative images of hippocampal neurons co-transfected at DIV1+4 with GFP-TRAK1C or GFPTRAK2C co-expressed with ß-galactosidase for visualization neuronal morphology. Yellow arrowheads
indicate axons and blue arrowheads highlight some typical dendrites. Scale bar, 20 μm.
(B-E) Quantification of axon and dendrite morphological parameters of hippocampal neurons, including
axonal length (B), diameter of cell body (C), total dendrite length (D), number of primary dendrites (E).
Error bars indicate SEM, *** p<0.0005.
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Figure S5. KIF5B expression influences polarized TRAK distribution
(A) Representative images of hippocampal neurons (DIV12+4) co-transfected with myc-KIF5B,
β-galactosidase to visualize neuronal morphology and GFP-TRAK1 or GFP-TRAK2. Yellow arrowheads
indicate axons and blue arrowhead indicate dendrites. Scale bar, 20 μm.
(B) Quantification of GFP-TRAK1 and GFP-TRAK2 intensity in axons and dendrites in control neurons
and neurons co-transfected with myc-KIF5B (DIV12+4).
(C) Polarity index of GFP-TRAK1 and GFP-TRAK2 intensities measured in (B). Error bars indicate SEM.
* p<0.05, ** p<0.005 and *** p<0.0005.
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Supplemental materials and methods
Animals
All animal experiments were performed in compliance with the guidelines for the welfare of
experimental animals issued by the Federal Government of The Netherlands. All animal
experiments were approved by the Animal Ethical Review Committee (DEC) of the Erasmus
Medical Center and Utrecht University.
Antibodies and reagents
The following primary and secondary antibodies were used in this study: anti-TRAK1 and
anti-TRAK2 were generated by immunizing rabbits as described in the methods section TRAK
antibody generation, rabbit anti-GFP (Abcam), mouse anti-β-actin, mouse anti-dynein IC74,
mouse anti-Tau (Chemicon), rabbit anti-p150glued, rabbit anti-dynein heavy chain, rabbit antiHA, mouse anti-myc, rabbit anti-kinesin light chain (Santa Cruz), mouse anti-MAP2, mouse
anti-a-tubulin, mouse anti-g-tubulin (Sigma), mouse anti-p150glued, mouse anti-cytochroom
c (BD Biosciences), rabbit anti-ß-galactosidase (MP Biomedicals), mouse anti-ß-galactosidase
(Promega), mouse anti-GFP and mouse anti-HA (Roche). We also used Alexa350-, Alexa488-,
Alexa568- (Invitrogen), Cy3-, FITC- (Jackson) and HRP-conjugated secondary antibodies
(Dako). Other reagents used in this study include Taxol (Sigma), Rapalog (AP21967, Ariad
Pharmaceuticals).
Expression constructs and siRNAs
The following mammalian expression plasmids have been described: pGW1-GFP and pßactinHA-ß-galactosidase (Hoogenraad et al., 2005), bio-tag-GFP vector and HA-BirA (Jaworski
et al., 2009), pSuper vector (Brummelkamp et al., 2002). GFP-BICD2 (Hoogenraad et al.,
2001), Mito-DsRed (Li et al., 2004), GFP-p150Glued (Watson and Stephens, 2006), mycGRASP-1 (Hoogenraad et al., 2010), FKBP- and FRB-encoding fragments were from the Argent
Regulated Heterodimerization kit (Ariad Pharmaceuticals), KIF5-HA-FRB, BICDN-HA-FRB,
GFP-KIF17 and myc-KIF5B (Kapitein et al., 2010b), FKBP-GFP-mito (Hoogenraad et al.,
2003), myc-Miro-1 (Fransson et al., 2006), CFP, YFP and CFP-YFP tandem (Lansbergen et al.,
2004).
The TRAK1 and TRAK2 expression constructs and their deletion mutants were generated
by a PCR-based strategy using the human TRAK1 cDNA (KIAA1042, a gift from Kazusa
DNA Research Institute) and human TRAK2 cDNA (IMAGE clone 4814594) and subcloned
in pGW1-, pGW2- and pßactin-expression vectors (Kapitein et al., 2010c). In bio-GFPTRAK fusions, a linker encoding the sequence MASGLNDIFEAQKIEWHEGGG, which is
the substrate of biotin ligase BirA was inserted into the NheI and AgeI sites in front of the
pEGFP-C2 (Clontech) and the TRAK1 and TRAK2 openreading frame subsequently subcloned
in the biotin-tag-GFP vector. The HAP-1 domain (HD) of TRAK1 (amino acid 103-327) and
TRAK2 (amino acid 104-327) were fused to the C-terminus of GFP, generating GFP-TRAK1115
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HD and GFP-TRAK2-HD. GFP-TRAK1-C and GFP-TRAK2-C were created by fusing the
C-terminal domain of TRAK1 (amino acid 323-952) and TRAK2 (amino acid 324-914) were to
the C-terminus of GFP. FRB-GFP-TRAK1-FKBP and FRB-GFP-TRAK2-FKBP were generated
by fusing the FKBP and FRB domain (Ariad Pharmaceuticals) to the NH2 and COOH terminus
of TRAK1 and TRAK2 in pGW1. YFP-TRAK1-CFP and YFP-TRAK2-CFP were made by
fusing YFP at the NH2 terminus and CFP at the COOH terminus of TRAK1 and TRAK2 in
pGW1. The GFP-KIF5B-tail (amino acid 366-934) and GFP-p150-cc1 (amino acid 217-546)
constructs were generated by PCR-based strategies in pGW1.
The following shRNA sequences were used in this study: The TRAK1 (5’-GCTGTCGCA
AATCGTGGACTT) and the TRAK2 (5’-GCTTGTCACATCAAGACAGAA) sequences
targeting rat TRAK1 mRNA (NM_001042646.1) and TRAK2 mRNA (NM_015049.1)
were designed by using the siRNA selection program at the Whitehead Institute for
Biomedical Research (jura.wi.mit.edu/bioc/siRNAext) (Yuan et al., 2004). The Ttl
(5’-TTCTGAAGCAGTTCGAAGCACACCC) sequence targeting rat Tt1 mRNA sequence
(NM_138536.1) was based on a previously published sequence (Konishi and Setou, 2009). The
complementary oligonucleotides were annealed and inserted into a pSuper vector (Hoogenraad
et al., 2005).

Antibody generation
cDNAs encoding human TRAK1 and human TRAK2 amino acids 754–953 and 848-913,
respectively were cloned into pGEX-4T (GEHealthcare) to create glutathione-S-transferase (GST)
fusion proteins, and into pET-32A (Novagen) to create His-tagged fusion proteins. GST-TRAK1
and GST-TRAK2 fusion proteins were induced in BL21 Escherichia coli cells by isopropyl β-D1-thiogalactopyranoside and purified using glutathione-Sepharose 4B beads (GE Healthcare)
according to the manufacturer's instructions. Purified proteins were concentrated using Centricon
(Millipore) and injected into New Zealand White Rabbits in a suspension of Ribi adjuvant
(Sigma). His-TRAK1-754–953 and TRAK2-848-913 fusion proteins were induced in Rosetta
bacteria, and purified using nickel beads (Qiagen) according to the manufacturer’s protocol. Histagged fusion proteins were coupled to cyanogen bromideactivated Sepharose 4B-columns (GE
Healthcare) and used to purify TRAK1 and TRAK2 antibodies. Both TRAK antibodies were
used at 1:25 dilution for immunofluorescence (IF) and 1:500-dilution for western blot (WB).
As negative control and for testing the antibody specificity on immunohistological
procedures, for each TRAK antibody we generated aliquotes preincubated with an excess of
corresponding GST-TRAK fusion protein: GST-TRAK fusion and GST alone proteins were
induced in BL21 bacterial cells as described above and bound to glutathione-Sepharose 4B beads
(Pharmacia) according to the instructions of the manufacturer. The purified TRAK antibodies
were diluted 1:100 in Tris buffered saline (TBS, pH7.6) and equally divided into two tubes. The
first tube contained glutathione-Sepharose 4B beads bound to the GST-TRAK fusion protein
corresponding to the TRAK antibody (‘Ab-blocked’) and in the second tube, the glutathioneSepharose 4B beads were bound to GST alone protein (‘control’). Both tubes were incubated at
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4oC for 4 hours, spun at 2.000 rpm for 2 minutes and supernatants were used for Western blot
analysis and immunohistochemistry on brain sections.

Immunohistochemistry and immunofluorescence on brain sections
For immunohistochemistry and immunofluroscence mice were anesthetized with pentobarbital
and perfused transcardially with freshly dissolved 4% paraformaldehyde in 0.12 M phosphate
buffer, pH 7.4. The brain was carefully dissected out, post-fixed for 1 h at 4ºC, incubated overnight
in 30% sucrose for cryoprotection, and sectioned at 40 μm with a freezing microtome. Sections
were preincubated in Tris buffered saline (TBS, pH 7.6) containing 5% normal horse serum
and 0.5% Triton X-100, followed by incubation with primary antibodies diluted in TBS with
1% normal horse serum and 0.2% Triton X-100. Primary antibodies were visualized employing
immunofluorescence. FITC-, cyanine 3 (Cy3)-, and Cy5-conjugated secondary antibodies raised
in donkey (1:200, Jackson ImmunoResearch) were used for immunofluorescence. Sections were
analyzed with a Zeiss LSM 510 confocal laser-scanning microscope.
Primary hippocampal neuron cultures, transfection and immunofluorescent staining
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains (Banker and
Goslin, 1988; Kapitein et al., 2010c). Cells were plated on coverslips coated with poly-L-lysine
(30 µg/ml) and laminin (2 µg/ml) at a density of 75,000/well. Hippocampal cultures were grown
in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 µM glutamate
and penicillin/streptomycin. Hippocampal neurons were transfected using Lipofectamine 2000
(Invitrogen). Briefly, DNA (3.6 µg /well) was mixed with 3 µl Lipofectamine 2000 in 200 µl
NB, incubated for 30 minutes and then added to the neurons in NB at 37°C in 5% CO2 for 45
min. Next, neurons were washed with NB and transfered in the original medium at 37°C in 5%
CO2 for 2-4 days.
For immunofluorescence stainings, neurons were fixed for 10 minutes with 4%
paraformaldehyde/4% sucrose in phosphate-buffered saline (PBS) or 5 minutes with ice-cold
100% methanol/1mM EGTA at -20°C, followed by 5 minutes with 4% paraformaldehyde/4%
sucrose in PBS at room temperature. After fixation cells were washed two times in PBS for
30 min at room temperature, and incubated with primary antibodies in GDB buffer (0.2%
BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4oC.
Neurons were then washed three times in PBS for 5 min at room temperature and incubated
with Alexa-conjugated secondary antibodies in GDB for 2 hr at room temperature and washed
three times in PBS for 5 min. Slides were mounted using Vectashield mounting medium (Vector
laboratories).
Confocal images were acquired using a LSM510 confocal laser-scanning microscope (Zeiss)
with a 40x or 63x oil objective. Each image was a z-series of 4–8 images, each averaged 2 times and
was chosen to cover the entire region of interested from top to bottom. The resulting z-stack was
‘‘flattened’’ into a single image using maximum projection. Images were not further processed and
were of similar high quality to the original single planes. The confocal settings were kept the same
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for all scans when fluorescence intensity was compared. Morphometric analysis, quantification,
and colocalization were performed using MetaMorph software (Universal Imaging Corporation).
See for details the methods section: Image analysis and quantification.

Cultured cells, transfection and immunofluorescent staining
HeLa and COS-7 cells were cultured in DMEM/Ham’s F10 (50/50%) medium containing
10% FCS and 1% penicillin/streptomycin. One day before transfection, cells were plated at
1:20 in Lab-tek chamber slides (Nunc) or on glass coverslips. Cells were transfected with DNA
constructs using Superfect transfection reagent (Qiagen) or FuGENE6 (Roche) according to the
manufacturers protocol and incubated overnight. Synthetic siRNA oligos were transfected using
a transfection reagent (HiPerFect; QIAGEN) at a concentration of 5-20 nM. Three or four days
after the siRNA transfection, cells were fixed and analyzed by immunofluorescent staining.
To trap active KIF5B and its associated proteins on microtubules in living cells (Blasius et
al., 2007), COS-7 cells were permeabilized for 30 min at room temperature with 0.1 μg/ml
streptolysin O (SLO) and 10 mg/ml BSA in Ringer’s buffer (10 mM Hepes, 155 mM NaCl, 5
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 2 mM NaH2PO4, and 10 mM glucose, pH 7.2). Next
cells were washed 3 times in Ringer’s buffer, incubated for 5 minutes with 1 mM AMPPNP
(nonhydrolyzable ATP analogue) in Ringer’s or 625 mM NaCl in Ringer’s (control) and fixed
according to the protocol below.
Cells were fixed in 4% paraformaldehyde for 10 min at room temperature followed by 5
min in 0.1% Triton X-100 in PBS. Slides were blocked in 0.5% BSA/0.02% glycine in PBS and
labeled with primary antibody either for 2 h at room temperature or overnight at 4°C. Slides
were washed three times with 0.05% Tween20 in PBS, labeled with secondary antibodies for
1 hour at room temperature, washed three times with 0.05% Tween20 in PBS and mounted
using Vectashield mounting medium (Vector laboratories). Images of fixed HeLa or COS-7
cells were collected with a Leica DMRBE microscope equipped with PLFluotar 40x 1.0 N.A.
and PLFluotar 100x 1.3 N.A. oil objectives, FITC/EGFP filter 41012 (Chroma), Texas Red
filter 41004 (Chroma), DAPI filter 31000 (Chroma) and an ORCA-ER-1394 CCD camera
(Hamamatsu).
Brain extracts and Western blot analysis
For tissue Western blots, cerebellum, cortex, midbrain, spinal cord, heart, kidney, liver, lung and
spleen were dissected from P30 mice and placed in ice-cold PBS, pH7.4. For developmental
Western blots, E10 (whole embryo), E13, E16, E18, P1, P5 (head only) P15 and adult (forebrain
or cerebellum), mice were placed in ice-cold PBS, pH 7.4. Samples were homogenized in
homogenization buffer (150 mM NaCl, 50 mM Tris, 0.1% v/v SDS, 0.5% v/v NP-40, pH8,
1x complete protease inhibitors; Roche), briefly sonicated, centrifuged at 900 rpm, resuspended
in 2x SDS sample buffer and boiled for 5 minutes. Protein concentrations were measured using
a BCA protein assay kit (Pierce) and 20 μg of protein was loaded in each lane for a subsequent
Western blot analysis.
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Biotin-streptavidin pull-down experiments and mass spectrometry analysis
Streptavidin bead pull-down assays were performed as previously described by (Jaworski et al.,
2009). HEK293-cells were transfected with BirA and bio-GFP-TRAK1, bio-GFP-TRAK2 or bioGFP using Lipofectamine-2000 (Invitrogen) transfection reagent according to the manufacturer’s
instructions. Cells were lysed 16 h later in 20 mM Tris-HCl, pH 8.0, 150 mM KCl, 1% Triton
X-100, and protease inhibitors (Roche). Cell lysates were centrifuged at 13,000 rpm for 15 min
and the supernatants were incubated with Dynabeads M-280 streptavidin (Dynal; Invitrogen)
for 45 min. Beads were separated by using a magnet (Dynal; Invitrogen) and washed three times
in lysis buffer. Brains were obtained from adult female rats and homogenized in 10x volume/
weight in the same lysis buffer. Brain lysates were centrifuged at 16,000 g for 15 min at 4ºC and
the supernatant was incubated with the Dynabeads containing bio-GFP-TRAK or bio-GFP for
2 hrs at 4ºC and washed with lysis buffer for three times. For protein elution, the beads were
boiled in NuPAGE LDS 4 sample buffer (Invitrogen), separated, and supernatants were run on
a 4-12% NuPAGE tris-acetate gel (Invitrogen). The gel was stained with the Colloidal Blue
staining kit (Invitrogen).
For mass spectrometry analysis, 1D SDS-PAGE gel lanes were cut into 2-mm slices using
an automatic gel slicer and subjected to in gel reduction with dithiothreitol, alkylation with
iodoacetamide and digestion with trypsin (Promega, sequencing grade), essentially as described
previously (Jaworski et al., 2009). Nanoflow LCMS/MS was performed on an 1100 series
capillary LC system (Agilent Technologies) coupled to an LTQ linear ion trap mass spectrometer
(Thermo) operating in positive mode and equipped with a nanospray source. Peptide mixtures
were trapped on a ReproSil C18 reversed phase column (Dr Maisch GmbH; column dimensions
1.5 cm × 100 μm, packed in-house) at a flow rate of 8 μl/min. Peptide separation was performed
on ReproSil C18 reversed phase column (Dr Maisch GmbH; column dimensions 15 cm × 50
μm, packed inhouse) using a linear gradient from 0 to 80% B (A = 0.1 M acetic acid; B = 80%
(v/v) acetonitrile, 0.1 M acetic acid) in 70 min and at a constant flow rate of 200 nl/min using
a splitter. The column eluent was directly sprayed into the ESI source of the mass spectrometer.
Mass spectra were acquired in continuum mode; fragmentation of the 4 peptides was performed
in data-dependent mode. Peak lists were automatically created from raw data files using the
Mascot Distiller software (version 2.1; MatrixScience). The Mascot search algorithm (version
2.2) was used for searching against the International Protein Index database (release number
IPI_rat_20100507.fasta or IPI_human_20100507.fasta). The peptide tolerance was typically set
to 2 Da and the fragment ion tolerance to 0.8 Da. A maximum number of 2 missed cleavages
by trypsin were allowed and carbamidomethylated cysteine and oxidized methionine were set
as fixed and variable modifications, respectively. The Mascot score cut-off value for a positive
protein hit was set to 60. Individual peptide MS/MS spectra with Mowse scores below 40 were
checked manually and either interpreted as valid identifications or discarded. Proteins present in
the negative controls (pull-down assays with bioGFP alone) were omitted from the table.
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Immunoprecipitation
Immunoprecipitation experiments were performed as previously described by (Schlager et al.,
2010). HEK293 cells were cultured in DMEM/Hams-F10 (50/50%) medium containing 10%
FCS and 1% penicillin/streptomycin and were transfected using Lipofectamine2000 (Invitrogen).
Cells were harvested 24 h after transfection, by scraping the cells in ice-cold PBS and lysing cell
pellets in lysis buffer (25 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1.0% Triton X-100, and protease
inhibitors; Roche). Supernatant and pellet fractions were separated by centrifugation at 13,200
rpm for 5 minutes. Supernatants were mixed with an equal amount of lysis buffer, protein-Aagarose beads (GE Healthcare), and 3 μg of mouse anti-GFP (Roche). Samples were incubated
4 hours while rotating at 4°C, centrifuged at 2000 rpm and pellets were washed 3-7 times with
wash buffer (25 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.1 % NP40). Samples were eluted in
SDS sample buffer, equally loaded onto SDS-PAGE gels and subjected to western blotting on
polyvinylidene difluoride membrane. Blots were blocked with 2% bovine serum albumin/0.05%
Tween 20 in PBS and incubated with primary antibodies at 4°C overnight. Blots were washed
with 0.05% Tween 20 in PBS three times for 10 min at room temperature and incubated with
either anti-rabbit or anti-mouse IgG antibody conjugated to horseradish peroxidase (Dako).
Blots were developed with enhanced chemiluminescent Western blotting substrate (Pierce).
Fret measurements in cell extracts
Fret measurements were performed as previously described by (Lansbergen et al., 2004).
HEK293 cells were lysed 48 h transfection in lysis buffer (PBS, 1% Triton X-100, 10% glycerol
and protease inhibitors; Roche) the lysates were precleared by centrifugation at 13,200 rpm for
5 min at 4°C. Emission spectra were measured using a fluorescence spectrophotometer (model
F-4500; Hitachi) with the excitation at 425 nm (CFP) and 485 (YFP). Background fluorescence
of a crude extract prepared in the same way was negligible. The concentration of the CFP, YFP, or
CFP-YFP fusion proteins in cell lysates was adjusted by measuring the YFP fluorescence.
Time-lapse live cell imaging and imaging processing
To visualize mito-DsRed and GFP-TRAK1 or GFP-TRAK2 in neurons, simultaneous dual
color (green and red) time-lapse live cell imaging was performed using Total Internal Reflection
Fluorescence microscopy (TIRFM) as described before (Jaworski et al., 2009; Kapitein et al.,
2010a). To perform dual color live cell TIRFM we use an inverted research microscope Nikon
Eclipse TE2000E (Nikon) with a CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon), equipped
with a Coolsnap HQ CCD and QuantEM EMCCD camera (Photometrics) and controlled by
MetaMorph 7.1 software (Molecular Devices). For excitation, the 488 nm laser line of an argon
laser (Spectra-Physics Lasers) and a 561 nm laser (Spectra-Physics) were used in combination
with an EGFP/mCherry filter cube (Chroma). All imaging was performed in full conditioned
medium and a small incubator system (Tokai Hit; INUG2-ZILCS-H2) is used on this system
to maintain neuronal health (Kapitein et al., 2010c). Images of live neurons were processed and
analyzed using MetaMorph and Adobe Photoshop software.
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Mitochondrial movements in neurons were analyzed by visualizing mito-DsRed (MacAskill
et al., 2009; Miller and Sheetz, 2004; Wang and Schwarz, 2009). Images were acquired at 1
frame per second over a 3 min time period. Axons could be clearly identified morphologically
as a long thin process that extends for many hundreds of microns (and are labeling with an
antibody to the axonal protein tau). In contrast, dendrites are shorter, thicker, and have a different
branching morphology (and are labeling with an antibody to the dendrite specific protein
MAP2). Imaging of mitochondria was performed within two proximal regions of the axon (1-24
and 25-48 µm from the cell body) and dendrites (1-24 and 25-48 µm from the cell body). Only
those that appeared to be single axons and dendrites and separate from other processes in the
field were chosen for recording of mitochondrial transport. TRAK shRNA expressing neurons
were identified from the GFP fluorescence of the co-transfected pGW1-GFP construct. For the
inducible cargo trafficking assay, 4–6 cells were selected and imaged every 5 s for 30–60 min with
a 40× objective (Plan Fluor, NA = 1.3, Nikon) and a Coolsnap HQ camera (Photometrics). A
mercury lamp (Osram) was used for excitation. Rapalog (AP21967) was dissolved to 1 mM in
ethanol. To induce motility during image acquisition, 0.2 ml of culture medium with rapalog
was added to establish a final rapalog concentration of 100 nM.

