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1. NEURONS AND TRANSPORT

synapse potentiation is thought to be the neurological basis of learning and memory.
The receiving parts of the synapses are located on the dendrites, branched tree-like
structures protruding from the cell body (figure 1.1 A). Every neuron has an excitation
threshold, it will only fire and pass on a signal if the input through the synapses
exceeds a certain limit. If this is the case, an action potential is generated in the axon
hillock and an electrical signal travels along the axon to the terminals at the far end
of the cell, where it will either contact the synapse of another neuron or an end-organ
such as a muscle.

The Need for Speed

From a molecular biology perspective, neurons have another even more unique
property: their size. Most cells, such as those located in the skin, are round or
rectangular in shape and approximately 30 30 µm in diameter. The largest cell in the
human body, the female ovum, is 130 µm in diameter. Although most human axons
have a modest diameter of no more than 5 µm, their length can be up to 1.5 m and
more. To put that to scale, imagine a common drinking straw with a diameter of 5 mm.
Adjusting its length to the scale of an axon would result in a rather inconvenient 1.5 km
long straw. This size presents the cell with unique challenges. To keep its axon alive
and functional, it needs to provide it with membrane components, neurotransmitters
and proteins. Mitochondria, the organelles producing the energy source ATP, should
be available where they are needed most, at the sites where the energy consumption
is highest (figure 1.1 B). Smaller cells and bacteria can partially rely on diffusion,
the motion of molecules from regions with a high concentration to areas with a lower
concentration. The speed of diffusion in three dimensions can be estimated using the
following simplified formula x2 = 6Dt, where x signifies mean-square displacement,
D the diffusion coefficient and t time. Considering a small protein inside a cell has
a diffusion coefficient of approximately 30 µm s−2 to 50 µm s−2 (Kühn et al., 2011),
it can cross a 30 µm cell in three to five seconds. However, a one-and-a-half meter
trip from the cell body to the axon terminal using diffusion only would take the same
protein an incredible 396 years. Clearly, neurons need a much more efficient solution
than diffusion for their logistic needs.

This solution consists of a transport system of remarkable complexity. Through
every part of the neuron run microtubules, hollow tubes composed of tubulin-α and
-β subunits. Motor proteins called kinesins and dynein can bind to these microtubules
and use them to ‘walk’ through the cell, carrying cargo along with them (figure 1.1 C).
Through this system, a continuous flow of mitochondria and cargo vesicles is trans-
ported to and from the cell body, taking approximately a week to complete the entire
journey along the axon. The proteins attaching the cargo to the motor protein are
able to detect environmental signals such as a high calcium concentration -indicating
high energy consumption- and detach the cargo at these sites. Anchoring proteins are
able to bind cargo vesicles and mitochondria to the microtubules, keeping them at
these high-demand locations until the need for their cargo has passed. With every
signal fired and every synapse strengthened, this transport system has to adapt and
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rearrange its cargo delivery pattern (Van den Berg and Hoogenraad, 2012). Without
it, there is no way a neuron can continue to function properly, or even survive.

Without Transport, Nothing Moves

This explains why a defective or less efficient transport system is associated with a
large number of -mostly neurological- disorders (figure 1.2). In a few cases, mutations
in genes encoding transport proteins may directly lead to a disease, for example in
brain developmental disorders. However, it is likely that in most situations a subopti-
mal transport system will diminish the ability of a neuron to withstand stress caused
by other factors, leading to increased neuronal cell death (neurodegeneration). This
would explain the vast range of diseases to which transport is linked. The common
issue in all these disorders is that they cause cellular stress to the neuron, either
through accumulation of protein aggregates, a toxic micro-environment or decreased
mitochondrial function. All these situations lead to an increased thirst for ATP, which
has to be quenched by transporting additional mitochondria into the stress zone. The
functioning of the axonal transport system essentially determines how long a neuron
is able to hold its breath.

One of the disorders to which transport has been linked is multiple sclerosis (MS).
MS is a disease that mainly affects young women, causing severe disability (Alastair
and Alasdair, 2008). The immune system plays a key role in MS, as an autoimmune
response is triggered against the myelin sheath surrounding the axon, causing immune
cells to infiltrate the central nervous system and destroy the myelin. However, it is
not understood what the primary cause of MS is, the event that triggers the immune
response. As the disease progresses, patients with MS gradually experience more
and more lasting symptoms. This is not caused by the immune reaction itself, but
by the loss of axons it causes. Defects in axonal transport reduce the capability of
the neuron to survive a period of demyelination and inflammation, increasing the
risk of neurodegeneration and therefore accelerating the progression of clinical disability.

Transport reaching its Destination

In the previous two decades, neuroscience, the field of science dedicated to study-
ing the function of the nervous system, has made tremendous progress. It’s clinical
counterpart, the discipline of neurology, is currently in the process of translating all
these findings to the clinic. This thesis builds on the extensive body of basic research
on axonal transport collected in the previous years and attempts to use it to better
understand MS. Currently, no treatments exist that slow down neurodegeneration
through modulation of the transport system. Such medication would be applicable in a
large range of neurological disorders, slowing disease progression and greatly reducing
suffering. However small its contribution might be, that is the final goal of this thesis.
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Figure 1.2: Transport and disease. Wordcloud showing neurological disorders associated
in literature with components of the transport system. This figure was created using an R (R
Core Team, 2014) script searching PubMed for all MeSH-terms hierarchically ordered under
‘Neurological Disorders’ and one of the terms ‘axonal transport’, ‘kinesin’, ‘dynein’, ‘tubulin’,
‘microtubule-associated proteins’ or ‘secretory pathway’. Double entries were removed, but
some publications were listed more than once under different hierarchical headers. Size of
the term indicates number of publications. Only terms with more than 3 publications have
been included.
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2. MOLECULAR MOTORS

and proteomic strategies, and have revealed that the specification of synaptic function,
for example, excitatory or inhibitory, at both pre- and postsynapses is achieved via
the recruitment and assembly of very distinct synaptic complexes (Jin and Garner,
2008; Kim and Sheng, 2004; Margeta et al., 2008; Sheng and Hoogenraad, 2007).
Proper arrangement of pre- and postsynaptic membranes and organization of pre- and
postsynaptic compartments is essential for accurate synaptic signaling, neural network
activity, and cognitive processes such as learning and memory formation (Kasai et al.,
2010; Lisman et al., 2007; Yuste and Bonhoeffer, 2001).

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

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

2



It has intrigued scientists for a long time how synaptic cargo can be sorted in
neurons along the cytoskeleton network to ensure precise cargo delivery. How are motor-
cargo complexes able to choose between transport routes to the axon or dendrites?
Here, it is important to consider that the actin and microtubule filaments themselves
are intrinsically polarized structures with two functionally distinct ends, a ‘plus’ and
‘minus’ end. The polarity of the cytoskeleton filaments exists not only at the two
ends but also all along the length of its lattice, which is critical for the directional
movement of molecular motor proteins. For example, dynein transports cargo toward
the minus end of microtubules, while kinesins motor proteins move toward the plus end
of microtubules. In this way, local polarity patterns of microtubules and actin filaments
in axon and dendrites can direct motor-driven cargo trafficking within neurons. Recent
evidence suggests that a well-organized cytoskeleton network exists in neurons that
can facilitate directional motor-driven cargo trafficking and establish asymmetric
distributions of specific synaptic proteins (Kapitein et al., 2010a). Moreover, variations
in cytoskeleton density, binding proteins, and posttranslational modifications could also
drive synaptic cargo transport in specific directions. Thus, knowing the polarity and
modification pattern of microtubules and actin in axon and dendrites is an instrumental
piece of information for understanding how molecular motors direct synaptic cargo
traffic.
In this chapter, we aim to give an overview of the molecular trafficking mechanisms
important for the delivery of synaptic proteins. We will review current knowledge about
the organization of the neuronal cytoskeleton, focus on synaptic cargo sorting and
trafficking into axons and dendrites, and discuss the spatial and temporal regulation
of motor protein-based transport. Studying the basic cellular machinery for synaptic
cargo trafficking will help us to understand fundamental principles of synapse formation,
function, and plasticity.

Microtubule and Actin Cytoskeleton in Neurons

The cytoskeletal organization in neurons is specialized in several ways, involving
intracellular variations in density, orientations, binding proteins, and posttranslational
modifications. Recently, it has become increasingly clear that these specific cytoskeletal
properties directly modulate the activity of specific molecular motor proteins. In
this section, we will review current knowledge about the structure, organization, and
modifications of the microtubule and actin cytoskeleton (Fig. 2.1).

Actin and Microtubule Structure and Dynamics

The main transport infrastructure in eukaryotic cells is formed by the microtubules
and actin cytoskeleton. To serve this function, the cytoskeleton must be organized into
a wide variety of configurations, ranging from the higher-order actin-based networks
in dendritic spines to the dense anti-parallel microtubule array in dendritic shaft.
Without the cytoskeleton, neurons would not be able to maintain their complex axonal
and dendritic architectures and synaptic organization.
Microtubules are noncovalent polymers of α- and β-tubulin dimers that form a hollow
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2. MOLECULAR MOTORS

Figure 2.1: Cytoskeleton organization in neurons. Microtubules (red) are present in
both axons and dendritic shaft, while actin (purple) is enriched in the axon initial segment
and dendritic spines. From the cell soma, synaptic cargo vesicles are sorted into the dendrites
(yellow vesicles) or the axon (red vesicles). (a) In the axon, all microtubules are oriented with
their plus ends (blue comets) pointing outward. (b) In dendrites, microtubules have a mixed
orientation. (c) Dynamic microtubules occasionally enter spines.

cylinder with a diameter of 25 nm and actin filaments consist of monomers of the
protein actin that polymerizes to form 8-nm fibers (Howard and Hyman, 2009); (Pol-
lard and Cooper, 2009). There are multiple actin and α- and β-tubulin genes that are
highly conserved among and between species and might be utilized for distinct neuronal
functions. With the recent discovery of several congenital neurological disorders that
result from mutations in genes that encode different α- and β-tubulin isotypes, novel
paradigms have emerged to assess how selective perturbations in microtubule subunits
affect neuronal functioning (Baran et al., 2010; Keays et al., 2007). For example, a
series of heterozygous missense mutations in TUBB3, encoding the neuron-specific
β-tubulin isotype III, have been described that result in a spectrum of human nervous
system disorders (Tischfield et al., 2010). A knock-in disease mouse model reveals axon
guidance defects without evidence of cortical cell migration abnormalities. Importantly,
it was demonstrated that the disease-associated mutations impair tubulin heterodimer
formation and disrupt the interaction with kinesin motors.

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

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

Actin Organization in Neurons

Microtubules and actin filaments are present throughout the cell body and axonal
and dendritic compartments (Cingolani and Goda, 2008; Conde and Caceres, 2009;
Hotulainen and Hoogenraad, 2010). In mature neurons, actin is the most prominent
cytoskeletal protein at synapses, being present at both the pre- and the postsynaptic
terminals but highly enriched at dendritic spines (Landis et al., 1988; Landis and Reese,
1983). Neurons treated with latrunculin, an inhibitor of actin polymerization, showed
that the actin cytoskeleton is necessary for synapse formation, stability, and normal
synaptic activity (Krucker et al., 2000; Okamoto et al., 2004). At the presynaptic
terminal, actin filaments are important in organising and recycling of synaptic vesicle
(Cingolani and Goda, 2008), while at the postsynaptic site, actin is involved in receptor
trafficking and spine plasticity (Frost et al., 2010a; Hotulainen and Hoogenraad, 2010).
Spines exhibit a continuous network of both branched and long, linear actin filaments
(Korobova and Svitkina, 2010). In the spine heads, actin filaments are oriented with
their plus ends to the postsynaptic density and synaptic membrane and their minus
ends toward the dendritic shaft. The most likely role of actin in mature spines is
to stabilize postsynaptic proteins and modulate spine head structure in response
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2. MOLECULAR MOTORS

to postsynaptic signaling (Frost et al., 2010a; Hotulainen and Hoogenraad, 2010).
Several recent studies using advanced microscopy techniques present new insights in
the organization and molecular composition of actin cytoskeleton in dendritic spines
(Frost et al., 2010b; Honkura et al., 2008; Korobova and Svitkina, 2010). For example,
electron microscopy revealed that actin filaments in the neck of dendritic spines exhibit
mixed polarity, although the plus ends are predominantly oriented away from the
dendritic shaft (Hotulainen et al., 2009; Korobova and Svitkina, 2010). Mutations
in genes that code for actin regulatory proteins, like Rho GTPases, are commonly
associated with mental retardation (Govek et al., 2004). Subtle variations in spine
size and shape, mediated by the actin cytoskeleton, are associated with a variety of
neurological and psychiatric disorders like schizophrenia and drug addiction (Blanpied
and Ehlers, 2004; Van Spronsen and Hoogenraad, 2010).

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

Microtubule Organization in Neurons

In mature neurons, most neuronal microtubules are not attached to the centrosome
(Stiess et al., 2010) and form dense bundles running along the length of axons and
dendrites (Fig. 2.1). Individual microtubules do not extend along the entire length of
neuronal processes; instead, microtubule fragments stabilized at their minus ends form
regularly spaced longitudinal arrays cross-linked by microtubule-associated proteins
(MAPs) (Chen et al., 1992). Two abundant neuronal MAPs whose distributions are
polarized between axons and dendrites are tau and MAP2 (Dehmelt and Halpain,
2005). Since tau and MAP2 induce the formation of longitudinal microtubule bundles
with a distinct spacing, it is plausible that MAPs are directly involved in the organising
of polarized cargo trafficking in axons and dendrites. So far, there is no evidence that
this different spacing directly influences the transport machinery. In contrast, the
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presence of MAPs on the microtubule lattice seems to affect motor protein motility in
vitro (Dixit et al., 2008). MAPs can cause decreased attachment and/or increased
detachment of kinesin-1 motors and/ or vesicles (Verhey and Hammond, 2009). How-
ever, a direct role of MAPs in guiding polarized transport seems unlikely, as tau and
MAP2 knockout mice show relatively mild phenotypes (Dehmelt and Halpain, 2005).

Microtubule arrays within axon and dendrites are highly organized with respect to
their intrinsic polarity (Hoogenraad and Bradke, 2009; Kapitein et al., 2010a). In the
late :1980s, an elegant hook-decoration technique was used to determine the orientation
of microtubules in axons and dendrites by electron microscopy (Baas et al., 1988;
Burton, 1988). Surprisingly, microtubules in the axon are generally long and uniformly
oriented, with their plus ends facing outward, while the microtubules in the dendrites
are oriented in both directions (Fig. 2.1). Thinner, more distal dendrites, however,
contain unipolar microtubules oriented the same way as axonal ones (Baas et al., 1988,
1989). This specialized microtubule organization has also been captured in action by vi-
sualising EB3-GFP in living neuronal cells (Jaworski et al., 2009; Morrison et al., 2002;
Stepanova et al., 2003). Stepanova et al. showed that in axons and distal dendrites, all
dynamic microtubule plus ends point toward growth cones, while in proximal dendrites,
significant EB3-GFP displacement was directed toward the cell body (Stepanova et al.,
2003). Remarkably, the use of EB1-GFP tracking in Drosophila neurons provided
strong evidence that axons and dendrites both have microtubule arrays of uniform
polarity orientation. However, while axonal microtubules were uniformly plus-end
distal, dendritic microtubules were of the opposite orientation, nearly all minus-end
out (Rolls et al., 2007; Stone et al., 2008). These results show a striking difference
in microtubule orientations in axons and dendrites and further prompt the idea that
these distinct patterns might underlie polarized sorting of synaptic cargos (Fig. 2.2).
Distinct patterns of microtubule orientation can directly generate asymmetries in
the composition of each neuronal compartment by directing specific motor protein
transport into axons or dendrites. Indeed, recent work in vertebrates, worms, and flies
reported a specific role for plus- and minus-end-directed motor proteins in steering
synaptic cargo transport into either axons or dendrites (Kapitein and Hoogenraad,
2011; Zheng et al., 2008) and found that the cyclin-dependent kinase pathway regulates
polarized trafficking of presynaptic components (Ou et al., 2010).

Microtubule Modifications in Neurons

One other way to directly influence synaptic cargo transport is to generate func-
tional diversity by modifying the cytoskeleton; motor proteins recognize the various
spatial cues and establish specific synaptic cargo trafficking routes. It has also recently
been demonstrated that posttranslational modification of microtubules can alter their
stability and motor protein-binding characteristics (Verhey and Hammond, 2009).
Stable microtubules in neurons typically accumulate a variety of posttranslational
modifications, like acetylation, detyrosination, and (poly)glutamylation. Although
both dendrites and axons have high levels of acetylated microtubules, acetylated
microtubules are abundantly present in axons (Witte et al., 2008). The selective
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2. MOLECULAR MOTORS

Figure 2.2: Essential components of the synaptic cargo transport machinery.
Kinesin, dynein, and myosin are the three classes of motor proteins that form the workforce
of the transport system. (a) In the axon, dynein typically moves its cargo retrograde, toward
the cell body, while kinesins move outward toward the synapse. Multiple active and inactive
motors can be simultaneously attached to one synaptic cargo vesicle. (b) The situation in the
dendrite is more complex, as both kinesins and dynein can move in antero- and retrograde
direction, depending on the orientation of the underlying microtubule. (c) Upon arrival at the
base of the spine, cargo vesicles are transported along the actin network by myosin motors
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enrichment of acetylated microtubules in axons can be abolished by inhibition of
a known α-tubulin deacetylase, histone deacetylase 6 (HDAC6), suggesting that in
normal situations, the activity of tubulin-modifying enzymes differs between axons
and dendrites rather than that the acetylation reaction is restricted to the axon
(Janke and Kneussel, 2010). Biochemical evidence revealed that kinesin-1 has an
increased affinity for acetylated microtubules, consistent with the observation that in
fibroblast cells, kinesin-1 motility occurs predominantly over modified microtubules
(Cai and Sheng, 2009b). It was proposed that acetylation of microtubules was the
major determinant for the selective motility of kinesin-1 motors into specific neurites.
Kinesin-1 also preferentially binds detyrosinated microtubules (Liao and Gundersen,
1998), which are also enriched in the axon. Recent work identified a specific region
in kinesin-1, termed b5-L8, to be responsible for this preference (Konishi and Setou,
2009). Interestingly, upon knockdown of tubulin tyrosine ligase (TTL), the fraction
of dendrites that contained kinesin-1 increased. Recently, synaptic activity has been
shown to modify microtubules posttranslational modifications (Maas et al., 2009).
Treatment of neurons with strychnine, an inhibitor of the glycine receptor, increases
neuronal activity, leads to increased polyglutamylation, and influences synaptic cargo
transport. In this way, microtubule modifications are intimately related to synaptic
changes and synaptic cargo transport.

Microtubule- and Actin-Based Motor Proteins

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

Myosin Motor Proteins in Neurons

Myosins were the first molecular motors to be discovered and comprise a large
(∼25 classes) evolutionary conserved family of actin-based motor proteins (Conti and
Adelstein, 2008). Early studies focused on the role of myosins as force generators in
muscle tissue. The head region in the myosin heavy chain contains the motor domain;
this is the site of ATP hydrolysis, which leads to a force generating conformational
change (Conti and Adelstein, 2008). It was long thought that the sole function of
myosin was to generate force in muscles; however, with the discovery of non-muscle
(unconventional) myosin, new roles for myosin motors were uncovered. Several myosin
motors can move directionally along actin filaments, such as myosin V toward the
plus end and myosin VI toward the minus end (Sweeney and Houdusse, 2010; Woolner
and Bement, 2009). Myosin motors have been implicated in short-range transport
of synaptic cargos, especially in the areas of the neuron where there is hardly any
microtubule network, like dendritic spines and presynaptic terminals. For example,
myosin V and VI regulate the mobility of synaptic vesicles at the presynapse (Cingolani
and Goda, 2008) and AMPA receptor-containing recycling endosomes in dendritic
spines (Nash et al., 2010); (Osterweil et al., 2005; Rudolf et al., 2011; Wang et al.,
2008). Moreover, myosin motors can also be involved in regulating microtubule-based
cargo transport, either by making direct physical contact with kinesin motors and
enhancing each others processivity (Ali et al., 2008; Huang et al., 1999) or by coopera-
tive actions of actin- and microtubule-based motors on a single cargo (Gross et al.,
2007). These motor-motor interactions may represent a mechanism by which the
transition of vesicles from microtubules to actin filaments or vice versa is regulated. In
contrast, recent data suggest that myosin V and VI can facilitate organelle docking by
opposing, rather than complementing, microtubule-based movements (Pathak et al.,
2010). Emerging data show that myosin motors are not only important for transport
of cargo, they also regulate the secretion of exocytotic vesicles by docking them in
actin-rich areas (Desnos et al., 2007). Moreover, myosin II can also regulate actin
dynamics in spines in response to synaptic stimulation (Rex et al., 2010; Ryu et al.,
2006). All these different actions of myosin motors, such as regulating synapse shape
and stability, transporting and docking synaptic vesicles, and influencing actin dynam-
ics, are important for synaptic function and plasticity (Hotulainen and Hoogenraad,
2010).

Kinesin Motor Proteins in Neurons

Kinesin-1 was the neuronal transport motor to be identified based on assays of
vesicular motility along microtubules in extruded axoplasm (Vale et al., 1985). Similar
to the myosin superfamily nowadays, many different kinesin motors have been found.
It is thought that approximately 45 different mammalian kinesin genes exist which,
by virtue of alternative splicing, code for as many as 90 different kinesin proteins
(Hirokawa and Noda, 2008). The vast majority of kinesin proteins share a number of
structural characteristics: a highly conserved kinesin motor domain,responsible for
microtubule binding and force generation by ATP hydrolysis; one or more coiled-coil
domains for protein dimerization; and a cargo-binding domain (Hirokawa and Noda,

2



2008; Lawrence et al., 2004; Schliwa and Woehlke, 2003; Vale, 2003). The motor
domain is ATP bound and upon attachment to the microtubule, ATP is hydrolyzed to
ADP, resulting in a conformational change of the kinesin protein. This conformational
change effectively results in a step of 8 nm along the microtubule (Schnitzer and Block,
1997). Since most kinesin form a homodimer, the two heads of the kinesin molecule
move in a hand-over-hand mechanism along the microtubule (Yildiz et al., 2004).
Kinesin movement is highly processive, meaning that once bound to the microtubule,
the motor will move prior to detaching, allowing it to transport cargo over long
distances in axons and dendrites. The position of the kinesin motor domain determines
the direction in which it moves: kinesin proteins with an N-terminal motor domain
(the most common layout) move to the microtubule plus end, whereas kinesins with a
C-terminal motor domain move toward the minus end. Kinesins with a motor domain
in the middle are involved in regulating microtubule dynamics (Hirokawa and Noda,
2008; Verhey and Hammond, 2009). The non-motor regions of kinesin motor proteins
are poorly conserved and have been shown to regulate both motor function (by in-
tramolecular folding and inhibition of ATPase activity) (Verhey and Hammond, 2009)
and cargo binding (by interacting with adaptor proteins) (Schlager and Hoogenraad,
2009). Most cargos bound to kinesin-1 motor proteins, such as amyloid precursor
protein (APP) and Reelin receptor AporER2, interact indirectly via kinesin-1 light
chains (Hirokawa et al., 2010). However, some cargos bind directly to the kinesin
heavy chain, such as the AMPA receptor, which binds via adaptor protein GRIP1
(Setou et al., 2002), and mitochondria, which bind via adaptor protein Milton (Glater
et al., 2006). A recent study showed that kinesin-1 binds synaptic precursor vesicles
via syntabulin and syntaxin-1 (Cai et al., 2007). Knockdown of syntabulin impairs
the anterograde transport of synaptic vesicle precursors. Members of the kinesin-3
family, including KIF1A and KIF1Bβ, also transport synaptic vesicle precursors in the
axon. Both KIF1A and KIF1B knockout mice exhibit defects in sensory and motor
neurons, including a loss of synaptic vesicles (Hirokawa et al., 2010). The delivery
of GABAA receptors to synapses is mediated by the kinesin-HAP-1 complex and is
disrupted by mutant huntingtin (Twelvetrees et al., 2010). Several kinesin motors are
now critically involved in neuronal disease pathogenesis (Goldstein, 2001; Hirokawa
and Noda, 2008; Mandelkow and Mandelkow, 2002; Morfini et al., 2009). For example,
mutations in kinesin-1/KIF5A are associated with spastic paraplegia (Ebbing et al.,
2008), truncating mutations in KIF17 are associated with schizophrenia (Tarabeux
et al., 2010), and heterozygous missense mutations in KIF21A have been found to
cause congenital fibrosis of the extra-ocular muscles (CFEOM), a rare congenital eye
movement disorder that results from the dysfunction of the oculomotor nerve (Yamada
et al., 2003).

Dynein Motor Proteins in Neurons

Similar to kinesin motors, the motor proteins of the dynein family move along
microtubule structures. However, while most kinesin motors move toward the micro-
tubule plus end, dyneins move toward the minus end of the microtubule. In most
species, more than 15 dynein encoding genes have been identified, where the majority
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2. MOLECULAR MOTORS

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

The efficient function of cytoplasmic dynein critically depends on the dynactin
(dynein activator) accessory complex. Most dynein-dependent processes from yeast
and filamentous fungi to invertebrates and mammals require dynactin (Schroer, 2004).
Dynactin has been shown to regulate dynein transport in several ways; it is involved
in targeting of dynein, functions as adaptor protein, and regulates processive dynein
movement (Kardon and Vale, 2009; Schroer, 2004). Dynactin is a large complex that
contains 11 different subunits, and since some subunits are present in multiple copies,
the complete assembly can be comprised of as many as 20 proteins. Detailed EM
studies have revealed that dynactin basically consists of two parts, a rod domain and
arm domain projecting from the rod (Schroer, 2004). Mutations in the p150glued gene,
coding for one of the large dynactin subunits, are found in a family with motor neuron
disease (Puls et al., 2003). Affected patients develop adult-onset vocal fold paralysis,
facial weakness, and distal limb muscle weakness, mainly caused by the selective
loss of motor neurons. Mutant mice with impaired dynein/dynactin function showed
disrupted retrograde axonal transport and develop motor neuron disease similar to
amyotrophic lateral sclerosis (ALS) (LaMonte et al., 2002; Teuling et al., 2008). This
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Figure 2.3: Motor-adaptor-cargo transport complexes. Three typical examples of
motor-adaptor-cargo transport machineries. Each motor protein connects to its cargo via
adaptor molecules. Although the motor proteins, adaptors, and cargos vary, the essential
building blocks are the same in each case. (a) Dynein motor complex connected to neuropep-
tide containing Rab6-positive vesicles via adaptor BICD-2. (b) Kinesin-1 is connected to
mitochondria via Miro and Milton. This complex is regulated by calcium. (c) Myosin V
transports glutamate receptor-containing vesicles by connecting to Rab11-FIP2

illustrates both the importance of subunits in the dynactin complex as well as the
crucial role of dynein-based transport in the nervous system.

Cytoplasmic dynein transports neurotrophic tyrosine kinase receptor family (Trk)
(Ha et al., 2008), Rab6-positive neuropeptide-containing secretory vesicles (Colin
et al., 2008; Schlager et al., 2010), the piccolo/bassoon complex (Fejtova et al., 2009)
and mitochondria (Hollenbeck and Saxton, 2005) retrogradely in the axon, while
in the dendrites, the cargos carried by cytoplasmic dynein include glycine receptor
vesicles (Maas et al., 2006), messenger ribonucleoproteins (mRNPs) (Villacé et al.,
2004), Rab5 endosomes (Satoh et al., 2008), and AMPA receptor vesicles (Kapitein
et al., 2010a). In these cases, the cargos bind to the dynein complex either directly or
through adaptor proteins such as gephyrin (glycine receptor) or Bicaudal-D and related
proteins (Rab6, BDNF, NPY) (Fig. 2.3). Regulation of the binding is controlled
via phosphorylation, GTP hydrolysis of the small Rab-GTPases, or Ca2+ signaling
(Schlager and Hoogenraad, 2009).
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Regulating Motor Protein Based Transport

Precise regulation of motor-based transport is essential to ensure precise cargo
delivery to synapses. The list of molecules that are known to link specific transport
motors to synaptic cargos is rapidly expanding (Hirokawa et al., 2010; Schlager and
Hoogenraad, 2009). Biochemical and proteomics approaches and high-throughput
yeast two-hybrid screens have identified more than 100 proteins that bind to kinesin-1
in mammals, flies, and worms (Gindhart, 2006). Most of these proteins act as cargo
molecules themselves or function as motor-adaptor proteins (scaffolding proteins, Rab
GTPases, signaling proteins); some are regulators of motor activity. Emerging data
from several organisms and different experimental systems suggest that transport
motors can be regulated at several points, including motor- cargo binding, motor acti-
vation, motor switching, microtubule track selection, cargo release at the destination,
and the recycling of motors (Schlager and Hoogenraad, 2009; Verhey and Hammond,
2009). It is becoming increasingly clear that motor-adaptor-cargo interactions play
a key role in identifying synaptic cargos and regulating synaptic cargo trafficking.
In this section, we discuss recent work that has shed light on the regulation of the
synaptic cargo-motor interactions. To illustrate the common layout and components
of motor-adaptor-cargo complexes, we will focus here on two calcium-regulated motor
adaptors, the endosomal myosin-V-FIP2 and mitochondrial kinesin-1-Milton-Miro
complexes (Fig. 2.3).

Motor-Adaptor-Cargo Interactions

In the large majority of cases, motor proteins do not bind directly to vesicles
or synaptic proteins, but they interact with cargo via so-called adaptor proteins.
The main role of adaptor proteins is to provide an additional layer of regulation for
transport specificity and selectivity. Adaptors can be single proteins, such as GRIP
linking KIF5 to AMPA receptors (Hoogenraad et al., 2005; Setou et al., 2002), or
protein complexes such as the Mint/CASK/MALS linking KIF17 to NR2B subunits of
NMDA receptors (Setou et al., 2000). Interestingly, recent findings show that CaMKII
activity is correlated with regulated cargo release near the postsynaptic membrane.
Here, CaMKII has been shown to phosphorylate KIF17, which induces the dissociation
of the Mint scaffolding protein complex and release of NMDA receptor-containing
cargo near the postsynaptic membrane (Guillaud et al., 2008). In this way, regulated
CaMKII activity provides an attractive mechanism for targeting NMDA receptor
complexes to active synapses where an activity regulated kinase is switched ‘on’. The
significance of KIF17 function to brain function is further illustrated by the observa-
tion that transgenic mice overexpressing KIF17 show enhanced spatial and working
memory (Wong et al., 2002). Additional examples of regulated adaptor proteins are
the DENN/MADD adaptor protein that binds KIF1A and KIF1Bβ and interacts
with Rab3 vesicles (Niwa et al., 2008), liprin family proteins as adaptors that link
KIF1A to synaptic vesicle precursors (Miller et al., 2005; Wagner et al., 2009), and
Bicaudal-D family proteins connecting dynein motors to Rab6-positive neuropeptide
secretory vesicles (Grigoriev et al., 2007; Matanis et al., 2002; Schlager et al., 2010).

2



Interestingly, these Rab6-positive secretory vesicles also contain semaphorin 3A and
BDNF and are anterogradely transported in axons by kinesin-3 motors (Barkus et al.,
2008; De Wit et al., 2006; Schlager et al., 2010). Thus, regulation of cargo binding
can be controlled via phosphorylation or GTP hydrolysis of the small Rab-GTPases
(Schlager and Hoogenraad, 2009).

A third way to control intracellular trafficking is to regulate motor-cargo inter-
actions by responding to changes in local ion concentrations. It is well known that
activation of NMDA receptors causes a rapid influx of Ca2+ in dendritic spines. A
recent study shows that myosin Vb is a ‘Ca2+ sensor’ for actin-based postsynaptic
AMPA receptor trafficking (Wang et al., 2008). Increased Ca2+ levels lead to unfolding
of myosin Vb motors and allows for binding to Rab11-FIP2 adaptors on recycling
endosomes (Schlager and Hoogenraad, 2009) (Fig. 2.3). The association of myosin Vb
with Rab11-FIP2 transports AMPA receptor-containing recycling endosomes into the
actin-rich spines. Thus, elevated Ca2+ levels in spines promote local postsynaptic traf-
ficking. On the other hand, Ca2+ influx reduces mitochondrial motility (Boldogh and
Pon, 2007). The Milton-Miro complex was identified as an adaptor between kinesin-1
and mitochondria and a candidate for Ca2+-dependent regulation of mitochondrial
transport. Indeed, recent studies suggest that the mitochondrial Miro-Milton adaptor
complex is important for the Ca2+-dependent regulation of mitochondria trafficking
(Wang and Schwarz, 2009)(Fig. 2.3). Elevated Ca2+ levels permit Miro to interact
directly with the motor domain of kinesin-1. The interesting aspect of this model is
that kinesin-1 remains associated with mitochondria regardless of whether they are
moving or stationary. In the ‘moving’ state, kinesin-1 is bound to mitochondria by
binding to Milton, which in turn interacts with Miro on the mitochondrial surface.
In the ‘stationary’ state, in the presence of high Ca2+ levels, the kinesin-1 motor
domain interacts directly with Miro and prevents microtubule interactions. In contrast,
another recent paper showed that the presence of Ca2+ inhibits the Miro1/kinesin-1
protein-protein interaction and that the motor is dissociated from mitochondria yield-
ing arrested movement (Macaskill et al., 2009). Both findings imply the existence
of ‘Ca2+ sensors’ that detect neuronal activity stimuli and convert Ca2+ influx into
mechanisms regulating cargo trafficking.

Conclusions and Future Directions

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

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

In this chapter, we have shown how the cellular infrastructure is essential for
neuronal development and plasticity. This highly adaptive network of filaments, motor,
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adaptor, and cargo proteins is able to answer the ever-changing demands of neuronal
networks in action. As a large number of neurological diseases illustrate, there is little
room for error. If this fascinating intracellular transport system is not working at peak
efficiency, neurons are not able to function properly and will eventually degenerate
and die. Future studies on neuronal cytoskeletal dynamics and the synaptic transport
machinery may lead to new insights and, hopefully, new treatments for neurological
and psychiatric disorders.
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3. BICD2 IN CEREBELLAR GRANULE CELL MIGRATION

are adaptor proteins involved in microtubule-based transport by docking the dynein
motor proteins to appropriate cargos (Grigoriev et al., 2007; Coutelis and Ephrussi,
2007; Januschke et al., 2007). Recently, mutations in BICD2 have been linked to a
spectrum of motor neuron disorders, in particular a dominant mild early onset form
of spinal muscular atrophy (Neveling et al., 2013; Oates et al., 2013; Peeters et al.,
2013), suggesting that BICD2 plays an important role in the nervous system.

To further examine the in vivo function of BICD2, we generated Bicd2 knockout
(KO) mice. Here we report that these mice develop defects in laminar organization of
the cerebral cortex, hippocampus and cerebellar cortex, indicative of radial neuronal
migration defects. Cell-specific inactivation of BICD2 in astrocytes and neuronal
precursors revealed that radial cerebellar granule cell migration is non-cell-autonomous
and intrinsic to cerebellar Bergmann glia cells. Mass spectrometry analysis revealed
that Bicd2 mutant mice have strongly reduced levels of the extracellular matrix protein
Tenascin C. Our data demonstrate that Bergmann glia cells provide critical cues for
granule neuron polarization and migration, and that BICD2 is a critical part of the
Bergmann glia signaling mechanism responsible for granule cell migration. This study
reveals an unexpected action of BICD2 in glia cell-guided granule cell migration that
is of key importance for cerebellar development and function.

Results

BICD2 is required for cerebral cortex development

To generate an inducible Bicd2 knockout allele, we introduced two resistance mark-
ers by sequential rounds of homologous recombination. In the first round, a neomycin
cassette surrounded by loxP sequences was inserted into intron 1. In the second
round, a puromycin selection marker, surrounded by loxP sequences and followed by a
β-galactosidase (lacZ) reporter gene fused to a nuclear localization signal (NLS), was
inserted downstream of the mouse Bicd2 gene (Figure S3.1). ES cells with this floxed
Bicd2 allele (termed Bicd2f ), were transfected with a plasmid expressing Cre recombi-
nase yielding a knock-out Bicd2 (Bicd2−) allele, that generates a transcript consisting
of exon 1 of Bicd2 and the lacZ reporter gene (Figure S3.1). Bicd2f ES cell clones were
used to generate mice carrying the inducible and knockout Bicd2 alleles (Figure S3.1A).

Matings between heterozygous Bicd2+/− mice yielded Bicd2−/− mice at near-
Mendelian frequencies, but Bicd2−/− mice displayed increased mortality during early
post-natal life resulting in a sub-Mendelian frequency of Bicd2−/− mice (13% of 208
mice) at P10. Late embryonic and newborn Bicd2−/− mice were indistinguishable
in gross appearance and weight from heterozygous and wildtype littermates (Figure
3.1A), but after birth the Bicd2−/− mice developed an enlarged dome-shaped skull,
indicative of hydrocephalus (Figure 3.1B). By P14 Bicd2−/− mice started to show
reduced weight compared to their littermates (Figure 3.1C), and by P30 all Bicd2−/−

mice died. Behaviorally, Bicd2−/− mice at P20 displayed motor abnormalities: the
mice walked with an abnormal wide-based gait of both fore- and hind paws, and
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frequently made missteps when placed on a grid (Movie 3). Furthermore, at 3 weeks
of age, the mice were unable to walk on a balance beam and showed clasping rather
than extension of the hind limbs when lifted by their tail.

Examination of Bicd2−/− mice at P15-P25 revealed no gross alterations in internal
organs, except for a smaller size, and confirmed that Bicd2−/− mice developed severe
hydrocephalus, which was characterized by progressive expansion of lateral ventricles
(ventriculomegaly), loss of white matter and ependymal cells surrounding the ventri-
cles, severe thinning of the cortex and atrophy of other telencephalic areas, including
striatum, hippocampus and septum (Figures 5.1D, S3.2A-D). Apart from cerebellar
cortex (see below) other brain regions and spinal cord appeared normal (Figure S3.2F).
Analysis of the aqueduct at P5 suggested a smaller diameter indicative of aqueductal
stenosis (Figure S3.2E).

In addition to the Bicd2−/− mice which completely lack the gene in all tissues, we
generated mice that were deficient in BICD2 in the entire nervous system but showed
normal BICD2 expression in most internal organs by crossing floxed Bicd2f/f mice with
Nestin-Cre mice (Dubois et al., 2006). Nestin-Cre Bicd2f/f mice reproduced the severe
progressive hydrocephalus, neurological features and short life span of Bicd2−/− mice
(Table 3.1). Crossing of Bicd2f/f mice with GFAP-Cre mice, which exhibit sustained
Cre-recombinase expression in astrocytes and transient Cre activity in some neuronal
precursor cells (Zhuo et al., 2001) resulted in less severe or no hydrocephalus (Table
3.1). GFAP-Cre Bicd2f/f mice without hydrocephalus revealed a second major nervous
system abnormality of BICD2-deficient mice, i.e. a disordered laminar organization of
the cerebral cortex (Figure 5.1E) and hippocampus (Figure S3.3). Consistent with
impaired radial migration, Foxp2, a marker predominantly found in deep corticofugal
layer V and VI neurons, was present in superficial layers in GFAP-Cre Bicd2f/f mice
(Figure 3.1F). Corticofugal axonal trajectories (labeled with anti-neurofilament M
antibody) arose in superficial instead of deep cortical layers. Importantly the same
cortical and hippocampal phenotype was also observed in EMX1-Cre Bicd2f/f mice
that are selectively deficient for BICD2 in radial glia, glutamatergic neurons and
astrocytes in the cortex and hippocampus (Gorski et al., 2002) (Table 3.1; Figure
3.1G). Together, the data from GFAP-Cre and EMX1-Cre Bicd2f/f mice indicate
that BICD2 is essential for the proper development of the cerebral cortex, and suggest
that BICD2 plays a role in radial migration of excitatory neurons. These data are
consistent with the neurogenesis and early neuronal migration defects observed after
BICD2 knockdown in cortical brain slices by in utero electroporation (Hu et al., 2013).

BICD2 is required for cerebellar granule cell migration

In the cerebral cortex, radial glia progenitor cells give rise to neurons and glia cells
and act as a scaffold for radial migration, making it difficult to differentiate between
potential glia- and neuron-specific defects and to decipher to which extent disorganized
laminar organization follows from neurogenesis abnormalities or impaired migration
(Kriegstein and Alvarez-Buylla, 2009). In the cerebellar cortex, however, granule cells
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Figure 3.1: Hydrocephalus and disrupted laminar organization of the cortex in
BICD2-deficient mice A, B) Photographs of BICD2 knockout (Bicd2−/−) mice showing
a normal gross appearance at embryonic day 19 (A), and a dome-shaped head indicative
of hydrocephalus at post-natal day 20 (B). C) XY plot of body weight (mean ± SE, n ¿
4 per group) showing near-normal weight of Bicd2−/− mice up to post-natal day 13, and
weight loss during subsequent days. D) Coronal brain sections of P20 mice stained for LacZ
and neutral red reveal enlarged lateral ventricles (LV), thinning of the cortex (Cx) and
atrophy of several telencephalic areas including striatum (Str) and lateral septum (LS) in
homozygote Bicd2−/− and no change in heterozygote Bicd2+/− mice. Note the moderate
and high level of LacZ staining throughout the forebrain of Bicd2+/− and Bicd2−/− mice,
respectively, indicative of widespread BICD2 expression. E) Coronal LacZ/neutral red-stained
sections of the cortex of floxed Bicd2f/f crossed with a GFAP-Cre line; the high magnification
of the primary somatosensory cortex illustrates disrupted cortical laminar organization.
Also note the thin corpus callosum (cc) and capsula externa (ce) in GFAP-Cre/Bicd2f/f

mice. F) Immunofluorescence of NeuN and FoxP2 or Calbindin showing altered laminar
distribution of FoxP2 and calbindin in GFAP-Cre/Bicd2f/f cortex. FoxP2 that in control
mice is present in lamina V and VI pyramidal neurons, in GFAP-Cre/Bicd2f/f cortex is
distributed in superficial lamina. Note the absence of a laminar organization of NeuN+
cells in GFAP-Cre/Bicd2f/f cortex. Also note disorganized pyramidal cell layer in the CA1
of GFAP-Cre/Bicd2f/f hippocampus (arrow). G) Immunofluorescence of neurofilament-M
(NFM) showing abnormally oriented axonal bundles coursing from the superficial lamina
towards the capsula interna in neocortex of EMX1-Cre/Bicd2f/f mice (arrow). Scale bars: 5
mm (A, B), 1 mm (D, E, G), 200 µm (E, F, G).
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originate in the external granule cell layer (EGL) and migrate inward to the internal
granule cell layer (IGL) along radial processes of Bergmann glia. Granule and glial cells
originate from different precursors (Buffo and Rossi, 2013; Xu et al., 2013a), which
makes it easier to establish the origin of migration deficits. Bicd2−/− mice showed a
disproportionately small cerebellum with grossly intact subdivision in vermis and hemi-
spheres and foliation (Figure 3.2A; Figure S3.2), but an altered laminar organization,
indicative of the absence of radial granule cell migration. Instead of laminar subdivision
into molecular, Purkinje cell, and granular layer, in Bicd2−/− cerebellar cortex the cell
bodies of Purkinje cells (Calbindin+, NeuN-) were positioned near the white matter,
while other neurons (NeuN+) were spread over a single superficial layer (Figure 3.2B,
C). This layer contained both molecular layer interneurons (NeuN+, Parvalbumin+,
Calbindin-), as well as a high density of granule cells, identified by immunostaining
for the α6 GABAA receptor subunit that is only expressed by adult, post-migratory
granule cells (Figure 3.2D-G). Cerebellar Golgi cells (mGluR2+), which are localized
in the granule cell layer of wild-type mouse cerebellar cortex, were concentrated be-
tween the white matter and the Purkinje cell layer, and did not occur in Bicd2−/−

molecular/granule cell layer (Figure S3.4). Staining for the glutamate synaptic vesicle
transporter VGluT1, which is present in parallel fiber and mossy fiber endings in the
cerebellar molecular and granular layers, respectively, revealed prominent punctate
staining in the Bicd2−/− molecular/granular layer, indicative of the presence of parallel
fiber endings (Figure 3.2F,G). VGluT1-immunostaining near the Purkinje cell layer
also revealed sporadic larger irregular structures resembling mossy fiber endings, which
accordingly codistributed with α6 GABAA receptor-immunoreactivity, indicative of
granule cell dendritic processes in the glomeruli (Figure 3.2G). Immunostaining for
VGluT2, which is present in an additional and partially overlapping population of
mossy fiber endings as well as in climbing fiber endings, confirmed the presence of a
low number of mossy fiber endings and indicated impaired climbing fiber innervation
of Purkinje cells in Bicd2−/− cerebellar cortex (Figure S3.4C,D). Immunostaining
for zebrin II suggests preserved parasagittal compartmentalization of Purkinje cells
(Figure S3.4E, F).

Analysis of early post-natal brain indicated that Bicd2−/− cerebellar cortex ap-
peared normal at post-natal day 2, before the onset of radial migration. As in control
the subsequent days was characterized by proliferation of granule cells and the gradual
expansion of the area between the Purkinje cell layer and the pial surface. However,
instead of migrating and forming the interior granule cell layer, granule cells accumu-
lated throughout the molecular layer (Figure 3.3A,B). Consistent with impaired inward
radial migration, no granule cells with a polarized radially-oriented elongated shape
characteristic for migration (Komuro and Rakic, 1995) were present in the molecular
layer of Bicd2−/− P5-P15 cerebellar cortex (Figure 3.3C,D). Thus, the absence of
profiles of radially migrating cells, the accumulation of granule cells in the molecular
layer and the absence of an internal granule cell layer show that inward radial granule
cell migration is severely disrupted in Bicd2−/− mice (Movie 3).
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Figure 3.2: Granule cells populate the molecular layer in Bicd2−/− cerebellar
cortex A, B) Sagittal sections of P11 and P16 cerebellum stained with H&E. The low
magnification in A illustrates the intact folial organization of the vermis of Bicd2−/− cerebellar
cortex. The high magnification in B shows the absence of the internal granule cell layer
(igl) and a high density of cells in the molecular layer (ml) in Bicd2−/− cerebellum. C)
Sagittal sections of P16 cerebellum immunostained with anti-NeuN and anti-calbindin. Note
that in Bicd2−/− cerebellar cortex the Purkinje cell layer (Pcl, calbindin+ cells) is localized
adjacent to the white matter (wm), and that Purkinje cell dendritic arbors extend up to
the pial surface. D-G) Double-labelling confocal immunofluorescence of α6 GABAA receptor
subunit (α6GABAAR) with Parvalbumin (Parv) and VGluT1, respectively, in transverse
sections of P20 cerebellum. Note the presence of many α6GABAAR+ cells (arrow head in
E), a moderate amount of Parv+ cells (arrow in E), and abundant VGluT1 labelling (G)
in the ml/gl layer of Bicd2−/− cerebellar cortex. The arrow in F points to a glomerulus
containing both α6GABAAR+ granule cell dendritic processes and a VGluT1+ mossy fiber
ending. Occasionally, double-labeled glomeruli-like structures occur near the Pcl of Bicd2−/−

cerebellar cortex (arrow in G). Optical sections in D-G, 1 µm. Scale bars: 200 µm (A), 25
µm (B, D), 50 µm (C)

3



Figure 3.3: No radial granule cell migration in Bicd2-/- cerebellar cortex A-C)
Sagittal paraffin sections of P5 (A, B), P7 (C), P9 and P11 section stained with H&E showing
development of Bicd2−/− cerebellar cortex during the period of radial granule cell migration.
Note the multiple flattened radially-oriented cells in the nascent molecular layer of wild-type
(arrows in B and C) but not Bicd2−/− cerebellar cortex. D) Plot of density of flattened
radially-oriented cells (mean ± SE, N = 10) in the molecular layer (wt mice) or the mixed
molecular/granular layer (Bicd2−/−) extending from the Purkinje cell layer up to 20 µm
below the pial surface. Scale Bars: 200 µm (A), 50 µm (B), 20 µm (C)
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BICD2 is expressed in Bergman glia but not in granule cells

Analysis of BICD2 expression by Western blotting showed the presence of BICD2
protein in multiple tissues including the brain. It also confirmed the absence of BICD2
in tissue homogenates from Bicd2−/− mice and reduced expression in heterozygous
Bicd2+/− mice (Figures 3.4A, S3.5). BICD2 is expressed at relatively high levels
in embryonic and early post-natal brain, while its expression decreases after P10,
resulting in relatively low levels in adulthood (Figures 3.4B, S3.5). The absence of
BICD2 in the knockout mice did not lead to a significant change in the expression
level of its close homologue BICD1 (Figure 3.4C), indicating that there is no up- or
down regulation of BICD1 in the absence of BICD2. Moreover, absence of BICD2
in the cerebellum and cortex did not change the expression levels of BICD2 binding
partners, such as Rab6 and cytoplasmic dynein (DIC74) and its regulatory proteins
dynactin (p150Glued) and Lis1 (Figures 3.4C, S3.5).

Immunohistology shows that BICD2 is diffusely distributed throughout the nervous
system. Relatively high staining intensities occurred in non-neuronal cells (NeuN-)
and some populations of neurons (NeuN+), including motor neurons in cranial nerve
motor nuclei and large neurons throughout the reticular formation (Figure S3.6A-E).
The specificity of the staining for BICD2 was confirmed by the absence of staining
in sections from Bicd2−/− mice. In post-natal and adult cerebellar cortex, BICD2
immunoreactivity occurred in all layers, with the highest staining intensity in the
molecular layer and the white matter (Figure 3.4D). In the molecular layer, BICD2
immunoreactivity colocalized with GFAP and the excitatory amino acid transporter
EAAT2 (GLT1, SLCIA2) indicating that it is associated with Bergmann glial cells
(Figure 3.4E, F). No staining above background was observed in Purkinje cells and
pre- and post migratory granule cells in the external and internal granule cell layer,
respectively. The preferential labelling of BICD2 in Bergmann glia is in agreement
with in situ hybridization data from the Allen Mouse Brain Atlas (Lein et al., 2007),
and with the preferential distribution of LacZ staining in Bergmann glial cells in
cerebellar cortex of heterozygous Bicd2+/− mice (Figure 3.4G). Furthermore, also in
neuron-astrocyte cerebellar co-cultures BICD2 staining was present in GFAP-positive
astroglial cells but not in MAP2-positive cells (Figure S3.6F). Taken together, our
data indicate that BICD2 is not expressed in pre-migratory or migrating granule cells,
but rather in Bergmann glial cells, which are essential for successful radial migration
of granule neurons in the cerebellum.

BICD2 has a non-cell-autonomous function in migration

The predominant expression of BICD2 in Bergman glia cells raises the possibility
that defects in radial granule cell migration in Bicd2−/− mice result from the loss of
BICD2 function in Bergmann glia. Accordingly, crossing of Bicd2f/f mice with GFAP-
Cre mice, which show sustained Cre-recombinase expression in astrocytes including
Bergmann glia, results in the same granule cell migration defects that are observed
in global Bicd2−/− mice (Figure 3.5A). However, in view of Cre activity in some
neuronal precursor cells including cerebellar granule cells (Zhuo et al., 2001), the data
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from GFAP-Cre/Bicd2f/f mice do not exclude a role of BICD2 in migrating granule
cells. We therefore crossed Bicd2f/f mice with Math1-CreERT2 mice, which express
tamoxifen-inducible Cre-recombinase in granule precursor cells (Machold and Fishell,
2005), and injected pregnant mothers with tamoxifen. Math1-CreERT2/Bicd2f/f

offspring showed a normal cerebellar cortex, and systematic analysis of sections stained
for the post-migratory granule cell marker α6 GABAA receptor showed that all granule
cells were in the internal granule cell layer at P20 (Figure 3.5B). This indicated that
elimination of BICD2 in pre-migratory cells does not affect radial granule cell migration.
To further exclude that BICD2 has a cell intrinsic role in migrating granule cells, we
performed shRNA mediated knockdown of BICD2 in pre-migratory granule cells using
ex vivo electroporation of P10 rat cerebella. Consistent with the data from Math1-
CreERT2/Bicd2f/f mice, radial granule cell migration was unaltered in BICD2 shRNA
treated granule cells (Figure 3.5C). These data indicate that cerebellar granule cell
migration defects in Bicd2−/− mice are non-cell-autonomous and intrinsic to astrocytes.

BICD2 does not influence Bergmann glial cell morphology

All the results indicate that the radial granule cell migration deficit in Bicd2−/−

mice results from a loss of function of BICD2 in Bergmann glia, which has a scaf-
folding function in radial granule cell migration. It is thus conceivable that the
disruption of Bergmann fiber scaffold causes the Bicd2−/− cerebellar phenotype.
GFAP-immunohistochemistry showed that Bicd2−/− mice show abundant radial glial
fiber labelling (Figure 3.6A,B). Bicd2−/− radial glia showed an ordered radial or-
ganization of in the external granule cell layer with orthogonal orientation relative
(Figure 3.6A-C). In view of a small proportion of GFAP-positive fibers with abnormal
non-radial orientation (Figure 3.6B), we further analyzed Bergmann glial cells in
Bicd2−/− mice crossed with GFAP-GFP transgenic mice that express GFP in a subset

Figure 3.4 (on the next page): Preferential BICD2 expression in Bergman glia
in cerebellar cortex A) Western blot with BICD2 antibody (#:2294) showing reduced
and no expression of BICD2 in tissue homogenates of P20 heterozygote Bicd2+/− (+/-)
and homozygote Bicd2−/− (-/-) mice, respectively. B) Western blot showing relatively high
BICD2 expression in developing nervous system. C) Comparative Western blot analysis
showing unaltered BICD1 (antibody #:2295 for BICD1, and upper band in strip stained
with antibody #:2293 for BICD1/2), dynein components and interacting proteins (dynactin
p150, dynein intermediate chain 74, Lis1) and Rab6 expression in Bicd2−/− cortex and
cerebellum. Full size Western blots can be found in Figure S3.5. D) Immunohistochemistry
with anti-BICD2 antibody showing the absence of staining in P10 Bicd2−/− cerebellar cortex
and prominent staining in the molecular layer (ml) and the white matter (wm) of wild-type
cerebellar cortex. E, F) Double-labelling confocal immunofluorescence (optical sections 1m)
showing codistribution of BICD2 with GFAP and the excitatory amino acid transporter
EAAT2 in the ml and the external granule cell layer (egl). Note in right panel in F that
EAAT2 labelling appears the same as in wildtype in Bicd2−/− cerebellar cortex. G) LacZ
staining in sagittal cerebellar section of P10 heterozygote Bicd2+/− mice is predominantly
present in the Purkinje cell layer. Scale Bars: 50 µm (D), 20 µm (F, G), 10 µm (E)
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of Bergmann glial cells. Consistent with a grossly normal organization of Bergmann
glia, the far majority of GFP-labeled Bergmann glia cells had the cell body near the
Purkinje cells and radial processes extending up to the pial surface as in wild-type mice
(Figure 3.6D-G). These results indicate that morphology and structure of Bergmann
glial cells are largely unaffected in Bicd2−/− mice.

BICD2−/− mice have altered extracellular matrix composition

Having shown that migration defects in Bicd2−/− mice are intrinsic to the Bergmann
glial cells, we wanted to gain a better understanding of how BICD2 regulates cerebellar
granule cell migration. We first focused on the subcellular distribution of known
BICD2 binding partners, such as Rab6, dynein/dynactin and RanBP2. Immunofluo-
rescence with antibodies against these proteins revealed no major changes in Bicd2−/−

Bergmann glia (Figure 3.6E,G). Moreover, no change in centrosome position or Golgi
apparatus morphology was observed in these cells.

Next, we searched for molecular changes in Bicd2−/− mice using mass spectrometry.
Proteomics analysis was performed with biological duplicates on cerebellar extracts
from control and homozygote Bicd2−/− mice at P15. Mass-spectrometry analysis of
whole lanes revealed several up- and down regulated proteins, and we decided to focus
on the factors that were previously found to influence neuronal migration, including sig-
naling factors, extracellular matrix and adhesion molecules (Solecki, 2012; Hatten, 1999;
Chizhikov and Millen, 2003; Govek et al., 2011; Chédotal, 2010). Some of these proteins
were only mildly affected in the Bicd2−/− cerebellum, while others like N-cadherin and
integrin β1 showed a strongly reduced expression (Tables 3.2 and 3). Only two proteins
were absent from the Bicd2−/− cerebellum in two separate experiments, Doublecortin
(DCX) and Tenascin-C. Since microtubule-associated protein DCX is restricted to
migrating neurons and absent from Bergmann glia cells (Bai et al., 2003; Huynh et al.,
2011), we further analyzed the extracellular matrix protein Tenascin C. Tenascin C
is produced by Bergmann glia cells (Bartsch et al., 1992), has been implicated in
neuron-glia cell recognition (Chiquet-Ehrismann and Tucker, 2011; Jones and Jones,
2000) and is known to be important for granule cell migration in the cerebellum (Kruse
et al., 1985; Grumet et al., 1985; Chuong et al., 1987; Husmann et al., 1992). We deter-
mined the Tenascin C distribution by immunofluorescence experiments using antibody

Figure 3.5 (on the next page): BICD2 depletion in pre-migratory cerebellar
granule cells does not influence radial migration A) Coronal thionin-stained sections
showing that GFAP-Cre/Bicd2f/f do not develop an internal granule cell layer. B) Unaltered
distribution of α6GABAAR-labeled granule cells in P25 Math1-CreERT2/Bicd2f/f cerebellar
cortex. C) P10 rat cerebella were ex vivo electroporated with Bicd2 or scrambled control
shRNAs and GFP expression vector. The fraction of GFP+ granule cells was quantified for
each layer per picture (three separate experiments were performed, total number of pictures
analyzed for shScr = 40, shBicd2 = 33). The average distribution of GFP+ granule cells is
shown in the graph (error bars are SEM, n = 3). Scale Bars: 1 mm (top A, B), 100 µm (B),
50 µm (A, C)
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staining and confirmed that the levels of Tenascin C in the Bicd2−/− cerebellum were
low (Figure 3.6H-J). Thus while Tenascin C was abundantly present in the molecular
layer of P7-P15 wild type cerebellum the levels of Tenascin C were low throughout
the cerebellar cortex in Bicd2−/− mice at this age (Figure 3.6I-M). Together these
data show that Bicd2−/− mice have an altered extracellular matrix composition in
the molecular layer, which could be responsible for the defects in granule cell migration.
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Figure 3.6: Altered extracellular matrix composition in BICD2-deficient cerebel-
lar cortex A, B) GFAP immunoperoxidase-histochemistry in P10 coronal sections showing
ordered radially-oriented Bergmann glia processes in wt and more disorganized processes
Bicd2−/−cerebellum. C) Quantification of the angle of the Bergmann glia cell radial processes
with the pial surface (mean ± SE, N=250) from wt and Bicd2−/− mice. D-G) Maximal
projection of confocal stack (11 sections, total thickness of optical section, 5 µm) of Rab6
immunofluorescence in coronal P20 cerebellar sections from wt and Bicd2−/− mice that
also are transgenic for a GFAP-EGFP construct resulting in the expression of EGFP in
subsets of astrocytes, including Bergmann glia cells. Note EGFP-positive Bergman glia cells
that extend radial processes to the pial surface cerebellum in both wt (D) and Bicd2−/−

(F) cerebellum. Also note that Rab6 immunoreactivity which is mainly distributed in the
trans-Golgi apparatus shows the same distribution in wt and Bicd2−/− Bergman glia cell
body (E, G). H-J) Double-labelling confocal immunofluorescence (optical sections 1.5 µm)
of tenascin and GFAP immunoreactivity showing reduced labelling in Bicd2−/− cerebellum.
K-M) Fluorescent intensity of the indicated marker in the molecular layer (wt mice) or the
mixed molecular/granular layer (Bicd2−/− mice) from the pial surface up to the Purkinje
cell layer. Scale Bars: 25 µm (A, D, I).
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Discussion

In this study, we have shown that the conserved dynein adaptor protein BICD2
is essential for proper development of the brain, where it plays an important role
in the establishment of the laminar organization of the cerebral and cerebellar cor-
tices. In particular, by comparing different mouse lines missing BICD2 in specific
cell populations, we demonstrated that BICD2 has a non-cell-autonomous function
in driving inward radial migration of cerebellar granule cells. In addition, by using a
proteomic approach we provide evidence that the extracellular matrix protein Tenascin
C produced by the Bergmann glia cells may account for the non-cell-autonomous role
of BICD2 in migration.

Multiple factors have been identified that control granule cell migration in a cell-
autonomous manner (Solecki, 2012; Hatten, 1999; Chizhikov and Millen, 2003; Govek
et al., 2011; Chédotal, 2010), such as proteins that control centrosome positioning
and nucleokinesis (Tanaka et al., 2004; Ohshima et al., 1999; Yamasaki et al., 2001;
Hippenmeyer et al., 2010) and neuronal adhesion molecules that mediate granule
cell-Bergmann glia interaction (Renaud et al., 2008; Rio et al., 1997; Adams et al.,
2002). Moreover, several abnormalities in Bergmann glia cell structure and function
have been shown to cause granule cell migration alterations (Buffo and Rossi, 2013;
Xu et al., 2013a). For instance, mutant mice that disrupt the radial scaffold structure
of Bergmann glia fibers develop migration deficits (Yue et al., 2005; Wang et al., 2011;
Lin et al., 2009). Also mutant mice with Bergmann glia fibers with abnormal end feet
at the pial surface show impaired migration and develop clusters of ectopic granule
cells (Belvindrah et al., 2006; Ma et al., 2012).

An important feature of the Bicd2−/− mice is the complete absence of an internal
granule cell layer, indicating a severe disruption of granule cell migration (Movie 3).
This phenotype is more severe than the migration deficits found in any other granule
cell migration deficient mouse model. In addition, the laminar distribution of other
cerebellar cortical neurons including Purkinje cells and molecular layer interneurons
appears intact, indicating that the migration deficit is specific for granule cells. Fur-
thermore, only subtle abnormalities in the overall Bergmann glia cell organization are
observed, suggesting that the granule cell migration deficit in Bicd2−/− mice cannot
be explained by structural changes in Bergmann glia morphology. Nevertheless, our
data strongly indicate that the granule cell migration deficits result from a loss of
function of BICD2 in Bergmann glia, as BICD2 is expressed in Bergmann glia cells,
but not in pre-migratory or migrating granule cells. In addition, selective deletion of
BICD2 in pre-migratory granule cells does not influence radial migration, while the
depletion of BICD2 in astrocytes including Bergmann glia cells leads to the same gran-
ule cell migration defects as observed in global Bicd2−/− mice. The data indicate that
BICD2 has a non-cell-autonomous role in granule cell migration in the cerebellar cortex.

How can BICD2 exert non-cell-autonomous effects? We envision two scenarios that
are not mutually exclusive. First BICD2 could regulate dynein-mediated trafficking
in Bergmann glia cells. BICD2 is a regulator of dynein function and plays a role in
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dynein-mediated cellular processes, such as microtubule minus-end directed trafficking
(Claussen and Suter, 2005). BICD2 binds to the dynein motor complex (Hoogenraad
et al., 2001), promotes a stable interaction between dynein and its accessory factor
dynactin (Splinter et al., 2012) and induces microtubule dependent minus-end directed
transport (Hoogenraad et al., 2003). Similar to the Drosophila BICD mutant embryos
(Bullock and Ish-Horowicz, 2001), Bergmann glia cells lacking BICD2 could have
defects in dynein-mediated transport pathways. However, we did not observe cellular
phenotypes related to globally impaired dynein/dynactin function in Bergmann glia
cells, such as Golgi fragmentation and other signs of impaired retrograde trafficking.
Other dynein regulators, such as lissencephaly 1 (Lis-1) and nuclear distribution
protein E (NDE1) have previously been found to control neuronal migration (Tanaka
et al., 2004; Hippenmeyer et al., 2010).

Second, it is possible that BICD2 is involved in a specific cargo trafficking pathway
in Bergmann glia cells. For instance, BICD2 also interacts with the small GTPase
Rab6, which controls the targeting and fusion of secretory vesicles to the plasma
membrane (Grigoriev et al., 2007; Coutelis and Ephrussi, 2007; Januschke et al.,
2007). However, very little is known about the trafficking and secretion mechanisms
in Bergmann glia cells. Based on the involvement of BICD2 in secretory transport
in other systems, we speculate that the trafficking or secretion of neuron-glial cell
recognition factors might be altered in Bicd2−/− mice. Indeed, the extracellular matrix
protein Tenascin C produced by Bergmann glia cells is found at relative low levels
in Bicd2−/− mice. Tenascin C is known to mediate the attachment of neurons to
astrocyte surfaces in in vitro cell binding assays and stimulates granule cell migration
in the cerebellum (Bartsch et al., 1992; Kruse et al., 1985; Grumet et al., 1985; Chuong
et al., 1987; Husmann et al., 1992). It is interesting to note that the early neuronal
migration and differentiation marker Doublecortin (DCX) is not detected in Bicd2−/−

cerebellum extracts, suggesting a potential link between extracellular matrix compo-
nents and granule cell migration (Dityatev et al., 2010). Our findings demonstrate an
essential non-cell-autonomous role of BICD2 in neuronal cell migration, which might
be connected to cargo trafficking pathways in Bergmann glia cells.

BICD2-deficient mice also displayed a disordered laminar organization of the cere-
bral cortex and hippocampus, which is compatible with a deficit in radial outward
migration of newly born neurons to the cortical plate. These data imply that BICD2
may also have a similar non-cell-autonomous function in cortical radial glia cells.
However, in the cortex radial glial cells also act as neuronal progenitor cells, making it
difficult to differentiate between potential glia and neuron specific defects. At least
part of the laminar abnormalities can be explained by a recently identified role of
BICD2 in cell-cycle dependent nuclear oscillation in radial glial progenitors (Hu et al.,
2013). BICD2 recruits dynein to the nucleopore complex in G2 to mediate apical
nuclear migration and BICD2 knockdown causes cell cycle arrest and neurogenesis
deficits (Splinter et al., 2010; Hu et al., 2013). The extent to which different potential
functions of BICD2 contribute to cortical and hippocampal migration deficits remains
to be determined.
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Recently, mutations in BICD2 have been linked to a dominant mild early onset form
of spinal muscular atrophy (Neveling et al., 2013; Oates et al., 2013; Peeters et al., 2013).
The motor symptoms show congenital or early post-natal onset, are nonprogressive and
are associated with chronic muscle denervation and reinnervation, suggesting problems
with maintaining the axon or the neuromuscular synapse. Spinal cord and motor
neurons appeared normal in the Bicd2−/− mice, and we did not observe any motor
neuron abnormalities or signs of impaired retrograde transport defects. The differences
in phenotypes between Bicd2−/− mice and the SMA patients with mutations in BICD2
gene indicate that the motor neuron defects cannot be explained by the loss of BICD2
function. Indeed, a transgenic mouse expressing the N-terminal part of BICD2, which
has a strong dynein-recruiting activity and chronically impaired dynein-dynactin
function, develops several cellular phenotypes in motor neurons including Golgi frag-
mentation and neurofilament accumulation in the proximal axon (Teuling et al., 2008).
These phenotypes are compatible with the pathology developed by patients. The
missense BICD2 mutations found in SMA patients could thus exert a gain of function
effect, consistent with the dominant character of the disease. Future studies are needed
to further unravel the multiple essential roles of BICD2 in nervous system development.
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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.
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All animal experiments were approved by the Animal Ethical Review Committee
(DEC) of the Erasmus Medical Center and Utrecht University. The BICD2 targeted
and knockout alleles are crossed into the C57BL/6 inbred strain. For determination of
the growth curve groups, we analyzed BICD2 mice (both males and females) of different
genotypes every two days from birth to 21 days of age at fixed time points during
the day. In addition to the home made BICD2 deficient mice, we used in this study
transgenic mice expressing Nestin-Cre (Dubois et al., 2006) (Jackson Laboratory),
EMX1-Cre (Gorski et al., 2002) (Jackson Laboratory), Math1-CreERT2 (Machold
and Fishell, 2005) (Jackson Laboratory), GFAP-Cre (Zhuo et al., 2001) (Jackson
Laboratory) and GFAP-GFP transgenic mice (kindly provided by Frank Kirchhoff).
Information about the mouse lines can be found in the Jackson Laboratory mouse
database (http://jaxmice.jax.org).

Generation of BICD2-deficient mice

Targeting techniques and the procedures for selection of ES cells and generation of
KO mice have been described (Hoogenraad et al., 2002). We introduced the resistance
markers in embryonic stem (ES) cells by two sequential rounds of homologous recombi-
nation (first round, neomycine cassette, 4.2% (9 out of 213) of picked clones targeted;
second round, puromycine cassette, 0.3% (1 out 350) of the picked clones targeted. To
test if Cre-mediated excision occurs within the BICD2 locus, we electroporated ES
cells with a construct containing the Cre recombinase gene, driven by a thymidine
kinase promoter, in a vector backbone with a Pgk hygromycin-resistance gene. After
selection with hygromycin B, we detected the deletion of the BICD2 region between
the outermost loxP sites by PCR analysis using primer a/d. The positive ES cell clone
that was able to excise the BICD2 locus and contains a correct karyotype, was injected
into blastocysts. The chimeras that gave germline transmission were mated into the
C57BL/6 background to generate inbred Bicd2f (targeted) mice. Heterozygous BICD2
knockout (Bicd2-) mice were obtained by crossing F1 heterozygous Bicd2f mice with
CAG-Cre transgenic mice that express Cre recombinase in the germ-cell lineage (kindly
provided by Frank Grosveld). We determined the genotypes of the heterozygous and
homozygous Bicd2f and Bicd2 - mice by PCR analysis using the primer sets indicated
in Figure S3.1A. PCR primers used are primer-a (5’-GTGTAGCACTTCAGGAAC-
ATCCATGC), primer-b (5’-AATGGAGAAGATCTCATCTTGGCAGG), primer-c
(5’-CGGCGGCATCAGAGCAGCCGATTG), primer-d (5’-TGTCAGCAAACTCCA-
TCTCTAGCCTC). Western blot analysis using homemade anti-rabbit BICD2 anti-
bodies (Hoogenraad et al., 2001) confirmed the lack of BICD2 protein in brain lysates
of P20 Bicd2−/− mice.

To obtain nervous-system specific knockout of BICD2, Bicd2f/f mice were crossed
with transgenic mice expressing Cre recombinase under control of the Nestin promotor
(Dubois et al., 2006) (Jackson Laboratory). To examine the role of BICD2 in excitatory
neurons in the cortex/hippocampus and pre-migratory granule cells in the cerebellum,
Bicd2f/f mice were crossed with EMX1-Cre (Gorski et al., 2002) (Jackson Laboratory)
and Math1-CreERT2 transgenic mice (Machold and Fishell, 2005)(Jackson Labora-
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tory), respectively. To obtain sustained expression of Cre-recombinase in astrocytes,
including Bergmann glia cells, Bicd2f/f mice were crossed with GFAP-Cre transgenic
mice (Zhuo et al., 2001) (Jackson Laboratory). Wildtype and Bicd2 knockout mice
were also crossed with GFAP-GFP transgenic mice, to visualize the morphology
of GFP-labeled Bergmann glia cells (Nolte et al., 2001) (kindly provided by Frank
Kirchhoff). The primer sets for PCR genotyping of the various transgenic mouse
lines used in this study are described in the Jackson Laboratory mouse database
(http://jaxmice.jax.org).