Image analysis and quantification
Morphometric analyses of hippocampal neurons. To analyze axonal and dendritic morphology,
we used β-gal or GFP as an unbiased cell-fill. Because axon/dendrites often crossed several z
planes, we took series of stacks from the bottom to the top of all dendrites and used the LSM
software to generate image projections for quantitative analyses. The morphometric analysis and
quantification were performed using MetaMorph software. Quantification of the axon length,
number of axonal tips and axonal branches was done with images acquired with a dry 20x
objective, while dendrite length, number of primary dendrites and diameter of the cell body
was performed with images acquired with a oil 40x objective. For axon and dendrite length all
neurite of a single neuron were traced in MetaMorph and the number of pixels was automatically
converted to µm. Morphological characteristics and MAP2/Tau counterstaining was used to
distinguish axon and dendrites. All morphological experiments were repeated at least three times
with an n>5 for individual experiments were analyzed. Data were averaged over multiple cells
and experiments and a statistical analysis was performed with student’s t test assuming a twotailed and unequal variation.
Quantification of fluorescent intensity. For the quantification of antibody staining, images were
acquired with use of a 63x objective and the number of clusters per length and average intensity
of signals in the cell body, axon and dendrites were measured in MetaMorph. To control for
background signals we measured in the area of the same size the intensity near the axon or dendrite
and subtracted the random fluorescence intensity in these images. Intensities were averaged over
multiple cells, normalized and a statistical analysis was performed with student’s t test assuming
a two-tailed and unequal variation. The average dendrite intensity Id and average axonal intensity
Ia was used to calculate the Polarity Index (PI) using PI=(Id-Ia)/(Id+Ia). For uniformly distributed
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proteins Id=Ia and PI=0, whereas PI>0 or PI< indicates polarization towards dendrites and
axons, respectively. The results of statistical analyses are indicated as follows: ns – no statistically
significant difference; * - statistically significant with p<0.05; ** -statistically significant with
p<0.005; *** - statistically significant with p<0.0005.
Quantification of mitochondria mobility. Mitochondria mobility was assessed by counting the
percentage of mitochondria moving during an imaging period of 3 min. Mitochondria in the
field of view were considered stationary if it remained immobile for the entire recording period,
mitochondria were classed as moving if the displacement was more than 5 µm in 3 min. The
total number of mitochondria was defined as the number of mitochondria detectable in during
3 min of imaging. Kymographs were created in MetaMorph and used to trace the movement
of mitochondria and count stationary ones. Counts for each process (axon or dendrite) were
averaged from >8 frames for each time-lapse image to ensure accuracy and the relative percentage
of stationary and motile event.
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Abstract
The activity of molecular motor proteins must be tightly regulated to achieve specificity,
directionality and timing of intracellular cargo transport, especially in long and complex neuronal
cells. It is well established that the cargo-binding region of kinesin regulates motor activity and
consequently cargo motility. Here, we found that the Goldberg-Shprintzen syndrome protein
KBP regulates a large subset of kinesins by directly binding to their motor domains to block
microtubule-based motility. We focus on the kinesin-3 family member KIF1A and show that
KBP blocks KIF1A-mediated synaptic vesicle transport in hippocampal neurons. Depletion of
KBP in neurons results in alterations of their morphology and in the accumulation of KIF1A
motors and Rab3-positive synaptic vesicles in the axonal growth cone. Direct visualization of
motor activity indicates that KBP overexpression causes KIF1A detachment from microtubules
and reduces KIF1A-driven transport of synaptic vesicles. Our data describe a new mechanism by
which a large subset of kinesins is regulated to control microtubule-based motility.
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Results and discussion
Kinesins are a large family of related motor proteins that move along microtubule tracks and
are crucial for diverse cellular processes, including mitosis, neuronal development and synaptic
plasticity (Goldstein et al., 2008; Hirokawa et al., 2010; Schlager and Hoogenraad, 2009; Vale,
2003). One of the best studied motor proteins is the kinesin-3 motor KIF1A/UNC-104, which
is required for transporting synaptic vesicle precursors in the axon of neuronal cells (Hirokawa
et al., 2009). Loss of kinesin-3 function in mice (KIF1A) and Caenorhabditis elegans (UNC104) results in reduced numbers of synaptic vesicles in axons and early neuronal cell death (Hall
and Hedgecock, 1991; Yonekawa et al., 1998; Zhao et al., 2001). We suspected that regulatory
proteins may exist that modulate kinesin-based movement and thus focused on kinesin binding
protein (KBP/KIAA1279), which was previously found to be associated with KIF1Bα in a yeasttwo-hybrid screen (Wozniak et al., 2005) and implicated in axonal outgrowth in zebrafish (Lyons
et al., 2008). Interestingly, human genetics studies showed that homozygous nonsense mutations
in the gene encoding KBP are the underlying cause of Goldberg-Shprintzen syndrome, a severe
neurological disorder characterized by mental retardation, microcephaly and Hirchsprung disease
(Brooks et al., 2005).
To define the role of KBP in regulating kinesin-based movements we first searched for
KBP binding partners using pull down assays combined with mass spectrometry. Constructs
encoding biotinylated and GFP-tagged KBP (bio-GFP-KBP) and bio-GFP as a control were
transiently coexpressed in HEK293 or HeLa cells together with the protein-biotin ligase BirA.
Biotinylated proteins were isolated with streptavidin beads and analyzed by mass-spectrometry.
Several novel KBP binding partners were identified, including mitotic kinesins (KIF4A, KIF15,
KIF18A) and transport motors of the kinesin-2 (KIF3A) and kinesin-3 family (KIF1A, KIF1B,
KIF1C, KIF13B) (Fig. 1A). Other molecular motors such as components of the dynein/dynactin
motor complex or myosin proteins were not detected in KBP pull down experiments. Moreover,
kinesin-1 (KIF5/KHC), kinesin-13 (KIF2/M-kinesins) and kinesin-14 (KIFC/C-kinesins) were
also absent from the pull down material. These mass spectrometry results were confirmed by
Western blotting (Fig. 1B and data not shown) and immunoprecipitation experiments using
KBP-specific antibodies (Fig. S1A-E) and a panel of GFP-tagged full length kinesin proteins,
including KIF1A, KIF1C, KIF14, KIF17, KIF18A (Fig. 1C). Full length kinesin-4 motor
KIF21B and kinesin-14 motor KIFC2 did not pull down endogenous KBP (Fig. 1C), indicating
that KBP binds to a specific subset of kinesin family proteins.
Kinesin motors generally have two functional domains: the head domain containing the
microtubule-binding motor activity and the tail domain binding to specific cargos. To determine
which part of kinesin-3 is responsible for KBP binding, we performed immunoprecipitation
experiments with the constructs containing either the motor domain and the first coiled-coil
region (MDC) or the whole stalk/tail region (tail) of the kinesin-3 family members KIF1A and
KIF1C and kinesin-1 member KIF5B as control. While KBP did not interact with any of the
kinesin tail constructs, it associated with the motor domains of KIF1A and KIF1B but not with
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Figure 1. KBP bind to the motor domain of a subset of kinesin family proteins
(A) Binding partners of bio-GFP-KBP in HeLa and HEK293 cells identified by mass spectrometry.
(B) Immunoprecipitations using GFP antibodies from extracts of HEK293 cells transfected with indicated
constructs and probed for KIF1C, KIF14, KIF15, dynactin subunit p150glued and Dynein Heavy Chain
(DHC).
(C-E) Immunoprecipitations using GFP antibodies from extracts of HEK293 cells expressing indicated
full-length kinesin motors (C), N-terminal part of KIF1A, KIF1C and KIF5 (motor domain and first
coiled-coil region (MDC) (D), C-terminal stalk and tail regions of KIF1A, KIF1C and KIF5 (tail) (D),
single motor domain of KIF1A (MD) (E) and probed for endogenous KBP.
(F) SDS-PAGE gel of purified KBP (Lane 1), KBP with HisKIF1A-MD (Lane 2) and KBP with HisKIF21BMD (Lane 3, absence of KBP) after immobilized metal-affinity chromatography.
(G) MALS analysis of purified KBP. The UV absorbance profile of size exclusion chromatography (in black)
is overlaid with the molecular weigh determination by MALS (in gray; 74.8 KDa).
(H) MALS analysis of KBP in complex with HisKIF1A-MD (determined molecular mass: 110 kDa,
expected molecular mass: 113 kDa). 2, 1 and 0.2 μM of the KBP-HisKIF1A-MD complex were injected
and their profiles are depicted in red, blue and green, respectively. Peak 1, position of the elution volume of
the KBP-6HisKif1A-MD complex (determined molecular mass: 110 kDa); peak 2, position of the elution
volume of KBP (determined molecular mass 75 kDa).
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the motor domains of KIF5 (Fig. 1D). The specificity for kinesin-3 family members is in line with
the mass spectrometry data (Fig. 1A). KBP also interacted with a single motor domain of KIF1A,
without the coiled-coil region (GFP-KIF1A-MD) (Fig. 1E). By expressing truncated versions of
GFP-KBP, we tried to map the minimal kinesin-binding region of KBP (Fig. 1B). While none
of the N-terminal (1-135 and 1-292) and C-terminal (292-621 and 135-621) fragments of KBP
were able to interact with any of the kinesin constructs, full length KBP (amino acids 1-621)
bound to KIF1C, KIF14 and KIF15 (Fig. 1B), indicating that full length KBP is necessary for
the interaction with kinesin motor domain.
We next analyzed KBP by biophysical methods using human KBP purified from bacteria
(Fig. 1F, lane 1). We conducted multiangle light scattering (MALS) experiments to assess the
oligomerization state of KBP in solution, and obtained a molecular mass of 74.8 kDa (Fig. 1G),
which is consistent with KBP being a monomer (calculated molecular mass of the monomer: 71.9
kDa). Circular dichroism (CD) spectroscopy of the protein revealed a far-ultraviolet spectrum
characteristic of proteins with substantial a-helical content (Fig. S1F), consistent with the
predicted secondary structure of KBP (Fig. S1A). The stability of KBP was assessed by a thermal
unfolding profile recorded by CD at 222 nm (Fig. S1F), which revealed a single sharp transition
with a melting temperature, Tm, centered at 53°C (Fig. S1G). These findings are consistent with
sequence analysis and structure predictions indicating that KBP exhibits three tetratrico peptide
repeat (TPR)-like repeats and an alpha-alpha superhelix type of fold (data not shown).
To test whether recombinant KBP binds directly to kinesin motor domains, we affinity purified
the protein from bacteria. As a representative example for our binding experiments we used the
extensively characterized motor domain of human KIF1A (KIF1A-MD). As KIF1A-MD could
not be produced in a well behaved form in physiological buffer conditions (data not shown),
we mixed the KBP expressing bacteria with bacteria expressing either the N-terminal 6xHistagged KIF1A-MD (HisKIF1A-MD) or, as a negative control, the N-terminal 6xHis-tagged
motor domain of human KIF21B (HisKIF21B-MD). Mixed cells were lysed and the soluble
fractions subjected to immobilized metal-affinity chromatography. After extensive washing steps,
the proteins were eluted and analyzed by SDS-PAGE. The co-purification of untagged KBP with
HisKIF21B-MD resulted in the elution of HisKIF21B-MD alone indicating that no complex
was formed (Fig. 1F, lane 3). In contrast, HisKIF1A-MD co-eluted with untagged KBP (Fig. 1F,
lane 2) suggesting a direct interaction between KBP and the motor domain of KIF1A. To assess
the stoichiometry of the KBP/HisKIF1A-MD complex, we performed a MALS experiments
and obtained a molecular weight of 110 kDa (Fig. 1H), which is consistent with the formation
of a 1:1 complex between KBP (71.9 kDa) and HisKIF1A-MD (41 kDa). The affinity of the
KBP/HisKIF1A-MD interaction was estimated by injecting 3 different concentrations of the
complex (2 μM, 1 μM and 0.2 μM - red, blue and green profiles in Fig. 1H) on a size exclusion
column followed by MALS measurements. A shift in elution volume of the KBP/HisKIF1A-MD
complex from 12.4 ml (peak 1) to a position corresponding to KBP alone (12.7 ml, peak 2) was
observed upon dilution. Based on these data, we estimated the dissociation constant, KD, of ~50
nM, which indicates a high affinity interaction between KBP and KIF1A motor domain.
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We hypothesized that KBP, by binding to the motor domain, might prevent kinesin proteins
from interacting with microtubules. To test this idea, we imaged GFP-KIF1A-MDC motility
along mCherry-α-tubulin labeled microtubules in COS-7 by total internal reflection fluorescence
(TIRF) microscopy and measured the intensity of the KIF1A signal on microtubules in the presence
and absence of KBP in COS-7 cells. KIF1A-MDC associates preferentially with microtubules
in control cells, while in the presence of KBP, KIF1A-MDC is mainly present in the cytoplasm
and does not colocalize with microtubules (Fig. 2A). Expression of KBP decreased the KIF1AMDC intensity along microtubules by ~80% (Fig. 2B). The in vivo observations were confirmed
by microtubule pelleting assays: KIF1A-MDC robustly bound to taxol-stabilized microtubules
without KBP, while the addition of purified KBP strongly decreased this interaction (Fig. 2C).
Together these data demonstrate that KBP inhibits the binding of KIF1A to microtubules in
vitro and in vivo.
We hypothesized that KBP, by binding to the motor domain, might prevent kinesin-based
cargo movement. We made use of our previously reported inducible cargo trafficking assay were
FRB-FKBP heterodimerization after addition of a rapamycin analogue (rapalog) is used to trigger
the binding of the motor proteins of interest to artificial cargo (Hoogenraad et al., 2003; Kapitein
et al., 2010a) We used stationary peroxisomes as a tool to report the activity of a particular
kinesin motor (Fig. 3A). Peroxisomes were labeled by expressing PEX-RFP-FKBP, a fusion
construct of PEX3 peroxisomal membrane-targeting signal to the red fluorescent protein (RFP),
and FKBP12, a domain that can be cross-linked to FRB in the presence of rapalog AP21967. We
generated constructs where FRB was fused to the motor domain of the kinesin’s identified by mass
spectrometry (Fig. 1A) - kinesin-2 (KIF3A), kinesin-3 (KIF1A, KIF1C, KIF13B) and mitotic

Figure 2. KBP inhibits the binding of kinesin-3 to microtubules in vitro and in vivo
(A) Representative images of cortical areas of COS-7 cells co-expressing mCherry-α-tubulin and GFPKIF1A-MDC with and without HA-KBP. Scale bar, 3 μm.
(B) Quantification of GFP-KIF1A-MDC labeling intensity on microtubules with or without co-expression
of HA-KBP. Ratio of intensity at microtubules (IR) (in units background) was calculated by the intensity of
green signal on microtubules (MT) subtracted by green background (BG) signal in the cytoplasm. IR=(IMTIBG)/IBG). (C) HEK293 cell extracts expressing GFP-KIF1A-MDC were incubated with (+MT) or without
(-MT) taxol stabilized microtubules and with or without purified KBP. The microtubules were pelleted and
the supernatant (S) and pellet (P) were analyzed by immunoblotting using GFP antibodies.
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kinesins (KIF15, KIF18A) - to induce microtubule plus-end directed movement (Kapitein et al.,
2010a). In Hela cells cotransfected with PEX-RFP-FKBP and KIF-MDC-FRB constructs most
peroxisomes were randomly distributed throughout the cytoplasm before rapalog addition (0
min, Fig. 3B and data not shown). Treating these cells with rapalog for different time intervals
(10, 30 min and 60 min) revealed a robust accumulation of peroxisomes at the cell periphery,
near microtubule plus ends. Coexpressing HA-KBP together with the peroxisome targeting and
kinesin motor constructs completely blocked KIF-induced peroxisome redistribution to the
cell periphery (Fig. 3C and S2), suggesting that, in the presence of KBP, a subset of kinesin
motor proteins are no longer able to transport artificial cargo. As negative controls, no effect of
KBP was observed on KIF21B-MDC-FRB and dynein-induced redistributions of peroxisomes
(Fig. 3C and S2). Next, we performed live cell imaging experiments and confirmed that rapalog
treatment caused a directional translocation of peroxisomes to the cell periphery after KIF1A,
KIF1C, KIF3A, KIF13B, KIF15 and KIF18A recruitment, an effect that was strongly inhibited
by co-expression of HA-KBP (Fig. 3E,F and S3). Together, these data demonstrate that the
kinesin proteins identified as positive hits in our mass spectrometry data are unable to drive cargo
movement in the presence of KBP.
Since the mitotic motor KIF15 (kinesin-12) was picked up as the highest hit in the pull
down experiments, we next tested whether KBP affects KIF15 function. KIF15 was shown to
promote maintenance of the bipolar spindle in concert with the mitotic kinesin Eg5 (kinesin-5)
(Tanenbaum et al., 2009; Vanneste et al., 2009). Therefore, we tested whether KBP expression
can inhibit KIF15 function and result in spindle collapse as is the case for KIF15 knock-down
in the presence of the specific Eg5 inhibitor S-Trityl-L-Cysteine (STLC) (Tanenbaum et al.,
2009; Vanneste et al., 2009). Strikingly, expression of KBP in U2OS cells resulted in robust
spindle collapse in the absence of Eg5 activity, comparable to depletion of KIF15 (Fig. S4A,B).
Furthermore, KBP localized to the mitotic spindle and spindle poles (Fig S4C), very similar to
the localization of KIF15 (Tanenbaum et al., 2009; Vanneste et al., 2009). Together, these results
strongly suggest that KBP is as an inhibitor of KIF15 during mitosis.
Another prominent hit in the pull down experiment is kinesin-3 family proteins. We next
tested the effect of KBP on the distribution of endogenous kinesin-3 family member KIF1A in
hippocampal neurons. Neurons transfected with HA-KBP showed a strong accumulation of
KIF1A in the cell body, while KIF1A staining in axonal growth cones was reduced by ~70% (Fig.
S5A-C). Knockdown of KBP showed the reverse phenotype – strongly reduced KIF1A staining in
the cell body and a marked accumulation in the growth cones (Fig. S5B,C and data not shown).
No strong effects were observed on the KIF5 distribution in neurons (Fig. S5C). In developing
neurons co-expressing KBP-shRNA and GFP (to highlight the cell body and neurites) at DIV5 (5
days in vitro), we observed a marked change in neuronal morphology (Fig. S6A). Quantification
revealed that the total neurite length, counting both axons and dendrites, was decreased by ~30%
in KBP knockdown cells compared to control neurons (Fig. S6B). Interestingly, KBP depletion
increased the total number of primary neurites (Figure S6C), while the cell soma size was not
significantly changed (Fig. S6D). In contrast, overexpression of KBP decreased the total number
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Figure 3. KBP inhibits kinesin-3 induced peroxisome transport
(A) Schematic overview of the inducible cargo trafficking assay using the FRB-rapalog-FKBP
heterodimerization system coupled to peroxisomes.
(B) Representative images of HeLa cells co-expressing PEX-mRFP-FKBP, KIF1A-MDC-FRB with or
without HA-KBP before (0 min) and 60 min after addition of rapalog. White lines indicate the cell edges.
Yellow arrowheads show peripheral signals. Scale bar, 10 μm.
(C) Percentage of HeLa cells expressing KIF1A-MDC-FRB, KIF1C-MDC-FRB, dynein/dynactin adaptor
BICD2N-FRB with and without HA-KBP before (0 min) and after (10, 30 and 60 min) addition of
rapalog, showing a peripheral or pericentral distribution upon co-expression of indicated constructs.
(D-F) Peroxisome motility in cells visualized by PEX-mRFP-FKBP upon recruitment of KIF1A-MDCFRB with (E) and without (D) HA-KBP. Time (min:s) starts with rapalog addition. Yellow lines indicate
cell outline. Recruitment of GFP-KIF1A-MDC-FRB to peroxisomes after addition of rapalog is indicated
over time and expression of HA-KBP in that particular cell is shown after fixation by immunoflorescent
staining (F). Radial kymograph of recordings acquired with 10 s intervals. Each frame is colored using a
time-coded gradient that ran from blue to white before and from white to red after rapalog addition at 0:00.
Scale bar, 10 μm. (G) Overlay of sequential binarized images from the recording in (D-E), colour coded
by time.
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of primary neurites by ~80% (Fig. S6C). These results are consistent with the predominant
expression of KBP in the developing and adult rodent brain (Fig. S1C-D) and the proposed role
for KBP in axonal outgrowth in zebrafish (Lyons et al., 2008). Together the data indicate that
KBP controls KIF1A localization and has an essential role in neurite development.
We next determined the effect of KBP on the distribution of synaptic vesicle precursors,
which are transported by KIF1A motors in hippocampal neurons (Niwa et al., 2008). Control
neurons at DIV5 expressing β-galactosidase (to highlight neuronal morphology) show Rab3
labeled vesicles in the cell body, axon and growth cones (Fig. S7A). Changing the levels of KBP
in neurons drastically shifted the distribution of Rab3 vesicles. Increased levels of KBP results in
higher intensity of Rab3 vesicles in the cell body and decreased Rab3 levels in the axon, while
knock-down of KBP has the opposite effect - enhanced levels of Rab3 vesicles in axon and growth
cones and strongly reduced Rab3 intensity in the cell body (Fig. S7A,B). Similar effects were
observed with other synaptic vesicles proteins, such as synaptophysin (data not shown). KBP has
no effect the microtubule cytoskeleton, as indicated by tubulin, MAP2 and EB3 stainings (data
not shown).
To study more directly the effect of KBP on synaptic vesicle transport, we used FRB-rapalogFKBP heterodimerization to induce the binding of KIF1A to synaptic vesicle precursors.
Treatment of neurons co-expressing the fusion constructs of GFP-Rab3-FKBP and KIF1AMDC-FRB (Fig. 4A) with rapalog for 30 minutes revealed decreased Rab3 levels in the cell body
and accumulations of Rab3 vesicles in the axon and growth cones (Fig. 4B-D). Coexpressing
HA-KBP together with the Rab3 and KIF1A-MDC motor constructs blocked the axon-induced
localization of Rab3 vesicles resulting in a strong accumulation in the cell body (Fig. 4B-D).
This result suggests that, in the presence of KBP, KIF1A motor proteins are no longer able to
transport Rab3 positive vesicles into axons. Indeed, live cell imaging experiments revealed that
the KIF1A-induced Rab3 vesicle movements in axons are blocked in the presence of HA-KBP.
While GFP-Rab3 vesicles move along the axon toward the growth cone after addition of rapalog,
most GFP-Rab3 vesicles are largely immobile in the presence of KBP (Fig. 4E). Together these
results show that KBP inhibits synaptic vesicle transport in the axon.
Previously, it was shown that KIF1A/UNC-104 motor protein activity and Rab3 cargo
motility are controlled through interactions with the cargo binding tail domain (Klopfenstein et
al., 2002; Hammond et al., 2009; Niwa et al., 2008). Here we have found that KBP regulates
KIF1A-mediated cargo transport by inhibiting the association of the motor with the microtubule
lattice. Neuronal development requires sophisticated changes in synaptic vesicle trafficking that
may be incompatible with the control of general neuronal transport routes. Thus, KBP-mediated
regulation of selected kinesin motors might be essential to enable neuronal migration, axon
branching, dendrite formation and synapse generation (Hirokawa et al., 2010). We also provide
new insights in the molecular mechanism of the Goldberg-Shprintzen syndrome. Misregulation
of specific cargo transport motors, such as KIF1A and/or mitotic motors, such as KIF15 may
represent core mechanisms underlying the central and enteric neuropathological defects observed
in Goldberg-Shprintzen syndrome patients (Brooks et al., 2005). The mechanistic principles
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Figure 4. KBP regulates kinesin-3 dependent synaptic vesicle transport
(A) Schematic overview of the inducible synaptic vesicle trafficking assay using the FRB-rapalog-FKBP
heterodimerization system coupled to Rab3 vesicles.
(B-C) Quantification of Rab3 intensity in cell body and axon of hippocampal neurons co-expressing
KIF1A-MDC-FRB and FKBP-GFP-Rab3 with and without HA-KBP before (0 min) and after (30 min)
addition of rapalog (B). Ratio of Rab3 intensity in cellbody and axon (C).
(D) Representative images of cell body and axons of hippocampal neurons co-expressing KIF1A-MDCFRB and FKBP-GFP-Rab3 with and without HA-KBP before (0 min) and after (30 min) addition of
rapalog. Yellow arrowheads indicate GFP-Rab3 vesicles. Scale bar, 20 μm.
(E) FKBP-GFP-Rab3 motility upon recruitment of KIF1A-MDC-FRB with and without KBP in distal
axons and growth cones before (10 min) and after (30 min) rapalog addition. Black lines indicate axon
outline and regions used for kymography.
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described for KIF1A and KIF15 in this study most likely applies to all other kinesins that bind
KBP.