Histological procedures

Mice were anesthetized with pentobarbital and perfused transcardially with 4%
paraformaldehyde, and brains were either embedded in paraffin and sectioned at
4-6 µm, or incubated with increasing concentrations of sucrose (15 and 30%) and
rapidly frozen and sectioned at 40 µm (freesing microtome) and collected in PBS.
Sections were stained with haematoxylin/eosin (paraffin sections), thionin (frozen
sections), processed for LacZ staining, or processed for immunohistology. For LacZ
staining sections were washed with PBS and incubated overnight at 37 °in PBS buffer
containing 1 mg/ml X-gal, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2, 0.01%
SDS and 0.02% NP-40, washed, mounted on glass slides, and counter stained with
Neutral Red. For double and triple-labelling immunofluorescence we used a two-step
procedure with FITC-, cyanine 3 (Cy3)-, Cy5-, Alexa Fluor488-, Alexa Fluor468-, and
Alexa Fluor633- conjugated secondary antibodies (Jackson ImmunoResearch, West
Grove, PA; Invitrogen) diluted at 1:400 (see also the supplementary methods table
3.3). For immunohistochemistry we used an avidin-biotinimmunoperoxidase complex
method (ABC; Vector Laboratories) with diaminobenzidine (0.05%) as the chromogen,
and biotinylated secondary antibodies (Jackson ImmunoResearch).

Primary antibodies used in this study are as follows (see also Supplementary
Methods): rabbit anti-BICD2 (Ab 2293 and 2294) (Hoogenraad et al., 2001); mouse
anti-calbindin (Sigma, clone CB-955, 1:10000); rabbit anti-calbindin (Swant, 1:10000);
guinea pig anti EAAT2 (Millipore, 1:5000); goat anti-FoxP2 (AbCam, 1:1000); rab-
bit anti-α6GABAA receptor (Sigma, 1:1000); rabbit anti-GFAP (DAKO, 1:5000);
mouse anti-GFAP (Sigma, clone G-A-5, 1:10000); mouse anti-mGluR2 (AbCam
1:1000); mouse anti-NeuN (Millipore MAB377, 1:2000); mouse anti-neurofilament-M
(Sigma, 1:10000); mouse anti-Parvalbumin (Sigma, 1:10000); mouse anti-Rab6 (Mata-
nis et al., 2002), rabbit anti-Tenascin-C (GeneTex, 1:400), guinea pig anti-VGluT1
(Millipore, 1:2000), guinea pig anti-VGluT2 (Millipore, 1:1000) and mouse-anti-MAP2
(Sigma, 1:2000,). Sections stained for immunofluorescence were analyzed with Zeiss
(Oberkochen, Germany) LSM 510 or LSM700 confocal laser scanning microscopes using
40x/1.3 and 63x/1.4 oil-immersion objectives. Immunoperoxidase-stained sections
were analyzed and photographed using a Leica DM-RB microscope and a Leica DC300
digital camera.
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3. BICD2 IN CEREBELLAR GRANULE CELL MIGRATION

Electroporation-mediated transfection of egl cells

Rat pups were decapitated at P10, the brain was isolated and placed in ice-cold
Leibovitz 15 (L15; Invitrogen) medium. The cerebellum was dissected and meninges
removed. The most superficial layer (EGL) of the cerebellum was injected at multiple
locations to infuse the cerebellar surface with DNA solution (PBS with 0.02% Fast
Green, 400ng/µl pSuper vector, 200 ng µL−1 eGFP vector). The cerebellum was placed
between Genepaddles (5x7mm) of a BTX ECM 830 Electroporator and 5 pulses of 87
V for 50 ms with 1.0 s intervals were applied. After electroporation, sagittal slices of
350 µm were cut using a Tissue Chopper (McIlwain). Slices were cultured on inserts
(Millipore, 0.4 mm) incubated in culture medium (50% Earls Basal Medium, 25%
HBSS, 25% Normal Horse Serum, 5 mM L-glutamine and Penicillin/Streptomycin) for
four days at 35°with 5% CO2. Slices were fixed at DIV4 in 4% paraformaldehyde in
PBS overnight at 4°. Then slices were blocked for 6h in blocking buffer (5% Normal
Goat Serum, 1% BSA, 1% glycine, and 0.4% Triton-X100 in PBS) and incubated with
primary rabbit anti-GFP antibody (Abcam; 1:2000) in blocking buffer overnight at
4 °. Following 3 washes in PBS, slices were incubated in secondary goat anti-rabbit
antibody (Invitrogen; Alexa 488, 1:750) in blocking buffer overnight at 4°. To visualize
tissue structure, nuclei were stained with DAPI. GFP-positive cells were imaged using
an Olympus Fluoview FV:1000MPE confocal microscope (20x objective). The number
of GFP positive granule cells in each cerebellar layer was quantified with ImageJ
(external granule layer, molecular/migratory layer, internal granule layer). The fraction
of GFP positive granule cells was calculated for each layer per picture. Three separate
experiments were performed (total number of pictures analyzed for shScrambled = 40,
shBicd2 = 33).

Preparation of tissue extracts and mass spectrometry analysis

For tissue Western blots, total brain, cortex, cerebellum, kidney, lung, spleen,
liver and heart were dissected from P20 wildtype, Bicd2+/− and Bicd2−/− mice and
placed in ice-cold PBS, pH7.4. For developmental Western blots, wildtype E10.5
(whole embryo), E13.5, E16, E18, P1, P5 (head only), P10, P15 and adult (cortex and
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, 10 min centrifuged at
900 rcf, resuspended in SDS sample buffer and boiled for 5 minutes. Protein concen-
trations 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 using standard protocols.

For mass spectrometry analysis, the cerebellum was dissected from P15 wildtype
and homozygote Bicd2−/− mice, homogenized, centrifuged and proteins were separated
on a 4-12% NuPAGE Bis-Tris gel and stained with the Colloidal Blue staining kit
(Invitrogen). 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 as described previously (Grigoriev et al., 2007) . The Mascot
score cut-off value for a positive protein hit was set to 100. Individual peptide tandem
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mass spectrometry spectra with Mascot scores below 100 were checked manually
and either interpreted as valid identifications or discarded. Proteins present in the
negative controls (pull-down assays with bio-GFP alone) were regarded as background.
For the proteome analysis of the wildtype and homozygote Bicd2−/−, we focused
on proteins that where previously found to influence neuronal migration, including
signaling factors, extracellular matrix and adhesion molecules (Solecki, 2012; Hatten,
1999; Chizhikov and Millen, 2003). We searched 4 mass spectrometry datasets (2
from wildtype and 2 from Bicd2−/− animals) for the corresponding Mascot score to
determine probability of a positive hit and calculated the ratio of wildtype vs knockout
(Table 3).
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3. BICD2 IN CEREBELLAR GRANULE CELL MIGRATION

M
u
tan

t
M

o
u

se
B

IC
D

2-
d

efi
cien

cy
L

ife
sp

an
H

y
d

ro
-

D
isru

p
ted

la
m

in
a
r

o
rg

a
n
ization

(w
eek

s)
cep

h
a
lu

s
C

o
rtex

H
ip

p
o
ca

m
p

u
s

C
ereb

ellar
C

ortex

B
icd

+
/−

W
h

ole
b

o
d

y
>

52
-

-
-

-
B
icd

2
−
/−

W
h

ole
b

o
d

y
3-4

+
+

+
+

B
icd

2
f
/
f

N
estin

-C
re

E
n
tire

n
ervou

s
sy

stem
3-4

+
+

+
+

G
F
A

P
-C

re
A

stro
cy

tes,
som

e
p

op
u
-

lation
s

of
n

eu
ron

8
$

+
o
r

-
+

+
+

E
M

X
1
-C

re
E

x
cita

to
ry

n
eu

ro
n
s

in
cortex

,
h

ip
p

o
cam

p
u

s
>

8
∗

-
+

+
-

M
a
th

1
-C

re
P

rem
ig

ra
to

ry
g
ra

n
u
le

cells
>

8
∗

-
-

-
-

*
,

a
n

im
als

w
ere

k
illed

at
8

w
eek

s;$,
d

eath
at

3-4
w

eek
s

in
ca

se
o
f

h
y
d

ro
cep

h
a
lu

s

T
a
b
le

3
.1

:
P

rin
cip

a
l

fea
tu

res
o
f

u
b
iq

u
ito

u
s

a
n
d

reg
io

n
-sp

ecifi
c

B
IC

D
2
-d

efi
cien

t
m

ice
u
sed

in
th

is
stu

d
y.

3



Identified
Protein acc./id

Mascot Score Ratio
protein WT-06 WT-08 KO-00 KO-02 WT/KO

Cdc42 IPI00016786 205 261 267 200 1.13
Rac1 IPI00010271 457 452 464 461 0.98
RalA IPI00217519 247 172 290 227 0.81
Rap1A IPI00019345 319 452 409 407 0.94
DCX IPI00216744 107 163 ND ND ND
DCLK IPI00004560 89 492 312 410 1.36
N-cadherin IPI00290085 249 213 336 246 0.80
Integrin, beta1 IPI00217561 57 103 223 106 0.49
Contactin-1 IPI00029751 973 1107 987 1131 0.98
Contactin-2 IPI00024966 271 289 185 71 2.18
Tenascin C IPI00220216 209 104 ND ND ND

Table 3.2: Proteomics analysis from biological duplicates of cerebellar extracts from control
and homozygote Bicd2−/− mice at P15. Only the factors identified in the mass spectrometry
analysis that where previously found to influence neuronal migration are indicated. The full
mass spectrometry list can be found in Supplementary Table 1.

Supplementary Information

Suppementary Methods

Supplementary Movies

Movie 1. Walking behavior of Bicd2−/− mice on a grid. Compared to wiltype
mice, Bicd2−/− mice at P20 display frequent missteps when placed on a grid.

Online available at http://www.nature.com/ncomms/:2014/:140311/ncomms:4411/
extref/ncomms:4411-s3.avi.

Movie 2. Simulation of the granule cell migration phenotype inBicd2−/− mice.
Probability of initiating migration, speed of movement and borders of the simulation
are identical between BICD2 wildtype and knockdown models, the only parameter
that is altered is the probability of following the guidance of the radial glia. In the
wildtype model, the probability of moving downwards, guided by the radial glia, is set
to P=0.95. In the knockout model, the movement is completely random, with equal
probabilities of moving up or downwards (P=0.50). Changing this single parameter
is sufficient to reproduce the cortex organization seen in the cerebellum of Bicd2−/−

mice.

Online available at http://www.nature.com/ncomms/:2014/\discretionary{-

}{}{}:140311/ncomms:4411\discretionary{-}{}{}/extref/ncomms:4411-s4.avi.
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3. BICD2 IN CEREBELLAR GRANULE CELL MIGRATION

Supplementary Tables

Supplementary Table 1. Proteins identified by mass spectrometry of
BICD2 wildtype and homozygous knockout mice Proteomics analysis from bio-
logical duplicates of cerebellar extracts from control (WT-06, WT-08) and homozygote
Bicd2−/− (KO-00, KO-02) mice at P15. All data is listed in supplementary excel file
(Jaarsma et al., Supplementary Table 1). The file contains two sheets - comparison of
BICD2 KO-00 vs BICD2 WT-06 and BICD2 WT-08 vs BICD2 KO-02. The Mascot
score for each protein, accession number and short description of the protein are indi-
cated. The factors identified in the mass spectrometry analysis that were previously
found to influence neuronal migration are indicated in red. The summarising mass
spectrometry list can be found in Table 3.2.

The full file is available online at: http://www.nature.com/ncomms/:2014/:

140311/\discretionary{-}{}{}ncomms:4411\discretionary{-}{}{}/extref/ncomms:

4411-s2.xlsx.

Supplementary Figures
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Figure S3.1 (on the next page): Generation of inducible BICD2 knock-out mice.
A The mouse BICD2 locus and gene targeting constructs. To generate an inducible Bicd2
knockout allele, we introduced a neomycin-resistance gene surrounded by loxP sequences into
intron 1, and a puromycin selection marker, surrounded by loxP sequences and followed by
β-galactosidase (lacZ) reporter gene fused to a nuclear localization signal (NLS), downstream
of the mouse Bicd2 gene. The top line represents Bicd2, with exons indicated by solid
boxes (white boxes, 5’ and 3’ UTRs; black boxes, coding regions). Exon 1 contains the start
codon (ATG) and exon 9 contains the stop codon (asterisk). The positions of Southern-blot
probes 1 and 2 (horizontal lines) and PCR primers a, b, c and d (arrows) are indicated.
Selected restriction enzyme sites are shown (BamHI and XbaI). The targeting constructs are
shown below Bicd2. Homology with the Bicd2 gene is indicated, as are the lengths of the
homologous regions. The loxP sites are represented by arrows. NEO, neomycinresistance
cassette; PURO, puromycin-resistance cassette; TK, thymidine kinase gene; HA-NLS-lacZ,
HA- and NLS-tagged lacZ cassette, containing an engineered splice acceptor site (3’ splice) and
polyadenylation signal (not indicated). The doubly targeted BICD2 allele, Bicd2f (targeted),
is shown below the targeting constructs. Cre-mediated recombination at the outermost loxP
sites of the Bicd2f allele removes most of the Bicd2 sequences and generates the Bicd2− allele,
which is represented by the bottom line. The splice acceptor site at the 5’ end of the reporter
lacZ cassette can be spliced onto Bicd2 exon 2 sequences, generating a hybrid Bicd2lacZ
transcript. B Southern-blot analysis of gene targeting and Cre-mediated recombination
events. Left, Southern blot of DNA derived from wildtype (wt) and 5’ NEO-targeted ES cells
and digested with BamHI. The blot was hybridized with (external) probe 1, which detects
fragments of 8 kb (wildtype allele) and 4.2 kb (NEO-targeted allele). One NEO-targeted
clone with the correct karyotype was electroporated with the PURO targeting construct.
Middle, blot with XbaI-digested DNA from a doubly targeted line (Bicd2f ) probed with
external probe 2, which detects fragments of 11.7 kb (NEO allele) and 5.8 kb (NEO/PURO
allele). This Bicd2f ES cell line was electroporated with a Cre-recombinase construct to
knocked-out the Bicd2 locus (Bicd2−). Cre-mediated recombination was identified (right)
using PCR analysis using primers a/d.
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3. BICD2 IN CEREBELLAR GRANULE CELL MIGRATION

Antibody Company Name Concentration

Rabbit anti-BICD-2 Homemade #2294 1:500
Mouse anti-calbindin Sigma Clone CB-955 1:10000
Rabbit anti-calbindin Swant CB-38a 1:10000
Guinea pig anti-EAAT2 Millipore AB1738 1:5000
Goat anti-FoxP2 Abcam Ab1307 1:1000
Rabbit anti-α6GABAa-r Sigma G5544 1:1000
Rabbit anti-GFAP DAKO Z0334 1:5000
Mouse anti-GFAP Sigma Clone G-A-5 1:10000
Mouse anti-mGluR2 Abcam AB 15672 1:1000
Mouse anti-NeuN Millipore MAB377 1:1000
Mouse anti-neurofilament-M Sigma Clone RM044 1:10000
Mouse anti-parvalbumin Swant Mab 235 1:10000
Mouse anti-Rab6 Homemade mRab6 1:400
Rabbit anti-Tenascin-C Gene Tex GTX62552 1:400
Guinea pig anti-VGluT1 Millipore AB5905 1:2000
Guinea pig anti-VGlut2 Millipore AB2251 1:2000
Mouse anti-MAP2 Sigma Clone HM-2 1:2000

Cy5-donkey anti-guinea pig IgG 706-175-148

1:400

Alexa Fluor488-donkey anti-goat IgG 705-545-147
Cy3-donkey anti-goat IgG 705-165-147
Cy3-donkey anti-mouse IgG 715-165-151
FITC-donkey anti-mouse IgG 715-095-151
Alexa Fluor488-donkey anti-mouse IgG 715-545-150
FITC-donkey anti-rabbit IgG 711-095-152
Alexa Fluor488-donkey anti-rabbit IgG 711-545-152
Cy3-donkey anti-rabbit IgG 711-165-152
Cy5-donkey anti-rabbit IgG 711-175-152

Table 3.3: Antibodies used in this study. All secondary antibodies were produced by
Jackson Immunoresearch.
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3. BICD2 IN CEREBELLAR GRANULE CELL MIGRATION

Figure S3.2: Hydrocephalus and disrupted laminar organization of the cortex in
BICD2-deficient mice A-D) Macroscopic images (A-C) and coronal thionin-stained section
of P10 nervous system showing enormous expansion of caudal lateral ventricles (LV, arrow in
C) and thinning of the cortex (arrows in A B) in Bicd2−/− brain. Also note disorganized
pyramidal layer in the hippocampus (arrow in D) and smaller cerebellum (green contour) in
Bicd2−/− brain. E) Coronal sections at the level of the mesencephalon showing the aqueduct.
Sections are processed for neurofilament-M immunohistochemistry and counterstained with
thionin. Note the absence of a clear lumen in Bicd2−/− aqueduct indicative of aqueductal
stenosis. F) Coronal thionin-stained sections at the level of the rostral myelencephalon.
The facial motor nucleus (Mo7) has a normal appearance in Bicd2−/− mice; RF, reticular
formation; Ve, vestibular nuclei. Scale bars: 2 mm (A-C), 1 mm (D), 200 µm (E,F)
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Figure S3.3: Hippocampal abnormalities in BICD2-deficient mice Coronal brain
sections of P20 mice stained for LacZ and neutral red (A) or processed for NeuN immunoflu-
orescence and Dapi counterstaining (B), showing disorganized pyramidal layer in CA1 and
ubiquitous lacZ expression in hippocampus of GFAP-Cre Bicd2f/f mice. Scale bars: 200 µm.
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3. BICD2 IN CEREBELLAR GRANULE CELL MIGRATION

Figure S3.4: Unaltered laminar distribution of Golgi cells and mossy fibers in
BICD2-deficient mice A, B) Maximal projections of confocal stacks (optical section,
5 µm) of anti-metabotropic mGluR2 receptor and anti-VGluT1 immunofluorescence in
transverse sections of P20 cerebellum showing that cerebellar Golgi cells (mGluR2+, arrow
in) are distributed in or below the Purkinje cells (mGluR2-, outlined by dashed lines) in
Bicd2−/− cerebellum. C, D) Maximal projections (optical section, 5 µm) of VGluT2 and
calbindin immunofluorescence showing VGluT2-labeled climbing fibers (arrow in C) and
mossy fibers (arrow head in C) in wild-type cerebellum, and a few synaptic terminal-like
structures on proximal Purkinje cell dendrites (Calb+) in Bicd2−/− cerebellum. F) Anti-
zebrin immunohistochemistry and thionin counterstaining in transverse sections of the anterior
vermis (lobule III, IV) showing parasagittal zones with zebrin-positive (p1, p2) and zebrin-
negative Purkinje cells. Bicd2−/− cerebellum retains the zonal organization of Purkinje cells.
Scale bars: 25 µm (A), 50 µm (B)
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Figure S3.5: Full size Western blots related to Figure 3.4A-C A) Western blot with
BICD2 antibody (#:2294) showing reduced and no expression of BICD2 in tissue homogenates
of P20 heterozygote Bicd2+/− (+/-) and homozygote Bicd2−/− (-/-) mice, respectively. B)
Western blot showing relatively high BICD2 expression in developing nervous system. C)
Comparative Western blot analysis using BICD1 (antibody #2295 for BICD1 and antibody
#2293 for BICD1/2), dynein components and interacting proteins (dynactin p150, dynein
intermediate chain 74, Lis1) and Rab6 expression in Bicd2−/− cortex and cerebellum. M
= marker. Selected parts of the Western blots (indicated in white boxes) can be found in
Figure 3.4.
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3. BICD2 IN CEREBELLAR GRANULE CELL MIGRATION

p

Figure S3.6: BICD2-immunoreactivity in glia and large neurons A, B) Immunohis-
tochemistry with anti-BICD2 antibody in coronal sections of the caudal brain stem of P20
mice showing the absence of staining in Bicd2−/− mice and ubiquitous staining in wild-type
brain stem and cerebellum. RF, reticular formation; IO, inferior olive. C) Anti-BICD2
staining in the trigeminal motor nucleus (Mo5) and adjacent reticular formation, showing
increased staining levels in motor neurons (arrow head) and glial cells (arrows). D, E)
Double-labelling confocal immunofluorescence (optical sections 1 µm) of BICD2 and NeuN
showing the lower BICD2 staining intensities in neurons (NeuN+ in D) as compared to
surrounding glia (NeuN- in D). Some neurons such as large neurons in the reticular formation
(arrow head in E), however showed higher BICD2 staining levels. F, G) Double-labelling of
BICD2 with MAP2 (F) or GFAP (G), respectively in primary neuron-astrocyte cerebellar
co-cultures, indicates the absence of BICD2 in Map2+ cells and a fine punctate distribution
of BICD2 in GFAP+ cells. Scale bars: 500 µm (A), 200 µm (C), 20 µm (D-F).
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4. TRANSPORT DEFICITS IN MULTIPLE SCLEROSIS

in the CNS tissue component of the disease. It maybe that in MS the CNS is more
vulnerable to inflammation than average. Several observations have led to the idea
that at least in a subset of patients there may be a prime role for CNS degeneration in
the neuropathology of the disease. It has been observed that that myelin degeneration
starts at the inner myelin sheaths, instead of on the outside as would be expected if
caused by an external immune response (Rodriguez and Scheithauer, 1994). Next,
there are strong indications that disturbed axoglial support can feed neurodegenerative
processes (Trapp and Nave, 2008). In this respect it is of interest that already at the
time of first attack in children, axoglial proteins appear abundant in CSF (Singh et al.,
2015). In a response to damage model ) any type of unknown tissue damage can elicit
further auto-immune responses (’t Hart et al., 2009).

Furthermore, there are indications that the CNS tissue once damaged facilitates
further neurodegenerative damage in an autonomous mode, irrespective of adaptive
immune reactions (Frischer et al., 2009). This may account for the observation that im-
mune modulating drugs, though quite active in suppressing inflammatory attacks, fail
to halt progression, especially when started in later phases when demyelinating damage
has already occurred (Hawker, 2011). A better understanding of the mechanisms
involved in the neurodegenerative component of MS could potentially lead to new
treatments, aimed at slowing down or preventing the disability caused by neuronal loss.

The cellular processes enabling neurons to generate and transmit signals demand
a lot of energy, while at the same time the central nervous system contains very little
energy reserves (Ames, 2000). This combination makes neurons highly vulnerable
to energy deficits, which are considered to play a crucial role in neurodegeneration.
As in other cell types, the main energy source of the neuron is ATP production by
the mitochondria, with defects in mitochondrial function being highly associated
with neurodegeneration (reviewed in (Lin and Beal, 2006). During the course of MS,
neurons become even more vulnerable to energy deficits when they lose their myelin
sheaths, increasing the energy needed to propagate a signal along the axon and to
maintain the action potential (Trapp and Stys, 2009; Campbell and Mahad, 2012).
Recent years have seen an increasing interest in the role of mitochondria in MS (Mahad
et al., 2008; Campbell et al., 2014b).

Not only do neurons have a high energy demand, this demand is also distributed
unevenly throughout the cell and shifts over time, depending on the activity of the
cell and its neighbors. To facilitate the need for ATP, mitochondria are transported
by motor proteins along the cytoskeleton to areas with high cellular activity, where
they are anchored to the microtubule (Boldogh and Pon, 2007; Cai and Sheng, 2009b;
Van Spronsen et al., 2013; Sheng, 2014). Defects in this transport system are found in
a large variety of neurodegenerative disorders including Alzheimer’s disease (Riemer
and Kins, 2013), amyotrophic lateral sclerosis (ALS, (Bilsland et al., 2010) and Hunt-
ington’s disease (Li and Conforti, 2013), and are now recognized to be one of the main
underlying mechanisms of neurodegeneration (De Vos et al., 2008; Morfini et al., 2009;
Millecamps, 2013).
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For the transport system to function with the high efficiency required to maintain
neuronal integrity, at least three conditions should be met. First of all, the infras-
tructure along which transport takes place, consisting of microtubules (Wade, 2007)
actin networks (Cheever and Ervasti, 2013), must be intact in order for a cargo to
reach its destination. However, infrastructure is useless without transporters to use it.
Therefore, the motor proteins and their adapter proteins must be present in sufficient
numbers and fully functional (Schlager and Hoogenraad, 2009; Hirokawa et al., 2010).
Finally, for any complex transport system to work efficiently, control and guidance
mechanisms should be in place (Verhey and Hammond, 2009; Maday et al., 2014).
For axonal transport, regulation takes place through various mechanisms including
chemical modification of the microtubules (Hammond et al., 2008; Janke and Kneussel,
2010), calcium sensor proteins (Cai and Sheng, 2009b; Macaskill et al., 2009) and
anchoring proteins docking cargo at the desired destination (Kang et al., 2008; Cai
and Sheng, 2009a). Defects in any part of this system can reduce its effectivity and
put the neuron at risk for degeneration.

Taken together, there is now abundant evidence for the contribution of neurode-
generative processes to the pathology seen in MS. Also, more and more studies point
at a role for axonal transport in this disease. In this review, we explore the current
evidence pointing at axonal transport deficits in MS and discuss several mechanisms
that can explain its role. Based on the increased understanding of these mechanisms,
we will propose several scientific and therapeutic approaches which might be of interest
to the MS research field in the coming decade.

Axonal transport in multiple sclerosis

Experimental autoimmune encephalomyelitis (EAE) is a commonly used model for
MS (Baker and Amor, 2015). Through injection of a myelin component combined with
an immunogenic adjuvant, an immune response is triggered against the myelin sheaths
of the nervous system (Ralf et al., 2006). Interestingly, deficits in axonal transport are
one of the earliest pathological findings in EAE, preceding structural abnormalities
and other signs of axonal degeneration. Even before demyelination took place, both
anterograde and retrograde transport of mitochondria were drastically reduced and
remained down-regulated for weeks in a chronic EAE model (Sorbara et al., 2014).
This is in line with earlier findings in the optical nerve of animals in which EAE was
induced, showing a reduced transport of radioactive markers (Guy et al., 1989) and
manganese ions (Lin et al., 2014). These EAE findings suggest that alterations in
axonal transport form one of the first steps towards loss of the axon, both in EAE but
also in MS itself (Dendrou and Fugger, 2014).

Many different factors contribute to MS susceptibility, including gender, environ-
ment and exposure of the immune system to pathogens (reviewed in (Alastair and
Alasdair, 2008; Belbasis et al., 2015). In addition, there is a clear genetic component.
For decades the only genetic risk factors known for MS were variations in the genes
encoding human leukocyte antigens (HLAs, (Jersild et al., 1973). However, in recent
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years more than 110 genetic variants outside of the histocompatibility complexes
have been found that each contribute to susceptibility to MS (reviewed in (Sawcer
et al., 2014). The vast majority of the proteins encode by these genes either has a
function in the immune system, primarily as part of a signaling pathway. Interestingly,
several of the genes that do not fall in this category are involved in axonal transport.
This includes three kinesin family member proteins (KIFs), the molecular motors
responsible for anterograde transport along microtubules.

One of the KIFs that has been studied in the context of MS is Kif1b, a motor
protein with at least two isoforms transporting mitochondria and synaptic vesicles
(L et al., 1999; Mok et al., 2002). An effect of a SNP in Kif1b on MS susceptibility
was first identified in a genetically isolated Dutch population. It was replicated in the
same study in a second Dutch, a Swedish and a Canadian cohort (Aulchenko et al.,
2008). Previous studies had already implicated this specific kinesin in the pathogenesis
of Charcot-Marie-Tooth disease type 2A (CMT2A, (Zhao et al., 2001), a disorder
of the peripheral nervous system showing myelin degeneration and associated with
axonal transport impairments (Gentil and Cooper, 2012), suggesting that this mecha-
nism was shared by both disorders. A more recent study showed that in zebrafish,
Kif1b is essential for development of myelinated axons (Lyons et al., 2009). However,
several attempts to replicate the genetic association, including a large multicenter
study (R et al., 2010), failed to show a similar effect. Although this difference could
be a consequence of the specific characteristics of this Dutch population, in which
the control allele frequency of the gene was significantly lower than in the general
population (Hintzen et al., 2010), it does appear that this gene does not contribute to
MS susceptibility worldwide (Pierre-Antoine, 2011).

A second KIF was implicated when a large international consortium found an
association between Kif21b and MS susceptibility (International Multiple Sclerosis
Genetics Consortium (IMSGC), 2010), later replicated in an independent Belgian
cohort (Goris et al., 2010). In neurons, Kif21b is enriched in the dendrites and involved
in the transport of vesicles containing GABA receptor subunits (Labonte et al., 2013)
. It is similar in structure to Kif21a, a kinesin associated with congenital fibrosis
of the extra-ocular muscles type 1 (CFEOM1, (Yamada et al., 2003). Interestingly,
rather than performing a transport function, Kif21a acts as a regulator of the cy-
toskeleton, inhibiting microtubule growth at the cell cortex (Van der Vaart et al., 2013).

A third association was found in a Spanish study, which identified a SNP in Kif5a
as a risk factor for MS (Alcina et al., 2010). Kif5a is involved in the transport of
neurofilament and mitochondria along microtubules (Xia et al., 2003) and forms a
dimer with either Kif5b or Kif5c to transport mitochondria in axons (Schwarz, 2013).
In zebrafish, cooperation between Kif5a and Kif1b is essential for maintaining axon
integrity, with Kif5a taking over part of the tasks of Kif1b when this protein is lost and
vice versa (Campbell et al., 2014a). Kif5a has been implicated in several axonopathies,
including CMT2 (Liu et al., 2014). These findings strongly suggest that variations
in Kif5a can contribute to neurodegeneration in MS, especially in combination with
similar variations in Kif1b and/or Kif21b.

4



Transport deficits in MS neuropathology

A defective axonal transport system will lead to accumulation of organelles and
proteins in places where they would not accumulate under normal conditions. A
commonly used marker for disrupted axonal transport is the amyloid precursor protein
(APP). In healthy neurons, this protein is transported through the axon to its final
location in the synapse (Priller et al., 2006). If the transport system works at subopti-
mal efficiency, APP will accumulate in the axon. Several studies have reported that
such accumulations can indeed be observed in post-mortem investigations of the brains
of MS patients (Ferguson et al., 1997), in some case independent of demyelination
(Bitsch et al., 2000). APP accumulation occurs already during the early phases of
the disease, while the number of APP-positive axons showing a positive correlation
with disease duration (Kuhlmann et al., 2002). A detailed study using both APP
and the synaptic vesicle protein SPY as markers for axonal transport, found that
accumulation of these proteins occurs not only in active demyelinating lesions, but
also in normal appearing white matter. Also, the motor protein KIF5A as well as its
associated cargo is found reduced in MS white matter (Hares et al., 2016), suggesting
a reduced activity of the axonal transport system. Since the intracellular transport
system is essential in developing and maintaining dendritic spines (Van den Berg and
Hoogenraad, 2012), a reduced efficiency of this system might also explain the recent
observation that the number of spines is significantly reduced in the cortex of MS
patients (Jurgens et al., 2016).

A special challenge for intracellular transport is to match the distribution of
mitochondria to the local ATP consumption. Although mitochondria are essential
for ATP production, aging mitochondria become a source of radial oxygen species
(ROS) contributing to neurodegeneration (Federico et al., 2012). The axonal transport
system is able to distinguish decaying mitochondria based on their membrane potential,
moving active mitochondria with a high membrane potential to the sites where ATP
is required. In contrast organelles with a low membrane potential will be transported
back to the cell body for autophagy (Federico et al., 2012). This means that both
a reduced number of mitochondria as well as a persistence of aging mitochondria
at the cell periphery pose a threat to axonal integrity. A number of post-mortem
studies have shown that both situations can exist in the brains of MS patients. Several
components of the mitochondrial respiratory chain were found reduced in activity,
including complex I (Lu et al., 2000), III (Dutta and Trapp, 2007) and IV (Mahad
et al., 2009). Demyelinated axons in the brains of MS patients were found to have a
greater mitochondrial mass compared to myelinated axons and a higher expression
of the docking protein syntaphilin (Mahad et al., 2009). This might initially be
a protective mechanism. A larger number of mitochondria is transported to meet
the higher ATP requirements and anchored to the mitochondria, prolonging the
period the neuron can survive without myelin (Ohno et al., 2014). The mitochondrial
density slightly decreases when axons are remyelinated, but remains high compared to
myelinated axons. This higher density is entirely due to a larger number of stationary
mitochondria, with the number of mobile mitochondria actually decreasing upon
demyelination (Zambonin et al., 2011). Taken together, these studies suggest that
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transport of mitochondria plays an important role in the neuronal response to the
energy deficit faced in MS lesions.

Transport deficits aggravate neurodegeneration

There is clear evidence suggesting transport deficits in MS. It is not so clear,
however, how these deficits lead to axonal loss. One straightforward explanation would
be that a reduced transport of active mitochondria leads to reduced ATP production in
the axon. In demyelinated axons of MS patients, sodium channels normally restricted
to the nodes of Ranvier are now expressed along large regions of the axon (Craner et al.,
2004). A similar ectopic distribution is reported for calcium channels (Kornek et al.,
2001). This will put additional strain on the neuron, since to maintain its membrane
potential and prevent calcium toxicity both sodium and calcium have to be transported
out of the cell using ATP-consuming transporters. Once ATP supplies are depleted,
calcium levels in the axoplasm will rise to toxic levels, initiating a cascade resulting
in axonal loss (reviewed in (Trapp and Stys, 2009; Stirling and Stys, 2010). Initially,
the neuron will respond to the increased energy need by stimulating the transport of
mitochondria, as observed in vitro (Kiryu-Seo et al., 2010) and in MS tissue (Ohno
et al., 2014), leading to an increased density of mitochondria in dysmyelinated axons
of MS patients (Mahad et al., 2008; Campbell and Mahad, 2012; Witte et al., 2014).
Although the cell is able to maintain its axon for a short period in this ‘overload
mode’, if the situation persists for too long, local ATP supplies will fall and axon
integrity will be lost. This hypothesis is supported by the observation that reduced
mitochondrial mobility alone, without accompanying stress to the neuron, is sufficient
to cause neurodegeneration (Nguyen et al., 2014).

As mentioned before, demyelinated axons show an increased expression of syn-
taphilin, a protein thought to anchor mitochondria to the microtubules, prohibiting
their transport and providing a stable local source of ATP (Mahad et al., 2009). The
shiverer mouse, which shows severe dysmyelination of the CNS, is considered a model
for progressive MS due to the metabolic challenges its axons face because of chronic
myelin loss. As in MS patients, a highly significant upregulation of syntaphilin was
observed in axons of this mouse, associated with an increase in nonmotile mitochondria.
Interestingly, reducing the expression of syntaphilin by crossing the shiverer mouse
with a syntaphilin knock-out line enhanced the transport of mitochondria from the
axon back to the soma. Moreover, syntaphilin deletion also proved protective against
both gray and white matter damage in the mouse, although it did not influence the
outcome of EAE (Joshi et al., 2015). This indicates that a drug interfering with
the binding between syntaphilin and either mitochondria or microtubule might the-
oretically reduce neurodegeneration in progressive multiple sclerosis, by improving
mitochondria mobility.