Materials and methods
Antibodies and reagents
Two independent anti-KBP antibodies were generated by immunizing rabbits with a short peptide
encompassing amino acid 24-38 of mouse KBP (Eurogentec) and glutathione-S-transferase
(GST)-KBP (amino acid 1-292) fusion proteins. Details of KBP antisera and other antibodies
and reagents are in the Supplemental Material and Methods.
DNA and shRNA constructs
The KBP expression constructs were generated by a PCR-based strategy using the human KBP
cDNA (KIAA1279, IMAGE clone 4550085) and subcloned in pGW1- and pßactin-expression
vectors. The KBP-shRNA sequence (5’-TATCATAGTAAGCATGTGCTT) targeting rat KBP
mRNA (NP_001026797) was based on the effective human KBP#1 siRNA sequence and
inserted into a pSuper vector. See Supplemental Material and Methods.
Protein purification and biophysical characterization
KBP was expressed in Rosetta2 cells, lysed and purified by immobilized metal-affinity
chromatography (IMAC). MALS was performed using a S-200 analytical size exclusion
chromatography column connected in-line to mini-DAWN TREOS light scattering and Optilab
T-rEX refractive index detectors (Wyatt Technology). For details see Supplemental Material and
Methods.
Primary hippocampal neuron cultures and transfection
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains as described
and transfected using Lipofectamine 2000 (Invitrogen) (Kapitein et al., 2010b).
Image acquisition, processing and morphometric analyses
Simultaneous dual color time-lapse live cell imaging and TIRFM was performed on a Nikon
Eclipse TE2000E microscope with Coolsnap and QuantEM cameras (Roper Scientific). Neurons
were maintained at 37ºC with 5% CO2 (Tokai Hit).
Details on the materials and methods are in the Supplemental Material and Methods.
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Supplemental figures

Figure S1. Characterization of KBP protein stability, antibody specificity and expression pattern
(A) Coiled-coil prediction and schematic structure of KBP. Antibodies were raised against a short KBP
peptide (amino acid 24-38) and GST-tagged KBP fusion proteins containing amino acids 1-292 (antibody
GST-fusion).
(B) KBP antibodies specifically recognize GFP-tagged KBP and not control proteins BICD2 and BICDR-2
expressed in HeLa cells.
(C) Western blot analysis of KBP in various mouse tissues.
(D) Developmental expression patterns of KBP in E10.5 (whole embryo), E13.5, E16, E18, P1, P5 (head
only) and P10, P15 and adult (forebrain and cerebellum) mice.
(E) Western blot analysis of HEK293 cell extracts cultured for 4 days after transfection with the indicated
KBP siRNAs.
(F-G) CD spectrum (F) and thermal unfolding profile (G) of KBP measured at 222 nm.
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Figure S2. KBP inhibits kinesin induced peroxisome transport
Percentage of HeLa cells expressing KIF3A-MDC-FRB, KIF18A-MDC-FRB, KIF15-MDC-FRB,
KIF13B-MDC-FRB and dynein/dynactin adaptor BICD2N-FRB with and without HA-KBP before (0
min) and after (10, 30 and 60 min) addition of rapalog, showing a peripheral (KIF) or pericentral (dynein)
distribution upon co-expression of indicated constructs.

Figure S3. KBP inhibits kinesin induced peroxisome transport
(A) Radial kymograph of peroxisome motility in cells visualized by PEX-mRFP-FKBP upon recruitment of
different kinesin constructs with and without HA-KBP. Yellow lines indicate cell outline. Radial kymograph
of recordings acquired with 10 s intervals. Each frame is colored using a time-coded gradient that ran from
blue to white before and from white to red after rapalog addition at 0:00.
(B) Overlay of sequential binarized images from the recording in (A).
(C) Graph showing peroxisome distribution over time before and after addition of rapalog with and without
HA-KBP.
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Figure S4. KBP expression promotes mitotic spindle collapse
(A) U2OS cells were transfected with GFP-KBP and 48h later cells were treated with MG132 for 1h
and subsequently with MG132 and 20μM STLC for 1h. Cells were then fixed and stained for GFP and
a-tubulin. The DNA was stained with DAPI.
(B) Quantification of percentage of cells with monopolar spindles left untransfected (control), transfected
with GFP-KBP or KIF15 siRNA. Error bars show standard deviations. Graph is average of 5 independent
experiments with 100 cells scored for control and KIF15 siRNA and 10-20 cells scored for GFP-KBP.
(C) U2OS cells were transfected with GFP-KBP and 48h later cells were treated with MG132 for 1h, fixed
and stained for GFP and a-tubulin. The DNA was stained with DAPI. Scale bars indicate 10μm.

Figure S5. KBP regulates kinesin-3 distribution in neurons
(A) Representative image of hippocampal neurons transfected at DIV1+4 with HA-KBP and stained for
endogenous KIF1A. Note the accumulation of KIF1A in the cellbody. Scale bar, 20 μm.
(B) Representative images of cell body and distal growth cones (at right) of hippocampal neurons (DIV 1+4)
hippocampal neurons co-transfected at DIV1+4 with β-galactosidase (to visualize neuronal morphology)
and control vector, HA-KBP or KBP-shRNA and stained for endogenous KIF1A. Scale bar, 20 μm.
(C) Quantification of the KIF1A and KIF5C staining intensity in growth cones of distal axons in
hippocampal neurons transfected at DIV1+4 with indicated constructs.
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Figure S6. KBP is required for neuronal development
(A) Representative images of hippocampal neurons co-transfected at DIV1+4 with GFP (to visualize
neuronal morphology) and pSuper control vector, HA-KBP or KBP-shRNA. Scale bar, 40 μm.
(B-D) Quantification of morphological parameters of developing hippocampal neurons, including number
of primary neurites (both axons and dendrites) (B), total neurite length (C) and diameter of cell body (D).
Error bars indicate SEM, *** p<0.0005.
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Figure S7. KBP regulates Rab3 positive synaptic vesicle distributions in neurons
(A) Representative images of cell body and growth cones of hippocampal neurons (DIV 1+4) co-transfected
with β-galactosidase (to visualize neuronal morphology), GFP-Rab3 and control vector, HA-KBP or KBPshRNA. Scale bar, 20 μm.
(B) Quantification of the Rab3 staining intensity in growth cones of distal axons in hippocampal neurons
transfected with indicated constructs.

145

21520_Myrrhe van Sprongen binnenwerk.indd 145

19-03-2012 14:39:17

Chapter 5

Supplemental materials and methods
Animals
All animal experiments were performed in compliance with the guidelines for the welfare of
experimental animals issued by the Federal Government of The Netherlands. All animal
experiments were approved by the Animal Ethical Review Committee (DEC) of the Erasmus
Medical Center and Utrecht University
Antibodies and reagents
Rabbit KBP antibodies were generated by immunizing rabbits with 1) short peptide encompassing
amino-acids 24-38 of mouse KBP (Eurogentec) and 2) glutathione-S-transferase (GST)-KBP
(amino acid 1-292) fusion proteins followed by affinity purification using His-KBP(1-292)
coupled to cyanogen bromideactivated Sepharose 4B-columns (GE Healthcare). The following
commercial antibodies were used in this study: rabbit anti-GFP, rabbit anti-EB3, rabbit KIF5C,
rabbit anti-KIF14 and mouse anti-KIF15 (Abcam), rabbit anti-KIF1Bβ (Bethyl Laboratories),
mouse anti-p150glued, mouse anti-KIF1A (BD Biosciences), rabbit anti-KIF1C (Cytoskeleton,
Inc), mouse anti-β-actin (Chemicon), rabbit anti-dynein heavy chain (DHC), rabbit anti-HA
(Santa Cruz), mouse anti-MAP2, mouse anti-α-tubulin (Sigma), rabbit anti-ß-galactosidase (MP
Biomedicals), mouse anti-ß-galactosidase (Promega), mouse anti-GFP, rat anti-HA and mouse
anti-HA (Roche). We also used Alexa350-, Alexa488-, Alexa568- (Invitrogen), Cy3- (Jackson)
and HRP-conjugated secondary antibodies (Dako). Other reagents used in this study are taxol
(Sigma) and rapalog (AP21967, Ariad Pharmaceuticals).
Expression constructs and siRNAs
The following mammalian expression plasmids have been described: pGW1-GFP and pßactinHA-ß-galactosidase (Hoogenraad et al., 2005), bio-tag-GFP and HA-BirA (Jaworski et al., 2009b),
pSuper vector (Brummelkamp et al., 2002), GFP-BICD2 (Ref (Hoogenraad et al., 2001), GFPKIF1C and GFP-BICDR1 (Schlager et al., 2010), FKBP- and FRB-encoding fragments were
from the Argent Regulated Heterodimerization kit (Ariad Pharmaceuticals), GFP-Synaptophysin,
mCherry-α-tubulin, PEX3-mRFP-FKBP, GFP-KIF17(Kapitein et al., 2010a; Kapitein et al.,
2010b), GFP-KIFC2(Kapitein et al., 2011) and GFP-Rab3C (van Vlijmen et al., 2008). All
other constructs were generated by PCR based strategy using the following cDNAs as templates:
KIF5A (IMAGE clones 1630386/6195468), KIF5B (IMAGE clones 4422906/6165834),
KIF5C (pcDNA3-myc-KIF5C; a gift of K.Verhey, University of Michigan, Ann Arbor, USA)
(Verhey et al., 1998), human KIF1A (gift of E.Kim, Korea Advanced Institute of Science and
Technology, Daejeon, Korea (Shin et al., 2003), KIF1B and KIF21B (human cDNA KIAA0591
and KIAA0449, respectively; gift from Kazusa DNA Research Institute, Kisarazu, Japan)(Seki
et al., 1997), mouse KIF18A (IMAGE clone 4506052), human KIF14 (gift from Matt Biery,
Rosetta Inpharmatics, Seattle, USA) (Carleton et al., 2006).
The KBP expression constructs were generated by a PCR-based strategy using the human KBP
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cDNA (KIAA1279, IMAGE clone 4550085) and subcloned in pGW1- and pßactin-expression
vectors (Kapitein et al., 2010c). In bio-GFP-KBP fusions, a linker encoding the sequence
MASGLNDIFEAQKIEWHEGGG, which is the substrate of biotin ligase BirA was inserted
into the NheI and AgeI sites in front of the pEGFP-C2 (Clontech) and the KBP openreading
frame subsequently subcloned in the biotin-tag-GFP vector. GFP- and HA-tagged KIF1AMDC-FRB and KIF1C-MDC-FRB were generated by fusing the motor domain and the first
coiled-coil region (MDC) of KIF1 with the FRB domain. HA-FRB-BICDN has been described
before (Kapitein et al., 2010b) . FKBP-GFP-Rab3 was made by fusing FKBP to the N-terminus
of GFP-Rab3c in pßactin. We used the following siRNAs for knock-down experiments in
HEK293 cells: KBP#1: 5’-uaucauaguaagcaugugcuu-3’, KBP#2: 5’-ugaaucaggaucccuuagcuu-3’,
KBP#3: 5’-uuauauagugcuucugauguu-3’, KBP#4: 5’-uaaccaucaaucugaaagauu-3’ (Dharmacon).
The KBP-shRNA sequence (5’-TATCATAGTAAGCATGTGCTT) targeting rat KBP mRNA
(NP_001026797), based on the effective human KBP#1 siRNA sequence, was inserted into a
pSuper vector (Brummelkamp et al., 2002).

Biotin-streptavidin pull-down experiments and mass spectrometry analysis
Streptavidin bead pull-down assays were performed as previously described (Jaworski et al.,
2009a). HEK293-cells or HeLa cells were transfected with BirA and bio-GFP-KBP or bio-GFP
using Lipofectamine-2000 (Invitrogen) transfection reagent according to the manufacturer’s
instructions. Cells were lysed 16 h later in 20 mM Tris-HCl, pH 8.0, 150 mM KCl, 1% Triton
X-100, and protease inhibitors (Roche). Cell lysates were centrifuged at 13,000 rpm for 15 min
and the supernatants were incubated with Dynabeads M-280 streptavidin (Dynal; Invitrogen)
for 45 min. Beads were separated by using a magnet (Dynal; Invitrogen) and washed three
times in lysis buffer. For protein elution, the beads were boiled in NuPAGE LDS 4 sample
buffer (Invitrogen), separated, and supernatants were run on a 4-12% NuPAGE tris-acetate gel
(Invitrogen). The gel was stained with the Colloidal Blue staining kit (Invitrogen).
For mass spectrometry analysis, SDS-PAGE gel lanes were cut into 2-mm slices using
an automatic gel slicer and subjected to in gel reduction with dithiothreitol, alkylation with
iodoacetamide and digestion with trypsin (Promega, sequencing grade), essentially as described
previously (Jaworski et al., 2009) Nanoflow LCMS/MS was performed on an 1100 series
capillary LC system (Agilent Technologies) coupled to an LTQ linear ion trap mass spectrometer
(Thermo) operating in positive mode and equipped with a nanospray source. Peptide mixtures
were trapped on a ReproSil C18 reversed phase column (Dr Maisch GmbH; column dimensions
1.5 cm × 100 μm, packed in-house) at a flow rate of 8 μl/min. Peptide separation was performed
on ReproSil C18 reversed phase column (Dr Maisch GmbH; column dimensions 15 cm × 50
μm, packed inhouse) using a linear gradient from 0 to 80% B (A = 0.1 M acetic acid; B = 80%
(v/v) acetonitrile, 0.1 M acetic acid) in 70 min and at a constant flow rate of 200 nl/min using
a splitter. The column eluent was directly sprayed into the ESI source of the mass spectrometer.
Mass spectra were acquired in continuum mode; fragmentation of the 4 peptides was performed
in data-dependent mode. Peak lists were automatically created from raw data files using the
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Mascot Distiller software (version 2.1; MatrixScience). The Mascot search algorithm (version
2.2) was used for searching against the International Protein Index database (release number
IPI_human_20100507.fasta). The peptide tolerance was typically set to 2 Da and the fragment
ion tolerance to 0.8 Da. A maximum number of 2 missed cleavages by trypsin were allowed
and carbamidomethylated cysteine and oxidized methionine were set as fixed and variable
modifications, respectively. The Mascot score cut-off value for a positive protein hit was set to
60. Individual peptide MS/MS spectra with Mowse scores below 40 were checked manually and
either interpreted as valid identifications or discarded. Proteins present in the negative controls
(pull-down assays with bioGFP alone) were omitted from the table.

Immunoprecipitation
Immunoprecipitation experiments were performed as previously described by (Schlager
et al., EMBO J, 2010). HEK293 cells were cultured in DMEM/Hams-F10 (50/50%)
medium containing 10% FCS and 1% penicillin/streptomycin and were transfected using
Lipofectamine2000 (Invitrogen). Cells were harvested 24 h after transfection, by scraping the
cells in ice-cold PBS and lysing cell pellets in lysis buffer (25 mM Tris-HCl, pH 8.0, 100 mM
NaCl, 1.0% Triton X-100, and protease inhibitors; Roche). Supernatant and pellet fractions
were separated by centrifugation at 13,200 rpm for 5 minutes. Supernatants were mixed with an
equal amount of lysis buffer, protein-A-agarose beads (GE Healthcare), and 3 μg of mouse antiGFP (Roche). Samples were incubated 4 hours while rotating at 4°C, centrifuged at 2000 rpm
and pellets were washed 3-7 times with wash buffer (25 mM Tris-HCl, pH 8.0, 100 mM NaCl,
0.1 % NP40). Samples were eluted in SDS sample buffer, equally loaded onto SDS-PAGE gels
and subjected to western blotting on polyvinylidene difluoride membrane. Blots were blocked
with 2% bovine serum albumin/0.05% Tween 20 in PBS and incubated with primary antibodies
at 4°C overnight. Both KBP antibodies were used in a 1:500 dilution. Blots were washed with
0.05% Tween 20 in PBS three times for 10 min at room temperature and incubated with either
anti-rabbit or anti-mouse IgG antibody conjugated to horseradish peroxidase (Dako). Blots were
developed with enhanced chemiluminescent Western blotting substrate (Pierce).
Protein purification
The cDNAs encoding full length KBP, KIF1A motor domain (KIF1A-MD, residues 1-368) and
KIF21B motor domain (KIF21B-MD, residues 1-369) were PCR amplified from a human cDNA
library (Frey et al., 2007) and cloned into the pET-based bacterial expression vector PSTCm1,
which encodes for a N-terminal 6xHis tag followed by a thrombin cleavage site (Olieric et al.,
2010). Moreover, full length KBP cDNA is cloned in PSTCm1 without the 6xHis tag.
KBP and KIF1A-MD proteins were expressed in Rosetta2 (Novagen) whereas KIF21B was
expressed in BL21(DE3) (Stratagene). Cells were grown in LB media (supplemented with 40 μg/
ml kanamycin + 30 μg/mL chloramphenicol for KBP and KIF1A-MD and 40 μg/ml kanamycin
for KIF21B-MD) to an OD600 of 0.6. Cells were cooled down to 20°C and expression was
induced with 0.4 mM isopropyl 1-thio-ß-galactopyranoside (IPTG). Protein expression was
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performed at 20°C for 16 hr. Cells were resuspended in 50 mM HEPES pH 8, 500 mM NaCl,
10 mM Imidazole, 10 mM MgSO4, 0.5% Triton, 2 mM beta-mercaptoethanol in the presence
of DNAse (Sigma) and disrupted by 3 cycles of freezing and thawing.
HisKBP was purified by immobilized metal-affinity chromatography (IMAC) on HisTrap NP
Ni2+-Sepharose columns (GE Healthcare) at 4°C accordingly to manufacturer’s information. The
6xHis tag was cleaved during dialysis against thrombin cleavage buffer (20 mM TrisHCl pH7.4
supplemented with 150 mM NaCl, 2.5 mM CaCl2 and 2mM DTT) for 16 hr at 4°C using 2
units of human thrombin (Sigma) per milligram of recombinant protein. Cleaved samples were
reapplied to IMAC to separate the cleaved products from the 6xHis tag and tagged proteins,
concentrated and gel filtrated on HiLoad Superdex 200 16/60 site exclusion column (GE
Healthcare) equilibrated in 20 mM TrisHCl pH 7.5 supplemented with 150 mM NaCl and 2
mM DTT. For the co-purification of KBP with either KIF1A or KIF21B motor domains, the
cells containing KBP and the ones containing HisKIF1A-MD or HisKIF21B-MD were mixed
together before cell disruption. Purification of the complex was performed as described above.
The homogeneity of the recombinant proteins was assessed by SDS-PAGE, their identity was
confirmed by ESI-TOF mass spectrometry and concentrations were estimated by UV at 280
nm.

Biophysical characterization
MALS was performed in 20 mM TrisHCl pH 7.5, 150 mM NaCl, 2 mM DTT using a S-200
analytical size exclusion chromatography column connected in-line to mini-DAWN TREOS
light scattering and Optilab T-rEX refractive index detectors (Wyatt Technology). KBP was
injected at a concentration of 0.5 μM and the KBP/HisKIF1A-MD complex at concentrations
of 0.2, 1 and 2 μM. The protein concentration at the peaks (in g/mL) was determined dividing
the differential refractive index value by the constant 0.185. The dissociation constant of the
complex KBP/HisKIF1A-MD was estimated from the 1 μM injection as it follows: KD = [KBP]
x [HisKIF1A-MD] / [KBP/HisKIF1A-MD]. The concentrations of free KBP as well as the
complex KBP/HisKIF1A-MD were calculated as explained above. As the isolated HisKIF1AMD is not soluble if not complexed to KBP, we have extrapolated its concentration should
be equal to the free KBP. CD spectra were collected at 10°C and at a protein concentration of
0.5 μM in 20 mM TrisHCl pH 7.5, 150 mM NaCl supplemented with 1 mM TCEP using a
Chirascan spectropolarimeter (Apllied Photophysics). A cuvette with path length of 0.1 cm was
used. Thermal stability experiments were performed using a 1°C/min temperature ramp between
10°C and 80°C and by monitoring the CD signal at 222 nm.
Brain extracts and Western blot analysis
For tissue Western blots, cerebellum, cortex, spinal cord, heart, kidney, liver, lung and spleen were
dissected from P30 mice and placed in ice-cold PBS, pH7.4. For developmental Western blots,
E10 (whole embryo), E13, E16, E18, P1, P5 (head only) P15 and adult (forebrain or cerebellum),
mice were placed in ice-cold PBS, pH 7.4. Samples were homogenized in homogenization buffer
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(150 mM NaCl, 50 mM Tris, 0.1% v/v SDS, 0.5% v/v NP-40, pH8, 1x complete protease
inhibitors; Roche), briefly sonicated, centrifuged at 900 rpm, resuspended in 2x SDS sample
buffer and boiled for 5 minutes. Protein concentrations were measured using a BCA protein
assay kit (Pierce) and 20 μg of protein was loaded in each lane for a subsequent Western blot
analysis.

Microtubule pelleting assay
Microtubule pelleting assays were performed as previously described ( Lansbergen et al., JCB,
2004). Polymerized microtubules were made by diluting 5 ug/µl purified tubulin (Cytoskeleton)
in G-PEM buffer (80 mM Pipes pH 6.84, 1 mM MgCl2, 1 mM EGTA, 1 mM GTP, 10%
glycerol) in a ratio of 1:1, incubated for 10 minutes at 37°C, followed by addition of 20 µM
Taxol (Sigma) and incubation for 30 minutes at room temperature. Lysates of HEK293 cell
expressing GFP-KIF1A was mixed with ~5 µg polymerized microtubules and 1 µM Taxol or
30% sucrose and 1 µM Taxol in G-PEM buffer (control) and incubated for 30 minutes at room
temperature, followed by spindown for 10 min at 2 bar (29 psi) in Beckman airfuge to pellet the
polymerized microtubules. The experiments was also performed by adding 1 µg purified KBP to
the lysates. The supernatant and pellet was examined by SDS-polyacrylamide gel electrophoresis
(PAGE).
Cultured cells, transfection and immunofluorescent staining
HeLa and COS-7 cells were cultured in DMEM/Ham’s F10 (50/50%) medium containing
10% FCS and 1% penicillin/streptomycin. One day before transfection, cells were plated at
1:20 in Lab-tek chamber slides (Nunc) or on glass coverslips. Cells were transfected with DNA
constructs using Superfect transfection reagent (Qiagen) or FuGENE6 (Roche) according to the
manufacturers protocol and incubated overnight. Synthetic siRNA oligos were transfected using
a transfection reagent (HiPerFect; QIAGEN) at a concentration of 5-20 nM. Three or four days
after the siRNA transfection, cells were fixed and analyzed by immunofluorescent staining.
Cells were fixed in 4% paraformaldehyde for 10 min at room temperature followed by 5 min
in 0.1% Triton X-100 in PBS. Slides were blocked in 0.5% BSA/0.02% glycine in PBS and labeled
with primary antibody either for 2 h at room temperature or overnight at 4°C. Slides were washed
three times with 0.05% Tween20 in PBS, labeled with secondary antibodies for 1 hour at room
temperature, washed three times with 0.05% Tween20 in PBS and mounted using Vectashield
mounting medium (Vector laboratories). Images of fixed HeLa or COS-7 cells were collected with
a Leica DMRBE microscope equipped with PLFluotar 40x 1.0 N.A. and PLFluotar 100x 1.3 N.A.
oil objectives, FITC/EGFP filter 41012 (Chroma), Texas Red filter 41004 (Chroma), DAPI filter
31000 (Chroma) and an ORCA-ER-1394 CCD camera (Hamamatsu).
Primary hippocampal neuron cultures, transfection and immunofluorescent staining
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains (Banker and
Goslin, 1988; Kapitein et al., 2010c). Cells were plated on coverslips coated with poly-L-lysine
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(30 µg/ml) and laminin (2 µg/ml) at a density of 75,000/well. Hippocampal cultures were grown
in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 µM glutamate
and penicillin/streptomycin. Hippocampal neurons were transfected using Lipofectamine 2000
(Invitrogen). Briefly, DNA (3.6 µg /well) was mixed with 3 ml Lipofectamine 2000 in 200 ml
NB, incubated for 30 minutes and then added to the neurons in NB at 37°C in 5% CO2 for 45
min. Next, neurons were washed with NB and transfered in the original medium at 37°C in 5%
CO2 for 2-4 days.
For immunofluorescence stainings, neurons were fixed for 10 minutes with 4%
formaldehyde/4% sucrose in phosphate-buffered saline (PBS) or 5 minutes with ice-cold 100%
methanol/1mM EGTA at -20°C, followed by 5 minutes with 4% formaldehyde/4% sucrose in
PBS at room temperature. After fixation cells were washed two times in PBS for 30 min at room
temperature, and incubated with primary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl,
0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4oC. Neurons were then
washed three times in PBS for 5 min at room temperature and incubated with Alexa-conjugated
secondary antibodies in GDB for 2 hr at room temperature and washed three times in PBS for 5
min. Slides were mounted using Vectashield mounting medium (Vector laboratories).
Confocal images were acquired using a LSM510 confocal laser-scanning microscope (Zeiss)
with a 40x or 63x oil objective. Each image was a z-series of ~5 images, each averaged 2 times and
was chosen to cover the entire region of interested from top to bottom. The resulting z-stack was
‘‘flattened’’ into a single image using maximum projection. Images were not further processed and
were of similar high quality to the original single planes. The confocal settings were kept the same
for all scans when fluorescence intensity was compared. Morphometric analysis, quantification,
and colocalization were performed using MetaMorph software (Universal Imaging Corporation).
See for details the methods section: Image analysis and quantification.

Time-lapse live cell imaging and imaging processing
Time-lapse, live-cell imaging was performed on a Nikon Eclipse TE2000E (Nikon) equipped
with an incubation chamber (INUG2-ZILCS-H2; Tokai Hit) mounted on a motorized stage
(Prior). Coverslips (24 mm) were mounted in metal rings, immersed in 0.6 ml Ringer’s solution
(10 mM Hepes, 155 mM NaCl, 1–2 mM CaCl2, 1 mM MgCl2, 2 mM NaH2PO4, 10 mM
glucose, pH 7.2) or medium and maintained at 37°C / 5% CO2. For image acquisition, cells
were selected and imaged every 30s for 30–60 min using a 40× objective (Plan Fluor, NA=1.3,
Nikon) and a Coolsnap HQ camera (Photometrics).
To image cherry-tubulin and GFP-KIF5B-MD or GFP-KIF1A-MD, two-color laser totalinternal-reflection fluorescence (TIRF) microscopy using a 100× objective (Apo TIRF, NA=1.49;
Nikon), 2.5× Optovar, and EMCDD camera (QuantEM, Roper Scientific, Lisses, France) was
performed as described previously (Kapitein et al., Biophysical J, 2010). Rapalog (AP21967;
Ariad Pharmaceuticals) was dissolved to 1 mM in ethanol. To induce motility during image
acquisition, 0.2 ml of culture medium (hippocampal neurons) or Ringer’s solution (COS-7 cells)
with rapalog (4 μM) was added to establish a final rapalog concentration of 1 μM. Images of live
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cells were processed using MetaMorph (Molecular Devices) or LabVIEW (National Instruments)
software.
To create color plots of the above experiment, all images of a time-lapse recording were thresholded
to yield binary images that were subsequently overlaid nontransparently, starting with the final frame
(first frame on top). Each frame was colored using a time-coded gradient that ran from blue to white
before and from white to red after Rapalog addition at 0:00.(Kapitein et al., 2010b).
To create the radial kymographs, each pixel value above threshold was inserted into a histogram
of intensity I versus distance from center for each video frame, using the pixel size (161 nm) as
the bin size. From such a histogram, the radius required to include a fraction p of peroxisomes
could be obtained by finding the first bin Bn for which, where N is the total number of bins
(Kapitein et al., 2010b).

Image analysis and quantification
Morphometric analyses of hippocampal neurons. To analyze neuronal morphology, we used GFP
as an unbiased cell-fill. Because neurites often crossed several z planes, we took series of stacks
from the bottom to the top of the whole neuron and used the LSM software to generate image
projections for quantitative analyses. The morphometric analysis and quantification were
performed using MetaMorph software. Quantification of the total neurite length, number of
primary neurites and diameter of the cell body was performed with images acquired with a
oil 40x objective. For neurite length all neurite of a single neuron were traced in MetaMorph
and the number of pixels was automatically converted to mm. All morphological experiments
were repeated at least three times with an n>5 for individual experiments were analyzed. Data
were averaged over multiple cells and experiments and a statistical analysis was performed with
student’s t test assuming a two-tailed and unequal variation.
Quantification of fluorescent intensity in neurons. For the quantification of antibody staining,
images were acquired with use of a 40x objective and the number of clusters per length and average
intensity of signals in the cell body, neurites and growth cones were measured in MetaMorph.
To control for background signals we measured in the area of the same size the intensity near
the neuron and subtracted the random fluorescent intensity in these images. Intensities were
averaged over multiple cells, normalized and a statistical analysis was performed with student’s t
test assuming a two-tailed and unequal variation. The average intensity of cell body (ICB) and the
average intensity of the axon (Ia) were used to calculate the cell body/axon ratio of GFP-Rab3
intensity (ICB/Ia). The results of statistical analyses are indicated as follows: ns – no statistically
significant difference; * - statistically significant with p<0.05; ** -statistically significant with
p<0.005; *** - statistically significant with p<0.0005.
Quantification of peroxisome trafficking assay. To determine the distribution of mRFP-PEX
before and after rapalog addition, the number of transfected HeLA cells (n>50) were counted
and grouped into one of the three distribution categories - pericentrosomal, pheripheral or
dispersed. Data were averaged over multiple experiments and a statistical analysis was performed
with student’s t test assuming a two-tailed and unequal variation.
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Analysis kinesin labeling on microtubules. To analyze the intensity of GFP-KIF1A-MDC on
microtubules with or without KBP, four bright microtubule stretches of ~1 µm (not at microtubule
ends) were analyzed per cell (n>7 cells per experiment). Ratio of intensity at microtubules (IR)
(in units background) was calculated by the intensity of green signal on microtubules (MT)
subtracted by green background (BG) signal in the cytoplasm. IR=(IMT-IBG)/IBG).
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Abstract
MicroRNAs (miRNAs) are evolutionarily conserved non-coding RNAs of ~22 nucleotides
that regulate gene expression at the level of translation and play vital roles in hippocampal
development, function and plasticity. However, a systematic and in-depth analysis of miRNA
expression profiles in hippocampal neurons during development and after induction of neuronal
activity has not been performed. We carried out miRNA profiling of primary cultured rat
hippocampal neurons by using locked nucleic-acid-based miRNA arrays. The expression of
264 different miRNAs was tested at various developmental stages (stage 2-5) and in mature
fully differentiated hippocampal neurons (stage 5) at basal state and following the induction of
neuronal activity using different chemical stimulation protocols. We identified 210 miRNAs in
mature hippocampal neurons; the expression of most neuronal miRNA is low at early stages of
development but steadily increases during neuronal differentiation. For instance, we show that
miR-135a/b levels are strongly reduced during early stages of neuronal development. An increase
of miR-135a/b expression modulates axonal outgrowth. Expression profiling following induction
of neuronal activity demonstrates that 51 miRNAs, including miR-134, miR-146, miR-181,
miR-185, miR-191 and miR-200a show altered patterns of expression after NMDA receptordependent plasticity and 31 miRNAs, including miR-107, miR-134, miR-470 and miR-546 are
induced by homeostatic plasticity protocols. Our results indicate that specific miRNA expression
profiles correlate with changes in neuronal development and neuronal activity. Identification and
characterization miRNA targets may further elucidate translational control mechanisms involved
in hippocampal development, differentiation and activity-depended processes.

158

21520_Myrrhe van Sprongen binnenwerk.indd 158

19-03-2012 14:39:20

development and activity-dependent miRNa

Introduction
The hippocampus is a limbic system structure in the medial temporal lobe of the brain
that plays an essential role in learning and memory in animals and humans. During brain
development, hippocampal pyramidal neurons are derived from hippocampal neuroepithelial
cells and dentate granular progenitors and undergo typical neurodevelopmental stages involving
neuronal polarization, axon outgrowth, dendritogenesis, synapse formation, and maturation of
synaptic function. In fully differentiated hippocampal neurons, electrophysiological studies have
demonstrated the existence of activity-dependent synaptic plasticity such as long term potentiation
(LTP) and long-term depression (LTD), which is thought to play a key role in the refinement of
neuronal circuitry and considered to be the cellular correlate of learning and memory (Malenka
and Bear, 2004; Massey and Bashir, 2007; Neves et al., 2008). Despite the significance of the
hippocampus in forming new memories, our understanding of gene regulation mechanisms
that underlie neuronal development and synaptic plasticity is quite limited. Post-transcriptional
mechanisms, such as alternative mRNA splicing, mRNA trafficking and translational control, are
believed to play an important role in the regulation of neuronal gene expression (Li et al., 2007;
Steward and Schuman, 2003; Swanger and Bassell, 2011). Now it is becoming increasingly clear
that the microRNA pathway also has an important impact on neuronal development, survival,
function, and plasticity (Fineberg et al., 2009; Schratt, 2009; Vo et al., 2010).
MicroRNAs (miRNAs) are approximately 22 nucleotide non-coding RNA that regulate
mRNA expression at the posttranscriptional level through degradation or translational repression.
To date, hundreds of miRNAs have been identified in mammalian genomes and they are predicted
to target one-third of all genes in the genome, where each miRNA is expected to target around
100-200 transcripts (Griffiths-Jones et al., 2008; Lim et al., 2005). The central nervous system is
a rich source of miRNA expression (Krichevsky et al., 2003; Miska et al., 2004; Sempere et al.,
2004), with a diversity of miRNA functions that affect many neuronal genes. A large number of
miRNAs have been identified in the brain (Bak et al., 2008; Kosik, 2006; Krichevsky et al., 2003;
Ling et al., 2011; Liu et al., 2009; Miska et al., 2004; Sempere et al., 2004) including several
miRNAs that are specifically expressed in glia cells and neurons (Kim et al., 2004; Sempere et
al., 2004; Smirnova et al., 2005). Recent studies have shown that miRNA function is essential
for the development of the zebrafish nervous system (Giraldez et al., 2005) and plays a role in
neuronal plasticity in the rodent brain (Schratt, 2009; Vo et al., 2010). Conditional knockout
of the miRNA biosynthetic enzyme Dicer in the developing mouse brain has demonstrated that
miRNAs have a critical role in neuronal survival in various brain regions (Cuellar et al., 2008;
Damiani et al., 2008; Huang et al., 2010; Kawase-Koga et al., 2009). Likewise, disruption of
Dicer at later time points suggests that alterations in miRNA expression are associated with the
degeneration of mature neurons in mice (Bushati and Cohen, 2008; Eacker et al., 2009). Others
have shown that miRNAs can play fundamentally important roles in more specific neurobiological
processes such as proliferation, differentiation, neurite growth and apoptosis (Abdelmohsen et
al., 2010; Fineberg et al., 2009; Gangaraju and Lin, 2009; Stefani and Slack, 2008). A growing
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number of reports have revealed that deregulation of miRNA expression contributes to several
human neurological, psychiatric and neurodegenerative diseases (Forero et al., 2010; Hebert and
De Strooper, 2009; Liu and Xu, 2011; Provost, 2010).
Like in many other brain regions, miRNAs play vital roles in hippocampal survival,
development, function and plasticity. Selective inactivation of Dicer during neuronal development
causes abnormal hippocampal morphology and affects the number of hippocampal progenitors
(Li et al., 2011) and results in an array of phenotypes including reduced dendritic branching, and
large increases in dendritic spine length in mature neurons (Davis et al., 2008). Using microarray,
real-time RT-PCR, in situ hybridization, and deep-sequencing approaches, several studies have
identified miRNAs in the hippocampus during development or in adulthood (Bak et al., 2008;
Ling et al., 2011; Shinohara et al., 2011; Wulczyn et al., 2007), after induction of neuronal
activity (Eacker et al., 2011; Park and Tang, 2009; Wibrand et al., 2010) or injury (Redell et
al., 2009; Yuan et al., 2010). While most of these studies where performed in hippocampal
brain tissue or slices, in this study we focus on primary rat hippocampal neurons in culture and
analyzes the miRNA expression profiles during development and after induction of neuronal
activity. We make use of the classical and well-studied primary hippocampal neuron culture
system as developed by Banker and collaborators (Dotti et al., 1988; Kaech and Banker, 2006).
Hippocampal cells are isolated from late stage rat embryos and can be grown for weeks on
glass coverslips in serum-free medium. One particular advantage of this culture system is that
cells in the embryonic hippocampal tissue become apparently resynchronized upon isolation
and subsequently differentiates in culture in a reproducible way along five morphologically welldefined stages (Dotti et al., 1988; Fletcher and Banker, 1989). The hippocampal cells become
polarized, develop extensive axonal and dendritic arbors and form functional synaptic connections
within a week after plating the cells (Dotti et al., 1988). For detailed analysis of synaptic plasticity
mechanisms and dendritic spine morphology the hippocampal neurons are maintained in culture
for a longer time (over > 2-3 weeks). Many labs have used hippocampal neuronal cultures to
study the expression and subcellular distribution of proteins or mRNAs at specific developmental
stages (Dabrowski et al., 2003; Mody et al., 2001) and address fundamental questions in neuronal
polarity, spine development and synaptic plasticity (Ehlers, 2003; Jaworski et al., 2009; Kapitein
et al., 2010a; Luscher et al., 1999; Sala et al., 2001).
To systematically profile miRNA expression in cultured hippocampal neurons during
development and after induction of neuronal activity we have used locked nucleic-acid-based
miRNA arrays that contain probes for 264 different miRNAs. The purpose of this study was to
(1) profile miRNAs expressed in primary cultured rat hippocampal neurons, (2) identify specific
miRNAs expression patterns during neuronal development, (3) identify miRNAs induced by
NMDA receptor-dependent synaptic plasticity and (4) identify miRNAs induced by prolonged
changes in global network activity.
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Results
Timing of hippocampal neuron differentiation in vitro
To establish comprehensive miRNA expression profiles during the development of primary
rat hippocampal neurons in culture, seven time points were chosen between 6 hours and 21
days in culture. These time points correspond to the peak periods for which major cellular and
physiological events occur during neuronal development in culture as defined by Dotti and
Banker (Dotti et al., 1988; Kaech and Banker, 2006) (Fig. 1). The only difference with the
original Banker protocol is that we use serum-free neurobasal medium supplemented with B27,
which eliminates the need for astrocyte co-cultures (Kapitein et al., 2010b). Shortly after plating,
cells have a symmetric appearance and extend lamella all around the cell body (stage 1). After
6 hours in culture the cells display initial outgrowth of minor neurites (Fig. 1, stage 2); the
growth cones at the tips of the neurites are highly motile and neurites extend and retract over
short distances. Then, one neurite grows for an extended period of time without retracting and
acquires axonal characteristics. The axon is identified in most neurons by staining for the axonspecific marker tau at 20-48 h in the culture (Fig. 1, stage 3). The axon continues to grow rapidly,
whereas the remaining neurites elongate more slowly and become dendrites. At the end of stage
3 many axonal growth cones reached neighbouring neurons and the remaining minor neurites
acquire characteristics of dendrites and are positive for the dendrite-specific marker MAP2 (Fig.
1). At 5-8 days (stage 4), the cells have a greater number of outgrowing and branching dendrites
and the first synapses are formed. Within the next days, the dendrites of pyramidal neurons form
dendritic protrusions/spines and an extensive network of synaptic connections. After 12 days
in culture (stage 5), all cells are fully developed, display a mature neuronal morphology and the
dendrites show clear punctate PSD-95 staining, representing postsynaptic contacts (Fig. 1). At
21 days synaptic connectivity has been consolidated and the neurons are considered to be fully
mature.
miRNAs expression profiling of mature hippocampal neurons in culture
Four independent batches of cultured hippocampal neurons were harvested at these seven time
points (6 hours, 20 hours, 48 hours, 3 days, 5 days, 8 days and 21 days) and total RNA/miRNA
was isolated. These samples were then fluorescently labeled for the hybridization to locked nucleicacid-based miRNA arrays containing 264 unique mouse miRNA probes plus several control
probes including non-protein coding RNAs, and some viral miRNAs in duplicate (as previously
described by (Pothof et al., 2009)). To ensure the reliability of the data, all of the hybridization
experiments from seven time points were carried out eight times (four independent RNA
samples and four sets of duplicate miRNA arrays were used) (data not shown). The fluorescent
hybridization value for each spot was calculated by subtracting the background intensity from
foreground intensity signals. The calculated values were highly consistent and reproducible
within the same array and between experiments. Spots with verified fluorescent signal values <10
and control spots were filtered out of the data set. Using these threshold values a total of 210
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Figure 1. Timing of the stages of neuronal differentiation
(A) Schematic overview of different stages of the development of hippocampal neurons in culture.
Developing hippocampal neurons were harvested at seven indicated time points at basal state and following
the induction of neuronal activity using different chemical stimulation protocols. Synaptic activity was
blocked with the voltage-gated sodium channels channel blocker tetrodotoxin (TTX, 2 μM, 48 h) or
enhanced with the GABAA receptor antagonist bicuculline (Bicuc, 40 μM, 48 h). Bath application of 50
μM NMDA for 5 min induces “chemical” long-term depression (LTD) and activation of synaptic NMDARs
with 200 µM glycine for 5 min triggering “chemical” long-term potentiation (LTP) in cultured neurons.
(B) Representative images of hippocampal neurons in culture, fixed at the indicated times and stained for
the nucleus (DAPI), neuron specific tubulin (βIII-tubulin), axon marker Tau, dendrite specific protein
MAP2 and postsynaptic protein PSD-95. Scale bar, 20 μm

miRNAs are expressed in mature hippocampal neurons at 21 days in culture (data not shown).
Figure 2 shows 114 miRNAs with a fluorescent signal values 50 or higher. We subdivided this
group according to high, intermediate and low expressing levels using the threshold signal values
>400, 100-400 and 50-100 (Fig. 2A-C). We found several new miRNAs that showed significant
expression and were not known to be present in the hippocampus. Some miRNAs, including
miR-34, miR-125, miR-134, miR-138 were previously identified and characterized in the brain
(Fiore et al., 2009; Yu et al., 2008) (Schratt et al., 2006; Siegel et al., 2009) (Agostini et al.,
2011; Edbauer et al., 2010; Muddashetty et al., 2011) (Fig. 2A-C0. The founding member of
the miRNA family let-7 and mir-125 are highly expressed in neurons consistent with previous
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Figure 2. miRNA expression profiles in developing and mature hippocampal neurons
Heat maps showing average expression levels of miRNAs in hippocampal neurons during differentiation
(6h, 20h, 48h, 3 day and 5 days) compared to mature hippocampal neurons (21 days) in a blue (low relative
expression) to yellow (high relative expression) scale. The selection criterion was an average expression value
of >50. Using the following threshold signal values >400, 100-400 and 50-100, we subdivided the neuronal
miRNAs in mature hippocampal neurons in respectively high (A), intermediate (B) and low expressing
levels (C). The mean values were calculated from 4 independent experiments. One of the duplicate probes
is shown in the figure.