Mitochondria are just one of the cargoes transported along microtubules. Vesicles
containing a large variety of proteins, mRNA and membrane lipids are ferried through
the cell. In the oligodendrocyte, the transport of mRNA by kinesins along micro-
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tubules is essential for the proper production of myelin (Carson et al., 1997; Lyons
et al., 2009; Baron and Hoekstra, 2010). However, production alone is not enough
to myelinate an axon. A complex interplay is required between oligodendrocyte and
axon, communicating through cell-cell adhesion molecules (reviewed in (Sherman and
Brophy, 2005; Simons and Trajkovic, 2006). These adhesion molecules are organized
in sharply demarcated membrane domains through interaction of the adapter protein
4.1B with the underlying actin cytoskeleton (Horresh et al., 2010; Einheber et al.,
2013). Formation of these domains, so-called paranodal junctions, is highly dependent
on contactin-associated protein (Caspr (Einheber et al., 1997). Interestingly, the shm
mouse in which the axonal transport of Caspr has been disrupted shows a distortion
of myelin sheaths in the central nervous system, resulting in a reduced conduction
velocity and a neurological disorder characterized by ataxia and hind limb paresis
(Sun et al., 2009). Downregulation of Caspr has also been observed in MS lesions,
where it is considered an early sign of impending myelin loss (Wolswijk and Balesar,
2003). This suggests a different route through which disruption of axonal transport
can contribute to neurodegeneration, if the supply of adhesion molecules required to
maintain the neuron-oligodendrocyte junctions is cut off.

Even though an axon denuded of its myelin is at high risk of degeneration, its
situation is not hopeless. If it is able to survive, remyelination might occur (Franklin
and Ffrench-Constant, 2008). As is the case in the initial myelination of the axon,
remyelination depends on a number of signaling pathways activated through axon-glia
cellular adhesion molecules (reviewed in (Taveggia et al., 2010). At least one of these
adhesion molecules, Neuregulin 1, has been shown to depend on vesicle trafficking for
its expression in the proper location on the membrane (Muthusamy et al., 2015). One
pathway promoting oligodendrocyte proliferation and (re-)myelination is by activation
of the Notch-pathway by F3/Contactin (Hu et al., 2003). Upregulation of F3/Contactin
in denuded axons as observed in MS lesions (Nakahara et al., 2009) is considered
essential for successful remyelination (Podbielska et al., 2013). F3/Contactin travels
to the plasma membrane via a route that bypasses the Golgi apparatus (Bonnon
et al., 2003, 2007). Although this means that delivery of the protein to the membrane
can be facilitated in a microtubule-independent manner, the polarized trafficking of
membranes to specific compartments still requires delivery through endosomes via the
cytoskeleton (Lasiecka and Winckler, 2011; Kapitein and Hoogenraad, 2011). A less
efficient transport would lead to a slower initiation of remyelination, prolonging the
period of demyelination stress thereby increasing the risk of axonal loss.

Neurodegeneration aggravates transport deficits

As described in the previous paragraphs, there are various ways in which axonal
transport deficits influence neurodegeneration. However, the opposite is also true, with
the biochemical environment existing during neurodegeneration affecting the transport
system. This holds true for mechanisms seen in a variety of neurodegenerative disorders,
such as glutamate toxicity and mitochondrial decay, as well as for events more specific
to MS, such as inflammation and demyelination.
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Demyelination leads to dysregulation of axonal transport

Although axonal transport can function in individual neurons in culture, several
studies have shown that myelination plays an important role in its regulation. In
cocultures of neurons and oligodendrocytes, myelination is often incomplete, with
only parts of the axon covered with a myelin sheath. These myelinated sections show
a local slowing of axonal transport, resulting in a locally increased axon diameter
(Monsma et al., 2014). Oligodendrocyte-axon interactions lead to specialization of
segments of the axons around the nodes of Ranvier. These paranodal regions show
a significantly larger mitochondrial content and increased speed of mitochondrial
transport. In a myelin deficient mouse, mitochondria are localized throughout the
axon and transported with a uniform speed (Ohno et al., 2011). Furthermore, in mice
with a null mutation of the myelin Plp gene, a model system for hereditary spastic
paraplegia type 2, an impairment of both anterograde and retrograde transport in
axons was observed (Edgar et al., 2004). One could argue that this impairment is due
to the energy deficit and calcium influx associated with demyelination. However, a
similar phenotype is observed in the CNP knockout mouse, where myelin assembly is
normal but only the signaling between oligodendrocyte and axon is disrupted (Lappe-
Siefke et al., 2003). One possible explanation for the disruption of transport could be
a local drop in ATP, since the mitochondria in the axon partially depend on lactate
supplied by oligodendrocytes (Lee et al., 2012; Saab et al., 2013).

Inflammation leads to cytoskeleton destabilization

In active MS inflammatory lesions, the activated T-cells that have infiltrated the
CNS induce microglia to produce tumor necrosis factor alpha (TNF-α, (Chabot et al.,
1997). Apart from its function in regulating the immune response, exposing cells to
high concentrations of this cytokine also leads to destabilization of microtubules and
loss of cell integrity (Petrache et al., 2003; Shivanna and Srinivas, 2009). As of yet, the
exact mechanism through which TNF-α leads to microtubule destabilization remains
unknown. It is possible this effect is mediated through glutamate toxicity, as TNF-α
induces secretion of glutamate while at the same time decreasing the glutamate uptake
by glia cells (Olmos and Llad, 2014). However, the destabilising effect is also observed
in non-neuronal cells, suggesting the involvement of a different pathway which does
not depend on glutamate toxicity.

Activated microglia not only produce TNF-α and other cytokines, but also express
the enzyme inducible nitric oxide synthase (iNOS, (Dasgupta et al., 2002). Nitric
oxide (NO) acts as an almost universal signaling molecule, affecting a large variety of
molecular pathways. This makes it hard to isolate its effect on the cytoskeleton. An
extensive body of research exists on the action of NO on the plant cytoskeleton. In
plants, stimulation of cells with NO leads to depolymerization of cortical microtubules
(Shi et al., 2009), leading to an overall disorganization of both the actin (Kasprowicz
et al., 2009) and the microtubule network (Lipka and Mller, 2014). Although less
thoroughly studied, the same mechanism is also present in mammalian neurons. In
these cells, stimulation with NO leads to reconfiguration of the microtubule network
through nitrosylation of MAP1B, resulting in growth cone collapse and axon retraction
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(Stroissnigg et al., 2007). The chemical environment associated with neuroinflammation
is in itself already capable of disrupting microtubule-associated axonal transport.

Mitochondrial decay inhibits axonal transport

As mentioned previously, changes in mitochondria density, mobility and activity
are a common finding in MS neuropathology (Mahad et al., 2009; Witte et al., 2010).
Although these changes initially are aimed at protection of the axon by providing
a steady supply of ATP, if these mitochondria are not turned over they become
a prime contributor to neurodegeneration (Karbowski and Neutzner, 2012). One
of the mechanisms through which decaying mitochondria lead to axonal loss is by
disturbing the Ca2+ homeostasis (Rasola and Bernardi, 2011). As with glutamate
excitotoxicity, the resulting increase in intracellular Ca2+ will lead to a cascade of
events, including transport disruption, finally resulting in apoptosis or necrosis. Defects
in the respiratory complexes can lead to excess production of radial oxygen species
(ROS). The oxidative stress caused by the reaction of these free radicals with proteins
in the neuron contributes to neurodegeneration (Lin and Beal, 2006; Trushina and
McMurray, 2007). One of the first effects of artificially induced oxidative stress is
inhibition of axonal transport, occurring hours before any effect is seen on other
cellular structures (Fang et al., 2012). The same study showed that depletion of ATP,
another consequence of mitochondrial degradation, will also inhibit axonal transport
of mitochondria and Golgi-derived vesicles. As mitochondria fail, axonal transport
will become dysfunctional as well.

Effects of glutamate toxicity on the cytoskeleton

Glutamate excitotoxicity has long been recognized as a contributor to neurodegen-
eration in a variety of neurological disorders (Kalia et al., 2008), including MS (Pitt
et al., 2000; Geurts and Barkhof, 2008; Kostic et al., 2013). Under normal circum-
stances, glutamate can bind to channels in the plasma membrane, generating a small
and strictly controlled flow of ions. When a neuron is overstimulated with glutamate,
the size of this ion flux is increased, resulting in an rising Ca2+ concentration in
the cytoplasm. This accumulation in turn triggers several signaling cascades, finally
resulting in apoptosis (reviewed in (Trapp and Stys, 2009). Before the levels initiating
apoptosis are reached, this increase in intracellular Ca2+ already has a detrimental
effect on the cytoskeleton. The infrastructure for transport is degraded, as both
microtubules (Mattson et al., 1991) and intermediate filaments (Chung et al., 2005)
are destabilized and lost. Since the organization of the microtubule skeleton is essential
for axon structure and integrity (Kevenaar and Hoogenraad, 2015), such degradation
will lead to a breakdown of axonal transport and eventually neurodegeneration. In
cultured neurons, the influx of Ca2+ caused by glutamate is indeed sufficient to slow
down or inhibit fast axonal transport (Ackerley et al., 2000; Hiruma et al., 2003).
This could explain why an estimated 50% of demyelinated axons in the brain of MS
patients show fragmentation of the neurofilament network and a reduced organelle
content (Dutta et al., 2006).
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Apart from the direct effect of glutamate toxicity on microtubule stability, there
is also an indirect effect on transport through alteration of post-translational mod-
ifications (PMTs). These modifications influence microtubule dynamics, but also
function as traffic rules regulating binding affinity of molecules including motor pro-
teins (Ikegami and Setou, 2010; Janke and Bulinski, 2011; Sirajuddin et al., 2014).
A combination of at least two of these modifications, acetylation and detyrosination,
enhances both the binding of Kinesin-1 (Kif5) to microtubules and its motor activity as
well as its preferential localization to the axon (Reed et al., 2006; Hammond et al., 2010;
Kaul et al., 2014). A decrease in the level of acetylated α-tubulin in a mouse model
induced severe axonal transport deficits. Clinically this resulted in neurological deficits
resembling either Charcot-Marie-Tooth disease or distal hereditary motor neuropa-
thy, depending on the exact mutation in the deacetylase enzyme HDAC6 generated.
Treating the animals with an inhibitor of HDAC6 rescued the transport deficits and
led to disappearance of the clinical phenotype (d’Ydewalle et al., 2011). Microtubule
modifications are not static, but can vary over time. For example, neuronal activity
leads to a local increase of microtubule polyglutamylation causing a reduction of Kif5
mobility and cargo delivering (Maas et al., 2009) as well as an increase in in acetylation
of alpha-tubulin (Pandey and Sharma, 2011). In contrast, loss of polyglutamylation
leads to abnormal targeting of Kif1A and a decrease in density of synaptic vesicles
(Ikegami et al., 2007). Decreases in acetylation have also been suggested to play a
role in several human neurodegenerative disorders, most notably Alzheimer’s disease
(Hempen and Brion, 1996; Zhang et al., 2015). If activation of glutamate receptors
leads to changes in tubulin acetylation (Pandey and Sharma, 2011), it is very likely
that glutamate excitotoxity will also affect the balance between the different PMTs
and therefore disrupt the proper regulation of axonal transport. Further research is
required to determine if such a mechanism plays a role in neurodegeneration in MS.

The downward spiral

From the studies reviewed in this article, a picture emerges of axonal transport
deficits as both cause and consequence of neuronal degeneration. In the healthy axon,
fast intracellular transport is supported by a dense network of microtubules. Molecular
motors transport a variety of cargoes using this infrastructure, including mitochondria
and vesicles containing cellular adhesion molecules, amongst many others. This contin-
uous stream of supplies is essential in meeting the energy demand of the axon through
local ATP production, as well as maintaining contact with oligodendrocytes through
cell-cell adhesions. The membrane is divided into several compartments, maintained
by interaction of membrane proteins with the (actin) cytoskeleton. These domains
prohibit diffusion of glutamate receptors outside of the nodes of Ranvier, concentrating
the peak demand for ATP to these areas of the axon. Through post-translational
modifications of microtubules and local concentration of anchoring proteins, a large
number of mitochondria is retained these nodes, producing ATP where it is most
needed (figure 4.1 A).

Failure of axonal transport has severe consequences for the axon. Local peaks in
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energy demand can no longer be answered by increased transport of mitochondria.
Although mitochondria are able to divide and fuse in the axon (Amiri and Hollenbeck,
2008), defective mitochondria are usually transported back to the perinuclear region
for mitophagy (Vives-Bauza et al., 2010). As transport fails, these mitochondria
will remain in the axon and become a source of radical oxygen species (ROS) and
Ca2+. Since both anterograde and retrograde transport is affected, proteins will
start to accumulate in the axon. When the organization of the cytoskeleton further
deteriorates and transport of adhesion molecules to the membrane slows down, the
boundaries between the nodes of Ranvier, the perinodal regions and the remainder
of the membrane will become less clearly demarcated. This weakens the connections
between the axon and its myelin sheath and allows for ion channels to diffuse outside
of the nodes of Ranvier. The demand for ATP rises and becomes more uniformly
spread throughout the axon, in stead of being concentrated in the nodes of Ranvier.

Figure 4.1 (on the next page): Transport defects and axonal degeneration. In the
healthy axon (A), the membrane is organized in different compartments through interaction
of adhesion molecules and other membrane proteins with the underlying actin mesh. In the
nodes of Ranvier, this interaction confines the ion channels from diffusing out of the nodes.
The ion flow through these channels has to be compensated in order by a similar magnitude
outflow in order to maintain membrane potential. The main protein complex involved in this
outflow is Na+/K+-ATPase, an enzyme that exchanges intracellular sodium for extracellular
potassium, hydrolysing an ATP molecule in the process. This mechanism results in a peak in
ATP demand at the nodes of Ranvier compared to the rest of the axon. The axonal transport
system matches this demand by guiding a constant flow of mitochondria into the nodes and
anchoring them to the microtubules where demand is highest, resulting in a careful balance
between supply and demand (A’). In the micro-environment created by neuroinflammation,
such as seen in MS, this balance is disturbed (B). Microglia, activated by T-lymphocytes
infiltrating the CNS, produce a mixture of different compounds such as glutamate, TNF-α and
nitric oxide, causing degradation of the actin network and fragmentation of the microtubule
cytoskeleton. As a result, the membrane compartments fall apart and ion channels start to
diffuse along the membrane. In addition, the reduced efficiency of mitochondrial transport
along the fragmented microtubules results in aging mitochondria being stuck in the axon,
leading to decreased mitochondrial efficiency. The diffusion of sodium channels and their
activation through increased glutamate levels will lead to a peak in ATP consumption through
Na+/K+-ATPase, which is no longer restricted to the nodes. As mitochondria can no longer
be freely redistributed, the transport system is not able anymore to match ATP supply to
demand (B’). When the ATP levels drop significantly, a backup mechanism enables the
neuron to maintain its membrane potential a while longer by exchanging intracellular sodium
for extracellular calcium. At this point, the damage to the axon is still reversible. If the
inflammatory environment disappears and the transport defects are corrected, the situation
in (A) can be restored. If intracellular calcium levels keep rising, damage to the transport
system accumulates and becomes irreversible (C). The continued exposure to high levels
of glutamate completely disintegrates the actin mesh. Transport along microtubules ceases
as microtubules are depolymerized and motor proteins are unable to function because of
low ATP levels, as the supply of ATP fails because of mitochondrial dysfunction (C’). The
increase in intracellular Ca2+ activates a variety of enzymes, leading to loss of membrane
integrity and finally loss of the axon.
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At the same time, the ROS released by mitochondria, as well as the dropping lev-
els of ATP further decrease the efficiency of the axonal transport system (figure 4.1 B).

In the context of MS, the molecular environment caused by neuroinflammation is
an additional detrimental factor to axonal transport. T-cells infiltrating the central
nervous system induce the activation of microglia. Microglia in turn become a source
of a cocktail of chemicals, including TNF-α and NO. TNF-α disrupts glutamate
homeostasis, simultaneously stimulating its release and inhibiting re-uptake. The axon
is now exposed to high levels of glutamate, which are even more harmful due to the in-
creased and more diffuse concentration of sodium channels in the axon membrane. The
resulting influx of Na+ has to be compensated through action of the Na+/K+-ATPase,
one of the most energy-consuming processes in the cell (Howarth et al., 2012). High
concentrations of NO lead to depolymerization of the microtubule network, further
hampering transport.

At this point, the neuron is basically holding its breath. If the toxic effects of
neuroinflammation disappear in time and the damage to the transport system is
limited, the cycle leading to neurodegeneration could be reversed. Microtubules will
grow back into the axon, transport will resume and the damage will be restored. As
membrane domains are reformed, even remyelination becomes possible. However, for
this to happen, all conditions must be exactly right. If for example genetic variations in
one of the motor proteins leads to a less efficient transport capacity, the balance might
tip towards continuing down the road towards neurodegeneration. If the remaining
ATP supplies are depleted, the intracellular Na+ concentration raises to critical levels.
This leads to a reversal of the calcium current along the Na+/Ca2+ exchanger, allowing
calcium to flow into the neuron while pumping sodium out, buying the neuron a little
more time (Zhao et al., 2014). If this situation persists for too long, the intracellular
Ca2+ concentration will be high enough to activate a number of enzyme systems,
finally resulting in loss of membrane integrity and apoptosis(figure 4.1 C).

Ever since the first MS cases were described in the nineteenth century, the precise
origin of neuropathological damage in this disease has to be elucidated. Two extreme
views can be discerned. According to one, MS is an autoimmune, inflammatory disease
while the other considers it a primary degenerative disorder with a secondary immune
response (Alastair and Alasdair, 2008; Stys et al., 2012). The model in figure 4.2
attempts to reconcile these quite distinct hypotheses. We suggest that these two
possible etiological pathways eventually may lead to the same vicious circle towards
neurodegeneration. They may be happening at the same time in one patient, but
in some cases perhaps also on their own. Both the neuroinflammation ignited via
blood components as well as intracellular contributors such as axonal transport deficits
or mitochondrial malfunction can trigger the same chain of events. This could at
least partially explain the clinical variability observed in MS patients. If a patient
has an efficient transport system, neurodegeneration will be mild, even after multiple
inflammatory episodes. In contrast, if an underlying defect in transport or mito-
chondrial function is already present, even a mild neuroinflammatory event can lead
to neurodegeneration. Although the outcome is identical demyelination and eventu-
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ally neurodegeneration the exact combination of transport efficiency, mitochondrial
function and constitution of the immune system, amongst others, will determine the
clinical course for each individual MS patient.

In the pathogenesis of multiple sclerosis, axonal transport is as much a victim
as it is an accessory, assisting others in committing the crime. Deficits in axonal
transport can contribute to the neuropathology observed in MS, but the reverse is also
true. The effects of demyelination and inflammation on the microtubule cytoskeleton
initiate and amplify a chain of events resulting in axonal loss (summarized in figure
4.2. Interrupting the spiral of neurodegeneration is the only way to prevent the clinical
progression seen in MS patients. We propose that a variety of therapeutic approaches
could prove equally effective. Microtubule stabilising drugs could prevent the loss of
axonal infrastructure, while medication targeting mitochondria preserves the local
production of ATP and prevents the leakage of calcium and ROS. Anti-inflammatory
drugs diminish the neuronal stress caused by exposure to TNF-α, NO and glutamate,
while NMDA-receptor blockers and calcium chelators reduce the toxic effects of glu-
tamate excitotoxicity. As of yet, there are no drugs present that can increase the
efficiency of the axonal transport system, although substances such as tubastatin that
modify post-translational modification are an interesting candidate (d’Ydewalle et al.,
2011). The damage that has already occured can not be undone, but these approaches
can increase the probability that an axon will survive the toxic environment of an
active MS lesion.

Concluding Remarks

The association between axonal transport and neurodegeneration is complex and
bidirectional. Deficiencies in intracellular transport can lead to a positive feedback
loop, a loop in which reduced transport of mitochondria and other components leads to
local ATP shortages, which further hamper transport (figure 4.2). If the circumstances
interfering with transport persist for a certain amount of time, this loop will inevitably
lead to axonal loss. There is substantial evidence that such a loop could play a role
in a large variety of neurodegenerative disorders (reviewed in Hirokawa et al. (2010);
Millecamps (2013)). In MS, this cycle becomes even more vicious because of the
contribution of inflammation and demyelination, further increasing both transport
defects and ATP demand. This feedback loop would explain a number of puzzling
findings in MS, since it suggests that a number of different initial events will lead to
the same outcome. A combination of deficiencies in mitochondrial activity, a hampered
axonal transport system or a specific immune makeup will all lead to the same outcome,
but in each patient the emphasis will be different. Some MS patients with a severe
mitochondrial or transport phenotype will show a large amount of neurodegeneration
with little inflammation, while other patients will be more on the inflammatory end of
this spectrum. Such a spectrum of disease could explain the large variability in disease
progression and therapy response observed in MS patients. This neurodegenerative
loop also offers new hypothetical approaches towards MS treatment, since it suggests
that weakening any part of the loop could reduce neurodegeneration and therefore
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disease progression. Therapy focused on restoring the ATP balance or increasing trans-
port efficiency would weaken the loop and slow down neurodegeneration. Developing
such neuroprotective strategies and combining it with the immunomodulatory drugs
already available to MS patients will, hopefully in the near future, greatly reduce the
suffering caused by this debilitating disease.
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4. TRANSPORT DEFICITS IN MULTIPLE SCLEROSIS

Figure 4.2: The cycle of neurodegeneration. In MS, both inflammation and neurode-
generation lead to a toxic local environment composed of high concentrations of glutamate,
nitric oxide (NO) and reactive oxygen species (ROS). These chemicals destabilize the cy-
toskeleton and affect the function of the axonal transport system. Inflammation also leads
to demyelination, exposing large sections of the axon to the hostile micro-environment and
increasing the demand for ATP. As transport efficiency is decreased, transport of mitochondria
is impaired, leading to a reduced supply of ATP and accumulation of degrading mitochondria
in the axon. These mitochondria become an additional source of ROS, contributing to toxicity.
Due to transport failure, the constant flow of membrane lipids and proteins diminishes, leading
to the loss of membrane structure and integrity. This further contributes to demyelination
and prevents remyelination. The increased demand for ATP combined with the reduced
supply leads to ATP shortages, preventing motor protein function. Through this loop, axonal
transport deficiencies, mitochondrial defects and inflammation amplify each other, creating a
positive feedback system that leads to neurodegeneration.

4



Heterozygous KIF1B 
deletion in a model 
of multiple sclerosis

Van den Berg R, Van Meurs M, Will L, Laman JD, Hintzen RQ and 
Hoogenraad CC. Heterozygous Kif1b deletion does not affect 
clinical disease or neuropathology in a demyelinating EAE model 
of multiple sclerosis. Manuscript to be submitted.







5. HETEROZYGOUS KIF1B DELETION IN A MODEL OF MULTIPLE SCLEROSIS

for which no treatment is currently available (Alastair and Alasdair, 2008). Advances
in the technology for large-scale genotyping of single nucleotide polymorphisms (SNPs)
have facilitated unbiased, genome-wide association studies (GWAS). The most promi-
nent genetic risk factor for MS is HLA-DR (Lincoln et al., 2005), but in addition more
than 100 non-HLA susceptibility loci have been identified, as risk factors for MS (Hafler
et al., 2007; International Multiple Sclerosis Genetics Consortium (IMSGC), 2013).
The majority of these genes are thought to play an important role in the immune
system, supporting the notion that neuroinflammation is a key driving component of
MS.

Recent GWAS found that genes encoding for kinesin motor proteins are suscep-
tibility loci for MS. Kinesin-1 family protein KIF5A, kinesin-3 family protein Kif1b
and kinesin-4 family proteins Kif21b are all associated with MS risk (Aulchenko et al.,
2008; International Multiple Sclerosis Genetics Consortium (IMSGC), 2010; Alcina
et al., 2013). Proteins from the kinesin family are the main players in anterograde
axonal cargo transport of many different subcellular components, such as mitochondria
and synaptic vesicles, as well as basic building blocks, such as proteins (Vale, 2003;
Hirokawa et al., 2009; Van den Berg and Hoogenraad, 2012). A large number of
different kinesin molecules has been identified, many of which are linked to human
diseases, especially neurodegenerative disorders (De Vos et al., 2008; Morfini et al.,
2009; Millecamps, 2013; Neefjes and Van der Kant, 2014). For example, Kif1b has
been indicated in the pathogenesis of Charcot-Marie-Tooth, a hereditary neuropathy
of the peripheral nervous system. Gene mutations in Kif1b were previously reported in
a Charcot-Marie-Tooth disease type 2A (CMT2A) family and global Kif1b knockout
mice develop progressive muscle weakness at high age due to a defect in the trans-
port of synaptic vesicle precursors (Zhao et al., 2001). Moreover, Kif1b is required
for the transport of MBP (myelin basic protein) mRNA in oligodendrocytes, a pro-
cess essential for the development of myelinated axons in zebra fish (Lyons et al., 2009).

Follow-up studies supported the correlation between KIF5A and Kif21b and MS
susceptibility (Goris et al., 2010; Alcina et al., 2013) but the reported associations
with the rs:1049:2972(C) allelic variant of Kif1b gene variants in the Kif1b gene have
proven difficult to replicate. Sequence analysis in an Italian primary progressive MS
dataset (Martinelli-Boneschi et al., 2010) and in a large multicenter study by the
International Multiple Sclerosis Genetics Consortium (IMSGC) (International Multiple
Sclerosis Genetics Consortium (IMSGC), 2010) provided no evidence for association
with MS. Contrary to the findings of the original study, findings in a Russian cohort
showed a small protective effect of the rs10492972(C) allele (Kudryavtseva et al.,
2011). Finally, a meta-analysis using equivalence-based statistics suggested that the
proposed association between the SNP variant in Kif1b and MS is not present in the
worldwide patient population (Pierre-Antoine, 2011). On the other hand, a recent
independent study showed a significant reduction in mRNA and protein levels of
Kif1b in the grey matter of MS cases (Hares et al., 2013). Thus, although it is widely
recognized that axonal dysfunction plays an important role in MS disease progression
(Stys et al., 2012), the relevance of axonal transport mechanisms to disease pathology
and mechanistic links between Kif1b function and MS is not clear.
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Here, we directly tested the hypothesis that reduced Kif1b expression affects the
neurological and pathological signs and symptoms in an animal model of MS. We cre-
ated a heterozygous Kif1b deficient knockout mouse and subjected it to experimental
autoimmune encephalomyelitis (EAE), a model in which injections of components of
the myelin sheath trigger an autoimmune reaction against the native myelin. Much
of our current understanding of MS is derived from studies on EAE, most commonly
induced in C57Bl/6 mice using MOG35−55 emulsified in complete Freund adjuvant
(CFA) (McGavern et al., 2000; Baxter, 2007; Pachner, 2011). Although it does not fully
mimic human MS, EAE in mice is characterized by demyelination and inflammation
of the CNS, with corresponding tail and limb weakness and paralysis. C57Bl/6 mice
are a well-studied line for creating transgenic animals, an additional advantage that
turns this protocol for EAE into one of the most commonly used MS models (Pachner,
2011). The use of the rotarod, a slowly accelerating rotating rod, is common in
neuroscience field but much less in MS research. Previously it has been shown that
rotarod performance is highly correlated to demyelination and especially to axonal
loss (McGavern et al., 2000). Here we show that heterozygous Kif1b deficient mice
do not show any significant differences in disease progression according to rotarod
performance, clinical disease and pathology. These data demonstrate that strongly
reduced Kif1b expression does not contribute to disease severity in at least one mouse
model for inflammatory demyelinating disease.

Results

Generation of heterozygous Kif1b knockout mice

To generate an inducible Kif1b knockout allele, a resistance marker was introduced
in the Kif1b locus by homologous recombination in mouse embryonic stem (ES) cells.
The mouse Kif1b gene is located on chromosome 4 and 47 exons have been identified,
with the ATG start code in exon 2 and TGA stop codon in exon 47. Exons 3 and 4
were selected as conditional knockout regions since deletion will lead to a frame shift,
and a premature translation stop of the Kif1b transcript. The first loxP sequence was
inserted into intron 2, and a neomycin selection cassette surrounded by frt sites and
followed by a loxP sequence was inserted into intron 4 of the Kif1b gene (Figure 5.1A).
Their integration was confirmed by Southern-blot and PCR analysis (Figure 5.1B-D).
The positive ES cell clones with the floxed Kif1b allele (termed Kif1bf) were injected
into blastocysts. The chimeras that gave germ line transmission were mated into the
C57BL/6 background to generate inbred Kif1bf (targeted) mice. Heterozygous Kif1b
knockout (Kif1b+/−) mice were obtained by crossing F1 heterozygous Kif1bf mice
with CAG-Cre transgenic mice that express Cre recombinase in the germ-cell lineage.
Genotyping of the mutant lines was performed by PCR analysis (Figure 5.1E). By
Western-blot analysis, we demonstrated that as predicted, Kif1b was produced at
2-fold lower level in heterozygous mice (Kif1b+/−) compared to wildtype mice (Figure
5.1F). Reduction in the amount of Kif1b mice did not lead to a significant upregulation
of other members of the kinesin-3 family (Figure 5.1F), indicating that there was no

5



5. HETEROZYGOUS KIF1B DELETION IN A MODEL OF MULTIPLE SCLEROSIS

compensation by closely related kinesin-3 family members at the expression level.

Matings between Kif1b+/− mice yielded transgenic animals that were born in a
non-Mendelian ratio, with complete absence of homozygous Kif1b knockout mice.
This is consistent with a previous report, which found that Kif1b knockout mice die
at birth most likely due to nervous system defects (Zhao et al., 2001). Heterozy-
gous animals were born in slightly lower numbers than expected, but this difference
was not statistically significant (Figure 5.1G). At 3 months of age, adult Kif1b+/−

mice were indistinguishable in gross appearance and weight from heterozygous and
wildtype littermates (Figure 5.1H). Behaviorally, Kif1b+/− mice displayed no motor
abnormalities: the motor activity measured by rotarod performance of 3 months old
heterozygous Kif1b mice was comparable to wildtype littermates (Figure 5.1H).

Figure 5.1 (on the next page): Characteristics of Kif1b heterozygous knockout
mice A) The mouse Kif1b locus and gene targeting constructs. To generate an inducible
Kif1b knockout allele, a loxP sequence was inserted into intron 2, and a neomycin selection
cassette surrounded by frt sites and followed by a loxP sequence was inserted into intron 4
of the Kif1b gene. The top line represents Kif1b, with exons indicated by black solid boxes.
The positions of Southern-blot probes 1 and 2 (horizontal lines) and PCR primers a, b, c
and d (arrows) are indicated. Selected restriction enzyme sites are shown (BamHI, EcoRI
and HdIII). The targeting constructs are shown below Kif1b. Homology with the Kif1b gene
is indicated, as are the lengths of the homologous regions. The loxP sites are represented
by arrows. NEO, neomycin resistance cassette; gray boxes are frt sites; DTA, diphtheria
toxin A gene. The targeted Kif1b allele, Kif1bf , is shown below the targeting constructs.
Cre-mediated recombination at the outermost loxP sites of the Kif1bf allele removes exon
3 and 4 the Kif1b sequences and generates the Kif1b− allele, which is represented by the
bottom line. Deletion of exon 3 and 4 of the Kif1b gene leads to a frame shift and a premature
stop of translation of the transcript. B-D) Southern-blot analysis of the Kif1b gene targeting
event. Southern blot of DNA derived from wildtype (wt) and targeted ES cells (+/-) were
digested with BamHI (B), EcoRI (C) and HdIII (D). The blot was hybridized with external
probe 1 (B), which detects fragments of 14.2 kb (wildtype allele) and 13.2 kb (NEO-targeted
allele), external probe 2 (C), which detects fragments of 6.0 kb (wildtype allele) and 5.0
kb (NEO-targeted allele) and internal probe 3 (NEO probe), which only detects the 14.0
kb fragment of the NEO-targeted allele. E) PCR analysis of a typical litter, showing the
bands obtained after amplification of wildtype (250 bp) and knockout (500 bp) alleles. F)
Kif1b heterozygous animals display an approximately 50% reduction of Kif1b expression, as
determined using Western blot. There is no decrease in expression of KIF5C or the dynein
complex component IC74. G) Kif1b litters were born according to a non-Mendelian ratio,
with complete absence of Kif1b homozygous knockouts. Kif1b heterozygous animals were
born in numbers slightly but not significantly lower than expected (P = 0.16, Fishers exact
test) H) Before the onset of EAE, there was no significant difference in weight or rotarod
performance between Kif1b heterozygotes and wildtype littermates
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Experimental setup and baseline measurements for studying
EAE in the mouse

EAE was induced in 46 twelve-week-old animals, 30 Kif1b heterozygous knock-outs
(17 females, 13 males) and 16 wildtype littermates (11 females, 5 males) (Figure 5.2B).
To induce EAE, mice were injected with synthetic MOG35−55 peptide emulsified in
complete Freund’s adjuvant (CFA), a strong water-in-oil adjuvant emulsion containing
heat-inactivated M. tuberculosis required to break immune tolerance of T and B
lymphocytes to MOG as a self-antigen. A classic arbitrary clinical score was used to
determine the severity of symptoms, ranging from 0 (no disease) to 5 (moribund),
as described previously (Huizinga et al., 2012). Animals were given a tail code and
wildtype and heterozygous animals were placed together in cages for observers blinded
to animal identity. To more accurately and objectively estimate neuronal damage in
these animals, we subjected them daily to the rotarod test (Jones and Roberts, 1968),
a motor performance test in which the animals walk on a slowly accelerating rotating
rod. The time the animals are able to maintain their balance is recorded as outcome
parameter. During the first week of the experiment, before the onset of symptoms,
animals were trained daily on the rotarod, both to avoid the superimposition of a
learning curve on EAE symptoms, and to compare wildtype and heterozygous baseline
performance.

Clinical parameters of EAE in heterozygous Kif1b deficient
mice

Eight days after induction of EAE the first animals developed symptoms according
to clinical score, followed by a decrease in rotarod performance from day 10 onward.
The day of onset of symptoms did not differ significantly between Kif1b+/− animals
and wildtype littermates (Figure 5.2C-D). Two weeks after induction, most animals
reached their maximum clinical score and were no longer able to maintain their balance
on the rotarod for longer than 30 seconds. After three weeks, the majority of the
animals started to recover (Figure 5.2C-D). During the entire experiment, all animals
kept gaining weight apart from some small decreases shortly after disease induction. A
notable exception was a single heterozygous animal that reached clinical score 4.5 and
kept losing weight. This animal was euthanized on day 19 according to the ethical
guidelines of our institute (Figure 5.2E).
Based on the maximum clinical score reached during EAE, we could distinguish two
separate populations, each comprising exactly half our population. One group of 23
animals developed no or only mild symptoms (score below 1.5 or lower), while the
other group also containing 23 animals developed more severe symptoms and reached
scores up to 4 (Figure 5.2F-G). The maximum clinical score achieved during EAE did
not differ significantly between wildtype animals and Kif1b+/− littermates (Figure
5.2F-G). The course of EAE, as summarized by mean clinical score and mean rotarod
performance per day, did not differ significantly between wildtype and knockout ani-
mals (Figure 5.2H, K). Since analysing the mean of a clinical score with non-equal
intervals can lead to artefacts (Fleming et al., 2005), we also converted the clinical
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score and rotarod performance into a categorical variable. Animals with a clinical
score of 0 or a rotarod performance of >280 seconds were labeled as ‘asymptomatic’,
while animals with a clinical score over 2.5 or a rotarod performance <100 seconds
were classified as ‘severe EAE’. Analysing the fraction of the population with either
classification did not identify significant differences between wildtype and Kif1b+/−

animals (Figure 5.2I-J, L-M).