data (Juhila et al., 2011; Ling et al., 2011; Shinohara et al., 2011; Wulczyn et al., 2007) (Fig.
2A-C). Despite their high level of expression, the functional role of these conserved families in
neuronal development is poorly characterized. Surprisingly, the expression of miR-132 - one
of the best-studied miRNA in the brain (Edbauer et al., 2010; Mellios et al., 2011) - is low
in mature hippocampal neuron (fluorescent signal <50, data not shown) and therefore not
indicated in Figure 2. On the other hand, we identified miRNAs that where previously shown to
be preferentially expressed in neurons, including miR-124 (Krichevsky et al., 2006; Sempere et
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al., 2004; Smirnova et al., 2005) (Sanuki et al., 2011). We also found some miRNAs, e.g., miR23, miR-26 and miR-29 that were previously reported to be abundantly present in astrocytes
(Smirnova et al., 2005). These specific miRNAs are largely absent during the first days of neuronal
development but present in more mature cultures at 21 days (Fig. 2A-C), which might be due to
contamination of slow proliferating astrocytes in the neuronal cultures over time.

miRNAs expression profiling of developing hippocampal neurons in culture
We next compared the fold changes of miRNA expression in mature neurons with the
various developmental stages, and found that 48 miRNAs were differentially expressed during
development (Fig. 3). Of these, 21 miRNAs were significantly altered during early development
(Fig. 3A) and 27 miRNAs during late development (Fig. 3B). Almost all miRNAs (44/48) show
strong upregulated expression in developing neurons. 20 miRNAs have low expression within
the first 48 hours (stage 2 and 3) but the levels steady increase during later stages of neuronal
development (Fig. 3A). For example, expression of miR-138 and miR-22 gradually increases
over the different developmental time points (Fig. 3A,C). 24 miRNAs show a clear drop in
expression at specific developmental time points but are upregulated again at day 8 (Fig. 3B). For
example, miR-7 shows a marked drop in expression at 20 hours in culture (Fig. 3D) and several
let-7 miRNAs reveal decreased expression around 48 hours (Fig. 3A,E). These miRNAs could
be involved in regulating specific processes during neuronal differentiation at stage 2 and 3, such
as axon outgrowth, dendrite formation or dendritic spine development. For example, miR-7
has been shown to modulate differentiation and control neurite outgrowth early in neuronal
development (Chen et al., 2010). Most of the miRNAs were differentially expressed with more
than a 3-fold change between early (day 3 and 5) and late (day 8) developmental stage 4 (Fig.
3B,G). For example, the expression of miR-541 is stable for 5 days but at day 8 the levels are
increased 5 fold (Fig. 3B,G). Five miRNAs, miR-129-5p, miR-96, miR-136 and miR-494, even
show a ~10 fold difference in expression between in vitro day 5 and day 8 (Fig 3B,H). Although
little is known about the role of these miRNAs in the mammalian brain, they could be involved
in controlling synapse formation at this later stage of neuronal development.
Of all the differentially expressed miRNAs during development (Fig. 3A,B), only 4 miRNAs,
miR-29b, miR-30d, miR-146 and miR-375, showed decreased expression at day 8 (Fig. 3B,F).
Some of the down-regulated miRNAs have previously been reported in mammalian brain; miR375 is involved in dendrite formation (Abdelmohsen et al., 2010), miR-29 has been described as
a regulator of synaptic morphology (Lippi et al., 2011) and miR-30d is differentially expressed
in the prefrontal cortex of individuals with schizophrenia and schizoaffective disorder (Perkins
et al., 2007). Together our experimental data indicate that a specific set of miRNAs is expressed
in hippocampal neurons and that the expression of a large fraction of these miRNAs is altered
during different developmental stages. Most of the miRNAs levels increase during neuronal
differentiation.
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Figure 3. miRNA expression is
regulated during early and late
neuronal development
(A-B) Heat maps showing relative
expression levels of miRNAs in
hippocampal neurons at 6h, 20h,
48h, 3 day and 5 days compared
to mature neurons (21 days)
after plating in a green (negative
fold-change) to red (positive foldchange) scale. Selection criteria;
in all samples and absolute
fold change value greater than
or equal to 5 for negative fold
changes P<0.01 and 1.5 for
positive fold changes (P<0.05).
Expression levels of miRNAs
that are changed during early
development (6 hours - 48 hours)
are shown in (A). Expression
levels of miRNAs that are altered
during late development (3 days 8 days) are shown in (B).
(C-H) Graphs of relative signals
(normalized fold changes) of
miRNA expression during early
neuronal development (C-E)
and late neuronal differentation
(F-H). The blue and red lines
indicate the two probes used to
detect the expression of indicated
miRNAs, which were spotted in
duplicate on the LNA array.
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MiR-135a/b is a modulator of axonal outgrowth
The expression of most miRNA is low at early stages during neuronal development (Fig. 2 and 3). As
some specific miRNAs show reduced levels especially before the time of axonal outgrowth (20-48h
in culture), we investigated the effect of sustained miRNA expression on neuronal development.
One of the miRNAs that is strongly reduced during early stages of neuronal development is miR135b (Fig. 4A). This effect also holds true for a close miR-135b homolog, miR-135a, which is
found above threshold levels on both probe sets (Fig. 4A). To determine the effect of higher levels
of miRNA-135a/b expression during early neuronal differentiation, hippocampal neurons at 1 day
were transfected for 4 days with miRNA mimics for miR-135a or miR-135b and analyzed for axon
development. The total axon length of neurons expressing miR-135a or miR-135b is much longer
compared to control neurons (Fig. 4B,C). Axonal branching was not affected in these neurons
(data not shown). These results suggest that sustained expression of both miR-135a and miR-135b
accelerates axonal outgrowth during early neuronal development.
Modulation of miRNAs expression by NMDA receptor-dependent synaptic plasticity
We next sought to identify miRNAs that associated with NMDAR-dependent synaptic plasticity
in hippocampal neuron cultures induced by established chemical protocols. Bath application
of 50 μM NMDA for 5 min induces “chemical” long-term depression (LTD) (Beattie et al.,
2000; Colledge et al., 2003; Ehlers, 2000; Kameyama et al., 1998; Lee et al., 1998), while
activation of synaptic NMDARs with 200 µM glycine for 5 min triggers “chemical” long-term
potentiation (LTP) (Fortin et al., 2010; Lu et al., 2001; Park et al., 2006). Microarray expression
profiling was performed for chemical LTP-regulated miRNAs 30 minutes after glycine treatment
and chemical LTD-regulated miRNAs 30 minutes and 2 hours after NMDA treatment using
four independent batches of cultured hippocampal neurons. To control for the specificity of
the treatments, all glycine and NMDA experiments were also performed in the presence of
2R-amino-5-phosphonopentanoate (APV), an inhibitor of the NMDA receptor. The expression
of 51 miRNAs was significantly altered after the induction of chemical LTP and LTD (Fig. 5A).
The majority of these miRNAs (31/51) is present at low levels in mature hippocampal neuron
(fluorescent signal <50, data not shown) and is not indicated in Figure 2. Expression levels of
all other hippocampal miRNAs were not significantly altered by these stimulation protocols.
Of these, 10 miRNAs show expression changes after glycine treatment, while 34 miRNAs and
36 miRNAs show altered expression after 30 minutes and 2 hours after NMDA treatment,
respectively (Fig. 5A). The expression of only one miRNA, miR-136 is strongly altered by both
induction protocols, >4 fold increase after chemical LTP and >2 fold decrease after chemical
LTD (Fig. 5A). Likewise, most miRNAs affected by glycine treatment (4 downregulated
miRNAs and 6 upregulated miRNAs) have so far not been studied in neuronal cells. Many
more miRNAs showed altered expression profiles after induction of chemical LTD - 28 miRNAs
were upregulated and 16 miRNAs were downregulated. For example, expression of miR-185
was decreased (Fig. 5B), whereas miR-18 and miR-191 showed an increase in expression after
NMDA treatment (Fig. 5C,D). Most of the affected miRNAs have altered expression both at 30
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Figure 4. MiR-135a/b is a modulator of axonal outgrowth
(A) Graphs of relative signals (normalized fold changes) of miR-135a and miR-135b expression during
early and late neuronal differentation (6 hours – 8 days). The blue and red lines indicate the two probes
used to detect the expression of miRNA-135a and miRN-135b, which were spotted in duplicate on the
LNA array.
(B-C) Hippocampal dissociated neurons were co-transfected with GFP vector and miRIDIAN mimics for
miRNA-135a and 135b and control-1 miRNA. (B) Representative images of miRNA mimic transfected
hippocampal neurons. (C) Graph represents measurement of total axon length. The average axon length of
miR-135a (262.5 ± 19.2 μm) or miR-135b (321.1 ± 12.3 μm) expressing neurons is longer compared to
control neurons (175.5 ± 10.2 μm). * p<0.01, ** p<0.001 in one way ANOVA with bonferroni correction
for multiple testing. Scale bar, 20 μm.

167

21520_Myrrhe van Sprongen binnenwerk.indd 167

19-03-2012 14:39:35

Chapter 6

minutes and 2 hours after application of NMDA (Fig 5A), suggesting that induction of chemical
LTD leads to long lasting changes in miRNA expression profiles (Fig. 5A). For example, the
expression of miR-146 increased after 30 minutes and 2 hours of NMDA stimulation (~8 fold
increase, Fig. 5E). Only a few miRNAs were significantly altered only at 30 minutes (6 miRNAs)
or at 2 hours (8 miRNAs) after NMDA treatment (Fig. 5A).
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Modulation of miRNAs expression by prolonged changes in global network activity
Homeostatic synaptic plasticity is a negative feedback mechanism that neurons use to offset
excessive excitation or inhibition by adjusting their synaptic strengths. We next examined
miRNA expression changes that associated with prolonged changes in global network activity
of hippocampal neuron cultures. To induce bidirectional homeostatic adaptations in mature
cultured hippocampal neurons, we suppressed action potential-dependent synaptic activity
with the voltage-gated sodium channels blocker tetrodotoxin (TTX, 2 μM, 48 h) or increased
synaptic activity with the GABAA receptor antagonist bicuculline (Bicuc, 40 μM, 48 h) (Ehlers,
2003; Hoogenraad et al., 2007). Microarray expression profiling was performed for 4 hours
and 48 hours after application of TTX or Bicuc using four independent batches of cultured
hippocampal neurons. To control for the specificity of the treatments, the Bicuc treatment were
also performed in the presence of APV and CNQX (6-cyano-7-nitroquinoxaline-2,3-dione).
The expression of 31 miRNAs was significantly altered after TTX or Bicuc treatments (Fig.
6A). Several of these miRNAs (13/31) are present at low levels in mature hippocampal neuron
(fluorescent signal <50, data not shown). Of the 31 miRNAs, 18 miRNAs showed expression
changes after TTX treatment and 13 miRNAs showed expression changes after Bicuc treatment
(Fig. 4A). Interestingly, several of the miRNAs, including miR-34a, miR-345, miR-331, miR325, miR-376a and miR-134 that were found altered after 4 hours Bicuc treatment were also
identified in the NMDA treated samples (Fig. 5A). The change of this specific subset of miRNAs
suggests that neuronal stimulation - at least in part - elicits a coordinated change in miRNA
expression. Overall, two miRNA profiles appear within the homeostatic adaptation experiments
- early miRNA expression changes and late miRNA expression effects. Most miRNAs have a
significant altered expression only at one specific time point except for miR-30a-3p and miR34a, which expression is increased after TTX treatment both at 4 hours and 48 hours (Fig.
6A). 7 miRNAs and 5 miRNAs show altered expression profiles after 48 hours TTX and Bicuc
treatment, respectively. Most miRNAs showed altered expression profiles after 4h TTX treatment
- 5 miRNAs were upregulated and 6 miRNAs were downregulated and 4h Bicuc treatment - 2
miRNAs were upregulated and 7 miRNAs are downregulated. For example, the expression of let7c is decreased (Fig. 6B), whereas miR-546 and miR-470 showed an increase in expression after
Figure 5. miRNA expression profiling following NMDA receptor-dependent synaptic plasticity
(A) Heat map showing relative expression levels of miRNAs in mature hippocampal neurons (21 days) that
are significantly changed following 5 min of 200 μM glycine treatment and recovered for 30 min (chemical
LTP), 5 min of 50 μM NMDA treatment recovered for 30 min and 2 hours (chemical LTD) compared
to non-treated neurons in a green (negative fold-change) to red (positive fold-change) scale. To control for
the specificity of the treatments, all glycine en NMDA experiments were also performed in the presence of
NMDA receptor inhibitor APV. Selection criteria; absolute fold change value greater than or equal to 1.4
with P<0.01 for NMDA P<0.05 for glycine and expression changes are blocked by APV.
(B-E) Graphs of relative signal (normalized fold changes) of miRNA expression following glycine and
NMDA treatment compared to non-treated mature hippocampal neurons. The blue and red lines indicate
the two probes used to detect the expression of indicated miRNAs, which were spotted in duplicate on the
LNA array.
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Figure 6. miRNA expression profiling following prolonged changes in global network activity
(A) Heat map showing relative expression levels of miRNAs in mature hippocampal neurons (21 days)
that are significantly changed following 4 hours and 48 hours 2 μM TTX and 4 hours and 48 hours
40 μM Bicuculine treatment compared to non-treated neurons in a green (negative fold-change) to red
(positive fold-change) scale. To control for the specificity of the Bicuculine treatments, these experiments
were also performed in the presence of APV and CNQX. Selection criteria were: absolute fold change value
greater than or equal to 1.5 for 4 hour treatments and 1.4 for 48 hour treatments (P<0.05) and changes in
Bicuculine expression are blocked by APV/CNQX.
(B-G) Graphs of relative signal (normalized fold changes) of miRNA expression following TTX and
Bicuculine treatments compared to non-treated mature hippocampal neurons. The blue and red lines
indicate the two probes used to detect the expression of indicated miRNAs, which were spotted in duplicate
on the LNA array.
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4 hours TTX treatment (Fig. 6C,D). Moreover, expression of miR-134 was increased and miR107 and miR-325 were decreased after 4 hours Bicuc treatment (Fig. 6E-G). These data indicate
that specific miRNA expression patterns correlate with prolonged changes in neuronal activity.

Discussion
This study describes an in-depth analysis of the hippocampal miRNA transcriptome, during
neuronal development (stage 2-4) and in mature neurons (stage 5) at the basal state and
following robust neuronal activity changes. Using locked nucleic-acid-based miRNA arrays, we
provide a systematic investigation of miRNA expression profiles of the classical Banker primary
hippocampal neuron culture system. In total, we identified 210 miRNAs in mature hippocampal
neurons. We found several new miRNAs that showed significant expression and were not known
to be present in the hippocampus. We also identified members of the concerved miRNA family
let-7 and mir-125 (the mammalian homologue of lin-4) and several other miRNAs that where
previously shown to regulate specific developmental processes, including hippocampal axogenesis
(miR-124) (Sanuki et al., 2011), dendrite formation (miR-124 and miR-134) (Fiore et al., 2009),
dendritic spine morphogenesis (Edbauer et al., 2010; Siegel et al., 2009; Wayman et al., 2008),
spine structure (miR-134 and miR-138) (Schratt et al., 2006; Siegel et al., 2009), and synaptic
physiology (miR-34 and miR-125)(Agostini et al., 2011; Edbauer et al., 2010; Muddashetty et
al., 2011). Specific miRNAs reported to modulating cell proliferation and survival in other cells
types are also abundantly expressed in hippocampal neurons, including anti-apoptotic miRNAs
(miR-17-5p and miR-20a) (Aranha et al., 2010) and senescence-related miRNAs (miR-290)
(Pitto et al., 2009). Moreover, we show that expression levels of 51 of all tested miRNAs are
regulated by NMDA receptor-dependent plasticity protocols and 31 miRNAs are induced by
homeostatic plasticity, thereby demonstrating a feedback mechanism between neuronal signaling,
miRNA levels and synaptic plasticity.

Profiling miRNA expression during neuronal development
We have been able to identify developmental and stage-specific miRNAs, which might be
associated with particular functions during neuronal development and differentiation. Using
stringent criteria, 44 miRNA were differentially expressed with more than 5-fold changes during
developmental stage 2-4. These miRNAs could be involved in regulating specific processes, such
as axon outgrowth, dendrite formation, dendritic spine development or controlling synapse
formation at later stages of neuronal development. We observed that the majority of miRNAs
expressed in the developing hippocampus are up-regulated during neuronal differentiation. This
finding is important for the mechanistic understanding of the effects of translational regulation
of target mRNAs. Of the miRNAs that show reduced expressions levels at early time points
(20-48 hours in culture, Fig. 3A), we selected two homologous miRNAs - miR-135a and miR135b - and investigated the effect of sustained expression on neuronal development. We provide
evidence that sustained expression of both miR-135a/b during early neuronal development
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accelerates axonal outgrowth (Fig. 4). Our data indicate that decreased miR-135a/b expression
during neuronal polarization is possibly involved in suppressing axon outgrowth at early
stages of development. Moreover, the expression profiles established in this study provide new
knowledge about translational regulation during hippocampal development and may be valuable
in comparative studies of mRNA and protein expression profiles during early and late stages
development (Dabrowski et al., 2003; Mody et al., 2001). Additional functional studies are
however, required, to assess the precise role of the miRNA candidates identified.

Profiling miRNA expression following synaptic plasticity
Neuronal activity controls protein synthesis in a variety of ways including the regulation of
mRNA degradation or translational repression by miRNAs. A number of activity-regulated
miRNAs have been identified and characterized in the hippocampus (Ashraf and Kunes, 2006;
Schratt, 2009; Swanger and Bassell, 2011). Regulation of miRNA expression by activity has been
described for miR-125b (Edbauer et al., 2010), miR-132 (Mellios et al., 2011; Wayman et al.,
2008) and miR-134 (Fiore et al., 2009). Moreover, some miRNAs also associate with learning
paradigms modeling drug addiction; miR-124, let-7d and miR-181 are found up-regulated in
the nucleus accumbens in response to cocaine, and that knockdown of each of these miRNAs
influences conditioned place preference (Chandrasekar and Dreyer, 2009). In agreement with
these findings, we observe a number of miRNAs that are induced immediately following NMDA
receptor-dependent plasticity and homeostatic plasticity. While some of these miRNAs have been
described in other experiments, we identified several new activity-regulate miRNAs, such as miR146, miR-185, miR-191 and miR-200a (NMDA receptor-dependent plasticity), and miR-107,
miR-470 and miR-546 (homeostatic plasticity). Interestingly, most of the affected miRNAs have
altered expression both at 30 minutes and 2 hours after the NMDA stimulation, demonstrating
a stable change in miRNA levels for an extended period of time. A minority of miRNAs is altered
at a specific time period. This is consistent with miRNA profiling studies using hippocampal
slices (Park and Tang, 2009), contextually conditioned mice (Kye et al., 2011), mice treated with
electroconvulsive shock (Eacker et al., 2011) or rats treated with high-frequency stimulation
(HFS) (Wibrand et al., 2010). Up to now, the elucidation of activity regulated miRNA function
in the hippocampus represents a veritable challenge for researchers.