Pathological parameters EAE in heterozygous Kif1b deficient
mice

After 28 days, animals were euthanized and their spinal cord removed. After
embedding in paraffin, 5 µm thick slices were cut and stained according to Klüver and
Barrera (Klüver and Barrera, 1953). Using this staining, lesions can be identified by
loss of myelin and leukocyte infiltration of the white matter (Figure 5.3E-F). The
spinal cords of animals with a high clinical score and a reduced rotarod performance
showed a high number of pathological lesions, covering large areas of the white matter
(Figure 5.3A-D). To more precisely determine the location and size of the lesions in the
spinal cord of wildtype and Kif1b+/− mice, we systematically analyzed all microscopy
pictures, using segmentation to separate the images into white and grey matter and
registering the contours against an anatomical atlas to determine the approximate
position within the spinal cord.

In this quantitative procedure, the position of each slice within the spinal cord was
determined by observing its position within the block and matching each image to a
labeled series of the spinal cord from (Watson et al., 2009). Images were manually
converted to a set of coordinates of the circumference of the white matter, grey matter
and lesions. Using these coordinates and the position of each slice within the spinal
cord, a table was created containing for each lesion the corresponding segment, area
in absolute units and as percentage of the white matter, and the anatomical systems
involved (Figure 5.3G). We observed that the amount of damage to the spinal cord
was highly variable within each individual animal, depending on the position in the
spinal cord. In extreme cases, animals showed no damage at all over several segments
of the spinal cord, with up to 45% of the white matter affected at a different level
(data not shown). The percentage of white matter surface area containing lesions did
not differ significantly between Kif1b+/− and wildtype mice (Figure 5.3H).
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Figure 5.2: Course of EAE according to clinical score and rotarod A) Time course
experiment. B) Number of animals used in EAE experiment by and genotype. C-E) Observed
clinical score (C) rotarod performance (D) and weight (E) for Kif1b+/− and wildtype animals
over time. F-G Maximum clinical score recorded during EAE for each individual animal in
wildtype (F) and Kif1b+/− cohort (G). H) Mean clinical score over time. I-J) Animals were
considered asymptomatic if their clinical score was 0 and classified as severe EAE if their
clinical score exceeded 2.5. At every time point, the fraction of animals falling into either
of these categories was determined for both wildtype and Kif1b+/− animals. K) The same
approach was used with regard to the rotarod performance, where the mean performance per
day was calculated, but also again animals were classified as asymptomatic (rotarod time
>280 seconds, L) or severe EAE (rotarod time <100 seconds, M) Error bars in panels H and
K indicate standard error of the mean.
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Figure 5.3: Spinal cord pathology in wildtype and Kif1b+/− animals. A-D)
Animals were sacrificed 28 days after immunization, after which the spinal cord was extracted,
embedded in paraffin and cut in 5 µm thick slices. Spinal cord damage was assessed by
Klüver-Barrera staining, in which lesions could be identified by loss of myelin staining and
increased cell numbers. Examples are shown of the thoracic spinal cords of wildtype (A-B)
and Kif1b+/− animals (C-D) with either very mild symptoms (A, C) or severe symptoms (B,
D) as determined by clinical score. EAE lesions are denoted by the arrows. E) Fragment of
the cervical spinal cord of a Kif1b+/− animal showing multiple demyelinated lesions. F) Detail
of panel E showing the demyelination and cellular infiltrates in more detail. G) Workflow of
analysis. All slices were matched to a mouse spinal cord atlas (from (Watson et al., 2009)) to
confirm the corresponding spinal cord segment as estimated by their position in the paraffin
block. The outline of the white matter, grey matter and any lesions present in the slice were
traced, after which for each segment the area affected by lesions as a percentage of the total
white matter could be calculated. H) The percentage of white matter surface area affected
by lesions did not differ significantly between wildtype and KIF1B heterozygotes.
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Discussion

This study assessed the relevance of Kif1b-based mechanisms to the neurological
and pathological signs in an MS animal model. We demonstrate that heterozygous
Kif1b deficient mice do not show significant differences in disease according to rotarod
performance, clinical score and neuropathology upon EAE induction. These data indi-
cate that twofold reduced Kif1b expression does not contribute to disease in at least one
very frequently used mouse model for autoimmune inflammatory demyelinating disease.

The role of Kif1b in MS

Identification of Kif1b as a protein involved in disease comes from studies of
neural crest-derived tumors such as neuroblastomas and medulloblastomas (Nagai
et al., 2000; Ohira et al., 2000), where it acts as an apoptosis inducer and potential
tumor suppressor (Munirajan et al., 2008; Schlisio et al., 2008; Yeh et al., 2008).
Interest in Kif1b as a disease protein intensified with its identification as a potentially
causative gene in one family with Charcot-Marie-Tooth disease type 2A (CMT2A),
a progressive peripheral neuropathy. A heterozygous Kif1b knockout mouse was
generated which at the age of twelve months developed progressive muscle weakness
similar to the peripheral neuropathy seen in humans (Zhao et al., 2001). However,
follow-up studies were not able to confirm the Kif1b gene association with CMT2A,
and instead found mutations in the mitofusin 2 gene, involved in mitochondrial fusion
and just like Kif1b located on chromosome 1, only 1.6 Mb apart (Bissar-Tadmouri
et al., 2004; Zuchner et al., 2004; Kijima et al., 2005). A large number of genes
have been linked to CMT2A, many of which are related to intracellular transport
pathways, suggesting a potential role for impaired transport in its pathogenesis (Gentil
and Cooper, 2012). This interpretation is further supported by the finding that a
pharmacological increase of microtubule acetylation rescues the transport defect in
a mouse model of CMT and even increases motor performance (d’Ydewalle et al., 2011).

Kif1b was first linked to MS susceptibility when a GWA study in a genetically iso-
lated Dutch population with multiplex MS families reported an increased susceptibility
associated with an intronic SNP in the Kif1b gene, named rs10492972*C (Aulchenko
et al., 2008). This finding pointed to a possible role for intracellular transport in MS,
supporting the hypothesis that MS is not a purely autoimmune disease as previously
thought, but rather a neurodegenerative disorder with a secondary immune compo-
nent (Stys et al., 2012). However, this SNP association could not be reproduced in
other populations (International Multiple Sclerosis Genetics Consortium (IMSGC),
2010; Martinelli-Boneschi et al., 2010; Koutsis et al., 2011), leading to the conclusion
that rs10492972*C in Kif1b does not lead to an increased susceptibility to MS as
a general rule (Pierre-Antoine, 2011). It has been proposed that these discrepant
findings could at least partially be explained by a founder effect in the inbred Dutch
cohort, leading to differences in allele frequency (Hintzen et al., 2010). Although the
contribution of Kif1b to MS is as of yet uncertain, there is substantial evidence for a
role of intracellular transport in MS pathogenesis. SNPs in other kinesin motors such
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as Kif21b (Goris et al., 2010; International Multiple Sclerosis Genetics Consortium
(IMSGC), 2010) and KIF5A (Alcina et al., 2013) are associated with MS and the
expression of motor proteins in non-lesional grey matter of MS patients is reduced
(Hares et al., 2013). Furthermore, analysis of autopsy tissue from MS patients shows an
increase in mitochondrial mass in chronic MS lesions (Mahad et al., 2009), consistent
with a reduction in intracellular transport and sequential accumulation of mitochondria.

Functional redundancy within the kinesin family

Defects in axonal transport have been linked to a large variety of neurodegenera-
tive disorders (De Vos et al., 2008; Millecamps, 2013). Alterations in the transport
machinery can leave the axon more vulnerable to additional damage, for example
mediated by cytokines (De Vos et al., 2000) or through glutamate toxicity (Ackerley
et al., 2000), a process considered to play an important role in axonal loss in MS
(Trapp and Stys, 2009). In this study we demonstrate that a twofold reduced Kif1b
expression does not contribute to disease progression in a demyelinating animal model
of MS. This result could be explained by the complexity of the transport system and
the redundancy of its components.
Kif1b was first described as a motor protein involved in axonal transport of mitochon-
dria (Nangaku et al., 1994). Subsequent studies found that the Kif1b gene generates
two major isoforms (Gong et al., 1999), which can interact with several different cargos,
including postsynaptic proteins such as PSD-95 (Mok et al., 2002) and Rab3 labeled
synaptic vesicle precursors (Norihiro et al., 2002), lysosomes (Masafumi et al., 2009)
and RNA transport granules (Lyons et al., 2009). Currently, 45 kinesin superfamily
genes have been identified, classified into 15 families. Since most genes generate more
than one isoform, approximately 90 kinesin motor proteins are estimated to exist,
many of which are capable of transporting the same cargo (Hirokawa et al., 2009).
For instance, both Kif1b (kinesin 3 family) and Kif5b (kinesin 1 family) transport
mitochondria (Tanaka et al., 1998) and both Kif1b and Kif1a transport synaptic vesicle
precursors (Niwa et al., 2008). It is very likely that in the heterozygous Kif1b mice
other kinesin family members can compensate for the reduction in Kif1b transport.
Cell-specific homozygous deletion of Kif1b will lead to a better understanding of the
role of Kif1b mediated cargo transport. Future studies should systematically subject
cell type-specific, both neuronal and oligodendroglial homozygous Kif1b knockouts to
acute and chronic forms of EAE, using classic induced and novel spontaneous models
(Wekerle et al., 2012), which will provide additional information on the role of Kif1b
in MS.

Materials and Methods

Ethics Statement

All animal experiments were performed in compliance with the guidelines for the
welfare of experimental animals issued by the Government of The Netherlands. All

5



5. HETEROZYGOUS KIF1B DELETION IN A MODEL OF MULTIPLE SCLEROSIS

animal experiments were approved by the Animal Ethical Review Committee (DEC)
and were performed in the animal facilities of the Erasmus Medical Centre.

Generation of Kif1b knock-out mice

Taconic Biosciences (Hudson, NY, USA) created the Kif1b knockout mouse by
targeted gene disruption of Kif1b gene in embryonic stem (ES) cells. Targeting
techniques and the procedures for selection of ES cells and generation of KO mice
have been described (Hoogenraad et al., 2002). Exons 3 and 4 of the Kif1b gene,
which encode part of the motor domain of the Kif1b protein, were selected as condi-
tional knockout regions since their deletion leads to a frame shift, and a premature
translation stop of the Kif1b transcript. The first loxP sequence was inserted into
intron 2, and a neomycin selection cassette surrounded by frt sites and followed by a
loxP sequence was inserted into intron 4 of the Kif1b gene. The neomycin targeting
construct was introduced in ES cells by homologous recombination. Two plates of
G418 resistant ES clones (∼192) were selected for screening and five potential targeted
clones were identified (2.6% targeting efficiency). The homologous recombination
strategy was validated by Southern analysis. Two positive ES cell clone were injected
into blastocysts and the chimeras that gave germ line transmission were mated into
the C57BL/6 background to generate inbred Kif1b+/f (targeted) mice. Heterozygous
Kif1b knockout (Kif1b+/−) mice were obtained by crossing F1 heterozygous Kif1b+/f

mice with CAG-Cre transgenic mice that express Cre recombinase in the germ-cell
lineage (kindly provided by Frank Grosveld, Erasmus MC, university Medical Centre
Rotterdam). Two PCR assays were designed for genotyping: the targeted allele assay
amplifies the wildtype and targeted allele from WT and heterozygous Kif1b+/f mice
(using primers Kif1bLoxP-forward and Kif1bLoxP-reverse); and the knockout allele
assay amplifies the wildtype, targeted and knocked out allele from WT and heterozy-
gous Kif1b+/− mice (using the same primers as the previous assay with the addition
of primer Kif1bko). The following PCR primers were used (as indicated in Figure 5.1A).

Kif1bLoxP-forward 5’-GGATTTTAGAAACCCAAACTTGGCTATG-3’
Kif1bLoxP-reverse 5’-CTCATCTGGGTGTTACCAGTATTCAGC-3’
Kif1bko 5’-GAATATAAGGTGTGGAGCTCAGTTGGTAAA-3’

PCR protocol - The PCR was performed in a 20 µL volume, using 0.5 µL of genomic
DNA in 10× PCR buffer, 50 mm MgCl2, 10 mm dNTP, 2% formamide, 50% glycerol,
GoTaq polymerase and dH2O. A complex temperature profile was adopted to ensure
maximum specificity in the early rounds of amplification. An initial DNA denaturation
for 2 minutes at 94 ◦C was followed by 10 cycles at 98 ◦C for 10 seconds, 72 ◦C for 15
seconds, with temperature for this step decreasing by 1 ◦C every cycle, followed by
72 ◦C for 1 minute and another 25 cycles at 98 ◦C for 10 seconds, 62 ◦C for 15 seconds
and 1 minute at 72 ◦C, finally a 10 minutes extension at 72 ◦C.

For tissue Western blots, cortex, cerebellum, spinal cord, sciatic nerve, heart and
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lung were dissected from a wildtype or heterozygous female adult mouse from the
same litter. Tissue from lung and heart was copped in ice cold modified Ripa buffer
supplemented with protease inhibitor, followed by sonification. Neuronal tissue was
homogenized in ice cold modified Ripa buffer supplemented with protease inhibitor
using a micro pestle and incubated on a rotator for one hour. All samples were
snap-frozen and spinned down for 30 minutes. From the supernatant protein-lysate
10 µg was loaded on an 8% SDS-page gel and afterwards transferred to a nitrocellulose
membrane. Membranes were blocked in 4% BSA/0.5% fat-free milk for one hour and
incubated overnight with the indicated antibodies in the blocking solution. Antibod-
ies: KIF1B (Bethyl Laboratories, Montgomery, TX, USA; 1:400), KIF5C (Abcam,
Cambridge, UK; 1:1000), IC74 (Millipore, Billerica, MA, USA; 1:1000) and Actin
(Millipore, Billerica, MA, USA; 1:10.000).

EAE induction and assessment

Animals were housed in specified pathogen-free conditions. The mice were 12 weeks
old at the start of the experiment. EAE was induced by subcutaneous immunization
at 4 sites in the flanks with 200 µg MOG35-55 peptide in total, emulsified in CFA
(Difco/Voigt, Lawrence, KS, USA) on day 0 as described previously (Stromnes and
Goverman, 2006). 500 µg heat-killed Mycobacterium tuberculosis H37RA (Difco/Voigt,
Lawrence, KS, USA) was added per 100 µL CFA to evoke a better immune response
and more extensive neuropathology. At day 0 and 2 mice were injected i.p. with
150 ng pertussis toxin (PTX). After EAE induction, mice were monitored daily, and
weight and clinical status were recorded. Clinical signs of EAE were graded daily
on a scale of 0 to 5: 0, no signs; 0.5, tail paresis; 1, tail paralysis; 1.5, paraparesis
without tail paralysis; 2, paraparesis; 2.5, partial paralysis; 3 complete paralysis; 3.5,
paraplegia; 4, quadriplegia; 5, death. If an animal experienced a score higher than
2, gel packs and soft food pellets were provided. In addition, from day 6 onwards
motor performance was tested daily using a rotarod device. On day 28, animals were
humanely euthanized and perfused with 4% paraformaldehyde.

Rotarod test

Animals were trained to walk on the accelerating rotarod (Ugo Basile 47600, Milan,
Italy). The rotarod consists of a cylinder with a diameter of 3 cm on which 5 animals
can run simultaneously, separated by panels of sufficient size to prevent the animals
from detecting each other visually. The speed of the rod was linearly increased from 4
rpm to 40 rpm during 300 seconds, after which the animals were returned to their cages.
When the animal was not capable of maintaining its balance and fell of the device, it
triggered a sensor and the time was recorded. The first week of the experiment, before
the onset of symptoms, was used to train the animals in the use of the device and to
obtain baseline values. Animals were subjected to the rotarod on a daily basis, unless
they were unable to move due to paralysis of the limbs (EAE score higher than 3), in
which case their latency time was recorded as 1 second.
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5. HETEROZYGOUS KIF1B DELETION IN A MODEL OF MULTIPLE SCLEROSIS

Histology

After perfusion with 4% paraformaldehyde, the brain and spinal cord were ex-
tracted and embedded in paraffin using an automated Microm HMP110 paraffin tissue
processor. Paraffin material was cut into 5 µm thick coronal (brain) or transverse
(spinal cord) sections. Prior to staining, sections were deparaffinised in xylene and
rehydrated in ethanol of decreasing percentage (from 100% to 70%) followed by rinsing
with distilled water. Histochemical staining was performed according to Klüver-Barrera
(Klüver and Barrera, 1953). In short, sections were stained overnight with Luxol
Fast Blue solution (Sigma-Aldrich) at 60 ◦C and rinsed in 95% ethanol and distilled
water. To wash away non-specific labelling, sections were rinsed with a 0.05% lithium
carbonate solution (Sigma-Aldrich) and washed with 70% ethanol. Sections were
then stained with a 0.5% Eosin-Y solution (Sigma-Aldrich), washed with distilled
water and stained with a 0.25% Chresyl Echt Violet solution (Chresyl violet acetate,
Sigma-Aldrich). After these stainings, slides are rinsed with distilled water, dehydrated
using an ethanol series with increasing percentage (80% - 100%), followed by two
washes with xylene.

Computational analysis of spinal cord sections

Slices were imaged on a Zeiss Axioskop upright microscope with 2.5x and 10x
objectives. Processing was performed using the tools available in the open source
image analysis package FIJI (Schindelin et al., 2012). All images were aligned to a
line from the gracile fasciculus through the central canal to the ventral fasciculus with
the dorsal side facing up. The contours of the white matter, the grey matter and any
lesions present in the slice were manually tracked using the multi-point selection tool,
resulting in a table of coordinates. These coordinates were loaded by a custom script
written in R (R Core Team, 2014) and converted into areas of which both the absolute
surface and for each lesion its area relative to the white matter was calculated. All
images from a single animal were aligned according to their position in the paraffin
block and matched by eye with the corresponding element from the reference series to
determine the spinal cord segment.
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Translational Impact

Clinical Issue Multiple sclerosis is a chronic demyelinating disease of the central
nervous system. It is estimated that more than 2 million people worldwide are affected
by MS, with the disease onset typically at a relatively young age of around 30 years.
Although MS can be progressive from the start, in most patients the first phase of the
disease is characterised by periods of disability, followed by (partial) recovery. Over a
time period of two to three decades after diagnosis, almost all patients develop severe
persistent disability. Although immune modulating drugs are able to decrease the
frequency of attacks, there are no treatments available to slow progression or cure this
disease. In recent years, more and more research has focused on the neurodegenerative
components of MS, raising the hope that insight into the loss of axons and neurons
during the disease could lead to new therapeutic approaches.

Results Several genes related to transport of cellular components in neurons have
been linked to MS using gene-wide association studies. One of these genes is Kif1b,
a member of the kinesin family of motor proteins. A knockout mouse for this gene
was generated and subjected to experimental autoimmune encephalomyelitis (EAE), a
model system for MS. These animals did not show any differences in disease course or
amount of damage received compared to wildtype littermates.

Implications These findings illustrate the difficulties encountered when translating
findings in genomics to molecular mechanisms. The heterozygous loss of one specific
motor protein is not sufficient to influence disease severity in this model for MS.
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6. ROTAROD PERORMANCE AND IMAGE ANALYSIS IN EAE

Introduction

Multiple sclerosis (MS) is the most common cause of neurological disability in
young people. It affects 0.1-0.2% of the population with onset of disease at a mean
age of 28 years Goodin (2014). As of yet, no curative treatment has been developed,
despite very good progress in reduction of the inflammatory component, mostly by
biological anti-inflammatory drugs (Ransohoff et al., 2015). MS is a complex disease
entity, with characteristics of both an immunological and a neurodegenerative disorder
(Stys et al., 2012). Research into the causes of MS is difficult, partially because a
large discrepancy exists between biological and clinical onset with patients developing
symptoms after years of subclinical disease. As more time passes, epidemiological or
histological traces of any causative factor will be harder to detect. Also, the processes
leading to disability in MS occur in the brain and spinal cord, areas of the central
nervous system (CNS) that are hard to probe or study at the microscopic level from the
outside. The majority of MS patients are initially diagnosed with relapsing-remitting
MS, a form of the disease in which short periods of attacks are followed by timeframes
in which disease activity is nearly absent. Although almost all individuals eventually
show progression to a continuously active form of the disease as damage accumulates
(Ebers, 2001; Tremlett et al., 2008). The variation seen in MS patients supports the
growing conviction that MS should be considered a collection of several disorders with
different causes and pathways involved, but with a relatively similar set of symptoms
as result (Lassmann, 2005).

All these challenges stress the importance of an accurate experimental model
for MS. Ever since it was first described in the 1920s, as a chance finding during
vaccination trials (Koritschoner and Schweinburg, 1925), Experimental Autoimmune
Encephalomyelitis (EAE) has been the most widely used model system for MS (Mix
et al., 2010; Baker and Amor, 2015). In EAE animals are inoculated with myelin
components, triggering an immune response against the injected compound which also
targets the native myelin sheath. The resulting disease depends on the species and
strain of animals selected, as well as the molecule or cell used to evoke an immune
response and any adjuvants used to stimulate cell-mediated immunity (Ralf et al.,
2006). Although EAE has greatly contributed to our understanding of MS (Baxter,
2007; Steinman and Zamvil, 2006), several disadvantages limit its use (Steinman and
Zamvil, 2005; Ransohoff, 2012). The first and foremost of these is that in many
protocols, EAE is an inflammatory disease of the CNS, only partially mimicking the
neurodegenerative process seen in MS (Sriram and Steiner, 2005). Another concern
involves the type of immune response, which in rodent EAE is mainly CD4+ T-cell
mediated, while active MS lesions in human patients tend to show a higher involvement
of CD8+ cells (Friese and Fugger, 2009; ’t Hart et al., 2011).

EAE is not a trivial experimental procedure, and the consistency of measurements
can vary depending on the experience of the person who implements the complex
protocol(Stromnes and Goverman, 2006). Even seemingly minor decisions -such as the
adjuvant used for immunization (Smith et al., 2011)and the dose and timing of pertussis
toxin- will influence the disease course. Similar attention should be paid to the acquisi-
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tion and analysis of results (Baker et al., 2011). It is common for EAE experiments to
measure disease severity using a clinical score running from 0 to 5, with 0 indicating no
symptoms and 5 death (e.g. (Kassiotis et al., 1999). This scale is observer-dependent,
non-linear and produces a categorical variable, implying that any statistical analysis
involving a mean score has to be interpreted with caution (Baker et al., 2014). Two
animals with a mean score of 2.5 can both be moderately sick or one animal is dead
while the other shows no symptoms. Representing the results of an EAE experi-
ment accurately requires a thorough statistical analysis(Fleming et al., 2005). Failure
to take the proper precautions may contribute to publication bias (Tsilidis et al., 2013).

In the field of neuroscience, it has been common for several decades to measure
motor performance of rodents using a rotarod, a bar rotating at a slowly increasing
speed. The animal is forced to increase its walking speed to keep up with the bar, until
it can no longer maintain its balance and drops on a switch, connected to a clock. The
latency time to fall can then be used as an objective and non-invasive measurement
of motor performance(Jones and Roberts, 1968). As common as this method is in
neuroscience, relatively few studies have explored its application in EAE ((Jones et al.,
2008; Al-Izki et al., 2012; Moore et al., 2014)). In this paper, we demonstrate the use
of a rotarod to evaluate the results of EAE induction in mice. We compare the rotarod
measurements to a clinical score as well as to the number of inflammatory lesions found
in the spinal cord of these animals. Using a set of definitions for crucial disease events
based on clinical score and rotarod, we also provide a quantification of EAE disease
course over time. The clinical impact of any CNS lesion is determined by its location
as well as its size, where a minor lesion in a critical system can lead to severe clinical
disability. Furthermore, we develop a novel image analysis approach in which for each
spinal cord lesion the information on anatomical context is preserved, allowing for a
better understanding of the three-dimensional distribution of inflammatory lesions
and their relation to clinically observed disease severity.

Materials and Methods

Ethics Statement

All animal experiments were performed in compliance with the guidelines for the
welfare of experimental animals issued by the Government of The Netherlands. All
animal experiments were approved by the Animal Ethical Review Committee (DEC)
of the Erasmus Medical Centre under protocol number 128-12-01. All experiments
were performed in the animal facilities of the Erasmus Medical Centre.

EAE induction and assessment

C57BL/6Tac animals were originally obtained from Xenogen Biosciences (currently:
Taconic Farms, Inc. NJ, USA). At the start of experiments, the strain had been in our
facility for four generations. Animals were housed in specified pathogen-free conditions.
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6. ROTAROD PERORMANCE AND IMAGE ANALYSIS IN EAE

Both male and female animals were used for the experiments. The mice were 12 weeks
old at the start of the experiment, all animals were born within 3 days of each other.
EAE was induced by subcutaneous immunisation at 4 sites in the flanks with 200 µg
MOG35−55 peptide in total, emulsified in CFA (Difco/Voigt, Lawrence, KS, USA) on
day 0 as described previously (Stromnes and Goverman, 2006). 500 µg heat-killed
Mycobacterium tuberculosis H37RA (Difco/Voigt, Lawrence, KS, USA) was added per
100 µl CFA to evoke a better immune response and more extensive neuropathology. At
day 0 and 2 mice were injected i.p. with 150 ng pertussis toxin (PTX, Sigma-Aldrich,
MO, USA). After EAE induction, mice were monitored daily, and weight and clinical
status were recorded. A clinical score was used as defined in table 6.1. If an animal
was scored higher than 2, gel packs and soft food pellets were provided. In addi-
tion, from day 6 onward motor performance was tested daily using a rotarod device.
On day 28, animals were humanely euthanized and perfused with 4% paraformaldehyde.

Score Symptoms
0.0 None
0.5 Weakness of the tail.
1.0 Paralysis of the tail without weakness of the limbs.
1.5 Weakness of the limbs without paralysis of the tail.
2.0 Weakness of the limbs with weakness or paralysis of the tail.
2.5 Complete paralysis of one of the hind limbs, or weakness of three

or four limbs while retaining the ability to walk.
3.0 Complete paralysis of front or hind limbs, or weakness of three or

four limbs with the loss of walking ability.
3.5 Complete paralysis of the hind body, animal cannot turn its body.
4.0 Complete paralysis of front and hind body.
4.5 Complete paralysis with inability to eat and drink.
5.0 Death due to experiment.

Table 6.1: Scale for Clinical Score. During this experiment, all animals with a score
higher than 2.0 were provided with gel packs and soft food pellets. If an animal reached a
score of 4.5, it was euthanized. Scores of 4 and above are rare, only animal reached 4.5 and
was euthanized.

Rotarod test

Animals were trained to walk on the accelerating rotarod (Ugo Basile 47600, Milan,
Italy). The rotarod consists of a cylinder with a diameter of 3 cm on which 5 animals
can run simultaneously, separated by panels of sufficient size to prevent the animals
from detecting each other visually. The speed of the rod was linearly increased from 4
rpm to 40 rpm during 300 seconds, after which the animals were returned to their cages.
When the animal was not capable of maintaining its balance and fell of the device, it
triggered a sensor and the time was recorded. The first week of the experiment, before
the onset of symptoms, was used to train the animals in the use of the device and to
obtain baseline values. Animals were subjected to the rotarod on a daily basis, unless
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they were unable to move due to paralysis of the limbs (EAE score higher than 3), in
which case their latency time was recorded as 1 second.

Histology

After perfusion with 4% paraformaldehyde, the brain and spinal cord were ex-
tracted and embedded in paraffin using an automated Microm HMP110 paraffin tissue
processor. Paraffin material was cut into 5 µm thick coronal (brain) or transverse
(spinal cord) sections. Prior to staining, sections were deparaffinised in xylene and
rehydrated in ethanol of decreasing percentage (from 100% to 70%) followed by rinsing
with distilled water. Histochemical staining was performed according to Klüver-Barrera
(Klüver and Barrera, 1953). In short, sections were stained overnight with Luxol Fast
Blue solution (Sigma-Aldrich) at 60°and rinsed in 95% ethanol and distilled water. To
wash away non-specific labelling, sections were rinsed with a 0.05% lithium carbonate
solution (Sigma-Aldrich) and washed with 70% ethanol. Sections were then stained
with a 0.5% Eosin-Y solution (Sigma-Aldrich), washed with distilled water and stained
with a 0.25% Chresyl Echt Violet solution (Chresyl violet acetate, Sigma-Aldrich).
After these stainings, slides are rinsed with distilled water, dehydrated using an ethanol
series with increasing percentage (80% - 100%), followed by two washes with xylene.

Computational analysis of spinal cord sections

Slices were imaged on a Zeiss Axioskop upright microscope with 2.5x and 10x
objectives. Processing was performed using the tools available in the open source
image analysis package FIJI (Schindelin et al., 2012). All images were aligned to a
line from the gracile fasciculus through the central canal to the ventral fasciculus with
the dorsal side facing up. The contours of the white matter, the grey matter and
any lesions present in the slice were manually tracked in FIJI using the multipoint
selection tool, resulting in a table of coordinates. These coordinates were loaded by a
custom script written in R (R Core Team, 2014) and converted into areas for which
both the absolute surface and for each lesion its area relative to the white matter was
calculated. All images from a single animal were aligned according to their position
in the paraffin block and matched by eye with the corresponding element from the
reference series to determine the spinal cord segment.

Statistical Analysis

All statistical analysis was performed in R (R Core Team, 2014). Variables follow-
ing a normal distribution were compared using Welch two sample t-test. Count or
proportional data, such as the disease categories and time points were compared using
Fisher’s exact test for count data. Linear correlations were tested using Pearson’s
product-moment correlation, except for the relation between initial weight and clinical
score / rotarod performance (figure 6.4D-E), where a linear model was fit to the data
predicting either maximal clinical score or minimal rotarod performance based on
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gender and weight. An analysis of variance (ANOVA) was then performed to determine
the significance of the gender and weight terms. To determine the best description for
the relation between clinical score and rotarod performance (figure 6.1G), a two-step
approach was used. By eye, the shape of the curve suggested a logistic decay function.
In the first round, a brute force algorithm (Grothendieck, 2013) was used to get an
initial estimate of the fit parameters. In the second round, these estimated values were
used as starting points for a nonlinear least-squares estimate of the optimal parameters.
The optimal fit was achieved when assuming a limit of 286 seconds rotarod performance,
an EC50 midway point at a clinical score of 1.79, and slope coefficients of -0.08 and -5.21.

Results

Clinical score and rotarod performance show excellent correla-
tion in a non-linear fashion.

For the methodological purposes of this study and guided by the IACUC, a single
large EAE experiment was designed using both male and female mice, with a modified
induction protocol to enhance neurological damage. The same experiment was co-opted
to assess whether knocking out the molecular motor protein Kif1b affected EAE (Van
den Berg et al, manuscript in preparation). During the course of EAE, all animals
were scored daily by the same individual. To avoid an observer-expectancy effect, a
coding system was used to keep the observer unaware of animal identity and score
of the previous day. A classic and validated clinical EAE scale from 0 to 5 was used,
as described in table 6.1. At the same time each day, all animals were placed on the
rotarod and latency time to fall was measured. Approximately 7 days after induction,
the first animals started to develop symptoms (figure 6.1A). During the first few days,
animals need to get used to the rotarod, leading to a predicted initial increase in
performance. All animals reached maximum performance before onset of symptoms.
Ten days after induction, an increase in clinical score is mirrored in a decrease in
rotarod latency time. (figure 6.1B).

It should be noted that a significant fraction of the animals in which EAE had
been induced did not develop symptoms. The choice of whether or not to include
these animals in the analysis significantly influences the outcome of the experiment,
as illustrated by the two curves in figures 6.1A-B. To circumvent this issue, the score
and rotarod results for each day where converted to a categorical variable according
to the criteria shown in table 6.2. The number of animals assigned to each category
as a fraction of the total population can then be used as a more informative readout
of disease severity compared to only mean values. Although the patterns for the
categories ‘asymptomatic’ (figure 6.1C) and ‘severe’ (figure 6.1E) are quite similar
when defined according to clinical score or rotarod performance, only a few animals
are considered moderately sick according to rotarod performance (figure 6.1D). This
becomes even more apparent when calculating the predictive value of clinical score for
rotarod performance. When an animal is categorised as ‘asymptomatic’ according to
the clinical score, there is a 0.95 probability it will be similarly categorised according
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to the rotarod performance. In contrast, if the clinical score of an animal results in a
classification of moderately sick, the probability that its rotarod performance falls in
the same category is only 0.19 (figure 6.1F). This discrepancy can be explained by the
distinctively non-linear correlation between clinical score and rotarod performance,
which can best be described using a logistic decay function (figure 6.1G). Over the clin-
ical score interval of 1.5-2.5 there is a rapid decrease in motor performance as measured
by rotarod. While animals with a clinical score lower than 1.5 usually retain maximum
rotarod performance and animals with clinical score over 2.5 are barely able to walk the
rod, all loss of motor function takes place in the small interval between score 1.5 and 2.5.

Category Clinical Score Rotarod Performance
Asymptomatic 0.0 >250 seconds

Moderate 0.5 - 2.5 150 - 250 seconds
Severe >2.5 <150 seconds

Table 6.2: Disease severity criteria. Definitions used to divide clinical score and rotarod
performance into categories.

Analysing the natural history of EAE

The use of categories provides a more accurate representation of disease severity
when compared to solely presenting a mean value. A similar approach can be used to
analyse the chronological progression of disease. We defined four pivotal events in the
natural history of EAE, according to both clinical score and rotarod (table 6.3). These
definitions were applied to the disease course of the animals included in the experiment,
resulting in the corresponding dates for each event (applied to an individual animal in
figure 6.2A-B, to the entire population in figure 6.2C-D). Clinical score and rotarod
are in agreement on the time point of most of the events, with the largest discrepancy
in the median observed for recovery (figure 6.2E, table 6.4). When comparing the
date for each individual event according to rotarod performance and clinical score,
a strong linear correlation is observed (figure 6.2F, ρ = 0.87, P < 0.001, Pearson’s
product-moment correlation). Of all events (N = 79), 51.9% is assigned to the same
date according to rotarod performance and clinical score, with an additional 25.3%
showing a difference of a single day. In 9.2% of the cases, a disease milestone -mainly
recovery- is reached according to rotarod performance, but not according to clinical
score. The opposite is true in another 9.2%, where clinical score predicts an event
-onset of disease- that does not take place according to rotarod performance. In these
cases, an animal experiences a temporary weakness or paralysis of the tail, without a
drop in motor performance.

EAE is more severe in males, but follows the same time pattern.

The susceptibility to MS as well as the disease course differ substantially between
men and women(Schwendimann and Alekseeva, 2007; Bove and Chitnis, 2014). A simi-
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Event Clinical Score Rotarod Performance
Onset Day 1 in a period of at least 3

days with clinical score > 0.
Day 1 in a period of at least 3
days with rotarod performance
lower than the maximum score
during the first week of testing.

Maximum Day on which the maximum clin-
ical score is recorded.

Day at which the minimal rotarod
performance is observed.

Remission A period of at least 3 consecutive
days after the disease maximum
in which the animal shows a de-
creasing or equal score, with at
least two of the days showing im-
provement.

A period of at least 3 consecutive
days after the disease maximum
in which the animals shows an
increasing or equal rotarod per-
formance, with at least two of the
days showing improvement.

Recovery A period of at least 3 consecutive
days after the disease maximum
in which the animals scores 0.

A period of at least 3 consecutive
days after the disease maximum
in which the animal achieves a
rotarod score of at least 90% of
the maximal performance before
disease onset.