Materials and methods
Animals
All animal experiments were performed in compliance with the guidelines for the welfare of
experimental animals issued by the Federal Government of The Netherlands. All animal
experiments were approved by the Animal Ethical Review Committee (DEC) of the Erasmus
Medical Center and Utrecht University.
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Primary rat hippocampal neuron cultures and immunofluorescent staining
Primary hippocampal cultures were prepared from embryonic day 18 (E18) Wistar rat brains
(Kapitein et al., 2010b). Cells were plated on coverslips coated with poly-L-lysine (30 μg/ml) and
laminin (2 μg/ml) at a density of 75,000/well. Hippocampal cultures were grown in Neurobasal
medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 μM glutamate and penicillin/
streptomycin. For immunofluorescence stainings, neurons were fixed for 10 minutes with 4%
paraformaldehyde/4% sucrose in phosphate-buffered saline (PBS) or 5 minutes with ice-cold
100% methanol/1mM EGTA at -20°C, followed by 5 minutes with 4% paraformaldehyde/4%
sucrose in PBS at room temperature. After fixation cells were washed two times in PBS for
30 min at room temperature, and incubated with primary antibodies in GDB buffer (0.2%
BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4oC.
Neurons were then washed three times in PBS for 5 min at room temperature and incubated
with Alexa-conjugated secondary antibodies in GDB for 2 hr at room temperature and washed
three times in PBS for 5 min. Slides were mounted using Vectashield mounting medium (Vector
laboratories).
Confocal images were acquired using a LSM510 confocal laser-scanning microscope (Zeiss)
with a 40x or 63x oil objective. Each image was a z-series of 4–8 images, each averaged 2 times
and was chosen to cover the entire region of interested from top to bottom. The resulting
z-stack was ‘‘flattened’’ into a single image using maximum projection. Images were not further
processed and were of similar high quality to the original single planes. The confocal settings were
kept the same for all scans when fluorescence intensity was compared. Morphometric analysis,
quantification, and colocalization were performed using MetaMorph software (Universal Imaging
Corporation).
RNA extraction and Cy3-dye labeling
Total RNA was extracted using miRVana total RNA isolation kit (Ambion) according to
manufacturer’s instruction. RNA amount was measured using Nanodrop (Thermo Scientific).
Total RNA was labeled with Cy3 containing dyes using the ULS aRNA labeling kit (Kreatech)
according to the manufacturer’s protocol in a total volume of 10 μl (Pothof et al., 2009).
Microarray preparation, hybridization, image analysis and data processing
LNA-modified oligonucleotide spotted glass slides (Exiqon) were processed using an automated
hybridization station Tecan HS4800 pro hybridization station, which facilitates sample
processing and hybridization standardization (as described by (Pothof et al., 2009)). Microarrays
with immobilized LNA-modified capture probes were hybridized at 60°C using microarray
hybridization solution salt-based hybridization buffer (Ocimum Biosolutions). Hybridized
slides were scanned in a Tecan LS Reloaded scanner. Data was extracted using Imagene 6.0
standard edition software. After background subtraction, the raw data were normalized and
used for statistical analysis. During data extraction in Imagene, for each spot the quality was
determined.
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Data analysis
In all experiments only correct spots containing mouse probes were used for data analysis.
The following spots were excluded: spots containing disc-probes, crcp-probes, cp65-probes,
mismatch-probes, Hshvg-probes, MmvRNA-probes, bta-probes, spots containing spot buffer,
M13-Cy3 and empty spots. Also probes that were spotted incorrectly and spots that contained
dirt or background (with same or higher fluorescent signal than the spot itself ) were not used for
analysis. LNA arrays of one batch were used for comparison between different measurements and
controls within one experiment.
1. Mean fluorescent signals were calculated from four* independent RNA samples and four sets
of duplicate miRNA arrays.
2. Fold changes of the fluorescent signal were calculated from the mean fluorescent signal of
four* independent experiments/RNA samples using: Fc= x>c;x/c;-c/x. Fc= fold change, x=
fluorescent signal of experiment and c= fluorescent signal of control experiment.
3. The absolute fluorescent signals from four* independent experiments were used for statistical
analysis. P-value of the fold changes was calculated using the unpaired t test.
4. Two probes of one set of miRNA were compared in graphs. Only miRNAs of which the
duplicate probes show similar relative expression levels were selected for the heat-maps in
Figure 3, 5 and 6.
5. Relative signals were calculated by normalizing the fold changes. Normalization occurred by
adding +1 or -1 to the fold change to obtain a 0 baseline instead of a +1/-1 baseline.
6. Selected miRNAs were constructed and clustered in heat maps using MultiExperimental
Viewer (http://www.tm4.org/mev) and further manually clustered based on their expression
profiles.
In the heat maps for neuronal activity (Figure 5A and 6A), expression levels of miRNAs with
a fold change P>0.05 are shown in black. To determine if the expression changes were blocked
by APV (Figure 5A) and A/C (Figure 6A) the following criteria were used: ‘treatment + blocker’<
‘treatment only’.
*In all experiments four independent RNA samples and four sets of duplicate miRNA arrays
were used for analysis except for time point: 8 days (2 independent RNA samples were used) and
glycine treatment with 30 min recovery (3 independent RNA samples were used). This decision
was made based on the quality of the samples.

Transfection of miRNA mimics in hippocampal neurons
C57BL/6 mouse pups of postnatal day 0-1 were decapitated and brains were rapidly removed in
ice-cold dissection medium. Hippocampi were isolated, dissociated into single cells and cultured
on acid-washed, poly-D-lysin-laminin coated coverslips at 37°C + 5% CO2. On days in vitro 1
(DIV1), the neurons were co-transfected with a GFP vector and miRIDIAN mimics for miR135a, miR-135b, miR-control1 (Exiqon) using Lipofectamine (Invitrogen). On DIV4 neurons
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were fixed with 4% paraformaldehyde and 4% sucrose in PBS. For immunohistochemistry the
neurons were incubated with rabbit anti-GFP (1:1000, A-11122, Invitrogen) and mouse antiBetaIII tubulin (1:3000, T8660, Sigma) dissolved in buffer (0.2% gelatin, 0.6% triton X-100
in 33mM NaHPO4 and 1.1M NaCl). Images were taken using an Axioskop 2 EPI fluorescent
microscope (Zeiss). The longest neurites were traced semimanually using NeuronJ plugin of
ImageJ software. One-way ANOVAs with bonferroni correction were performed to statistically
analyze the data.
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Active transport in neurons is essential for neuronal functioning and survival. Although much
is known about the motor proteins that generate force and the cytoskeleton that provides
the cellular highways, many questions remain unanswered. There are several ways to regulate
transport within neurons and some of these mechanisms have been clarified. Mechanisms that
regulate motor activity and motor interactions with cargos are still relatively unsolved issues and
understanding their role in biological and pathological processes is a great challenge. By studying
cytoskeletal-motor interaction (Chapter 3), cargo-motor interaction (Chapter 4) and proteinmotor interaction (Chapter 5), we identified novel regulatory mechanisms controlling motor
activity, cargo-motor association and polarized transport. These are described in this thesis.
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7.1 Regulation of cytoskeletal-motor interactions
Cytoskeletal modifications
The mechanism described in Chapter 3 is an example of cooperation between the motor proteins
and the cytoskeleton. Together, they carry out basic traffic rules and regulate the sorting of cargo in
the neurons, which are complex and polarized. The study shows that the specialized organization
of neuronal microtubules guides specific motor proteins to either axons or dendrites. This is also
supported by previous studies (Figure 1) (Conde and Caceres, 2009; Hoogenraad and Bradke,
2009).
As mentioned earlier, variations in microtubule-binding proteins and post-translational
modifications directly modulate the activity of specific motor proteins and play a role in cargo
sorting (Janke and Kneussel, 2010; Kapitein and Hoogenraad, 2010; Konishi and Setou, 2009;
Rolls, 2011). Recently, Nakata and colleagues showed that an abundance of GTP-tubulin in
axonal microtubules may underlie selective KIF5 localization and polarized axonal transport of
vesicles (Nakata et al., 2011).
Extensive studies of the different modifications of microtubules and their effect on the
behavior of the many microtubule and actin-based motor proteins and associated proteins
are needed, in order to gain a broader insight into the complex traffic rules of polarized cargo
transport. The established trafficking assay in Chapter 3, in combination with drug treatments or
genetic manipulations to modify the cytoskeleton, would be an appropriate approach.

7.2 Regulation of cargo-motor interactions
Our findings in Chapter 4 advance our knowledge of fundamental transport processes by
describing an efficient mechanism for distribution of mitochondria in neurons (Figure 2).

Non-polarized cargo in a polarized cell
Understanding how polarity is established and maintained on a morphological and molecular
level presents a great challenge. Some important mechanisms have already been revealed in
previous research (Craig and Banker, 1994; Konishi and Setou, 2009) and in studies by
(Kapitein et al., 2010) (discussed in Chapter 3). At least as challenging is the issue of how nonpolarized cargos are distributed in a polarized cell. In contrast to synaptic vesicles and postsynaptic
receptors, some neuronal cargos, such as mitochondria, are transported into all compartments
of the neuron, since energy is required everywhere (Craig and Banker, 1994; Frederick and
Shaw, 2007). What is the machinery used to distribute mitochondria produced in the cell body
uniformly among specialized neuronal compartments where unique transport mechanisms
exist?
Based on the known traffic rules in neurons there might be three possible mechanisms to
achieve this. Option 1: use a motor protein that can enter dendrites and axons. Option 2: use
an adaptor protein that can associate with both axonal and dendritic motors, or option 3: use
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Figure 1. Model for polarized transport of cargos within neurons
Dynein drives transport from soma to dendrites through bidirectional runs on mixed microtubules.
Kinesin-1 (KIF5) mainly targets the axon and drives transport from soma to the axon through plus-end
directed movement along the microtubules. In axons, kinesin and dynein drive anterograde and retrograde
transport, respectively.

different adaptor proteins to recruit different (axonal and dendritic) motors. In Chapter 4 of this
thesis, we provide experimental evidence to support a model in which mitochondria utilize two
different adaptor proteins (TRAK1 and TRAK2) to recruit two unique transport machineries
to steer mitochondria into both axons and dendrites. The final targeting could be achieved by
myosin-based delivery along the actin network and selective retention at target sites to ensure
that the organelles are delivered to all distal structures.
By studying mitochondria movement, we shed some light on how neurons tackle the general
issue of non-polarized cargo transport in a complex polarized cell. Further experiments are
needed to investigate whether other non-polarized cargos, such as endoplasmatic reticulum, early
endosomes and neurofilaments (Craig and Banker, 1994) use similar or comparable mechanisms.
As not all neuronal cargos are produced in the cell body, different organelles might use different
mechanisms. For instance, intracellular compartments may serve as sorting stations for the
polarized transport of endosomes (reviewed by (Lasiecka and Winckler, 2011). Furthermore,
cytosolic linker proteins, CLIMP63, participate by binding to the dendritic-specific, microtubuleassociated, protein MAP2, indicating that different mechanisms are needed in the dendrites and
axons in order to maintain the ER structure in dendrites (Santiago-Tirado and Bretscher, 2011).
Probably a combination of sorting, retrieval, recycling and retention will result in a uniform
distribution of other neuronal non-polarized cargos.
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Figure 2. Model showing how TRAK/Milton family proteins mediate polarized mitochondrial
trafficking
(A) TRAK/Milton proteins link microtubule-based motors to the mitochondrial receptor, Miro. Both
TRAK1 and TRAK2 proteins interact with dynein/dynactin, but they bind differently to kinesin-1 (KIF5).
The functional differences between TRAK1 and TRAK2 are explained by their distinct conformations.
Unlike TRAK1, TRAK2 prefers to adopt a folded state that interferes with the binding to kinesin-1. (B)
TRAK1 and TRAK2 utilize two different transport machineries to steer mitochondria into axons and
dendrites. TRAK1 steers mitochondria into axons and is required for axonal trafficking, while TRAK2 is
needed to move mitochondria into dendrites. The self-folding of TRAK2 inhibits kinesin-1 binding and
precludes axonal transport.
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Adaptor proteins and polarized transport
As shown earlier, and in Chapter 3 of this thesis, motor proteins can recognize variations in the
organization and modifications of the cytoskeleton and regulate polarized cargo transport in
neurons (Janke and Kneussel, 2010; Kapitein and Hoogenraad, 2010; Rolls, 2011). In Chapter
4, we show for the first time that adaptor proteins can also play a key role in this process by
interacting with specific motors. It is likely that TRAK proteins are also capable of mediating
polarized transport of cargos other than mitochondria. This is an interesting topic for future
research. For example, it has been shown that TRAK2 can interact with mammalian K+ channel
Kir2.1 (Grishin et al., 2006) and with the ß2 subunit of g-Aminobutyric Acid type A receptors
(GABAARs) (Beck et al., 2002) – the major inhibitory neurotransmitter receptors in the central
nervous system. It would also be interesting to find presynaptic or axonal cargos that interact
with TRAK1, more postsynaptic/dendritic cargos that interact with TRAK2, and non-polarized
cargos that interact with both TRAK1 and TRAK2 proteins.
Conformation of protein and motor interactions
Chapter 4 describes a mechanism that explains the different binding properties that influence
the behavior of two similar proteins (TRAK1 and TRAK2). Both TRAK1 and TRAK2 contain
a domain that can bind to kinesin-1 and dynein/dynactin. The open conformation of TRAK1
allows binding to both kinesin and dynein, but the closed conformation of TRAK2, whereby the
C-terminus inhibits binding to kinesin-1, allows only binding to dynein.
It is not completely clear how kinesin binding is inhibited in the closed conformation.
The kinesin and dynein/dynactin interactions with TRAK are probably established by their
Huntingtin-associated protein 1 (HAP1) region, which is also found in several kinesin and
dynein interacting proteins (Caviston et al., 2007). This is supported by our experiments, which
demonstrate that the HAP-1 domain of TRAK proteins can induce kinesin-1 dependent mobility
in a recently developed trafficking assay (data not shown). Is the kinesin-1 binding domain at the
N-terminus directly blocked by the C-terminus or is the inhibition more indirect, by recruiting
additional factors that inhibit kinesin-1 binding?
It would also be interesting to explore how TRAK1/2 bind to dynein/dynactin. As described
earlier, dynein/dynactin complex consists of multiple subunits, each of which plays a role in
specific cargo binding. As the complex is large and the composition of subunits can vary within
one cell type and vary during different cellular processes (Palmer et al., 2009), cargo interactions
with dynein/dynactin are relatively complicated. Which subunit or which combination of
subunits is responsible for TRAK binding, and whether the C-terminus of TRAK2 plays a role
in recruitment of these subunits, needs to be resolved. Biochemical experiments with the dynein/
dynactin subunits and truncated variants of the TRAK proteins would provide more insight.
Some of the other motor proteins and adaptors are probably autoinhibited by folding back
through interactions of their NH2 and COOH terminal domains. It would be interesting to
explore whether such intramolecular interaction exists in other transport proteins, and are used
as a mechanism to differentiate between axons and dendrites, as in the case of TRAK proteins.
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TRAK and Milton in mammals and Drosophila
While mammals have two different TRAK proteins, Drosophila contain only one TRAK/Milton
gene (Brickley et al., 2005; Stowers et al., 2002). In Drosophila, TRAK/Milton serves as a motoradaptor molecule of kinesin-1 and is essential for the axonal transport of mitochondria. In
Drosophila neurons, microtubules are also uniquely organized in axons (with all the plus-ends
facing outwards) and dendrites (where all the minus-ends face outwards) (Rolls, 2010; Stone et
al., 2008). This suggests that (as in mammalian neurons), to get mitochondria into dendrites,
transport in the direction of the minus-end is needed. However, the initial dendritic transport of
mitochondria has never been studied in Drosophila.
Interestingly, in flies, several splice variants of Milton have been identified, which might
have different functions (Glater et al., 2006), among them Milton-C, which shows remarkable
similarities with TRAK2 (as was already mentioned in Chapter 4). Both can induce the
pericentrosomal accumulation of mitochondria and both bind poorly to kinesin-1 (Glater et al.,
2006). It would be very exciting to study the similarities between TRAK2 and Milton C further.
Biochemical experiments to investigate dynein/dynactin binding, localization studies in neurons,
morphological assays and live imaging of mitochondrial movement would provide the necessary
insights.
It is tempting to speculate that while mammals have two distinct genes, flies have different
splice variants of one gene. In both cases, this results in two different protein products that,
together, enable mitochondrial transport within neurons. This would be an interesting model
from an evolutionary point of view. Until now, studies in Drosophila are lacking that have focused
on the mechanism that controls polarized mitochondrial transport. Perhaps more insight could
be gained by studying the function of Milton C in more detail.
Mitochondrial trafficking and disease
All the above mechanisms are clinically relevant because several neurological diseases are linked
to the dysfunctional and defective trafficking of mitochondria (Chan, 2006; Hollenbeck and
Saxton, 2005; Mattson et al., 2008). For example, mutations in mitochondrial proteins that
cause changes in mitochondrial dynamics have been observed in Parkinson’s disease, Huntington’s
disease and ALS (Chen and Chan, 2009; De Vos et al., 2008; Schon and Przedborski, 2011).
Recently, it has been shown that the binding partner of TRAK/Milton, Miro, plays a role in the
PINK1/Parkin pathway, which is associated with Parkinson disease (Wang et al., 2011). The
PINK1/Parkin pathway may act on Miro to prevent mitochondrial movement by quarantining
damaged mitochondria, prior to their clearance.
Our current findings provide new molecular targets for investigating the axonal and dendritic
mitochondrial transport machinery in neurodegenerative disease models. Future studies using
genetic mouse models will help to elucidate the mechanisms regulating the molecular interplay
between motors, adaptors and polarized transport machinery and advance our understanding of
neurodegenerative disorders.
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TRAK proteins and bidirectional transport
In theory, multiple TRAK proteins could be present on one mitochondrion via its binding
partner, Miro. Can TRAK1 associate with kinesin and dynein/dynactin at the same time? TRAK
proteins may have additional roles to play in activating/inactivating opposite motors; they might
be able to function as a switch between dynein and kinesin for regulating bidirectional transport.
However, more studies are needed to determine a role of TRAK proteins in this process.
Furthermore, the Miro-Milton/TRAK complex is likely to interact with several other proteins
that could play a role in additional layers of controlling mitochondrial transport. One potential
pathway for regulating mitochondrial mobility may be mediated by the enzyme O-GlcNAc
transferase (OGT). OGT has been shown to bind to Milton and glycosylate it in both mammals
(Iyer and Hart, 2003) and Drosophila (Glater et al., 2006).
The atypical GTPase-domains, EF-hands in Miro (Fransson et al., 2006), the splicing
variants of Milton (Glater et al., 2006) and the PINK/Parking pathway (Wang et al., 2011)
represent different regulatory mechanisms. The TRAK1/TRAK2 dependent mechanisms
described in this thesis may be the nexus of multiple control pathways. These converging
mechanisms will regulate mitochondrial dynamics to achieve the most efficient supply and use
of energy by the cell.

7.3 Regulation of protein-motor interactions
KBP functions as a molecular brake
Control of neuronal transport can be established in many ways. The classic site for regulating
the activation of motor proteins and cargo motility is at the level of cargo-motor binding. In
Chapter 5 we show that the Goldberg-Shprintzen syndrome protein, KBP, interacts directly with
the motor domain of a subset of kinesin motor proteins and is an essential part of the mechanism
regulating the synaptic transport of vesicles supported by kinesin-3 (Figure 3). We have found
that KBP regulates cargo transport supported by kinesin-3, by altering its association with the
microtubule lattice.
Modulating the motor activity using a kinesin binding protein that acts directly on the motor
domain, thereby functioning as a molecular brake, not has yet been described. This mechanism
potentially allows to stop movement of the motor protein without losing its cargo, which can
be useful to fine-tune specific cellular processes. The mechanism described makes one wonder
whether there are other proteins that interact directly with the motor domain to modulate motor
activity. For example, proteins might be discovered one day that make motors move faster, or in
the opposite direction.
KBP-kinesin interaction
One surprising observation is that both the N- and C-terminus of KBP are needed for kinesin-1
binding. This suggests that KBP binds like a horseshoe. Although not proven, this notion is
supported by protein-structure prediction software (data not shown). Based on our results
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Figure 3. Model of how the Goldberg-Shprintzen syndrome protein, KBP, regulates transport
mediated by kinesin-3
While the classic site for regulating protein-motor activation and cargo motility is at the level of cargomotor interaction, KBP modulates kinesin motor activity. When KBP does not associate with the kinesin-3
motor domain, kinesin moves along the microtubule. When KBP associates directly with the motor domain
of kinesin-3, it blocks the interaction of kinesin motors with the microtubules so that movement along the
microtubules can no longer occur.

in Chapter 5, KBP will most probably bind to the microtubule-binding domain of kinesin.
However, we cannot rule out the possibility that KBP might also block the ATP hydrolyzing
domain of kinesin.
Furthermore, why KBP associates specifically with kinesin-3 (and a number of mitotic
kinesins) rather than with other kinesins is unclear. Structural studies are needed to get a complete
understanding of the characteristics of the KBP protein and its interaction with kinesin-3, and to
elucidate the motifs of the motor domain responsible for KBP binding. Several other unresolved
questions remain. How is the KBP-motor binding regulated? Does the kinesin-KBP complex
attract other factors? Is KBP also involved in controlling transport of cargos other than Rab3coated synaptic vesicles?

KBP and disease
Human genetics studies have shown that homozygous nonsense mutations in gene encoding
KBP are the underlying cause of the developmental disorder known as the GoldbergShprintzen syndrome (GBS) (Brooks et al., 2005). By elucidating the function of KBP in
regulating kinesin transport we provided new insights into the molecular mechanism of this
severe disorder.
Neuronal development requires sophisticated changes in cell division and synaptic vesicle
trafficking that may be incompatible with the control of general neuronal transport routes. The
KBP-mediated regulation of selected kinesin motors may be essential for neuronal migration,
axon branching, dendrite formation and synapse generation (Hirokawa et al., 2010). The
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misregulation of transport and/or mitotic kinesin motors may be core mechanisms underlying
the central and enteric neuropathological defects observed in Goldberg-Shprintzen syndrome
patients.
A genetic mouse model of GBS will provide the necessary insight into the exact pathological
pathway of GBS. Also in adult life KBP probably has important functions, which can be revealed
by inducible disruption of KBP in animal models. Although GBS is a very rare genetic disorder,
lack of KBP function, which is the underlying cause, gives insight into the molecular mechanism
and pathogenesis of related developmental disorders.

7.4 MicroRNAs: an additional layer of control
MicroRNAs and their targets
Our results in Chapter 6 indicate that the miRNA pathway is involved in neuronal development
and activity. They shed light on the molecular mechanism of activity-dependent processes such as
learning and memory. Identifying and characterizing the targets of miRNA genes may also help
to elucidate molecular mechanisms involved in the functioning of the brain. Chemical LTP and
LTD-responsive miRNAs could control the abundance of proteins that are (key) regulators of
synaptic plasticity, and altered miRNAs involved in differentiation could regulate the expression
of proteins that control the typical neurodevelopmental stages.
It was not our focus to identify new target genes of miRNAs. One miRNA often controls the
expression of multiple mRNAs and one mRNA can be regulated by many different miRNAs,
making target identification and analysis very complex. However, in a pilot study we used
TargetScan (Grimson et al., 2007; Lewis et al., 2003) as an algorithm to predict genes regulated
by miRNAs. We found that the main group of predicted proteins of miRNAs that were altered
during LTD consisted of synaptic scaffolding proteins. Scaffolding proteins are key players in
the organization of the post-synapse, they control synaptic protein composition, determine the
strength of synapses, and influence spine morphogenesis and maintenance in the mature neuron.
Scaffolds themselves are highly regulated by degradation, subcellular distribution and posttranslational modification (Kim and Sheng, 2004). Controlling the expression of scaffolding
proteins at the synapse by miRNAs would be an additional regulatory mechanism to sustain
complex synapse function during activity-dependent processes such as synaptic plasticity.
Other neuronal proteins including transport proteins and receptors were predicted targets of
miRNAs identified in Chapter 6. It would be interesting to study the function of these miRNAs
in greater detail and to evaluate the effects of miRNA overexpression on neuronal outgrowth
and activity. More specifically, we could measure LTP and LTP, analyze the PSD, the spine
shape and size after the overexpression of miRNAs and knock-down of predicted target genes, to
understand the role of these miRNAs and their targets in plasticity and brain function.
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microRNAs and transport
As mentioned earlier, the miRNA pathway was implicated recently in the molecular pathogenesis
of the fragile X syndrome (FXS). The fragile X mental retardation protein (FMRP) that regulates
mRNA transport and translation of target mRNAs at the synapse interacts with both miRNAs
and proteins (e.g., Argonaute and Dicer) of the RNA interference silencing complex (RISC)
(Cheever and Ceman, 2009).
Specific miRNAs that are part of the FMRP translation regulatory complex could facilitate
suppression of target mRNAs by FMRP (Jin et al., 2004). Some identified miRNAS associated
with FMRP, such as miR-125b and miR-132, target proteins are involved in synaptic function
and affect dendritic spine morphology and synaptic physiology in hippocampal neurons. FMRPassociated miRNAs might regulate synaptic function and dendritic spine structure, both of
which are also central to the pathogenesis of FXS in humans (Comery et al., 1997; Irwin et al.,
2001). It would be interesting to investigate whether other miRNAs previously implicated in
dendritic spine morphology, such as miRNA-134 and miRNA-138 (Schratt et al., 2006; Siegel
et al., 2009), are also transported in RNPs. The role of miRNA in FXS highlights the importance
of miRNAs in the brain. It is tempting to speculate that the transport of miRNAs and the local
control of protein synthesis regulate neuronal differentiation and plasticity. This would give a
better explanation of how miRNAs contribute to neuronal function and disease.

7.5 Future directions
In this thesis, using a large variety of immunohistochemical, biochemical, cell biological and
quantitative microscopic approaches, we describe new regulatory mechanisms of trafficking
processes in neurons. However, if we are to fully understand trafficking and brain functioning,
there is still much work to be done. The field of neuronal transport mechanisms is moving, and
to get a complete understanding of the regulation of trafficking and molecular processes in the
brain, additional approaches need to be used to tackle these problems.
Traditional methods have proved very useful for obtaining fundamental insight into neuronal
processes such as cargo transport. Genetic studies have lead to the identification of genes that are
important for brain function. The functional analyses of processes in cell culture, and also animal
models, have provided us with a great understanding of how proteins support brain function.
Neurobiological approaches such as electrophysiology and behavior studies have linked cellular
processes to the complex neuronal networks and function of brain as a whole. Pathological and
histological studies of brain tissue have revealed the significant consequences (for instance traffic
jams) of alterations in the transport machinery. The hippocampal neuron culture system has
given us the opportunity to manipulate cellular systems easily, by adding, removing and mutating
regulatory factors influencing transport and visualizing the system with fluorescent proteins.
Current advances in live-cell imaging and super-resolution microscopy will enable more
detailed studies of trafficking in cultured neuronal cells. Additionally, the use of in vitro assays,
in the combination with modern microscopy makes it possible to subdivide important processes
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into separate steps, and then manipulate them. For instance, studying the movement of purified
motors along the cytoskeleton upon addition of recently identified regulatory purified proteins
would provide important insights of the mechanisms involved. In future, as in vivo imaging
techniques evolve, we might also be able to study trafficking in neuronal cells in the context
of brain development as well as in different stages of disease in living animals. We can observe
trafficking involved in developmental processes or in the specialized functions of different regions
of the brain and neuronal cell types. Additionally, the emerging field of synthetic biology has
improved our understanding of certain natural phenomena, in a predictable and reliable fashion.
(Re-) building synthetic biological systems, reflecting synapses or transport systems would give
rise to a better understanding of neuronal organization and function. Finally, crystallography and
complex biochemistry will reveal structures of the crucial neuronal proteins that interact with
components of the traffic machinery. These studies will influence our current understanding of
their specific regulatory domains and mechanisms.
Profound understanding of cellular and molecular processes could change the current
thinking about brain functioning and eventually lead to biological and clinical applications.
Interdisciplinary research that combines different scientific approaches will help to gain a
complete understanding of neuronal transport and other neurobiological processes.
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abbreviations

AD
Alzheimer’s disease
ADP
adenosine diphosphate
AIS
axon initial segment
ALS
amyotrophic lateral sclerosis
AMPA
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
AMPAR
AMPA receptor
AMPPNP
5’-adenyl-ß,g-imidodiphosphate
APP
amyloid precursor protein
APV
2R-amino-5-phosphonovaleric acid
Arc
activity-regulated cytoskeleton-associated protein
ASD
autism spectrum disorders
ATP
adenosine triphosphate
Aß
ß-amyloid
BDNF
brain-derived neurotrophic factor
BicD(R)
bicaudal-D (related)
Bicuc
bicuculin
Bio
biotin
BSA
bovine serum albumin
CamKII
Ca2+/calmodulin-dependent kinase II
CFP
cyan Fluorescent Protein
CLIMP63
cytoskeleton-linking membrane protein of 63 kDa
CMT2A
Charcot-Marie-Tooth disease type 2A
CNQX
6-cyano-7-nitroquinoxaline-2,3-dione
CNS
central nervous system
Cy3
cyanine 3
DENN/MADD	differentially expressed in neoplastic versus normal cells/MAP kinaseactivating death domain protein
DHC
dynein heavy chain
DIV
days in vitro
DLC
dynein light chain
DNA
desoxyribonucleic acid
ER
endoplasmic reticulum
FITC
fluorescein isothiocyanate
FKBP
FK506-binding protein
FMRP
fragile X mental retardation protein
FRB
FK506-rapamycin binding
FRET
fluorescence resonance energy transfer
FXS
fragile X syndrome
GABA(R)
g-aminobutyric acid (receptor)
GBS
Goldberg-Shprintzen syndrome
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abbreviations

GDB
GDP
GFP
GluR
GRIF-1
GST
GTP
HAP1
HD
HSP
Ia
Id
KBP
KDa
KHC
KIF
Kir2.1
KLC
LacZ
LNA
LTD
LTP
MAPs
MDC
MECP2
MFN2
mGluR
miRNA
Miro
(m)RNA
MTOC
MyoVb
NB
NLGN
NMDA(R)
NRXN
OGT
OIP106
PBS
PEX

gelatin diphosphate buffer
guanosine diphosphate
green fluorescent protein
glutamate receptor
GABA(A) receptor interacting factor-1
glutathione S-transferase
guanosine triphosphate
huntingtin-associated protein 1
HAP1 domain
hereditary spastic paraplegia
axonal intensity
dendrite intensity
kinesin binding protein
kilo Dalton
kinesin heavy chain
kinesin superfamily
inward-rectifier K+ channel 2.1
kinesin light chain
ß-galactosidase
locked nucleic acid
long-term depression
long-term potentiation
microtubule associated proteins
motor domain + first coiled-coil region for dimerization
methyl CpG binding protein 2
mitofusin 2
metabotropic glutamate receptor
microRNA
mitochondrial Rho GTPase
(messenger) ribonucleic acid
microtubule-organizing center
myosin Vb
neurobasal medium
neuroligin
N-methyl-D-aspartic acid (receptor)
neurexin
O-linked N-acetylglucosamine (GlcNac) transferase
O-linked GlcNac interacting protein 106
phosphate buffered saline
peroxisome
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abbreviations

PI
PINK1
PSD
PTEN
Rab
RBPs
REs
RFP
RISC
RNAi
RNP
RT-PCR
SAPAP
SEM
shRNA
siRNA
TIRF
TRAK
Ttl
TTX
WBS
YFP

polarity index
PTEN-induced putative kinase 1
postsynaptic density
phosphatase and tensin homolog
ras-related superfamily of small monomeric GTPases
RNA-binding proteins
recycling endosomes
red fluorescent protein
RNA-induced silencing complex
RNA interference
ribonucleoprotein
(real time) polymerase chain reaction
synapse-associated (SAP) 90/PSD-95-associated protein
standard error of the mean
short hairpin RNA
small interfering RNA
total internal reflection fluorescence
trafficking protein kinesin binding
tubulin tyrosine ligase
tetrodotoxin
Williams-Beuren syndrome
yellow fluorescent protein
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Summary
Human thoughts and behavior are the outcome of communication between neurons in our
brains. There is an entire world inside each of these neurons where transactions are established
and meeting points are set. By using molecular motors to transport proteins and organelles
along cytoskeletal tracks, neurons create the internal order of the bustling community of
macromolecules. Given the challenging geometry of the neuron, the mechanisms that deliver
fuel and materials to sustain the distant synapses are extremely important. Not surprisingly,
defects in intracellular transport are increasingly linked to neuropathologies.
The work presented in this thesis describes novel regulatory mechanisms of the complex
neuronal transport system. First we examined the traffic rules that govern polarized transport
in neurons. Specific types of microtubule-based motor proteins facilitate the sorting of cargo
between the axon and the dendrites. By developing a new trafficking assay in hippocampal
neurons to selectively probe specific motor protein activity, we investigated the contribution
of dynein motors to neuronal polarity. We found that, unlike kinesin, dynein motors drive
dendritic-specific cargo, such as AMPA receptors, selectively into dendrites governed by their
mixed microtubules. This highlights the interplay between microtubules and motors for the
initial polarized sorting of neuronal cargos between axons and dendrites.
Second, we examined the regulation of transport on the level of cargo-motor interaction
by studying TRAK/Milton adaptor proteins and mitochondrial transport. Mitochondria,
cellular power plants, are produced within the cell body and are needed throughout the neuron.
TRAK/Milton proteins link microtubule-based motors to the mitochondrial receptor, Miro.
We show how mammalian TRAK1 and TRAK2 utilize two different transport machineries to
steer mitochondria into axons and dendrites. Both TRAK1 and TRAK2 interact with dynein/
dynactin but bind differently to kinesin-1. TRAK1 steers mitochondria into axons where it is
required for axonal trafficking and outgrowth. TRAK2 is needed for dendritic development and
moves mitochondria into dendrites. Moreover, our results show that the functional differences
between TRAK1 and TRAK2 can be explained by their distinct conformations. TRAK2, but
not TRAK1, can adopt a folded state, which interferes with the connection to kinesin-1 and
axonal transport. The self-folding of TRAK2 inhibits kinesin-1 binding and precludes axonal
transport. Taken together, we demonstrate how the molecular interplay between adaptor proteins
and microtubule motors drives polarized intracellular transport.
Third, we studied how transport is regulated on the level of motor-microtubule binding, by
investigating the KBP protein that is linked to a very rare but severe developmental syndrome, the
Goldberg-Shprintzen syndrome. KBP is an unusual type of kinesin motor regulator. While most
kinesin regulators act at the level of cargo-motor interaction, KBP specifically binds to the kinesin
motor domain. KBP interacts with a subset of proteins including kinesin-3 family members and
mitotic kinesins. Our results demonstrate that KBP blocks the microtubule binding of kinesin
motors, thereby regulating transport of synaptic vesicle precursors by kinesin-3, and show that
KBP modulates neurite outgrowth and neuronal development. Taken together, we highlight
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the molecular interplay between microtubule-based motors and a kinesin binding protein, and
thereby provide new insights into the molecular mechanism of Goldberg-Shprintzen syndrome.
Misregulation of transport and/or of the cell division machinery may be core mechanisms
underlying the central and enteric neuropathological defects observed in Goldberg-Shprintzen
syndrome patients.
Finally, in addition to regulatory transport mechanisms, the role of a recently discovered class
of non-coding miRNAs (which block specific protein synthesis) in crucial neuronal processes was
studied by using the primary hippocampal neuron culture system. Specific miRNAs expression
profiles correlate with changes in neuronal development and neuronal activity. Several miRNAs
target the cytoskeleton components and the motor proteins. These miRNAs are probably involved
in controlling intracellular trafficking pathways at the level of protein translation.
The experiments, described in this thesis, represent a considerable step towards understanding
the complex trafficking processes in neurons, and provide the basis for future study of brain
function and brain pathology.
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Samenvatting
Woon je ver weg van je werk? Misschien kun je jezelf dan goed verplaatsen in de vele organellen
in je zenuwcellen, die enkele dagen moeten reizen voordat ze zijn aangekomen op de plaats van
bestemming.
Onze hersenen bestaan uit miljoenen zenuwcellen, ook wel neuronen genoemd. Binnen ieder
neuron ligt een complete wereld waar allerlei processen plaatsvinden: eiwitten - de bouwstenen
van de cel - worden geproduceerd, moleculen ontmoeten elkaar op verschillende plekken en
continu worden gebruikte stoffen afgevoerd om afgebroken te worden. Om deze processen
mogelijk te maken kent het neuron net als onze samenleving verkeer en transport.
In het neuron ligt een uitgebreid wegennetwerk dat onder andere bestaat uit microscopisch
kleine buisjes, de microtubuli. Speciale eiwitten, de motoreiwitten vervoeren verschillende
cellulaire “vrachtjes” zoals chemische energie, grote eiwitcomplexen en membraanblaasjes van
A naar B. Deze motoreiwitten bewegen zich voort door letterlijk over deze lange buisjes te
stappen.
Het eindstation van deze goederen kan de dendriet, het axon of de synaps zijn. Omdat een
neuron zo complex en lang is - soms wel een meter - zijn intracellulaire transportmechanismen
zeer belangrijk voor het functioneren en voortbestaan van deze cellen en ook voor het organisme
waarvan ze deel uitmaken. Inmiddels is veel kennis vergaard over de opbouw van het neuronale
transportsysteem. Echter, er is nog relatief weinig bekend over hoe intracellulair transport precies
gereguleerd wordt en hoe de verschillende onderdelen van dit systeem met elkaar samenwerken.
In dit proefschrift hebben wij de regulatie van transport in neuronen nader onderzocht en nieuwe
regulatiemechanismen gevonden.
Als eerste vroegen we ons af wat de verkeersregels zijn in deze complexe cel. Het neuron heeft
een gepolariseerde structuur en bestaat uit afzonderlijke componenten waaronder de dendrieten
en het axon. Daardoor is ook de verdeling van de verschillende cellulaire stoffen uniek in de
afzonderlijke regio’s van het neuron. Sommige eiwitten zijn bijvoorbeeld alleen nodig in het axon,
andere uitsluitend in de dendrieten. Weer andere componenten, waaronder bepaalde organellen,
zijn overal in het neuron vereist. Al deze cellulaire stoffen worden geproduceerd in het cellichaam,
het centrum van het neuron. Onze eerste proeven laten zien dat in zenuwcellen verschillende
motoren een rol spelen in het sorteren van goederen tussen dendrieten en axonen. Door te kijken
naar transport in levende neuronen hebben we kunnen aantonen dat het motoreiwit, dyneïne in
samenwerking met het uniek georganiseerde dendritische cytoskelet, het transport van dendrietspecifieke eiwitten van het cellichaam naar de dendriet bewerkstelligt.
Ondanks dat de hersenen maar 2% van het lichaamsgewicht bevatten, gebruiken ze meer
dan 20% van alle energie. Mitochondriën, de chemische fabrieken van de cel, zijn organellen
die overal nodig zijn in het neuron omdat op elk moment overal energie wordt verbruikt. We
hebben het transport van mitochondriën bestudeerd door twee adaptereiwitten - dit zijn eiwitten
die cellulaire vrachten koppelen aan het motoreiwit - te onderzoeken. Onze experimenten tonen
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aan dat twee verschillende adaptereiwitten, TRAK1 en TRAK2, een essentiële rol spelen in de
regulatie van deze organellen. Samen zorgen deze eiwitten er voor dat mitochondriën vanuit het
cellichaam in de dendrieten en axonen worden getransporteerd, door de organellen te koppelen
aan twee verschillende motoreiwitten, kinesine en dyneïne. Ook kunnen we het verschil in
gedrag tussen deze twee eiwitten verklaren op grond van hun verschillende driedimensionale
configuratie. Onze experimenten benadrukken het belang van deze eiwitten voor het transport
van mitochondriën en daarmee de invloed op de uitgroei van de dendrieten en axonen van het
neuron.
Hoe kan de activiteit van motoreiwitten worden gereguleerd? Een goede rem is nodig om de
werking van voertuigen nauwkeurig te reguleren. Dit blijkt ook te gelden voor de motoreiwitten
in een cel. We hebben de functie van een recent ontdekt eiwit, KBP op cellulair niveau bestudeerd.
Experimenten lieten zien dat KBP de activiteit van motoren kan inhiberen door te binden aan
het motordomein van een motoreiwit. Hierdoor kan het motoreiwit niet over de microtubuli
lopen, omdat de interactie tussen de microtubuli en het motoreiwit geblokkeerd wordt door
KBP. Het KPB-eiwit werkt op deze manier als een rem van transport. Mutaties in het gen dat
codeert voor het KBP-eiwit zijn de oorzaak van een zeldzaam maar ernstig genetisch syndroom:
het Goldberg-Sphrintzen syndroom. Door de functie van dit eiwit te ontrafelen ontstonden
belangrijke nieuwe inzichten in het moleculaire mechanisme van deze aandoening.
Niet alleen eiwitten worden getransporteerd in het neuron. Ondanks dat de meeste eiwitten
in het cellichaam worden geproduceerd, vindt er ook lokale eiwitproductie plaats. Dit gebeurt in
specifieke transportgranulen waarin onlangs ook microRNAs zijn aangetroffen. Deze microRNAs
zijn een groep recent ontdekte RNAs die een rol spelen in de regulatie van verscheidene cellulaire
processen. Van een groot aantal van deze microRNAs hebben we de expressiepatronen in kaart
gebracht in het klassieke en uitgebreid bestudeerde hippocampale neuron-cultuursysteem.
Omdat er nog geen grondige studies waren verricht naar de ontwikkeling van het neuron en
naar de neuronale activiteit, hebben wij ons hier op gericht. Daarbij zijn specifieke microRNAs
geïdentificeerd, die verschillend tot expressie komen tijdens deze processen.
Kort samengevat hebben we de samenwerking tussen de verschillende componenten van het
neurale transportsysteem onderzocht. Interacties tussen de motoreiwitten, het cytoskelet en de
adapters laten nieuwe vormen van transportregulatie in neuronen zien. De verworven inzichten
in dit proefschrift vormen een belangrijke basis voor verdere studie van transportprocessen in
neuronen. Dit kan leiden tot een beter begrip van het functioneren van de hersenen, zowel bij
ziekte als gezondheid.
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Conferences & Presentations
International
50th Annual meeting of the American Association of Cell Biology (ASCB)
Philadelphia, USA; December 2010
Poster presentation
Symposium Mechanisms of Cytoskeleton Dynamics and Intracellular Trafficking
Warsaw, Poland; October 2010
Oral presentation
Society For Neuroscience (SFN) Conference
Chicago, USA; October 2009
Poster presentation
16th Medical Genetics Center Graduate (MGC) Student Workshop
Brugge, Belgium; June 2009
Oral presentation
Keystone Symposium Mitochondrial Dynamics and Physiology
Whistler, Canada; March 2009
Oral presentation and poster presentation
15th Medical Genetics Center (MGC) Graduate Student Conference
Heidelberg, Germany; May 2008
Oral presentation
7th and 6th Forum of European Neuroscience (FENS)
Amsterdam, June 2010 and Geneva, Switzerland; July 2008
Poster presentation
8th International Neurotrauma Symposium
Rotterdam, May 2006
7th joint Medical Genetics Center (MGC)/Cancer Research UK-Graduate Student Conference
Oxford, United Kingdom; May 2006
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National
174th meeting of the “Nederlandse Anatomen Vereniging” (NAV)
Lunteren, February 2012
Oral presentation
Institute of Biomembranes (IB) Conference
Utrecht, October 2011
Oral presentation
Annual Dutch Meeting on Molecular and Cellular Biophysics
Veldhoven, October 2010
20th Medical Genetics Center (MGC) Annual Meeting
Leiden, September 2010
Oral presentation
7th, 6th, 5th and 46h Dutch Endo-Neuro-Psycho (ENP) meeting
Doorwerth, June 2009, 2008, 2007 and 2006
Poster presentation
First Intercity Young Scientist Meeting (IYSM) meeting
Heemskerk, December 2009
Oral presentation
16th and 15th Graduate School Neurosciences Amsterdam Rotterdam (ONWAR) Annual PhD
meeting
Zeist, December 2009 and November 2008,
Oral presentation and poster presentation
Farewell Symposium of Ronald Plasterk
The Small RNA Revolution
Utrecht, September 2007
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List of publications
Goldberg-Shprintzen syndrome protein KBP inhibits kinesin based motility
M. van Spronsen, N. Olieric, J. Lipka, M.E. Tanenbaum, L.C. Kapitein, E. de Graaff, N. Keijzer,
P.S. Wulf, J. Demmers, R.H. Medema, A. Akhmanova, M.O. Steinmetz, C.C. Hoogenraad
To be submitted
TRAK motor-adaptor proteins steer mitochondrial trafficking to axons and dendrites
M. van Spronsen, M.A. Schlager, L.C. Kapitein, P.S. Wulf, J. Lipka, N. Keijzer, J. Demmers, D.
Jaarsma, A. Akhmanova and C.C. Hoogenraad
To be submitted
Developmental and activity-dependent miRNA expression profiling in cultured primary
hippocampal neurons
M. van Spronsen, E.Y. van Battum, M. Kuijpers, J. Pothof, W. van IJcken, A. Akhmanova, J.R.
Pasterkamp, C.C. Hoogenraad
In preparation
Synapse pathology in psychiatric and neurological disease
M. van Spronsen and C.C. Hoogenraad
Current Neurology Neuroscience Reports 2010 May;10(3):207–214.
Mixed microtubules steer dynein-driven cargo transport into dendrites
L.C. Kapitein, M.A. Schlager, M. Kuijpers, P.S. Wulf, M. van Spronsen, F.C. MacKintosh, C.C.
Hoogenraad
Current Biology 2010 February 23;20(4):290-299.
Darwin’s vision on Traffic in 2020
M. van Spronsen and C.C. Hoogenraad
Traffic 2010 January 7;11(1): 4–7.
Corticosterone alters AMPAR mobility and facilitates bidirectional synaptic plasticity
S. Martin, J.M. Henley, D. Holman, M. Zhou, O. Wiegert, M. van Spronsen, M. Joëls, C.C.
Hoogenraad, H.J. Krugers
PLoS ONE 2009 March 5;4(3): e4714.
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Traffic 2010; 11: 4–7
M. van Spronsen and C.C. Hoogenraad
20/20 Vision: What will the membrane traffic field look
like in 2020?
To celebrate our first decade of publishing Traffic, we asked
students and postdoctoral fellows to share with us their vision
for the future of the membrane traffic field. The winning
entries are published in the following text. We look forward to
following the progress of these creative young scientists to see if
their predictions come to fruition.