Table 6.3: Criteria used to define disease events.

lar disparity has been observed for male and female animals subjected to EAE(Massella
et al., 2012). In humans, although women have an approximately two- to threefold
higher risk of developing MS, the disease tends to be more rapidly progressive in
men(Bove and Chitnis, 2013). In our animals, we observed a similar pattern, with a
more severe disease course in males compared to females according to both clinical
score (figure 6.3A) and rotarod performance (figure 6.3B). A significantly larger
fraction of the male animals reached a maximum clinical score of 4.0 compared to the
female animals (figure 6.3C, P = 0.03), and only 9 out of 28 (32.1%) female animals
reached a minimum rotarod latency time of less than 25 seconds, compared to 14 out
of 18 (77.8%) male animals (figure 6.3D, P = 0.04). This gender disparity is limited
to the severity of disease, there is no difference in time to reach any of the disease

Event
According to Score According to Rotarod

P-value
Median Range Median Range

Onset 13 (9-19) 14 (8-19) 0.21
Maximum 16 (14-28) 15 (13-27) 0.63
Remission 17 (15-24) 17 (15-24) 0.99
Recovery 26 (21-27) 23 (17-27) 0.89

Table 6.4: Days post-induction to disease events. Date values indicate median and
range in days post-induction. P-values indicate the probability assigned by Fishers’ exact test
for count data to the hypothesis that the date of the event is independent of the measurement
method chosen, i.e. clinical score or rotarod.
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milestones (figure 6.3E). No difference in susceptibility to EAE was observed. In
both gender groups some animals did not develop EAE, with no significant differences
between the groups.

Weight at disease onset does not influence EAE outcome.

Another commonly used indicator of disease is weight(Fleming et al., 2005), which
has the advantage that it can be measured objectively with minimal stress to the
animal. A disadvantage can be that weight at the start of the experiment varies greatly
between individual animals and can differ between experimental groups. Also, since
weight loss depends on the metabolic response of the animal to the stress associated
with EAE, the magnitude of the weight loss is only indirectly related to disease
intensity. We observed a highly significant linear correlation between weight and
clinical score (figure 6.4A, ρ=-0.11, P = 1.33×10-7) and rotarod performance (figure
6.4B, ρ=0.12, P = 2.3×10-4), independent of gender. As expected, male animals
are significantly heavier at the start of the experiment with a mean weight of 25.1
gram versus 19.4 gram for the female animals (figure 6.4C, P = 2.8×10-12). This
might raise the question if this weight difference plays a role in the gender disparity in
disease intensity. However, no correlation exists between weight before the start of the
experiment and the maximum disease intensity, both according to clinical score (figure
6.4D, P = 0.82) and rotarod performance (figure 6.4E, P = 0.90). Although limited
by its high variance, weight can be used as a marker for disease progression. The
weight of an animal at the start of an EAE experiment does not predict disease severity.

Both rotarod performance and clinical score correlate with the
area of inflammatory lesions

Although non-invasive measurements can teach us a great deal about the severity
and time course of EAE, the gold standard remains histological analysis. However,
little research has been performed correlating clinical score to histological evidence of
CNS damage. The available evidence suggests that the correlation with atrophy in
the spinal cord might only be weak(Källen and Nilsson, 1986), although a stronger
correlation exists with brain atrophy (Paz Soldán et al., 2015). Interestingly, a similar
disparity between clinical signs and damage visible on MRI exists in MS patients
(clinic-radiological paradox), possibly related to the inability of MRI to reliably and
quantitatively visualise axonal damage(Rocca et al., 2013). To determine the cor-
relation between our clinical measurements and the damage to the nervous system,
the spinal cords from a representative subset of animals (N = 12) were embedded in
paraffin and used to generate a series of microscopy slides covering the entire extent of
the spinal cord. These slides were stained using the protocol provided by Klüver and
Barrera(Klüver and Barrera, 1953), a method deploying luxol fast blue and eosin Y to
chemically stain myelin, neuropil and neurons. Loss of luxol fast blue staining does
not represent pure demyelination, but is more often the result of the combination of
demyelination, axonal loss and immune cell infiltration ((Baker et al., 2011)). The
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correlation between loss of luxol fast blue and axonal degeneration has been confirmed
using in vivo imaging studies ((Kim et al., 2006; Budde et al., 2009)).

The resulting stained slides were imaged in a systematic manner and manually
traced, resulting in a list of coordinates for the outline of the white matter, the
border between white and grey matter and the boundary of inflammatory lesions, if
present. These resulting outlines were matched to an anatomical atlas of the spinal
cord(Watson et al., 2009) to determine the exact segment of the spinal cord the slide
was located in, as well as the anatomical structure which each of the inflammatory
lesions occupied (figure 6.5A1−3). Using a custom written script in the programming
language Python, the coordinate list was loaded into the open source animation suite
Blender(Blender Online Community, 2015) to create a data-driven visualisation of the
three-dimensional organisation of the lesions (figure 6.5B-C).

In agreement with previous reports, we find a large variation in the amount of
histological damage, both between animals but also along the spinal cord of individual
animals. Within the same animal, parts of the spinal cord can be covered with lesions
(figure 6.5B), while a different section located only a few segments away in caudal
direction can show virtually no lesions at all (figure 6.5C). Still, a significant correlation
can be found between the mean percentage of white matter containing lesions and
both the clinical score (figure 6.6A, ρ=0.70, P=0.01) and the rotarod performance
(figure 6.6B, ρ=-0.61, P=0.04). However, it should be observed that these numbers are
based on the assumption of a linear correlation, an assumption that is hard to confirm
given the high variability. Although the amount of damage within one individual can
vary from 0 to 50% of the white matter containing inflammatory lesions in the span of
a few spinal cord segments, it appears there are some ‘hot spots’ in the spinal cord
with a somewhat higher probability of containing inflammatory lesions. The most
easily visible of these is located from approximately L3 to S2, the region of the spinal
cord innervating the hind limbs (figure 6.6C).

Inflammatory lesions are located in every section of the white
matter, close to the pia mater.

A total of 444 lesions were detected in 12 animals. For each lesion, the anatom-
ical structure it occupied and the spinal cord segment in which it was located was
determined. If the lesion crossed the border between two anatomical structures, it
was excluded from further analysis (N = 43 / 9.7%, all of these lesions crossed the
boundary between anterior and lateral funiculus). Since many anatomical structures
only contained one or two lesions, the counts were aggregated into three funiculi.
The posterior funiculus contained counts from the gracile fasciculus, the dorsal corti-
cospinal tract and the cuneate fasciculus. The lateral funiculus included the counts
from the rubrospinal tract, the lateral corticospinal tract, the lateral spinal nucleus
and the lateral cervical nucleus, while the anterior funiculus contained the anterior
spinothalamic, olivospinal and vestibulospinal tracts. The absolute number of lesions
detected was approximately equal for the lateral and anterior funiculus and nearly
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halve this amount for the posterior funiculus (figure 6.6D). To get an estimate of the
relative surface area of each of the anatomical subdivisions, the anatomical atlas used
as a reference(Watson et al., 2009) was traced in a similar manner as the microscopy
slides. When correcting the lesion counts for the relative area of each of the funiculi, a
minor preferential localisation in the posterior funiculus appears, which is significant
compared to the anterior funiculus (P = 0.006), but not compared to the lateral
funiculus (P = 0.07). Interestingly, the tracts located in the posterior funiculus are
involved in the transmission of information on fine touch, pressure and vibration,
properties that are not tested in the clinical score and only mildly relevant for rotarod
performance. It is therefore not surprising that when only the lesions in the motor
systems are considered, the correlation with both clinical score and rotarod remains the
same, while the quality of the fit improves (figure 6.6H-I). No significant correlation
exists between the amount of damage in the posterior funiculus and clinical score (ρ
= 0.35, P = 0.26) or rotarod performance (ρ = -0.23, P = 0.46, plots not shown).

To determine the relation between the position of the inflammatory lesions and the
distance to the outer border of the spinal cord formed by the pia mater, a number of
random points were generated within the area of the lesions and the minimal distance
to the pia mater was calculated for each point. A similar sampling was performed
on the white matter (figure 6.5A2). This method was chosen to take the irregular
shape of the lesions into account, which would make a distance calculation based
on centroid highly inaccurate. The average point within the inflammatory lesions is
located 0.18 mm away from the pia mater, 2 times closer than the white matter as
a whole (figure 6.6F, P < 0.001). This proximity to the pia mater is reflected by an
increased distance to the boundary between white and grey matter, increased from
0.34 mm for the white matter as a whole to 0.57 mm for the lesions (figure 6.6G, P <
0.001). This subpial preferential localisation of lesions could suggest that meningeal
inflammation plays a role in the pathogenesis of EAE, as has been suggested previ-
ously based on findings in the cerebral cortex(Errede et al., 2012; Kramann et al., 2014).
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6. ROTAROD PERORMANCE AND IMAGE ANALYSIS IN EAE

Clinical Score
Rotarod Performance

0.2

●● ● ●

●

●●●●●●● ●●●●●●●● ● ●

●

●●●

●

●

●

●

●

●

●
●

● ●

●

●

●●●●●●● ● ●●●●●● ●●

●

●● ●● ●●●●● ● ●● ●● ● ●●●●

●
●

●●● ●●●●●● ●●● ● ●●●●●●●● ● ●● ●●● ● ●●●● ●●● ●●●● ● ●

●

●●●●●

●●

●

●

●

●

●

●

●

●

●●
●

●

●

●

● ●

●

●

●

●●● ●● ●●●● ●●

●

●

●

●
●

● ●● ●●●●● ●● ●
● ●●

● ● ●

●●
●

●

●

●

●

●

●

●

● ●●●●● ●●● ●● ●● ● ●●●●●●●●●●● ● ●●

●

●

●

●●

●

●

● ●

●
● ●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●
●

●

●

●

●●

●

●

●

●

● ●

●

●

●

● ●●●●● ●●●●●●●●● ●●●● ●●● ●

●

●●
●

●● ●

●

● ●●●●● ●● ●●● ●●

●

●

●
●

●●

●

●

●

●

●●● ●●● ●

●

● ●●● ●●● ●● ●●● ●● ●●●●● ●● ●●● ●●●●● ● ●●● ●● ●●● ●● ●● ● ●●●

●

●●●●●●● ●

●

●

●

●
●

● ●

●

●

●●

●

●

●●● ●● ● ●

●

●

●

●●●●● ●●● ●● ●● ●●● ●●

●

●

● ●●●●●

●

●

● ●

●

●

●●

●

●

●
● ●●●●●

●
●●●

●

●●

●●

●

●
●

●

●

● ● ● ● ●

●
●

●

●●●
●●● ●●

●
●

●
●

● ●●●
●

●

●

●●●● ●

●●

●● ●

●

●
●
●

●●●● ● ● ●●●●

●

● ●●● ●●● ●●
●

●●●●●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●●●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●● ●●●

●

● ●●● ●

●

●

●

●●

●

●

●

●

●●●

●

●

●

●

●
●

●

●

●

● ●●● ●●

●

● ●● ●● ●●● ● ●
●● ●
● ●● ●●●

●●●●●●● ●●● ●●●

●

●● ●● ● ●● ●●

●

●●● ●● ●●●● ●● ●●●●

●

●

● ●●● ●● ●

● ●

●

●

●

●

●
●

●

●

●
●

●

●

●
●

●

●

●

●

●

●●● ●● ● ● ● ●

●

●●●● ●● ●●● ●●●

●

●

●

●●

●

●

●

●

●

●

●●●●● ●

●
●

●

● ● ●●● ● ●

●

●● ●●●
●

●

●
●

●

●

●

●

● ● ●

●

● ● ●● ●●●●● ●

●

●

●

● ●
●

●●

●

●

●

●

●

● ●

●

●

● ●●●

●

●

●

●

●

●●●
●

●

● ●● ●●

●

●

●

●

●

●

●
●

●

●

●● ● ● ●

●

●

●

●●●●●

●

●●● ●● ●●●● ●●●● ●● ●●● ●●●●● ●●● ● ● ●

●

●

●
●

●

●● ●●● ●●

● ● ●

●

●

●●● ●●● ●●● ●●● ●● ●● ●●●●

●

●

● ● ●● ●●

● ●

●●

●
●

●

●

●

●

●

●

A

F

Mean Rotarod PerformanceB

R
ot

ar
od

 P
er

fo
rm

an
ce

 (
s) 300

250

200

150

100

50

0
5 10 15 20 25

Days post−induction

All animals

Symptomatic animals only

Days post−induction

C
lin

ic
a

l S
co

re

5 10 15 20 25
0

1

2

3

4

5

Mean Clinical Score

Symptomatic animals only

All animals

Days post−induction

F
ra

ct
io

n
 o

f a
ni

m
al

s

5 10 15 20 25
0.0

0.2

0.4

0.6

0.8

1.0 Clinical Score
Rotarod Performance

C

Days post−induction

F
ra

ct
io

n
 o

f a
ni

m
al

s

D Moderately Sick Animals

5 10 15 20 25
0.0

0.2

0.4

0.6

0.8

1.0 Clinical Score
Rotarod Performance

EAsymptomatic Animals Severely Sick Animals

Days post−induction

F
ra

ct
io

n
 o

f a
ni

m
al

s

5 10 15 20 25
0.0

0.4

0.6

0.8

1.0

Correlation between Clinical Score and Rotarod PerformanceG

Clinical Score

R
ot

ar
od

 P
er

fo
rm

an
ce

 (
s)

0

50

100

150

200

250

300

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

PPV
Asymptomatic

Moderate
Severe

PPV

Asymptomatic

Moderate

Severe
Rotarod

Clinical Score

388
17

4

0.95

149
67

129

0.19

0
0

157

1.00

0.72
0.80
0.54

Figure 6.1: Rotarod motor performance is highly correlated to clinical score.
(A) Average clinical score per day for all animals (black) and only the animals that develop
symptoms (red). (B) Average rotarod performance in seconds for all animals (black) and
only the animals that develop symptoms (red). The increase in clinical score around day 12
corresponds to a decrease in rotarod performance. (C-E) To get a more meaningful estimate
of the variation in disease intensity over time, animals were classified into three categories.
The plots show the fraction of the total population which shows no symptoms at all (C),
moderate (D) or severe symptoms (E) according to either the clinical score (black) or the
rotarod performance (red). Rotarod performance and clinical score show a similar pattern
for asymptomatic and severely sick animals, but differ in their classification of moderately
sick animals. As predicted, the fraction of asymptomatic animals according to rotarod
performance is not 1 at the start of the experiment, due to the learning curve the animals
are experiencing while first using the device. (F) Table of concordance between clinical
score and rotarod. On each day the animals were observed and classified as ‘asymptomatic’,
‘moderately sick’ or ‘severely sick’ according to the definitions described in the text. There is
a high level of agreement between clinical score and rotarod performance, with the notable
exception of the clinical score category ‘moderately sick’. PPV indicates positive predictive
value, the number of true positives divided by the total number of observations, in this
situation using the other test (clinical score or rotarod) as gold standard. (G) There is a
non-linear correlation between clinical score and rotarod performance, best fitted using a
logistic decay function. Rotarod performance is not affected in the lower clinical scores, but
rapidly decreases at scores higher than 1. Solid blue line indicates optimal nonlinear least
squares fit, dashed lines indicate 95% confidence interval. Error bars in A-B and G indicate
95% confidence interval.
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Figure 6.2: Major disease events according to rotarod and clinical score. (A-B)
Disease course for one typical animal illustrating the different disease events as defined in
the text, according to clinical score (A) and rotarod performance (B). Although this animal
shows clear signs of recovery, it never fulfils the criteria for complete remission according to
clinical score. (C-D) Disease course for all animals with time points for disease events shown
on top. Although the patterns for clinical score (C) and rotarod performance (C) are highly
similar, complete remission is much more rare according to clinical score. (E) Median time
to disease event according to clinical score (black) and rotarod performance (red), horizontal
bars indicating the median. All event definitions are reached either on the same day or with
one day difference, with the exception of recovery. (F) Correlation between date according
to clinical score and rotarod performance for each individual event. If positioned on the
middle grey line, a disease event takes place on the exact same day according to both clinical
score and rotarod performance, with both parallel lines indicating plus or minus one day. All
events show an excellent correlation, with the notable exception of recovery. The NA mark
on the axes indicates that the criteria for this event was fulfilled according to one but not
both measurements.
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Figure 6.3: Gender strongly influences severity of EAE. Male animals experience a
more severe form of EAE compared to females, both according to clinical score (A) and
as measured by rotarod performance (B). A significantly larger fraction of male animals
reaches a clinical score of 4.0 compared to female animals (C) and are no longer able to
walk the rotarod (D). This difference is only present when considering disease severity, not
when analysing duration or speed of onset. All disease events are reached on the same day
or within one day of each other by both male and female animals (E). Error bars in (A-B)
indicate 95% confidence interval, asterisks indicate significance after correcting for multiple
comparison using Bonferroni’s method: * = p¡0.05. Horizontal lines in (E) indicate the
median.
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Figure 6.4: Weight difference between genders does not explain disease severity.
When measuring the animals weight over time, there is a small but significant negative
correlation with clinical score (A) and a similar sized and significant positive correlation
with rotarod performance (B). This effect is caused by the weight loss associated with severe
disease. Although males are significantly heavier at the start of the experiment (C), the
initial weight shows no significant correlation with either the maximum clinical score achieved
by the animal (D) or the minimal rotarod performance (E). In all panels, data points from
male animals are indicated in red, and females in black. A total of 966 weight measurements
were included in A and B, a subset of 46 measurements (one for each animal on the first
day) were used for panels C-E. Error bars in C indicate 95% confidence interval.
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Figure 6.5: Computational methods for calculating lesion load and distance to
pia mater. A standard series of Klüver-Barrera stained paraffin sections was prepared for
each animal, covering the entire available spinal cord at regular intervals (A1). The outline
of the spinal cord, the border between grey and white matter and all inflammatory lesions
were traced. Within the area bounded by the traces, 250 points were sampled at random
to function as starting points for distance calculation, as indicated with ’x’ marks in (A2).
For area calculations, the point clouds obtained by tracing were converted to polygons (A3).
These point clouds also form the basis of the 3D reconstructions shown in (B-C), which
show two spinal cord segments from the same animal. In the low lumbar and high sacral
region, inflammatory lesions cover most of the lateral and anterior funiculus, while at low
thoracic level, only a few lesions are visible.
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Figure 6.6: Lesion load shows a high inter- and intraindividual variability. Ani-
mals with a higher percentage of the white matter covered with inflammatory lesions tend
to have reached higher clinical scores (A) and showed a shorter rotarod latency time (B).
However, there is a large variability in the relative percentage of lesions between animals as
well as within the spinal cord of the same animal. (C) Distribution of relative lesion load
along the spinal cord, each colour indicating one individual animal. MO = medulla oblongata.
(D) Although every part of the white matter can be affected by inflammatory lesions, most
lesions are present in the anterior and lateral funiculus, with a smaller number located in the
posterior funiculus. (E) When corrected for the relative size of these anatomical structures,
there appears to be a significantly higher lesion load in the posterior funiculus . Inflammatory
lesions are preferentially located in the periphery of the white matter, in close proximity
to the pia mater (F). G-H Recalculating the correlation between lesion load and clinical
score or rotarod performance based solely on the damage in the ventral and lateral columns,
containing the motor tracts, provides a similar correlation as shown in panels A-B with a
better quality of fit . NAWM = normal appearing white matter. Error bars in A-B and E-H
indicate standard error of the mean, asterisks in E-F indicate significance, ** = p<0.01, ***
= p<0.001.
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6. ROTAROD PERORMANCE AND IMAGE ANALYSIS IN EAE

Discussion

Driven by the need for developing and evaluating neuroprotective therapies to
ameliorate disease progression in MS, multiple attempts have been made to improve
the assessment of neurological impairment seen in EAE (e.g.(Buddeberg et al., 2004;
Jones et al., 2008). The rotarod performance test provides an objective measurement
of motor skills with a high level of inter-rater reliability. While the clinical score results
in an ordinal variable, the rotarod provides a discrete numerical outcome (length of
time till fall). In this study, we validated the usefulness of the rotarod to evaluate the
course of EAE by comparing it to a commonly used clinical score and comparing both
to the amount of damage observed in the spinal cord of the mice. Although there is
an excellent negative correlation between neurological disability as determined using
a clinical scale and the ability of the animal to maintain its balance on the rotarod,
this relationship is decisively non-linear. It closely resembles a Gompertz curve, a
commonly used mathematical model for a time series with slow growth at start and
end of an interval, but fast growth in the middle (Gompertz, 1825; Winsor, 1932), used
for example in (Chatterjee et al., 2015). When provided with a negative exponent, this
curve can be used to model a logistic decay process. Using this model, we find that
motor performance barely decreases when neurological disability is scored below 1.5,
reflecting the fact that the criteria for these scores are mainly aimed at tail dysfunction.
In contrast, the score interval from 1.5 to 2.5 shows a rapid decay of motor skills as
measured using the rotarod. This part of the clinical disability scale seems to reflect a
transitional state, since only a very small number of animals reach a maximum score
in this interval (figure 6.3C). Animals either progress to a higher disability score or
improve. If they progress and reach a clinical score of 3, the paralysis of the front
or hind limbs will minimise their ability to use the rotarod. Therefore, while the
rotarod provides an objective and quantitative measure of disability, a well-chosen
clinical scale still has an added value in the intervals where the ability of the animal
to walk the rotarod is either unaffected or, on the high end of the scale, very limited.
However, we have also found that the relation between clinical score and the motor
skills as measured using rotarod is not linear. A one-unit increase in clinical score is
not reflected by a similar sized decrease in rotarod performance, strongly suggesting
that the clinical score is an unequally spaced ordinal variable. Comparing mean
clinical score between groups, as is commonly used in the EAE field, is based on the
assumption that the measured categories reflect an underlying continuous variable.
Since this is assumption is apparently not valid, analysis of clinical score using statisti-
cal tools developed for numerical variables can lead to artefacts (Bollen and Barb, 1981).

The majority of studies published on EAE focuses on disease intensity only. Clearly
defined disease milestones (see table 6.3) allow quantifying the time course of EAE as
well as its severity. Both a clinical scale and the rotarod performance are useful to this
end. The clinical score is more sensitive to mild cases of EAE not affecting motor per-
formance, where the animal’s ability to walk the rotarod is not affected. The rotarod
on the other hand is better suitable to monitor the slow recovery experienced by most
animals. This method of analysing disease course is not unlike the common practice
of measuring MS progression over time using Kurtzke’s Expanded Disability Status
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Scale (EDSS, (Kurtzke, 1983). Interestingly, several recent studies have suggested
that a clinical test with a high similarity to the rotarod, gait analysis, could provide a
prognosis of disability progression in MS (Hamilton et al., 2009; Flegel et al., 2012;
Socie et al., 2013).

As in MS patients, we observed a large gender disparity in EAE severity in our
mice. This gap only affects the magnitude of disability, not its progression over time.
A similar effect was recently reported in a rat EAE model (Nacka-Aleksić et al., 2015).
Although gender might be an unwanted confounder in most EAE experiments, the
fact that a gender gap exists in EAE could be used to study the still unexplained
female predominance seen in MS. It could also help to study the phenomenon that
the reported female to male ratio in MS patients has been constantly increasing over
time(Dunn and Steinman, 2013). The available research suggest that at least part
of the difference is caused by hormonal influences, with female animals being more
severely affected depending on the phase of their cycle (Rahn et al., 2014). Other
studies have pointed at the role of genes on the sex chromosomes, both in the central
nervous system and in the immune system (Du et al., 2014). Although including
both genders in EAE experiments has the disadvantage of increased variability within
groups, it is a necessary step to enhance our knowledge on sex differences in MS.
Furthermore, in some countries regulatory bodies object against using only a single
gender, necessitating sacrifice without experiment of the second gender.

The second major finding of this study provides a method for quantifying the
amount of CNS damage in EAE. To this end, inflammatory lesions are measured while
taking their three-dimensional surroundings into account, preserving information on
all spinal cord segments and the and anatomical structures these lesions occupy. In
most EAE studies, the number or relative area of inflammatory lesions is used as a
measure for CNS pathology. However, a small lesion located in a critical system like
the corticospinal tract will contribute disproportionately to disability. On the other
hand a large lesion in a system with more redundancy such as the spinocerebellar
tracts might not result in any clinical signs.

We now demonstrate a correlation between the magnitude of disease as measured
using a clinical scale or rotarod performance and damage in the spinal cord. Im-
portantly, this correlation is entirely based on damage to the lateral and ventral
spinal cord. These parts contain amongst others the fibres forming the pyramidal
and extrapyramidal tracts, responsible for controlling motor functions. Lesions in the
posterior system, mainly involved in conveying sensory information, did not contribute
to the correlation between neurological disability and histological damage. We suggest
that adding a measure for sensory disability to the clinical test battery will provide a
better estimate of CNS pathology. Several studies have been performed on neuropathic
pain in EAE (Tian et al., 2013) and various sensory deficits have been reported to
occur (Thibault et al., 2011). However, such measurements cause considerable stress to
the animals. There is no method currently available for measuring vibration sense in
rodents, although a recently published quantitative measurement using paw retraction
in response to cold (Duraku et al., 2014) could be used. However, such a measurement
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would presumably be subjected to the same limitation as the rotarod. Animals which
are too sick to walk the rod will also be unable to retract their paws in response to
stimuli, prohibiting use in severely affected animals.

As previously suggested by other authors (Jones et al., 2008), the dorsal column
of the spinal cord sustains a relatively large amount of damage compared to its size.
Various explanations can be brought forward and should be explored, such as proximity
to blood vessels, organisation of the meninges, and a possible preferential localisation
in ascending versus descending fibre tracts. However, this relatively small preference
might also be related to a higher axon density in the dorsal column compared to the
ventral and lateral columns, as observed using quantitative MRI (Cohen-Adad and
Wheeler-Kingshott, 2014). Inflammatory lesions are preferentially located near the
edge of the white matter, close to the pia mater, supporting the hypothesis that the
meninges can function as an entrance point for immune cell infiltration into the central
nervous system (Polfliet et al., 2002; Walker-Caulfield et al., 2015). The peripheral
accumulation of damage might also explain the frequent observation that disability
starts in the hind limbs of animals. Several key systems in the spinal cord, including
the pyramidal tract, share a somatotopical organisation in which the fibres from the
sacral spinal cord segments are located on the outside and fibres from the cervical
cord on the inside. The subpial localisation of lesions suggests that the function of the
axons associated with the sacral and lumbar spinal cord segments is impaired first,
while the thoracic and cervical fibres are preserved.

Overall, the workflow outlined in this paper provides a systematic method of quanti-
fying neurological disability in EAE, both in magnitude and in terms of disease course.
The severity of disease can be correlated to the area of inflammatory lesions found
in the motor systems of the spinal cord. Our findings also emphasise the importance
of gender as an influential factor, determining disease severity in EAE as it does in
MS. Finally, we have shown that when studying damage to the CNS, lesion size and
location is vital in order to link clinical signs to histopathology. In this manner, the vast
immunological experience acquired using EAE can be combined with knowledge and
techniques from the fields of neuroscience and experimental neurology, further upgrad-
ing EAE into a more accurate model for studying the neurodegenerative aspects of MS.
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7. OPTIMISING STORM IMAGING

The twentieth century saw the unification of these two theories through the work
of Albert Einstein, Max Planck and many others. According to their ideas, referred to
as quantum mechanics, light is both a wave and a stream of particles at the same time.
Although almost impossible to visualise, light consists of individual bodies -photons-
that manifest themselves simultaneously as wave and as particle, with the wavelength
depending on the momentum of the particle. This is the current state of optical
science. Though few would claim to understand light, we are able to describe it in
ways that accurately explain the phenomena observed in nature.

The Rules and Their Limits This dual nature of light is not just a theoretical
concept, but something experienced with every modern microscopy experiment. We
detect emitted light using a sensor called a charge-coupled device (CCD), which is
capable of detecting single photons as they hit a photosensitive layer, releasing an
electron. On the other hand, the interaction of light with the various components of
a microscope setup, such as mirrors and lenses is best described when we consider
light as a wave. The wave properties of light also restrict how far a microscope is able
to zoom in on a sample. As light leaves a light source, for example a fluorescent tag
used in live cell imaging, it spreads in every direction. A lens is then used to collect
and focus part of this light wavefront on the CCD. As light passes through a circular
aperture like a microscope objective, the different wavefronts start to interact with
each other, leading to destructive and constructive interference. The signal detected
by the CCD chip is created by the sum of the interference of these wavefronts, leading
to a pattern of brighter and darker bands (Hecht, 2002). For a perfect point light
source, this resulting interference figure is called an Airy disk (Figure 7.1 A), first
described in the 19th century by George Airy (Airy, 1835).

Even if we imagine the light source to be almost infinitely small and our micro-
scope tuned to technical perfection, this still means that our resolution has a limit.
Resolution is defined as the minimal distance between two objects at which they can
still be distinguished as two individual objects. Since the Airy disk has a certain width,
if two light sources are close together, there will be an overlap of their disks and we
will observe them as one object instead of two (Figure 7.1 B). The minimal distance
between two point sources at which their Airy disks overlap can be approximated by
0.61λ
NA , where λ is the wavelength of light emitted by the object and NA stands for

Numerical Aperture. The numerical aperture of an optical system describes the range
of angles over which light is collected. This is determined by the refractive index of the
medium touching the lens and the cone of light collected by the lens as described by the
formula NA = nisinθmax, where ni indicates the refractive index and θ the half-angle
of the light cone. Since normal microscopy employs visible light, with λ between
405 and 650 nm, and the numerical aperture of a lens rarely exceeds 1.4, this puts
the theoretical resolution of any microscope using visible light at approximately 200 nm.

This limit has major practical implications in the fields of cellular and molecu-
lar biology. Directly resolving proteins and cellular components is impossible, since
these objects are much smaller than 200 nm. Neuronal microtubule networks, for

7



Figure 7.1: Basic principles of diffraction. A When light emitted by a point-sized light
source passes through a circular aperture, such as the opening of a microscope objective,
diffraction occurs. Due to constructive and destructive interference it is not projected on
the camera as a point-sized image, but as a pattern with a bright central dot surrounded
by darker and brighter rings. The size of this pattern, the Airy disk (shown in 2D in A1

and in 3D in A2), depends on the wavelength of light used and the optical properties of the
system. B1-3 Interaction of Airy disks limits resolution. Two light-emitting molecules both
generate their own Airy disks when imaged. If the molecules are far apart, both disks can
be separated (B1). When the molecules are closer together, the disks start to overlap (B2),
until they can no longer be distinguished as two separate objects (B3) even though there is
still considerable space between the molecules.
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example, consist of tube-shaped tubulin polymers with a diameter of 25 nm and a
centre-to-centre distance of approximately 70 nm (Chen et al., 1992). The stability of
the network, binding of motors and processivity of transport along these microtubules
is determined in part by the chemical modifications to the tubulin subunits (Verhey
and Hammond, 2009), as discussed in chapter 2 of this thesis. However, due to the
close proximity of individual microtubules, the exact role of microtubule modifications
and their influence on transport in health and disease can not be studied using light
microscopy. Our knowledge of these processes is therefore mostly based on in vitro
work or more global analyses, which limits the possibility of translating our findings
into clinical research.

Bending the Rules In the previous paragraphs we have discussed the limits of
light microscopy and our need to surpass them. We have described how the reso-
lution is limited by the wavelength of the light used for imaging and the numerical
aperture of the objective. This already suggests two opportunities for increasing our
resolution, being a decrease of the wavelength used or an increase of the numerical
aperture. Unfortunately, even in theory the numerical aperture can not increase much
beyond 1.5, a value corresponding to collecting light over a range of 90 degrees. This is
close to that of the best objectives currently in use, leaving little room for improvement.

Using shorter wavelengths does indeed lead to dramatic increases in resolution.
This is the solution used by electron microscopy (EM), utilising the fact that electrons
have an approximately 100.000 times shorter wavelength compared to visible light
photons. Although the resolution of this technique is unmatched, it is not without its
disadvantages. First of those is the problem of visualising specific cellular compart-
ments or proteins. With light microscopy, one can use a large and expanding range
of fluorescent dyes which can be bound to the protein of interest, but these are not
available for EM. To be able to see anything at all under an electron microscope, a
sample needs to be treated with potent fixatives and cut into extremely thin sections.
As can be imagined, this excludes the application of EM for imaging living cells or
observing changing processes over time. For our research interests, another approach
is needed.

From the late 1960’s, ideas have been put forward to circumvent the limitations of
light microscopy (McCutchen, 1967; Betzig et al., 1986; Carrington et al., 1995), but
only for the past ten years these ideas have resulted in new microscopy approaches.
Spearheaded by highly influential papers from scientists like Eric Betzig (Betzig et al.,
2006; Shroff et al., 2007, 2008), Jennifer Lippincott-Schwartz (Lippincott-Schwartz
and Manley, 2009; Manley et al., 2010), Xiaowei Zhuang (Dani et al., 2010; Xu et al.,
2012) and many others, these techniques are slowly expanding the range of scientific
questions light microscopy is able to answer. Over the years, a variety of different
methods has been developed, leading to a sometimes confusing collection of abbre-
viations. Stimulated emission depletion microscopy (STED) uses a combination of
an excitation spot and a surrounding donut-shaped de-excitation beam to deplete
surrounding fluorophores while activating fluorophores in a small area of interest(Klar
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Figure 7.2: STORM Microscopy. U2OS cells were stained with primary antibodies
targeting Tubulin and secondary antibodies labelled with Alexa-647. An image taken
before the start of STORM image acquisition shows the microtubule network inside the cell
(A). At the start of STORM acquisition, all fluorophores are bleached using high power
laser illumination. Over time, individual fluorophores become excitable again, are imaged
and subsequently bleached. Panel B shows four representative individual frames from a
50.000 frames acquisition. All individual fluorophores are localised and plotted with a
radius corresponding to their localisation error (C). The increased resolution offered by this
technique allows for tracing of individual microtubules inside dense microtubule bundles
(details A’-C’,A”-C”).
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et al., 2000; Chereau et al., 2015). In structured illumination microscopy (SIM), a
grid pattern is superimposed on the specimen which during imaging slowly rotates.
Using Fourier transformation, additional frequency information on the specimen in
3-5 different orientations can be extracted from these images and used to create
a high-resolution reconstruction with a (maximally) two-fold increase in resolution
(Gustafsson, 2000). Two other techniques which are closely related, photoactivated
localisation microscopy (PALM, (Betzig et al., 2006)) and stochastic optical recon-
struction microscopy (STORM, (Rust et al., 2006)) both use localisation of single
molecules. In PALM, a few photo-activatable proteins such as PA-GFP are activated
in each image, while in STORM, chemical fluorophores are induced to blink. Especially
STORM has seen a rapid development, enabling multi-colour (Bates et al., 2007),
three dimensional (Huang et al., 2008) and live-cell imaging (Jones et al., 2011).

Single molecule light microscopy techniques, such as STORM and PALM, make
use of the fact that as explained previously, a point-shaped light source is observed as
an Airy disk, a regular object that can be approximated with a mathematical function.
This means that if we observe a single Airy disk, we can calculate the position of the
peak with high precision, which corresponds to the position of the light source (see
figure 7.1). With the development of digital image recording and enhancement, it
became possible to measure the intensity profile of individual particles and calculate
their position with nanometer precision (Yildiz et al., 2003). However, this method
requires that the intensity profiles of particles do not overlap, limiting its application to
highly artificial settings. This changed when techniques were developed to selectively
activate and deactivate a subset of fluorophores, allowing for sequential detection
and localisation of small subsets of fluorophores present in the sample. Through
a combination of buffers and laser settings, suitable fluorescent molecules (probes)
are induced either to blink or to be activated or deactivated. With the exact right
settings, only a small subset of probes is active, reducing the chance of their Airy disks
overlapping. By fitting the intensity profile with a Gaussian curve, the position of each
probe can be determined with extremely high accuracy. By collecting a large number
of images, up to 100.000 and beyond, the position of almost every probe in a sample
can be mapped, allowing a reconstruction of structures of interest with nanometer
precision (figure 7.2). A study deploying this technique to study the microtubule
cytoskeleton is discussed in great detail in chapter 8 of this thesis. In this introductory
chapter we will provide some background to this study and elaborate on the challenges
encountered, which could not be discussed in detail in that publication.

Technical challenges in STORM microscopy

Drift Correction Although these superresolution techniques vary in the method
applied to achieve selective activation of fluorophores, they share several analysis steps
and difficulties. Prior among these difficulties is microscope drift, movement of the
projection of the image on the detector. The lightpath of a typical microscope used for
superresolution imaging consists of a large number of components made from a wide
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range of materials like various metals and glass, each with a different thermal expansion
coefficient. Even minor temperature fluctuations, in the order of magnitude of 0.1 ◦C,
can give rise to micrometer size drift as expansion and contraction of materials changes
the projection of the image on the CCD chip. As superresolution imaging requires a
large number of images, acquired over the course of several minutes, these changes can
lead to a noticeable blurring of the reconstructed image. In many cases, the number
of particles detected during imaging is not constant over time. At the start of image
acquisition, a large number of fluorophores are activated, detected and subsequently
bleached. As the number of localisations decreases, laser power will often be increased,
leading to a second peak in activated fluorophores. Depending on the amount of drift
in the interval between these two timepoints, the reconstruction might erroneously
show these localisations as two separate microtubules (Mlodzianoski et al., 2011; Wang
et al., 2014).

When the image acquisition is finished, the positions of all fluorophores are de-
termined and registered in a particle table. This table contains information on the
position of each fluorophore, but also on the image frames in which it was detected.
Identifying and correcting drift can be done either on this table with particle local-
isations or on the superresolution reconstructions. Some methods require special
sample preparation, while others rely only on post-processing computations. A fairly
easy approach is to include non-blinking fluorescent particles to the sample, such as
quantumdots, gold particles or tetraspect beads. These particles will remain active
during the entire image acquisition, appearing as smears in a maximum projection
of the dataset (shown in brown in figure 7.3A). The position of the particle can be
determined in each frame, resulting in a record for the drift during the imaged time
interval (shown for the X-coordinate in figure 7.3B, lower traces). This drift trace can
then be used to correct the particle table. Though straight-forward, this approach
has several disadvantages. First of all, the particles must be strongly attached to the
surface of the glass slide. If the binding is not sufficiently strong, the particles will
show individual residual movement independent of the rest of the sample. It is possible
to filter out this residual noise by measuring the correlation between traces of several
beads and removing uncorrelated movement, but this requires the presence of multiple
particles in the same imaging window. Second, since the particles are bound to the
surface of the glass slide, this limits the imaging range to the bottom of the sample,
or the particles will be out of focus. Finally, particles that are fluorescent without
blinking are in general almost an order of magnitude brighter than the fluorescent
probes used for STORM imaging, oversaturating the CCD chip.

A variant to this approach does not require the addition of beads. If the fluorescent
probes used for STORM imaging remain active for several frames in a row or can be
picked up again after blinking, it is possible to reconstruct drift by averaging all the
individual incomplete traces (figure 7.3B). In this manner, most of the disadvantages
of bead tracing can be dealt with. However, this method requires that the labelling
density is rather low. If probes are located close together, it becomes impossible to
determine if the observed spot belongs to a reactivated linking probe or to a new
appearance. Errors in linking lead to a noise on the trace that can not be filtered out.
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Another method for drift correction involves cross-correlation of partial reconstruc-
tions. As mentioned before, all probe positions are stored in a particle table which
also contains the frame in which a spot was imaged. This table can therefore be
split in a number of subtables, each containing the detected fluorophores for a given
range of frames. To correct drift, a reconstruction is generated for each subtable,
which will have a lower resolution compared to the final result due to the reduced
number of localisations included, but also a reduced drift effect since the images were
acquired during a shorter time window. To extract information on the magnitude
and direction of the drift from these images, a correlation coefficient is determined
between two subsequent reconstructions while shifting one of the images along the
x- and y-axis. This will result in a correlation matrix with a clear maximum at the
coordinates corresponding to the drift over the interval between the two images. For
further accuracy, this peak is fitted with a 2D-Gaussian (figure 7.3C). Repeating this
procedure for every partial reconstruction results in an estimate of the drift throughout
the dataset with a temporal resolution depending on the number of subtables (figure
7.3D). The subtables can be selected either based on number of frames or number
of particle localisations. In most cases both options will result in the same quality
of drift correction, as long as the number of localisations is approximately equal
throughout the imaging session. Increasing the number of subtables will result in a
higher temporal resolution at the cost of reduced spatial resolution, since the resulting
reconstructions will be more sparse, reducing the accuracy and reliability of image to
image cross-correlation.

Using the acquired drift trace to correct the position of localised fluorophores
results in a markedly improved image. Estimating resolution using the full-width at
half-maximum (FWHM) of microtubule intensity profiles for the dataset shown in
this example shows the dramatic increase in resolution for STORM imaging compared
to conventional microscopy. For this specific dataset, correcting for drift using cross-
correlation leads to a further 50% improvement in resolution (7.3E).

Labelling A second challenge is inherent to the use of labelled probes for structure
visualisation. A large collection of fluorescent labels is available for STORM imaging
((Dempsey et al., 2011)), chemically attached to probes with a high affinity for the
target molecule. These probes, usually antibodies or antibody fragments (so-called
VHH), range in size from several nanometer (VHH) to up to 15 nm for an IgG antibody.
If a labelled secondary antibody is used to amplify the signal, the dimensions of
the complex will further increase (7.4). This is not an issue in conventional light
microscopy, since their size is far below the diffraction limit. When using superres-
olution techniques, however, this means that not the structure of interest itself is
imaged, but a fluorescent probe that can be up to 30 nm away from the labelled surface.

Microtubules play an essential role in a large variety of cellular processes. Over the
last few decades microtubule function, organisation and dynamics have been studied
extensively, and the structure of individual tubulin subunits and the microtubule as
a whole has been mapped with a resolution as high as 5�A, revealing a hollow tube
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with an external diameter of 24 nm (Li et al., 2002; Alushin et al., 2014). A wide
repertoire of methods has been developed to visualise microtubules, ranging from
kits to assemble labelled microtubules in vitro to antibodies with a highly specific
affinity for either tubulin-α or -β. These are mostly IgG immunoglobulins with a
length of approximately 15 nm (Iijima et al., 2012). A relatively recent addition is the
nanobody or VHH, the variable part of the heavy-chain of gamma-immunoglobulin
that has a far smaller size (4.5 nm in length) compared to conventional antibodies
(Arbabi Ghahroudi et al., 1997; Rothbauer et al., 2006). The decreased distance
between target and fluorophore makes these nanobodies highly interesting tools for
superresolution imaging, either by targeting them to the protein of interest directly
or through a genetically encoded GFP-tag (Ries et al., 2012). Chapter 8 is entirely
dedicated to the application of anti-tubulin nanobodies for the study of the (neuronal)
microtubule cytoskeleton.

Figure 7.3 (on the next page): Influence of setup drift and correction methods
on STORM reconstruction. A Cartoon showing a maximum projection of STORM
imaging dataset. Microtubules are visible in red, but appear blurred. Outside the cell, gold
particles are visibly smeared out, indicating significant drift during the imaging period. B
Tracking the movement of the gold particles can be used to reconstruct the drift. Since
individual particles can show residual movements, multiple tracks are averaged (black line)
to filter these out. The calculated displacement per frame is then subtracted from the
coordinates of localised particles and a drift-corrected reconstruction is generated. Similar
as with beads, the displacement of fluorescent probes visible in multiple frames (bright dots
in A, thin red lines in B) can be averaged (thick red line) and used to correct drift. C
Principle of drift correction using intermediate reconstructions. After all particles have been
localised, the resulting particle table is split based on the frame number. Each set of frames
is reconstructed separately, resulting in partial reconstructions which are more fragmented
and sparser compared to the full reconstruction. When calculating the correlation between
two images, while shifting the images with respect to each other along the X- and Y-axis, a
correlation matrix can be obtained (contour map in C, with displacement over X- and Y-axis
on the corresponding axes and Pearson correlation coefficient on the Z-axis). This peak can
be fitted with a Gaussian curve, with the X- and the Y-coordinate of the curve indicating the
displacement over the X- and Y-axis during the interval between the two reconstructions. D
Repeating this procedure over the whole imaging interval results in an estimate of the drift
during the imaging period, which can be used to correct the original particle table. E The
full width at half maximum (FWHM) of the microtubules in a representative dataset was
measured in a maximum projection of the image series, a reconstruction of the particle table
with the measured point spread function (PSF), a reconstruction without drift correction
and with drift correction using correlation of partial reconstructions. FWHM is plotted
on a logarithmic scale. Although not as profound as the difference between conventional
microscopy and STORM, drift correction significantly increases resolution (250 profiles per
reconstruction method, error bars indicate mean±SD, Max = maximum projection, PSF
= reconstruction with point spread function, DoM = Detection of Molecules, an algorithm
for superresolution localisation of single fluorophores, DoM drift = as DoM, but with drift
correction using intermediate reconstructions).

7



7. OPTIMISING STORM IMAGING

7



Figure 7.4: Comparison of microtubule labelling methods. A Model of a microtubule
fragment labeled with the combination of an anti-tubulin primary antibody and a labeled
secondary antibody targeting the primary antibody, a directly labeled anti-tubulin antibody
B and a labeled VHH fragment (C). On the right, the corresponding labelling units are shown,
as well as the protein structure models for mouse IgG1 (MMDB ID 7492, Harris et al. (1998))
and llama VHH (MMDB ID 113042, Schmitz et al. (2013)). Protein sizes where measured
in RasMol. Note that the distance between fluorophore and microtubule can vary for the
primary-secondary antibody combination, depending on the binding configuration of the
secondary antibody. In the experiments described in chapter 8, all antibodies used are IgG.
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Resolution Estimate A final problem is how to assess the resolution of a superres-
olution image. Resolution, defined as the minimal distance at which two light sources
can still be distinguished individually, can be described in conventional microscopy by
Abbe’s Law, as mentioned previously. In superresolution, resolution no longer solely
depends on the wavelength used or on the numerical aperture of the objective, but
also on factors such as localisation precision and labelling density (Ram et al., 2006;
Fitzgerald et al., 2012). The precision with which the position of a fluorophore can be
determined depends on the number of photons detected and the sampling resolution
of its intensity profile. Microscopy using a digital recording device such as a CCD
camera involves the conversion of a continuous visual signal into a discrete signal that
can be processed by a computer, a process known as sampling. The Nyquist criterion
states that the interval for sampling must be smaller than half the required resolution
(Nyquist, 1928). Since the sampling resolution for a CCD camera is determined by
its pixel size and the required resolution is equal to the point spread function of the
fluorophore, most superresolution setups are tuned to result in an effective pixel size of
approximately 100 nm. The number of photons detected depends on which fluorophore
is used, exposure time, excitation laser power and quantum efficiency of the camera.
Even with all these factors optimised, the ‘true’ resolution will still vary for each
sample, depending on the extent to which the structure of interest is coated with
fluorophores. If the labelling density is low, it is still possible to localise the individual
fluorophores with high precision, but any information on the larger structure will be
lost.

Although it is possible to determine the position of a single fluorophore with single
nanometer resolution (Yildiz et al., 2003), during the development of superresolu-
tion techniques it was immediately appreciated that this does not reflect the actual
resolution of the imaging technique (Bates et al., 2007). Localisation accuracy can
be used to calculate the theoretical limit of resolution (Ram et al., 2006),but since
it ignores the labelling density it will result in a far too optimistic estimate for the
real resolving power. Methods that include labelling density in their resolution esti-
mate have been proposed, but are difficult to validate when no ground truth is available.

As superresolution techniques became more widely available, this problem of as-
certaining its true resolution -and thereby its practical applicability- has become
more urgent. Although it is possible to describe resolution in terms of localisation
precision (Thompson et al., 2002; Ober et al., 2004; Bates et al., 2008) or full width
at half-maximum of the fluorophore or structure intensity profile (Patterson et al.,
2010), several methods have been proposed that take into account both label den-
sity and localisation precision, for example the Information Transfer Function (ITF,
(Mukamel and Schnitzer, 2012)), the Fundamental Resolution Measure (FREM) and
its derivatives (Ram et al., 2006) and the Fourier Ring Correlation estimate (FRC,
(Saxton and Baumeister, 1982; Nieuwenhuizen et al., 2013; Banterle et al., 2013)).
However, although these techniques perform well on artificial datasets, it is hard to
estimate their value on real-life sets. Our research indicates that, at least for FRC,
specific imaging conditions can strongly influence the resulting resolution estimate.
FRC splits the particle table with STORM localisations into two or more subsets,
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Figure 7.5: Effect of particle table post-processing on FRC resolution estimate.
In a representative dataset of U2OS-cells labelled with anti-Tubulin nanobodies, the apparent
width of 40 microtubules was measured by calculating the FWHM of a Gaussian curve fitted
to the intensity profiles. In addition, the FRC resolution estimate was determined and a
numerical estimate for the resolution was calculated as described in the text. Coordinates in
the particle table corresponding to the same fluorophore where averaged (‘particle averaging’)
and spots where filtered out if they showed a localisation error of more than 12.8 nm (0.2
pixel, ‘localisation cutoff’). The numerical estimate remains robust independent of the post-
processing applied, but the FRC resolution estimate sharply drops when applying particle
averaging. To see if this effect is unique to this dataset, we calculated the mean apparent
microtubule width and FRC in 33 datasets, labelled with VHH, primary anti-tubulin antibody
or the combination of primary anti-tubulin with labelled secondary antibody (N=11 for all
three conditions). In all sets, the microtubule FWHM slightly decreases upon filtering, while
the stratification of the labelling conditions remains intact (B). The FRC resolution estimate
shows a sharp but variable decrease (actually increasing in one set) upon applying filtering.
No separation of labelling methods is observed (C, identical to figure S8.5).
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creates reconstructions of these subsets and determines the similarity in frequency
space. We found that if the same fluorescent probe is localised in both subsets, this
significantly reduces the resolution as determined by FRC. When multiple localisations
of the same probe are averaged into one set of coordinates, the resolution estimate is
reduced by a factor of three (figure 7.5A) and became more consistent over different
experiments and with alternative estimates. Removing inaccurate localisations by
applying a cutoff does not influence the FRC. The FWHM of microtubule profiles on
the other hand is not affected by particle averaging and is only slightly reduced by
applying a cutoff (figure 7.5A-B.

An intuitive and pragmatic approach to estimating resolution would be to calculate
the probability of distinguishing two structures relative to the distance between their
centres. A straightforward approach to achieve this estimate would be to look for pairs
of microtubules and measure the minimal distance at which they can be distinguished.
However, this estimate will be highly variable, since it depends on the accidental
position of two microtubules and the shape of their density function. To circumvent
this problem, we used a computational approach, in which we collected for each
dataset a large number (>100) of intensity profiles perpendicular to the microtubule.
These profiles were computationally combined in random pairs and the intensity was
summated after shifting the centre of one of the distributions along the x-axis. This
procedure was repeated 250 times at each point in the range from 0 to 100 nanometer
with steps of 0.1 nm. The resulting probability distribution was fitted with a logistic
function, with the distance at which the probability of distinguishing two structures
exceeds 0.5 being considered the resolution estimate (figure 7.6A). Measuring the
resolution of superresolution datasets using this simulation based approach excellently
differentiates between the different labelling methods. There is a good correlation
between resolution as measured using simulation and microtubule FWHM and FRC
resolution estimates (figure 7.5A).
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Figure 7.6: Numerical estimate of STORM resolution. A realistic estimate of
STORM resolution should take into account both labelling density and localisation precision,
as well as post-processing parameters such as reconstruction quality and drift correction.
Since resolution is defined as the minimal distance between two objects at which they can be
identified separately, we developed a method of resolution estimation that directly tests for
resolving probability. (A) From a superresolution reconstruction of a microtubule network,
a large number of cross-sections perpendicular to a microtubule where obtained. (B) The
intensity profile of each of these cross-sections was stored in a dataset, from whichn random
combinations of two intensity profiles where taken. First, for each profile the location of
the peak was determined by fitting with a Gaussian function. Then, one of the profiles is
translated along the x-axis while the other profile remains stationary (C). For each distance d,
a sum profile is calculated (black). A set of two profiles is considered resolved if, according to
Rayleigh’s criterion, the dip between the peaks (h) is at least 26.5% of the height of the lowest
peak. As d increases, the resolving probability Pd will also increase in a logistic manner (D).
The distance at which there is a 50% probability of resolving two objects can be considered a
good practical estimate of a methods resolution. The method described in this figure has
also been used to generate figure 8.2C, using profiles obtained from different datasets.
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7. OPTIMISING STORM IMAGING

Discussion

In this chapter we have highlighted a number of practical issues encountered when
performing superresolution microscopy and introduced approaches towards resolving
these problems. We have also shown that the resolution that can be achieved is highly
dependent on the labelling method used. The final image is only as good as the weakest
link in the chain formed by localisation precision, drift correction, labelling method
and sample quality. When all these components have been optimised, superresolution
imaging can be an invaluable tool to visualise structure and function of individual
molecules or cellular components far beyond the diffraction limit. The importance of
this technique was recognised by the Royal Swedish Academy of Sciences, when they
awarded the Nobel Prize in Chemistry 2014 to Eric Betzig, Stefan Hell and William
Moerner for their contribution to the development of superresolution microscopy
(Choquet, 2014).

The development of superresolution techniques has led to a revolution in fluores-
cence microscopy. An ever increasing number of papers have used these techniques
to answer a specific scientific question, for example in neurobiology, where it enables
analysis of receptor composition of the synapse (Dani et al., 2010; Willig and Bar-
rantes, 2014; Ehmann et al., 2014), exploration of axonal architecture in neurons (Xu
et al., 2013b) or provides new insights in the formation of aggregates associated with
Alzheimer disease (Michel et al., 2014). Other research groups with an interest in
virology have used STORM to image HIV envelope proteins in infected T-cells (Roy
et al., 2013). A large number of studies have employed superresolution techniques
to gain a better understanding of the cytoskeleton and the associated intracellular
transport (Yau et al., 2014; Mikhaylova et al., 2015). From these publications, a more
detailed and complex picture emerges of the organisation and function of the actin
and microtubule network in cells in general and specifically in neurons (Zhong et al.,
2014; Stewart and Shen, 2015). In the coming years, this collection of knowledge
on the function of the cytoskeleton in healthy cells will be used to gain a better
understanding of its dysfunction in disease. In this way, superresolution microscopy
can be a powerful tool in the development and validation of new medical treatments
which can be used in a large range of neurological disorders, including multiple sclerosis.
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8. RESOLVING BUNDLED MICROTUBULES

neurons (Kapitein and Hoogenraad, 2011). Conventional fluorescence microscopy
allows selective labelling of microtubule modifications and associated proteins, but
cannot resolve individual microtubules within tightly bundled microtubule arrays.
Electron microscopy, in contrast, allows resolving individual microtubules, but is
very labour intensive, while high-density labelling of specific proteins has remained
challenging. Single-molecule localization microscopy (SMLM) provides selectivity at an
increased resolution, but the extremely small spacing between neuronal microtubules
(20 nm to 70 nm, Chen et al. (1992)) poses novel challenges, because existing labelling
strategies typically increase the apparent microtubule diameter by 20 nm to 40 nm
and will thereby blend neighbouring microtubules into one structure (Ries et al.,
2012). It is therefore widely assumed that despite all progress in super-resolution
microscopy, electron microscopy is still the only technique that allows insight into
complex microtubule structures (Royle, 2015). Here, we use both computer simula-
tions and experimental approaches to explore how labelling strategy affects SMLM
imaging of microtubules. We develop single-chain antibody fragments (nanobodies)
against tubulin and achieve super-resolution imaging of microtubules with a decreased
apparent diameter, allowing us to optically resolve bundled microtubules.

Results

Simulations of microtubules with different labels

To explore the effect of label size and fluorescent probe positioning on resolving
ability, we first performed numerical simulations to examine how labelling density,
localization precision and fluorophore positioning affect the apparent microtubule
width (determined as the full width at half maximum (FWHM) from Gaussian fits to
intensity profiles integrated over 512 nm of microtubule length; Fig. 8.1a). Using a
maximum localization uncertainty of 8 nm, we found that the apparent microtubule
width was ∼31 nm for a fluorophore positioned directly at the microtubule surface
(probe position of 0 nm, Fig. 8.1b). Placing the fluorophore further away increased
the FWHM by double the displacement, that is, 41 nm for a fluorophore position of
5 nm. A more stringent precision cutoff resulted in decreased FWHM (Fig. 8.1c) and
the FWHM decreased from 63 nm for a probe position of 15 nm and precision cutoff
at 13 nm to 27 nm with fluorescent probes directly on the microtubule lattice and a
precision cutoff of 3 nm.

To examine how label size affects the probability of resolving closely spaced mi-
crotubules, pairs of randomly picked profiles were superimposed with a set distance
between the microtubule centres and the resulting profile was analysed. If the low-
est intensity between the two microtubule centres was >75% of the intensity of the
lowest peak, then the microtubules were considered to be resolved and the resolving
probability was calculated as the fraction of resolvable cases out of 250. As expected,
decreasing label size results in increasing the resolving probability (Fig. 8.1d). For
example, given a labelling density of 7% and a precision cutoff of 13 nm, the probability
of resolving microtubules with centres spaced 55 nm apart increased from 0.03 to 0.49
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to 0.97 for probes positioned at 12.5 nm, 5 nm and 0 nm from the microtubule lattice,
respectively (data taken from fit).

Generation and characterization of tubulin nanobodies

Conventional staining strategies often use a combination of primary antibodies
binding a specific epitope, followed by a fluorescently tagged secondary antibody
that recognizes the primary antibody, resulting in significant displacement of the
fluorescent probe from the target (Fig. 8.1e). Typically, smaller labels have been
obtained by directly conjugating a fluorophore to the primary antibody, or by using
antibody fragments. Antibody fragments derived from heavy chain only camelid
antibodies (nanobodies) are now emerging as promising alternatives, because of their
small size (∼15kDa, ∼4 nm), as well as ease of selection and production. Previous
work has demonstrated the usage of nanobodies to create smaller labels for SMLM.
Overexpression of GFPtubulin and subsequent labelling with an anti-GFP nanobody
conjugated to a fluorescent dye significantly decreased the effective diameter of indi-
vidual microtubules (Ries et al., 2012). However, this strategy requires overexpression
of GFPtubulin to very high levels, which will perturb cytoskeletal organization and is
not possible in many biological systems.

To experimentally assess the effect of label size on resolving power, we created three
novel labels for SMLM of endogenous tubulin, complementing the existing strategies
using conventional antibodies. First, we developed two different nanobodies against

Figure 8.1 (on the next page): Simulation of resolving power for different probe
densities.(a) Simulations of conventional (top) and single-molecule localization-based micro-
tubule images for different probe densities, localization precision cutoffs and probe positions
(distance between target molecule and fluorophore). Unless specified otherwise, probe position
is 2.5 nm and precision cutoff is 8 nm. Probe density is 100% and 50% for the third and
fourth row, respectively. A Gaussian localization accuracy distribution with mean±s.d. of
7.5±2.5 nm is used. (b) FWHM of Gaussian fits to microtubule cross sections integrated
over 512 nm length as a function of probe density and for different probe positions. Error
bars represent s.e.m. Each point is the average of 150 FWHMs measured on 512 nm long
microtubule (MT; empty stretches along the MT were not included). (c) MT FWHM versus
probe position for different cutoffs of the localization accuracy distribution. (d) Estimation
of resolving power for staining of microtubules with probes at increasing distance from the
microtubule. Probe density is 7%, localization precision cutoff threshold is 13 nm. Two-
hundred and fifty profiles per distance. (e) Illustration of the different labelling strategies
compared in this study. (f) Scheme of the in vitro microtubule bundling assay to test the
resolving power of different microtubule labelling strategies. Rhodamine-labelled microtubules
are assembled into planar bundles with defined spacing formed by the microtubule-bundler
GFPAtMAP65-1. (g) Conventional (top) and SMLM (middle and bottom left) images
and representative line scans (bottom right) of in vitro microtubule bundles stained with a
fluorescently labelled primary anti-α-tubulin antibody (1ary-AF647) or two novel tubulin
nanobodies (VHH#1 and VHH#2) conjugated to AF647. Scale bar, 1 µm. More examples
are provided in Supplementary Fig. S8.3.
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tubulin. One was derived from two rounds of phage display selection using a universal
synthetic library of humanized nanobodies (VHH#1) and the other using an MRC7
cell library (VHH#2) (Supplementary Fig. S8.1a,b; see Methods section for details),
similarly selected in two rounds of phage display. Immunoblotting with VHH#1 or
VHH#2 on lysates of HEK293 cells overexpressing GFPα-tubulin or GFPβ-tubulin
revealed that both nanobodies react with the endogenous tubulin as well as GFPβ-
tubulin (Supplementary Fig. S8.2a,b). Conjugation of Alexa Fluor 647 (AF647) to the
nanobodies did not interfere with their binding properties (Supplementary Fig. S8.2c;
Supplementary Figs S8.3 and S8.4). As a second approach, recombinant human-derived
single-chain variable fragments (scFvs) directed against α- and β-tubulin were purified
and also coupled to AF647 (ref. (Nizak et al., 2003)). All bacterially expressed and
purified labels were relatively pure and stable over long periods of time (Supplementary
Fig. S8.2a).

Resolving microtubule bundles in vitro

To test the SMLM resolving power of the different microtubule labels, we established
an in vitro bundling assay using polymerized microtubules in combination with the
microtubule bundler AtMAP65-1, which promotes the formation of a planar network
of antiparallel microtubules with a single-dimer spacing in between (Fig. 8.1f)(Gaillard
et al., 2008). Silanized coverslips were used to stably attach the microtubule bundles
to the coverslip surface to allow for subsequent staining procedures. As a control,
we performed SMLM on non-stained samples to which fluorescently tagged tubulin
(conjugated to HiLyte Fluor 647) was added in to the polymerization mix. In this
condition, most bundles could be clearly resolved with an average spacing of 65±2 nm
(s.e.m., n=56, Supplementary Fig. S8.3a). Both VHH#1 and VHH#2 conjugated to
AF647 efficiently decorated the bundles and in most cases the individual microtubules
could be clearly distinguished when the microtubule centres were 60 nm to 70 nm
apart (Fig. 8.1g, Supplementary Fig. S8.3b). In contrast, when a conventional
primary anti-α-tubulin antibody directly coupled to AF647 was used, such bundled
microtubules could often not be resolved.

Comparative analysis of microtubule labels in adherent cells

When we tested our nanobodies on microtubules in cells, we found that we could
resolve microtubules that were spaced down to 40 nm (Fig. 8.2a). To quantitatively
compare the nanobody approach with the other staining methods in cells, we labelled
microtubules in fixed Ptk2 and COS-7 cells using different tubulin labels conjugated
to AF647. We determined the FWHM from a Gaussian fit to intensity profiles
perpendicular to the microtubule averaged over 512 nm length to rule out possible
profile artifacts that could arise from low labelling density (Fig. 8.1b). We found
that individual microtubules were densely labelled with the most common diameter
(average mode±s.e.m.) varying from 39.3±0.8 nm (VHH#2, N=10 data sets with in
total n=1,365 profiles) to 54.0±1.2 nm and 61.7±0.8 nm (directly conjugated primary
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anti-tubulin antibody, N=10, n=2,462, and primary anti-tubulin+secondary-AF647,
N=10, n=2460, respectively; Fig. 8.2b; Supplementary Fig. S8.4a,b; see Methods
section for details and Supplementary Fig. S8.5a for statistical testing). Because in the
rendering of the SMLM images we rejected all localizations with localization precision
≥13 nm, these values suggest that fluorophores coupled to primary antibodies are on
average ∼12.5 nm displaced from the microtubule lattice (Fig. 8.1c). Strikingly, this
distance is reduced to <2.5 nm for VHH#2.

To translate the observed microtubule FWHM into a resolution estimate, we
again analysed composite profiles obtained by superimposing two randomly picked
profiles with a set distance between the microtubule centres (Fig. 8.2c). On the
basis of cumulative probability plots obtained for the VHH#1, VHH#2, primary and
primarysecondary antibody labellings, ∼50% of all bundled microtubules with 25 nm
lattice-to-lattice spacing (corresponding to 50 nm between peaks) will be resolved by
the nanobody labels, whereas the directly conjugated primary antibodies or the sand-
wich labelling will only resolve ∼20% and ∼5% of all microtubule pairs, respectively.
Consistent with the in vitro bundling results, VHHs are expected to resolve >90%
of microtubule pairs with a lattice-to-lattice spacing of 60 nm, which is the typical
spacing of tightly bundled microtubules in neuronal dendrites (Chen et al., 1992).

To further quantify the gain in resolution, we used the Fourier Ring Correlation
resolution measure (FRCrm) as an independent, quantitative estimate of resolution

Figure 8.2 (on the next page): (a) SMLM reconstruction of a Ptk2 cell stained with
VHH#1 and intensity profile of closely spaced microtubules along the yellow line. Yellow
arrows indicate microtubule ends. Scale bar, 1 µm. A larger field of view of the same cell can
be found in Supplementary Fig. S8.4b. (b) Histograms of microtubule FWHM for different
probes. scFvs: mixture of human single-chain antibody fragments (scFvs) recognising α- and
β-tubulin. For representative images, see Supplementary Fig. S8.4a. From top to bottom:
n=1,365, 547, 352, 2,462, 2,460 profiles from N=10, 5, 9, 10, 10 different acquisitions. Mean
(blue) and mode (red) value are indicated ±s.e.m. (using N). (c) Estimation of resolving
power for different labels obtained by combining arbitrarily selected line profiles at increasing
distance between centres. (d) Scatter plot of FRC resolution estimate versus microtubule
FWHM for images of microtubules in COS-7 cells stained with different labels. Error bars
depict 95% confidence intervals. (e) Overview 3D-SMLM reconstruction of a U2OS cell
stained with AF647-labelled VHH#1. The z-depth is colour-coded according to the scale on
the left of the image. Scale bar, 5 µm. (f) Magnified image of the inset in (e). Colour code is
the same as in (e). Scale bar, 500 nm. (g) Area containing parallel microtubules at different
depth in the cell. Colour code is the same as in (e). Scale bar, 500 nm. (h) Collapsed cross
section (z-x) of the volume depicted in (g). Scale bar, 100 nm. (i-k) SMLM reconstruction of
microtubule bundles labelled with VHH#1 in the dendrites of a hippocampal primary neuron.
Yellow arrows indicate microtubule ends and yellow lines were used for line scans across
densely packed microtubule bundles (j,k). Inset shows the diffraction-limited fluorescence
image. Scale bar, 2 µm. (l) 3D-SMLM reconstruction of a hippocampal primary neuron
labelled with VHH#1. The Z-depth is colour-coded according to the scale on the left of
the image. Yellow arrows indicate microtubule ends. Inset shows the diffraction-limited
fluorescence image. Scale bar, 2 µm.

8



8



8. RESOLVING BUNDLED MICROTUBULES

that accounts for both localization precision and probe density (Nieuwenhuizen et al.,
2013). Whereas direct application of the available FRC ImageJ-plugin to our data
yielded highly variable results, this could be circumvented by data preprocessing to
average different localizations emerging from the same fluorophore emitting over multi-
ple frames (Supplementary Fig. S8.5b). As expected, smaller apparent diameters also
resulted in better FRCrm resolution estimates, with the exception of VHH#2, whose
lower labelling density resulted in a worse FRCrm compared to VHH#1, despites its
smaller FWHM. For VHH#1, the average FRCrm was 454 nm (Fig. 8.2d). These
results demonstrate that our novel anti-tubulin nanobodies provide improved resolution.

Tubulin nanobody for 3D-SMLM in U2OS cells and neurons

To test how anti-tubulin nanobodies performed in three dimentional (3D)-SMLM,
we labelled microtubules in U2OS cells with VHH#1 and performed 3D-SMLM using
the biplane approach (Lukinaviius et al., 2014). We found that microtubules could
easily be resolved in z-direction (Fig. 8.2e-h) at distances of 100 nm. Finally, we used
the VHH#1 nanobody to perform SMLM on microtubules in primary hippocampal
neurons (Days in vitro, DIV1) and could successfully resolve individual microtubules
in neurites (Fig. 8.2i-l). The cross-sections across densely packed microtubule bundles
indicate a center-to-center spacing of 60 nm to 80 nm, consistent with earlier results
using electron microscopy on cross sections (Chen et al., 1992). In several cases, ends of
individual microtubules could be clearly identified (Figs 8.2i,l, arrows). Thus, tubulin
nanobodies can be used to resolve neuronal microtubule bundles.

Discussion

We have introduced novel labels for microtubules that allow using SMLM to re-
solve previously inaccessible functional details of microtubule organization such as
bundling, both in vitro and in fixed cells. These labels nicely complement the recently
introduced live-cell marker for tubulin (Lukinaviius et al., 2014) that allows nanoscopy
using STED (Stimulated Emission Depletion) microscopy and SIM (Structured Il-
lumination Microscopy) in living cells, but does not remain bound to microtubules
upon fixation (Supplementary Fig. S8.6). Microtubules are key components of many
complex cytoskeletal assemblies and their organization, polymerization, motility and
interactions with motor proteins are controlled by a plethora of posttranslational
modifications and modulating proteins, such as microtubule polymerases, severing
proteins and bundlers. Therefore, our ability to resolve individual microtubules in
such cytoskeletal assemblies paves the way towards a deeper understanding of the
mechanisms underlying microtubule organization and function, both in health and
disease.
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Methods

VHH#1 selection

VHH#1 was selected from a novel library of 3× 109 humanized nanobodies. Briefly,
commercial biotinylated tubulin (Cytoskeleton) was diluted to obtain a 10 nm to 20 nm
solution (1 mL final) and efficient recovery of biotinylated tubulin was confirmed on
50 µL streptavidin-coated magnetic beads (Dynal). Fractions of bound and unbound
samples were compared by western blot using streptavidin-HRP. Adequate amounts of
beads and biotinylated antigen were incubated for 2 h with the phage library (1× 1013

phages diluted in 1 mL of PBS containing 0.1% Tween-20 and 2% nonfat milk). Phages
were previously adsorbed on empty streptavidin-coated magnetic beads to remove
nonspecific binders. Phages bound to tubulin-coated beads were recovered on a magnet
and washed 10 times (round 1) or 20 times (round 2) using PBS containing Tween-20
0.1%. Bound phages were eluted using 500 µL triethylamine (100 µm) for 10 min.
Eluted phages were neutralized using 1m Tris pH 7.4. Elution was repeated once
more. E. coli (TG1) were infected with the eluted phages. Round 2 was carried
out using 1× 1012 phages as input. After round 2, 40 bacteria clones were picked at
random and used to produce nanobodies in the culture medium. Nanobody specificity
was analysed by immunofluorescence as described before (Nizak et al., 2003) and
nanobodies staining microtubules were analysed further.