Darwin’s vision on Traffic
In 2009, we celebrate the 200th anniversary of Charles Darwin’s birth and the 150th anniversary
of the publication of ‘On the Origin of Species’. In 2010, we will celebrate the first decade of the
publication of Traffic.
The illustration represents the dualism between two classic elements in nature–air; dreaming,
creativity, inspiration and earth; objectivity, facts and hardworking. Darwin is the personification
of scientists playing with the elements–as modern experimental ‘‘down to earth’’ scientist and as
visionary ‘‘wizard’’ scientist.
As wizard, Darwin is literally with ‘‘his head in the clouds’’ where he dreams, wonders and
gets inspiration for imaginary experiments. He uses his crystal ball to ‘‘see’’ into the more practical
future of science. The crystal ball shows a gigantic cell where intracellular trafficking takes place.
Darwin looks at himself running inside the cell, trying to uncover the fundamental principles
of intracellular transport. He adores controlling and orchestrating all cellular trafficking events
and realizes that while research has come a long way, plenty of questions remain. The lower
part of the crystal ball it is transformed into the brain of the hardworking practical scientist.
Here, Darwin is standing with both ‘‘feet on the ground’’ using his creativity, inspiration and
knowledge in realistic experiments. His lab-coat is decorated by experimental results symbolizing
his objectivity to science.
In 2020, we will have a better understanding of the intracellular trafficking processes in living
organisms. New groundbreaking discoveries in intracellular transport will lead to fundamental
scientific progress (visible in the earth) and novel disease therapies (visible in the clouds). In the
next decade, scientists will push the boundaries of our understanding in intracellular transport.
The ultimate goal for the year 2020 is to write a book on the ‘‘On the Origin of Traffic’’.
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Wetenschappelijk onderzoek is een bijzondere activiteit. De afgelopen jaren heb ik dit vak kunnen
leren, beoefenen en ontdekken. Het is een discipline waarin relatief veel vrijheid is en waarin
het werk dat verricht wordt bijdraagt aan het kennen van de wereld in en om ons heen. Extra
interessant is dat je als wetenschapper deel uitmaakt van een internationale community, bestaande
uit sociale, gedreven en enthousiaste mensen met grote ambities en gezamenlijke interesses. Zij
delen de fascinatie voor het verborgene in een soms microscopisch kleine wereld, die benaderbaar
is door het doen van experimenten. Door jezelf vragen te stellen en er af en toe één op te lossen
stuit je op een mysterieuze wereld van schoonheid en magie. Iedere wetenschapper weet dat er
bij elk probleem dat hij oplost, nieuwe vragen ontstaan. Maar dat maakt wetenschap juist zo
spannend.
De wetenschappelijke ontdekkingstocht kent vergezichten van oneindige mogelijkheden
maar ook haarspeldbochten en afgronden. Ook de weg naar dit proefschrift was hier en daar
soms hobbelig en dan is het goed dat er zoveel mensen waren die een essentiële bijdrage konden
leveren om tot dit einddoel te komen. Ik wil hen dan ook graag noemen.
Mijn grootste dank gaat uit naar Casper Hoogenraad, mijn promotor en directe begeleider. Casper,
we hebben meer dan vijf jaar samengewerkt. Als masterstudent wilde ik graag onderzoek doen
naar de hersenen met een moleculair-biologische aanpak. Jouw beginnende groep - bestaande uit
jonge enthousiaste onderzoekers - leek mij een goede keuze. Je was net terug uit Amerika waar je
als post-doc had gewerkt op het Massachusetts Institute of Technology. En dat je een belangrijke
beurs in de wacht had gesleept was een extra verrassing. Kiezen voor een onderzoeksproject in een
basaal onderzoekslab is niet de meest voor de hand liggende keus voor een medisch student. Ik
bleek op dat moment de enige masterstudent tussen de andere promovendi - allen biologen - te
zijn en dat beviel goed. Misschien was het de combinatie van je open, positieve houding en de
stimulerende sfeer van de, toen relatief kleine, groep waardoor ik met groot enthousiasme aan de
slag ging. Jij hebt me geïntroduceerd in de moleculaire biologie van de neurowetenschappen en
me opgeleid tot fundamenteel onderzoeker.
Jouw nuchtere en pragmatische aanpak, waarbij je compleet overzicht houdt over de
verschillende onderzoeksprojecten, maakte indruk op mij. Hierdoor kon er in vrijheid, maar
ook op een efficiënte en doelgerichte manier gewerkt worden. Ook voor de kwaliteiten van je
medewerkers had je een speciaal oog. Juist deze factoren zijn belangrijk geweest voor het slagen
van mijn projecten. Tegelijkertijd heb ik de mogelijkheid gekregen om in de beginnende groep
van een getalenteerd onderzoeker mee te groeien. De uitbreiding van het lab heb ik van dichtbij
mee kunnen maken, tot je benoeming als hoogleraar in Utrecht toe. Als ik nu zie dat je groep
inmiddels verdrievoudigd is en ik één van je eerste aio’s was, kijk ik met trots terug op de afgelopen
leerzame jaren. Daarom wil ik je bedanken voor je inspirerende en plezierige samenwerking. We
begrepen elkaar vlug en je gaf me veel ruimte en vertrouwen.
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Anna Akhmanova, de samenwerking van de afgelopen jaren heeft veel voor mij betekend. Bij
een groot deel van mijn projecten was je betrokken. Naast de uitgebreide kennis die je bezit, ben
je eerlijk en oprecht. Het was dan ook prettig, interessant en leerzaam om mijn resultaten met
jou te bespreken. Mede door jou heb ik geleerd om kritisch mijn eigen resultaten te beoordelen
en mijn onderzoek te verdedigen. Met de mensen van jouw lab heb ik altijd met groot plezier
samengewerkt. Ik heb het bijzonder gewaardeerd dat jij mijn thesis zo nauwgezet hebt bekeken.
Ik ben trots dat je samen met Casper de nieuwe afdeling in Utrecht bent gaan runnen en jullie
beiden professor zijn geworden.
Chris de Zeeuw, vanaf het begin heb ik me thuis gevoeld op de afdeling Neurowetenschappen
van het Erasmus MC. Het is een afdeling met een dynamische werksfeer, waar veel mogelijk is.
Ik ben dankbaar dat ik er de gelegenheid had om het grootste deel van mijn promotieonderzoek
te volbrengen. Ontzettend leuk dat je in mijn commissie zit. We maken er een mooie dag van
17 april!
Michel Steinmetz, I am very grateful that you are part of my committee. I am looking forward
to your visit and to discuss my thesis and especially our shared project. I hope that we can bring
this story into the world, soon.
Graag wil ik ook de andere leden van mijn commissie Prof. dr. P.A.E. Sillevis Smitt, Prof.
dr. S.J.L. van den Heuvel en Prof. dr. E.I. Braakman bedanken voor de tijd die jullie genomen
hebben voor de beoordeling en goedkeuring van het manuscript.
Een groot deel van het werk in dit proefschrift kwam tot stand in samenwerkingsverband
met andere wetenschappers. Special thanks to Natacha Oelieric, Marvin Tanenbaum and René
Medema who contributed to the KBP project. Harm Krugers, het was een bijzondere kans om
in het eerste jaar van mijn promotietraject een klein aandeel te hebben in het AMPA-project.
Ook wil ik Eljo van Battum en Jeroen Pasterkamp noemen die hebben bijgedragen aan het
microRNA-project.
Groep Hoogenraad is een lab waar op een gezonde manier hard wordt gewerkt. Daarnaast
is er af toe tijd voor ontspanning. Met veel plezier denk ik terug aan de gezellig etentjes, borrels,
sneeuwbalgevechten, congressen, barbecues in het park tot en met de hulp bij verhuizing.
Als eerst wil ik mijn paranimfen noemen. Phebe, er valt veel te zeggen als ik aan jou denk.
Van dansen tot dichten en van bijten tot kusjes. Jouw aanwezigheid in het lab is onmisbaar en je
assistentie voor mijn projecten was zeer waardevol. Zonder dat het te veel op een liefdesverklaring
mag lijken, meen ik toch echt dat ik jou een geweldige vrouw vind! Hopelijk blijf ik je nog veel
zien voor een dansje of wat push-ups. Marijn, mijn andere paranimf en maatje in de kantoortuin.
Tijdens de gezellige (Indiase curry-)etentjes met Josien ontstonden er mooie wetenschappelijke
ideeën die we nooit uitgevoerd hebben. Toch hebben we naast het Huntington-project samen
uiteindelijk een vrijwel afgerond project: de microRNAs. Succes met je promotie. Hou je me op
de hoogte?
Nanda, als ik voor acht uur een IP-experiment ging inzetten kon ik er op rekenen dat jij al
vrolijk aan het pipeteren was aan de bench achter mij. Bedankt voor de uitstekende assistentie
met name voor het KBP project. Ook vond ik onze samenwerking met Phebe voor het Junior
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Science program erg geslaagd. Eva, leuk om te zien dat je nu zo goed bezig bent met popularisering
van de wetenschap. Samantha, you introduced me in the world of the hippocampal neuron
system which from that moment I really enjoyed working with. Bjorn, jouw onafhankelijke geest
maakte op mij indruk. Je zorgde ook voor een goede sfeer op het lab! Max, het was gezellig om
jou als lab-buurman te hebben. Ook heb je me in het begin op weg geholpen met (biochemische)
technieken. Ik vind het geweldig dat ik het TRAK eiwit - als broertje van Madmax - kon gaan
bestuderen. Ik hoop dat er iets moois uit komt in Cambridge!
Lukas, jouw uitgesproken enthousiasme en verwondering voor wetenschappelijke
ontdekkingen en bevindingen werkt aanstekelijk. Ook heb ik van jou de eerste beginselen van
live-cell imaging geleerd en volgens mij kwam dit precies op het juiste moment van mijn aiotraject. Het was verrassend om voor het eerst de eiwitten te zien bewegen die ik daarvoor twee jaar
uitgebreid gefixeerd had bestudeerd. Deze directe metingen hebben twee belangrijke projecten
een stuk verder gebracht. E*, de Sinterklaasrijmpjes en jouw behulpzaamheid zijn van grote
waarde op het lab. Met interesse heb ik jouw PNS-project gevolgd. Veel succes met je eigen groep
in Utrecht! Karin, we waren allebei nog een tijdje in Rotterdam, jij voor experimenten in het
histolab, ik voor de confocalmicroscoop. Succes met je paper!
Robert, je accurate en snelle hulp bij computerzaken was onmisbaar. Kah Wai(tje), ik win nog
een keer van je met tafelvoetbal! Ik ben benieuwd hoe het afloopt met de min-eindjes. Mariella,
leuk dat je naar groep Hoogenraad bent gekomen. Ik wens je heel veel succes met je promotie!
Marta, obrigado and also good luck with your projects! Dick, naast je uitgebreide kennis van de
anatomie ben ik getroffen door je relativerende vermogens. Je stelt meestal precies de goede vraag,
daarbij kan je op een onverwachte manier grappig uit de hoek komen. Met belangstelling heb
je het TRAK-project gevolgd en was daar ook bij betrokken. Vera, de hoeveelheid studenten die
jij begeleidde was bewonderingswaardig, succes met de co-schappen en jouw promotie! Wouter,
bedankt voor de assistentie bij live-cell imaging en het vieren van mooie onverwachte resultaten.
De mensen van groep Anna Akhmanova: jullie aanbevelingen tijdens de vrijdagmorgenbesprekingen waren belangrijk, naast de zeilweekendjes, het bezoek aan Krakau en de stukken
taart. Babet, ik vond het erg leuk om jou als kamergenoot te hebben tijdens de ASCB in
Philadelphia. Susana you are a scientist with soul. Ilya, you knowledge of the microscope is
amazing as is your sense of humor. Carol xi xi for the Chinese lessons. Gert-Jan, bedankt voor
jouw hulp bij de FRET-pilot. Daniël, succes in het bedrijfsleven. Good luck to you all.
Alle mensen van de afdeling biologie in Utrecht: vanaf het begin heerste er in Utrecht een
open sfeer met hoog kwalitatief onderzoek. Ik heb er maar kort bij mogen zijn, maar had de
overgang naar Utrecht niet willen missen. Bedankt voor de goede ontvangst. De reeds aanwezige
wetenschappers en het ondersteunend personeel hebben er aan bijgedragen dat ik de laatste
proeven daar kon doen en mijn promotie kon afronden.
All the people of the Cell Biology division: Paul van Bergen en Henegouwen, Johannes
Boonstra, Fons Cremers, Hans de Haard, Corette Wierenga, Pankaj Dhonukse, Bart de Haan,
Rachid el Khoulati, Smiriti Raghoenath, Jarno Voortman, Benjamin Bouchet, Harinath Doodhi,
Laura Gumy, Martin Harterink, Erik Hofman, Kai Jiang, Eugene Katrukha, Renu Mohan,
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Sabrina Oliveira, Johan Slotman, Petra van Bergeijk, Sam van Beuningen, Aram van Brussel,
Maarten de Geest, Raimond Heukers, Josta Kevenaar, Alex Klarenbeek, Joanna Lipka Joanna
(thanks for your contribution to the KBP and TRAK project), Marta Mania, Andrea Marques,
Helma van Riel, Wendy Timmermans and Chris Emmerson (from BMI). I wish you all the luck
with continuing doing beautiful scientific research at this new division.
Het grootste deel van mijn promotie-onderzoek heeft plaats gevonden in Rotterdam. Ik heb veel
mensen leren kennen die op verschillende manieren hebben bijgedragen aan de geweldige tijd
op de afdeling neurowetenschappen. Op het moment dat we officieel verhuisd waren was ik nog
werkzaam op de afdeling voor het gebruik van de microscopen. Op de nodige momenten kwam
Rotterdam me tegemoet waarbij uit onverwachte hoek dikwijls hulp verscheen.
Gerard Borst, ik heb respect voor jouw scherpe en kritische blik voor wetenschappelijk
onderzoek. Ik ben dankbaar dat ik de master in Neuroscience bij jullie kon doen. Ype Elgersma,
vanaf het begin tot het eind was jouw betrokkenheid altijd voelbaar. Ik heb veel bewondering
voor jouw werkzaamheden en je onderzoekslijn. Ook gaat mijn dank uit naar de mensen in jouw
groep waaronder: Minetta, Nils, Susan, Stathis, Thijs en Caroline.
Maarten Frens, bedankt voor je gastvrijheid in de kantoortuin. Ondanks de grote en diverse
groep mensen, heerste daar een zeer geconcentreerde werksfeer waar de zonsondergang met
avondrood goed te zien was. Het was stimulerend om les te geven tijdens the Brain Awareness
Week. Mensen komen en gaan in de kantoortuin, speciaal wil ik noemen: my friend Taf (you
make the best mojito’s, imwayi zvakanaka!), Berend, Marcella, Stefan, en Jos (de buurman van
de kantoortuin).
A special attention to a special person: Jerry Simpson, I will never forget the great time we
had in Chicago in one of the blues bars. You are a hero! I hope to see you soon. Steven Kushner,
from a distance I admire your approach to understand neurobiology of psychiatric disease. Verder
wil ik noemen: Bas Koekkoek, Hans van der Steen, Joost Jongen en Marcel van der Heijden (af
en toe kon ik even je sleutel lenen). Gert-Jan Kleinrensink, het was erg leuk om nog een keer een
dagje anatomen te doen met verrassend resultaat. Ook de andere mensen van de snijzaal Yvonne,
Berend-Jan en Linda. Bedankt voor jullie flexibele samenwerking.
Alle dames van het secretariaat, jullie goede zorgen zijn onmisbaar voor de afdeling. Speciaal
wil ik noemen Edith en Loes. Lieve, lieve Edith jij stond klaar met koekjes als ik scholieren over
de vloer had die een klein onderzoeksprojectje bij mij deden. Geniet van je pensioen! Lieve
Loes, je was heel behulpzaam en adequaat in het regelen van een aantal zaken. Hans, wanneer
ik bij Dick op de kamer zat kon ik meegenieten van jouw vrolijkheid en gezelligheid. Ook voor
moleculair werk heb je af en toe een boor nodig en kwam die graag bij jou lenen. Elize, zonder
jou zijn er geen borrels, foto’s en andere belangrijke zaken op de afdeling.
Kenneth, Annette, Jürgen en Ria, het is altijd een plezier om bij jullie langs te komen
voor pakketjes en andere zaken. Daarnaast heb ik leuke herinneringen aan de etentjes en
dansavondjes. Kenneth, we hadden vaak interessante gesprekstof. Erika en Mandy, helemaal in
het begin mocht ik bij jullie op het lab werken om in situ’s te doen. Dat was een goede ervaring,
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want door een tijdje op het histologisch lab te zitten weet je pas echt wat er gebeurt en speelt op
de afdeling.
Henk-Jan, met Bach achter de microscoop wordt imagen pas echt leuk! Dat naast wetenschap
ook kunst verwondering kan oproepen hoef ik jou niet te vertellen. Succes met je onderzoek en ik
kijk uit naar een nieuw concert of een Belgische biertje. Jory, heel leuk dat ik je heb leren kennen.
Zullen we een keer echt op blote voeten gaan dansen? Linda, dat jij bij groep Casper kwam,
ook al zat je in een ander gebouw, heeft veel leuke etentjes en goede gesprekken opgeleverd.
Cupido, ik heb nog steeds grote ideeën voor een documentaire met jou als hoofdpersoon.
Josien(eke), jouw vrolijke aanwezigheid en het noodgedwongen zwemmen in onze kleren, op
een van de congressen, maakte de tijd tijdens promoveren verre van saai. Rick, op zee zeilen met
de catamaran zorgde voor de nodige ontspanning tijdens het onderzoek. John Weber, thank you
for you interest in my artistic activities.
Nog een aantal andere mensen wil bedanken voor de kopjes thee en koffie, movie nights en
goede gesprekken: Aleksandra, Aram, Bazzi (and of course the other Italian people who know
how to party), Denise, Elisa, Eric, Gao, Jeannette, Jasper, Joël, John Linde, Malik, Petra, Ralph,
Rogerio, Rüdiger, Rutger, Tom en Wim. The whole department of neuroscience, thank you for
making this a nice and inspiring place to work.
Ook vele anderen ben ik dank verschuldigd. Ik wil hier enkele namen noemen - dat achter elke
naam een verhaal schuilt spreekt vanzelf.
Mijn docenten in wiskunde, natuurkunde, scheikunde en biologie: jullie hebben mij in
aanraking gebracht met de exacte vakken en deze interesse verder aangewakkerd.
Prof. dr. T.A.W. Splinter dank ik voor het vertrouwen dat hij in mij stelde toen ik via de
decentrale selectie geneeskunde kon gaan studeren in Rotterdam. Dit leidde er al gauw toe dat
ik naast geneeskunde me kon verdiepen in wetenschappelijk onderzoek. Dat brengt mij bij de
docenten, supervisors en andere betrokkenen van de onderzoeksmasteropleiding: Molecular
Medicine, waaronder Anton Grootegoed, Niels Galjart, Elaine Dzierzak, Claire Wyman, Ruud
Delwel, Dick van Gent, Riccardo Fodde, Ron Smits en Benno Arentsen. Uiteraard gaat mijn dank
ook uit naar de betrokkenen van de Neuroscience Master Program die tevens mijn collega’s zijn
geworden. Volgens mij is het belangrijk om deze masteropleidingen aan geneeskundestudenten
te blijven aanbieden. Ik hoop ook dat ondanks nieuwe wetten in het onderwijs dit mogelijk zal
blijven.
Naarmate ik steeds zelfstandiger aan het werk ging, groeide mijn enthousiasme voor
het onderzoek en daar is deze promotie uit voortgekomen. Ook vond ik het een aanvulling
om supervisor te zijn in het Junior Science program en om jaarlijks geneeskundestudenten te
enthousiasmeren voor deze opleidingen.
Tot slot gaat mijn bijzondere dank uit naar mijn familie en vrienden. Jullie aanwezigheid is een
onmisbare voorwaarde geweest voor het slagen van dit proefschrift.
Anne, Arianne, Sanne, Daan, Isabel, Minoek en natuurlijk de grote groep Idunn vriendinnen,
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Rotterdamse vrienden en oude vrienden, samen met jullie heb ik veel ondernomen. Sportieve
en avontuurlijke impulsen zoals (wild) kamperen, reizen, het optreden in de Melkweg of in het
Paard van Troje tot en met filmpjes maken voor MTV, bieden nog altijd een speels tegenwicht.
Bedankt voor de steun en vriendschap tijdens de afgelopen periode.
Mijn zus Elisa, heel trots ben ik op je en op het boek Au pair. Dat het vervolg een groot
succes wordt is zeker. Tijdens het schrijven van deze laatste bladzijden kijk ik uit naar mijn neefje!
Arthur, jij ook bedankt! Mijn broer, Florantijn, hopelijk zul je binnenkort als journalist een
stukje schrijven over wetenschap en politiek.
Mijn neef Dr. Hans van Spronsen (1928-2010) is als chemicus gepromoveerd op het periodiek
systeem der elementen. Zijn liefde voor kunst, in het bijzonder orgelmuziek en tegelijkertijd
passie voor de wetenschap vormt voor mij een bron van inspiratie.
En als laatst mijn ouders, Willem en Cécile. Pap en mam, de sfeervolle zolderkamer met
boeken en mooie oude spullen hebben er voor gezorgd dat ik me tijdelijk kon terugtrekken om
in alle rust te schrijven aan het proefschrift. Het waren dagen van hard werken met gezellige
onderbrekingen en verfrissende wandelingetjes door de polder van Eemnes. Jullie hebben samen
met de treintjes, de vrachtjes en de railsjes in onze hersencellen meegedacht en mij gesteund in
het proces van begin tot het eind.
Nu dit proefschrift is afgerond is ook een bijzondere periode afgesloten. Ik zal de wetenschap
tijdelijk verlaten en ga beginnen aan een nieuw spannend avontuur. De kliniek. Ik kijk er naar
uit om de basale kennis over de moleculaire bouwstenen van het lichaam en de verworven
vaardigheden, verkregen bij het verrichten van onderzoek, te kunnen inzetten de komende tijd.

222

21520_Myrrhe van Sprongen binnenwerk.indd 222

19-03-2012 14:40:02

21520_Myrrhe van Sprongen binnenwerk.indd 223

19-03-2012 14:40:02

21520_Myrrhe van Sprongen binnenwerk.indd 224

19-03-2012 14:40:02