VHH#1 expression and purification

For production of VHH#1, WK6 E. coli containing the plasmid pHEN2-VHH#1-
His6-cMyc3 were grown in 2 L of ‘Terrific Broth’ (17 mm KH2PO4, 72 mm K2HPO4,
12 g L−1 tryptone, 24 g L−1 yeast extract, 0.4% glycerol) containing 2 mm MgCl2, 0.1%
glucose, and 100 µg mL−1 ampicillin with shaking at 37 ◦C until the E. coli had an
OD600 of 0.6-0.9. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was then added to
a concentration of 0.5 mm, and the flasks were shaken at 28 ◦C overnight (∼16 h).
To extract the nanobody from the periplasmic space, cells were centrifuged (5,000g,
10 min), resuspended in 24 mL of TES buffer (0.2m Tris pH 8.0, 0.5 mm EDTA, 0.5m
sucrose) and shaken for 1 h at 4 ◦C. The cell-TES mixture was then diluted by the
addition of 36 mL of TES/4 buffer (50 mm Tris pH 8.0, 0.125 mm EDTA, 0.125m
sucrose), and shaken for 1 h at 4 ◦C. The cells were then pelleted (5,000g, 10 min), and
the nanobody-containing supernatant removed. The His6-tagged VHH#1 was then
purified using HisPur cobalt-agarose resin (Thermo Scientific) following manufacturers
instructions. The eluted protein was concentrated ∼10-fold using ‘Vivaspin columns
(3 kDa MWCO; General Electric). SDS-polyacrylamide gel electrophoresis (PAGE)
and Coomassie-staining of the resulting gels revealed the nanobody to be >90% pure.
VHH#1 was dialysed overnight against PBS at 4 ◦C to remove any residual imidazole.
The 2 L of culture yielded ∼50 µg of pure nanobody. The stability of VHH#1 was anal-
ysed by immunoblotting of a sample stored at 4 ◦C for >4 months. Two micrograms of
VHH#1 were used for Coomassie staining and about 100 ng for immunoblotting using
anti-VHH serum 976 (1:2,000 (ref. (Kijanka et al., 2013))) or mouse monoclonal anti-
c-myc antibody (1:5,000, Abcam) recognising the carboxy-terminal myc-tag of VHH#1.
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VHH#2 selection

The VHH phage display library was generated from llamas immunized with MCF7
cells (Kijanka et al., 2013). Two rounds of selection were performed as described
(Kijanka et al., 2013). For selection of VHHs against tubulin, the bovine brain tubulin
(Cytoskeleton) was directly coated onto 96-well NUNC Maxisorp plates (Thermo
Scientific) in a series of dilutions 0 µg, 0.1 µg, 1 µg and 5 µg in PBS) by incubation
for 30 min at room temperature and then overnight at 4 ◦C. Phages retrieved from
the phage-glycerol stock were preincubated with 2% milk-PBS for 30 min at room
temperature, and added to the tubulin-coated wells and kept at room temperature
on a shaker for 2 h. Afterwards wells were washed extensively with 0.05% Tween-20
in PBS. Bound phages were eluted with 100 µL per well of 0.1m triethylamine fol-
lowed by recovery via infection of E. coli TG1. Phages from the first round were
subjected to the second round of selection with 0 µg, 0.1 µg, 1 µg and 5 µg of coated
tubulin. E. coli TG1 were infected with the phages from the second selection and
plated on LB-agar plates supplemented with ampicillin. Ninety-six random colonies
were picked for testing. Expression of VHHs targeted to the bacterial periplasm was
induced by addition of 1 mm IPTG at 37 ◦C overnight. To obtain the periplasmic
fraction, bacterial pellets were resuspended in 10 volumes of PBS (pH 7.4) contain-
ing protease inhibitor cocktail (Roche), subjected to two freeze/thaw cycles, and
spun down for 15 min at 4,600 r.p.m. Periplasm was collected as supernatant fraction.
Specificity of VHHs for tubulin was determined by enzyme-linked immunosorbent assay.

VHH#2 expression and purification

For efficient bacterial expression, four of the most successful and divergent VHH
sequences were directly subcloned from pUR8100 into modified pET28a-EPEA vector
using SfiI/NotI restriction sites. pET28a-EPEA was created inserting AAACAA-
AGYQDYEPEA-STOP sequence (NotI/XhoI) in front of the C-terminal 6 × His-myc
sequence which allows purification with Capture Select C-tag matrix (Life Technolo-
gies). Although all of the constructs were expressed and purified, from now on, we
focused on one of the VHH sequences showing the best performance during protein
production and labelling (Clone H, that is, VHH#2).

For protein production, an overnight culture of E. coli BL21(DE3) transformed
with pET28a-VHH#2-EPEA was grown in LB supplemented with kanamycin till
OD600∼0.8 and induced with 0.5 mm IPTG for 4 h at 2 ◦C or at 20 ◦C overnight.
VHHs were purified from the periplasmic fraction in PBS (pH 7.4) containing 0.5%
Triton-X100, protease inhibitor cocktail (Roche) and 0.5 mm TCEP and purified using
Capture Select C-tag matrix according to the manufacturers instructions (Life Tech-
nologies). Bound VHH was eluted from the beads in buffer containing 2m MgCl2,
20 mm Tris-HCL (pH 7.0) and immediately dialyzed against PBS (pH 7.4). Impurities
were removed by size exclusion chromatography performed on an ÄKTA FPLC system
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(ÄKTA purifier, GE Healthcare, UK) using a Superdex 75 gel filtration column. Frac-
tions containing VHH#2 were pooled and upconcentrated to 1 µg µL−1 to 1.5 µg µL−1.

Cell culture and immunostaining

COS-7, MRC5 or Ptk2 cells were plated on 19 mm diameter glass coverslips or
8-well Labtek chambers (Thermo scientific), respectively and cultured in DMEM/Hams
F10 (50/50%) medium supplemented with 10% FCS and 1% penicillin/streptomycin
for 2-3 days. Culturing of primary neurons was described before(Kapitein et al.,
2010b). Briefly, hippocampal primary neurons were prepared from embryonic day 18
rat brains. Cells were plated on coverslips coated with poly-L-lysine (30 µg mL−1) and
laminin (2 µg mL−1) at a density of 40,000 per well. Hippocampal cultures were grown
in Neurobasal medium (NB) supplemented with B27, 0.5 µm glutamine, 12.5 µmM
glutamate and penicillin/streptomycin. For optimal microtubule imaging, cells were
pre-extracted and fixed in extraction buffer containing 80 µm PIPES (pH 6.9), 7 mm
MgCl2, 1 mm EGTA, 0.3% Triton-X100 (Sigma-Aldrich), 150 mm NaCl, 5 mm glucose,
0.25% glutaraldehyde (Electron Microscopy Sciences) for 90 s at 37 ◦C and then in PBS
with 4% PFA and 4% sucrose for 10 min at 37 ◦C. After fixation, cells were washed
two times in PBS and cells were further permeabilized for 10 min in PBS with 0.25%
Triton-X100. Cells were then washed three times in PBS, quenched for 10 min with
50 mm NH4Cl in PBS, washed again and incubated with Image-IT (Molecular Probes)
for 30 min at RT. After three washes with PBS, blocking buffer 1 (used for staining
with antibody and VHH#2) containing 2% w/v 2% w/v BSA-c (Aurion)11, 0.2% w/v
gelatin, 10 mm glycine, 50 mm NH4Cl in PBS (pH 7.4) or blocking buffer 2 (used for
VHH#1, also works for VHH#2) containing 10% FHS (Gibco, Life Technologies) and
0.1% Triton-X-100 in PBS (pH 7.4) was added for 30-45min. Primary antibodies or
VHHs were diluted in corresponding blocking buffer and were incubated overnight at
4 ◦C (antibody) or 1-2 days at room temperature (VHHs). For the secondary antibody
labelling, coverslips were washed from the primary antibody and anti-mouse antibody
conjugated to AF647 were diluted in a same blocking buffer and added for 1 h to
1.5 h at room temperature. Antibodies were α-tubulin (Sigma-Aldrich, clone B-5-1-2,
T5168) conjugated to AF647 (dilution 1:100), AF647 conjugated goat anti-mouse
IgG (H+L) secondary antibody (Molecular Probes, Life Technologies, dilution 1:500).
VHH#1 and VHH#2 were diluted to about 10 µg mL−1. All coverslips were extensively
washed with PBS shortly before imaging, post-fixed in PBS with 4% PFA and 0.25%
GA for 10 min at room temperature and again extensively washed with PBS. For
co-staining with F-actin marker, neurons already labelled with VHH#1-AF647 were
washed in PBS and incubated with AF568 Phalloidin from Molecular probes (Life
Technologies, 1:200 in PBS) for 20 min, extensively washed in PBS and mounted for
imaging. For live staining with SiR-tubulin (Lukinaviius et al., 2014), 100 nm of the
probe was added to the growth medium and incubated for 1 h at 37 ◦C, 5% CO2.
MRC5 cells expressing plus-end microtubule marker EB3-GFP were used for the life
imaging. COS7 cells were fixed with standard pre-extraction/fixation protocol (see
above), mixture of 3% PFA and 1% glutaraldehyde for 10 min at 37 ◦C or 4% PFA for
10 min at 37 ◦C. Fixed cells were extensively washed in PBS and processed for imaging.
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Ptk2 cells were fixed at 37 ◦C using prewarmed PEM buffer (15 mm PIPES pH 7,
1 mm MgCl2, 10 mm EGTA) containing 0.1% Triton X-100 and 0.4% glutaraldehyde
for 10 min. They were washed three times with PBS, incubated with PBS containing
50 mm NH4Cl for 10 min, washed twice with PBS, incubated with freshly prepared
PBS with 0.1 mg mL−1 sodium borohydride for 5 min, washed three times with PBS,
incubated with Image-IT blocking solution (Life Technologies) for 30 min, washed
three times with PBS, and then incubated with blocking buffer 2. Labelled VHH#1
nanobody was then added to a final concentration of 600 nm, and the cells incubated
overnight at 25 ◦C (note that similar labelling was obtained with a 4 h incubation).
The cells were then washed three times with PBS containing 0.1% Triton X-100, and
twice with PBS and processed for imaging.

In vitro microtubule bundling assay

Rhodamine-labelled microtubuless were prepared from stabilized seeds as described
earlier(Mohan et al., 2013), and stored at −80 ◦C. HiLyte Fluor 647-tubulin was
purchased from Cytoskeleton and HiLyte Fluor 647-microtubules seeds were made in a
same way like Rhodamine-microtubule seeds. The seeds were quickly transferred into
a 37 ◦C water bath, incubated for 5 min and kept in the dark at room temperature for
24 h. Labelled microtubules were diluted 1:30 in PEM80 (80 mm PIPES, pH 6.9, 2 mm
MgCl2, 1 mm EGTA) containing 10 µm of Taxol (Sigma). Then 50 µL of this dilution
was mixed with 0.2 ng of recombinant purified GFP-AtMAP65-1 (ref. (Gaillard et al.,
2008)) and incubated for 20 min at room temperature to allow formation of bundles.
Imaging flow chambers were assembled using microscope slides and coverslips con-
nected with double-sided tape. Before each experiment coverslips were plasma cleaned
for 10 min, coated for 1 min with 0.4% diethylenetriamine diluted in H2O and baked
for 1 h at 200 ◦C. Microtubules with and without GFP-AtMAP65-1 were washed into
the flow channels and kept in the dark. After 20 min, unbound microtubules were
washed out with PEM80 containing 1 µm Taxol. For the immunostainings, attached
Rhodamine-microtubules were first fixed for 3 min with 4% PFA and 0.25% GA in
PEM80, washed with PEM80 containing 1 µm Taxol, quenched for 10 min with 50 mm
NH4Cl in PBS, washed again and unspecific binding of proteins to the surface was
blocked with blocking buffer 1 for 30 min at room temperature. Samples intended
for staining with VHH#1 were in addition blocked with Image-IT for 30 min and
then blocked with blocking buffer 2 (see above). Primary AF647-labelled anti-α-
tubulin antibody (1:20), VHH#1 (10 ng µL−1) or VHH#2 (10 ng µL−1) were diluted
in corresponding blocking buffer, added to the flow channels and incubated in room
temperature for 2 h in the dark. Stained samples were postfixed for 3 min with 4% PFA
and 0.25% glutaraldehyde in PEM80, washed with PEM80 and imaged immediately.
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SMLM imaging

Imaging of fixed cells stained with microtubule probes conjugated to AF647 was
performed using 10 mm to 100 mm mercaptoethylamine (MEA), 5% w/v glucose,
560 µg mL−1 glucose oxidase, 40 µg mL−1 catalase in PBS. Imaging mixture for in
vitro microtubule samples contained 100 mm MEA, 5% w/v glucose, 560 µg mL−1

glucose oxidase, 40 g mL−1 catalase in PEM80 containing 1 µm Taxol.

SMLM microscopy (Betzig et al., 2006; Heilemann et al., 2008; Rust et al., 2006)
was performed on a Nikon Ti microscope equipped with a 100 × Apo TIRF objective
(NA. 1.49), a Perfect Focus System and an additional 2.5 × Optovar to achieve an ef-
fective pixel size of 64 nm. Evanescent or oblique laser illumination was achieved using
a custom illumination pathway with a 15 MW 405 nm diode laser (Power Technology),
a 50 MW 491 nm DPSS laser (Cobolt Calypso), and a 40 MW 640 nm diode laser
(Power Technology). Fluorescence was detected using an Andor DU-897D EMCDD
camera. All components were controlled by Micromanager software (Edelstein et al.,
2010). For SMLM imaging of AF647, the sample was continuously illuminated with
640 nm wavelength light. In addition, the sample was illuminated with 405 nm light
at increasing intensity to keep the number of fluorophores in the fluorescent state
constant. Typically 5,000-15,000 frames were recorded per acquisition with exposure
times of 30 ms to 40 ms.

SMLM imaging of Ptk2 cells was performed as described (Dempsey et al., 2011).
Imaging chambers were filled with Buffer TN (50 mm Tris-HCl pH 8, 10 mm NaCl)
containing 10% glucose, 10 mm MEA (pH adjusted to 8 with KOH; Sigma), 40 µg mL−1

catalase (Sigma, C40-100MG), and 0.5 mg mL−1 glucose oxidase (Sigma, G2133-50KU),
and sealed with a coverslip. Imaging was performed using a standard Nikon NSTORM
microscope, using a 647 nm laser adjusted to provide total internal reflection-based
illumination. Videos were acquired using an iXon EMCCD (Andor) and a 100Hz frame
rate, with a typical acquisition containing 50,000-100,000 frames. A 488 nm laser was
sometimes used to increase the rate at which the AF 647 molecules exited the dark
state; however, this was typically not necessary. Acquisitions were then processed
to create super-resolution images using custom-written software (Ries et al., 2012)
(Fig. 8.2, Supplementary Fig. S8.4b). For 3D-SMLM, we use the biplane method as
described (Ries et al., 2012; Juette et al., 2008).

SMLM localization and rendering algorithms

For Fig. 8.1 and Supplementary Figs S8.3 and S8.4a, we used localization software
written in Java as an ImageJ plugin, called Detection of Molecules. Each image in
an acquired stack was convoluted with the two-dimensional (2D) Mexican hat kernel
matching the microscopes point spread function (PSF) size. The intensity histogram
of the convolved image was fitted to a Gaussian distribution and used to calculate
the threshold intensity value (mean value of the fit plus three s.d.). The maximum
intensity values within individual spots were chosen as initial positions for the peaks
fitting performed on the original image. We used unweighted nonlinear least squares
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8. RESOLVING BUNDLED MICROTUBULES

fitting with Levenberg-Marquardt algorithm to the assumed asymmetric 2D Gaussian
PSF.

Only fits with a calculated width within ±30% of the measured PSFs standard
deviation were accepted. Localizations within one pixel distance in a number of succes-
sive frames were considered to arise from the same molecule. In this case the weighted
mean was calculated for each coordinate, where weights were equal to inverse squared
localization precision. The resulting table with molecule coordinates and precision
was used to render the final localization image with 5 nm pixel size for microtubule
FWHM analysis, and 10- or 20 nm pixel size otherwise. Each molecule was plotted
as a 2D Gaussian with integrated intensity equal to one and with s.d. equal to the
localization precision. SMLM-localization and rendering of 3D data into images was
done as described before (Ries et al., 2012).

Analysis of super-resolution images

To estimate the FWHM of the microtubules, line region of interests were drawn
by hand on the microtubules in the reconstructed image. A custom-made ImageJ
macro was then used to generate an intensity profile perpendicular to the region
of interests, integrating the intensity values over a length of 500 nm. A Gaussian
distribution was fitted to the intensity profile, from which the FWHM was derived as
FWHM = 2

√
2log2× σ.

In order to calculate the probability of separately resolving two microtubule profiles,
all profiles used for FWHM calculation were normalized along the y axis to an area
under the curve of 1 and centred on the x axis on the mean derived from the Gaussian
distribution fit. To allow for subpixel shifts, bicubic interpolation was applied to the in-
tensity profiles. Two profiles were randomly selected and positioned with their centres
a distance between 5- and 125 nm apart from each other. The profiles were summed,
and the dip in intensity between the two peaks was calculated. If this dip was >25% of
the intensity of the lowest peak, the two profiles were considered to be resolved. After
250 iterations with different randomly selected profiles, the distance between the means
was increased by 0.5 nm and the procedure was repeated. At each position, the ratio
between resolved and non-resolved sets of intensity profiles was used to calculate the
resolving probability. All analysis was performed in the open source software package R.

An independent estimate of image resolution was obtained using Fourier Ring
Correlation (FRC), as described previously (Nieuwenhuizen et al., 2013). In short,
particle tables generated by Detection of Molecules were converted to tables with only
x- and y-coordinates for each localization remaining. The FRC plug-in for ImageJ
created by the Delft University of Technology Quantitative Imaging Group was then
used to obtain a resolution estimate. To obtain consistent results, it was essential to
perform frame-to-frame fluorophore linking (see above, Supplementary Fig. S8.5).
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8. RESOLVING BUNDLED MICROTUBULES

Figure S8.1: Nanobody selection. (a) Schematic workflow for production of tubulin
nanobodies and steps required for selection and quality control of binders. For the details
see Materials and methods. (b) Widefield images of COS-7 cells stained with the periplasm
obtained from E. coli expressing different VHH sequences (named A-L). VHHs derived from
two rounds of panning were tested by ELISA. Then the periplasmic fraction containing
the strongest binders was applied on fixed COS-7 cells. Binding of VHHs was detected by
immunostaining with polyclonal anti-VHH antibody and by co-localization with microtubules
co-stained with mouse anti-α-tubulin antibody. VHH clone H is the same as VHH#2. Scale
bars are 5 µm.
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Figure S8.2: Biochemical properties of tubulin-binding probes. (a) Upper panel:
Coomassie blue stained SDS-PAGE gel with purified VHH#1, VHH#2 and the antibody
fragments F2C and SIIB. The smallest probe VHH#2 migrates at 15 kDa, followed by VHH#1
(20 kDa) and the antibody fragments (about 30 kDa). 5 µg to 7 µg of protein were loaded per
lane. Lower panel: Coomassie blue stained SDS-PAGE gel with purified VHH#1 stored for
more than four months at 4 ◦C and corresponding immunoblots with anti-VHH and anti-myc
antibody. Red star indicates intact VHH#1-myc-6xhis band. (b) Immunoblot showing that
both tubulin nanobodies are directed against β-tubulin. Lysates were prepared from HEK293
cells transfected with empty GFP plasmid, GFP-α-tubulin or GFP-β-tubulin, and stained
with VHH#1, or VHH#2 followed by incubation with anti-VHH rabbit antibody. As a
positive control for expression of GFP proteins, the same membranes were developed with
anti-GFP rabbit antibody. VHH#1 and VHH#2 recognize the endogenous and overexpressed
GFP-β-tubulin, but not GFP-α-tubulin. (c) Confocal image of DIV4 hippocampal neurons
stained with VHH#2 directly labeled with AF647 and co-stained with F-actin marker
Phalloidin-AF568. Note, that conjugation to AF647-NHS does not interfere with the epitope
binding. Scale bar is 10 µm.
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8. RESOLVING BUNDLED MICROTUBULES

Figure S8.3: Examples of in vitro microtubule bundles resolved by dSTORM(a-
c) GFP-AtMAP65-1 bundled microtubules copolymerized with tubulin-HiLyte647 (a), or
copolymerized with Rhodamine-tubulin (channel is not shown) and labeled with VHH#2-
AF647 (b) or a conventional primary antibody (1ary) labeled with Alexa647 (c). Bottom
row shows SMLM reconstructions. Scale bar is 1 µm. Ab stands for antibody.8



Figure S8.4: Examples of cellular stainings. (a) Representative images of COS7 cells
stained with different labels and quantified in Fig 8.2e. Scale bars are 1 µm. Ab stands for
antibody. (b) Large field of view SMLM reconstruction of microtubules in a Ptk2-cell (also
shown in Fig 8.2d). Scale bar is 1 µm.
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8. RESOLVING BUNDLED MICROTUBULES

Figure S8.5: Significance and FRC correction effects. (a) p-values for comparing
the mean values and mode values. This was tested using the Welch Two Sample t-test
(two-sided), and using the Bonferroni correction for testing of multiple conditions. (b) Effect
of frame-to-frame fluorophore linking on the FRC resolution estimate.
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Figure S8.6: SiR Tubulin does not remain bound to microtubules upon fixation.
(a) Still image from a live-cell recording of a MRC5 cells expressing EB3-GFP and incubated
with SiR tubulin. (b) Example images of cells incubated with SiR tubulin before fixation
using the indicated protocol. Scale bars are 5 µm. GA stands for glutaraldehyde.
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Supplementary Methods

Purification and labelling of the antibody fragments F2C and SIIB

Human-derived single chain variable fragments (scFvs) were previously selected and
characterized (Nizak et al., 2003). The antibody fragments were cloned in a custom
designed plasmid (His14x-ZZ-SUMO-F2C or SIIB) and transformed into SHuffle E.
coli strain for cytoplasmic expression. Bacteria were grown at 20 ◦C in Terrific Broth
medium containing 4 mm MgCl2 , and 100 µg mL−1 kanamycin until OD600 reached
∼1.5. Expression was induced with 0.5 mm IPTG. Flasks were shaken at 160 rpm
for ∼16 h at 20 ◦C. EDTA was added to a final concentration of 0.5 mm and cultures
were finally centrifuged at 6000 g for 10 min. Bacterial pellets were resuspended in
binding buffer (50 mm HEPES, 500 mm NaCl, 5 mm MgCl2, 20 mm imidazole, 10%
glycerol) supplemented with 0.25 mm of PMSF before disruption by sonication on ice.
Suspension was centrifuged for 60 min at 12.000 g and 4 ◦C. Supernatants were filtered
(0.45 µm pore size) and incubated for one hour at room temperature with complete
His-Tag purification resin (Roche) followed by several washes as recommended by the
supplier. Elution was achieved using 500 mm imidazole in binding buffer. To remove
the histidine-tag, His14x-ZZ-SUMO-scFvs proteins were incubated for 1 h at room
temperature with yeast-derived His6x-SUMO protease (Ulp1). After specific cleavage
of the SUMO-domain, antibody fragments were desalted and passed through a HisTrap
1 mL column using Äkta HPLC system to remove unwanted cleaved fragments and
His6x-SUMO protease. The high purity (>90%) and the untagged nature of purified
scFvs were analyzed via SDS-PAGE. Antibody fragments were conjugated to AF647
using succimidyl ester chemistry. The stock of fluorophore was dissolved in anhydrous
DMSO at a final concentration of 10 µg µL−1. The coupling reaction was performed
in freshly prepared 100 mm NaHCO3 buffer (pH 8.0). The reactive fluorophore was
added in 6 fold molar excess to the scFvs containing solution while mixing for 1.5 hh at
room temperature and protected from light. Unconjugated reactive fluorophores were
quenched by adding an excess of hydroxylamine (∼150 mm) with subsequent mixing
for 15 min at room temperature. Antibody fragments were efficiently separated from
uncoupled dye molecules using a 14 cm column (BioRad) packed with superfine G25
sephadex resin. Elution fractions were tested by immunostainings, the best fractions
were pooled and stored at 4 ◦C adding to 0.05% sodium azide or in 50% glycerol at
−20 ◦C.

ELISA assay for determining specificity of VHHs for tubulin

A flat-bottom 96-well plate (Maxisorp) was coated with 0.1 µg of bovine brain
tubulin, washed with PBS and pre-blocked with 2% milk-PBS for 30 min at RT. 10 µL
of periplasm fractions in 100 µL 2% milk-PBS was added to the wells and incubated for
90 min at RT. The plate was washed twice with PBS and the primary rabbit polyclonal
anti-VHH antibody ((Kijanka et al., 2013), 1:2000) was added for 1 h at RT in 2%
milk-PBS. Plate was again washed twice with PBS and incubated with secondary
donkey anti-rabbit-PO antibody (Dako, 1:5000) for 1 hh at RT. After final washing
steps, 100 µL perwell OPD+H2O2 was added and the plate was incubated for 30 min
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at RT. The reaction was stopped with 50 µL per well of H2SO4 and relative VHHs
presence was analyzed by measuring optical density at λ= 490 nm with an Ultramark
spectrophotometer (Biorad). Monoclonal anti-α-tubulin antibody (Sigma) was used
as positive control. 14 colonies showing the strongest signal were selected for further
study and VHH DNA was isolated and sequenced using an M13 reverse primer.

Determination of the tubulin subunit detected by VHH#1 and VHH#2.

HEK293 cells were plated on 10 cm2 dishes and cultured in DMEM/Hams F10
(50/50%) medium supplemented with 10% FCS and 1% penicillin/streptomycin for 2
days. Cells were transfected using MaxPEI (PolyEthylenImine, Sigma) with 10 µg of
pDNA encoding for empty EGFP, β-tubulin(2C)-EGFP or α-tubulin-EGFP in β-actin
vectors and grown for 48 h at 37 ◦C and 5% CO2 . Following transfection, dishes
were washed with 1 mL of PBS and extracted with 500 µL extraction buffer (PBS pH
7.4, 1% TritonX-100, 2 mm Ca2+, protease inhibitor cocktail). Cell suspensions were
frozen at −80 ◦C, thawed, incubated on ice for 2 h, and finally spun down at 13.000
rpm for 15 min. Obtained supernatants samples were loaded on 12% SDS-PAGE
gels, and transferred for 90 min at 15 V via semi-dry western blotting onto a PVDF
membrane. The membrane was blocked with 5% milk-PBS for 1 h, and incubated
with VHH#1 or VHH#2 (2 µg mL−1) for 4 h at RT on a shaker. After PBS wash,
membranes were incubated in either home-made primary rabbit anti-VHH serum 976
(1:2000 in milk-PBS; (Kijanka et al., 2013)) or rabbit anti-GFP antibody (1:5000 in
PBS; Abcam) overnight at 4 ◦C. Next day, another cycle of PBS wash was performed,
and HRP-conjugated secondary goat anti-rabbit antibodies (Dako) were added for
60 min at RT, blots were extensively washed and processed for developing.

Conjugation of fluophores to antibodies and VHHs

Conjugation of AF647 (Alexa Fluor®647 Carboxylic acid, Succiminidyl Ester,
Molecular Probes, Life technologies) to monoclonal anti-α-tubulin antibody (Sigma)
was performed according to the protocol described before (Cloin et al., 2015; Yau et al.,
2014). Some modifications were introduced for labelling of VHH. Conjugation reaction
was performed in freshly prepared 100 mm NaHCO3 buffer (pH 8.0) where the ratio of
VHH:fluorophore was 1:5 for VHH#1 and 1:3 for VHH#2. Samples were incubated
for 1 h to 6 h at RT in the dark and labeled VHH was separated from non-conjugated
dye by passing through a NAP25 column (GE Healthcare). Eluted VHH-AF647 was
upconcentrated to 0.5 µg µL−1 to 0.7 µg µL−1, labelling efficiency was measured as
described before (Cloin et al., 2015). The absorption spectrum of the preparations
revealed a labelling ratio of 1.5 fluorophores per VHH#1 and 0.3 fluorophores per
VHH#2. Sodium azide was then added to the mixture to a final concentration of
0.05% and the proteins were stored at 4 ◦C.
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Microtubule labelling simulations

Generative model Images of in silico microtubules were synthesized from a gen-
erative 3D model. First the main axis (backbone) of a straight microtubule with
a specified length was marked. The backbone segment was populated with tubulin
heterodimers forming a regular 25 nm diameter 3-start helix consisting of 13 straight
protofilaments. The coordinates of tubulin subunits were spaced 8 nm apart from
each other along the protofilament. Tubulin subunits were randomly labeled with
fluorophores to achieve the desired probe density. If a tubulin molecule was marked
as labeled, the fluorophore coordinates were generated and added to the model. The
position of the fluorophore was determined by addition of the offset distance m ex-
tending outwards from the surface (i.e. in the radial direction) to the coordinates
of the corresponding tubulin. A small rotation by angle φ (uniformly distributed
on the interval from 10° till −10°) in the plane perpendicular to the microtubule
axis was added to simulate flexibility in the binding of the antibody probe to the
antigen. To simulate widefield images, the positions of fluorophores were projected
onto a 2D plane and convoluted with a 2D isometric Gaussian kernel with a stan-
dard deviation equal to that of the point spread function of the microscope. This
produced a continuous 2D distribution of intensity. Further the intensity was in-
tegrated over the area of each pixel of the future image. The final pixel intensity
value was drawn from the Poisson distribution with the mean equal to the integrated
intensity value from the previous step, to account for the shot noise of light registration.

Simulated super-resolution microscopy images of microtubules were generated using
the same rendering algorithm as for the real SMLM dataset reconstruction (see above).
To account for the uncertainty in the localization of fluorescent signal during ‘virtual’
SMLM acquisition, each fluorophore position was shifted by random displacement of
magnitude d drawn from a Gaussian localization accuracy distribution with mean±SD
of 7.5±2.5 nm. If the displacement magnitude d was above a specified precision cutoff
threshold t, its random value is generated again until it is below the threshold, so the
probe density remains constant. An angle of displacement direction θ was drawn from
a uniform random distribution covering the full 360° for each of the fluorophores. The
new position of the fluorophore was used to render its image.

Dataset The generative model was transcribed into a Matlab code and run in GNU
Octave version 3.8.2 on Mac OS X 10.10.0, Intel Core i7 2.8 GHz, 16GB RAM. A
dataset of images was generated where the model parameters (probe density, position
of the probe and precision cutoff) varied in a wide range. The values for probe
density were chosen at 0.1%, 0.3%, 1%, 5%, 7%, 10%, 15%, 30%, 50%, 75% and 100%.
The values for mean probe position were chosen at 0.0 nm, 2.5 nm, 5.0 nm, 7.5 nm,
10.0 nm and 12.5 nm. The values for the precision cutoff threshold were chosen at
3 nm, 5 nm, 8 nm, 10 nm and 13 nm. For each combination of the three parameters
a microtubule with a contour length of 80 µm was generated. The generated micro-
tubule was centered within the field of view before being rendered into a widefield
and super-resolution image. The widefield images were generated with a pixel size of
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64 nm and the standard deviation of microscopes point spread function equal to 1.8
pixels (=115.2 nm). The super-resolution images were generated with a pixel size of
4 nm. All microscopy images were exported to local storage in 16-bit gray scale TIFF
image format. Intensities were uniformly scaled prior to export to take advantage of
the full dynamic range of the image format.

Analysis of simulated images The super-resolution images were sampled with a
window 512 nm long (in axial direction) and 400 nm wide. The window was placed at
non-overlapping intervals along the entire microtubule, resulting in 150 samples per
microtubule. Empty regions (i.e. summed intensity of zero) were rejected from the
analysis. This situation was particularly common for the low (<3%) probe density.
An intensity line profile was derived from a sampled region by averaging the intensities
along the axial direction. A 1D Gaussian function with four parameters (background
level, peak amplitude, peak position, and peak width) was fitted to the intensity line
profile using a Levenberg-Marquardt nonlinear regression algorithm. The regression
algorithm was run for a maximum of 1000 iterations or until convergence was achieved
with an accuracy of 1× 10−3 . The mean and standard error of the FWHM were
computed for each condition in the dataset. The FWHM was calculated from the fitted
peak width as described. The analysis of the resolving probability of two microtubules
was performed as described above.
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Transport and Development

Interest in the components of intracellular transport and their function spiked
after 2013, when the Nobel Prize for Physiology and Medicine was awarded to James
E. Rothman, Randy W. Schekman and Thomas C. Südhof(Pfeffer, 2013; Ray, 2014).
Especially Thomas Südhof explored in his work the relation between transport and
the maintenance and plasticity of synapses. Short-distance transport along actin
filaments is essential for the fusion of synaptic vesicles with the plasma membrane and
the subsequent release of neurotransmitters (Sudhof, 2014). Medium to long-range
transport of for example CaMKII on the other hand enhances plasticity through an
increase in synaptic AMPAr. Replacing the wildtype CaMKII with a mutant that is
capable of autophosphorylation but cannot bind to microtubule-associated proteins
blocks this potentiation (Lemieux et al., 2012). There is substantial evidence that
while microtubule-based transport is essential for synaptic plasticity, it is also highly
effected by the resulting increase in activity. Synaptic activity promotes the interaction
between the actin and microtubule network, increasing the chance of a microtubule
entering the spine (Merriam et al., 2013). This might result in a positive feedback loop,
where increased synaptic activity leads to microtubules entering the spine, increasing
the number of receptors available at the synapse, further enhancing plasticity.

It is fascinating to observe that influencing microtubule stability has a direct influ-
ence on learning capacities in cultured hippocampal neurons (Fanara et al., 2010), as
well as in living mice (Uchida et al., 2014). Many of the molecular players involved in
the crosstalk between synaptic plasticity and microtubule dynamics, such as stathmin
and tau, are also implicated in neurodegenerative disorders like Alzheimer’s disease,
suggesting a common mechanism for both memory formation and memory loss (Uchida
and Shumyatsky, 2015). The link between microtubule stability and the cognitive
deficits was already proposed in the 1980’s (Matsuyama and Jarvik, 1989) and a
number of different models have been suggested to explain this link (Dubey et al.,
2015). Effects of microtubule-stabilising drugs have been somewhat disappointing. It
appears that unstable microtubules lead to increased neurodegeneration, but at the
same time neurons need a pool of microtubules with a high turn-over. Stabilising the
entire neuronal microtubule cytoskeleton using paclitaxel also increases the risk of
axonal loss (Gornstein and Schwarz, 2014). This is a clinically relevant problem, since
paclitaxel and other drugs with a similar effect are commonly used in the treatment
of breast and ovarian cancer, amongst others. Peripheral neuropathy is often seen as
a side-effect of treatment (Lee and Swain, 2006).

Despite these setbacks, therapeutical application of microtubule-stabilising drugs
in neurodegenerative disorders is extensively studied. A promising approach could
be influencing post-translational modifications (PMTs). As discussed in chapter 2,
PMTs are chemical ‘tags’ attached to the tubulin subunits and regulating both protein
binding and microtubule stability. In neurons, they are thought to be responsible for
the unusually stable configuration of the microtubule cytoskeleton (Song et al., 2013).
The balance between the different types of modifications is affected in a number of
neurological disorders including Alzheimer’s disease (Zhang et al., 2015). It is tempting
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to think that drugs effecting these modifications would provide a more subtle and
selective way of influencing cytoskeleton stability. A candidate drug of specific interest
is tubastatin A, a selective inhibitor of HDAC6. This histone deacetylase, unlike the
name suggests, is an enzyme that specifically deacetylases microtubules. Its inhibi-
tion leads to an increased acetylation of tubulin and more stable microtubules. The
therapeutic effects of tubastatin were first shown in a model for Charcot-Marie-Tooth
(CMT), in which it completely reversed the axonal transport deficits and rescued the
disease phenotype (d’Ydewalle et al., 2011). Since then, a similar effect has been
shown for a mouse model for Alzheimer’s disease (Govindarajan et al., 2013; Zhang
et al., 2014) and Amyotrophic Lateral Sclerosis (ALS, (Taes et al., 2013)). It should be
noted that in the case of Alzheimer’s disease, there is also a direct effect of the drug on
tau acetylation, but a drosophila study suggested the effect on microtubule acetylation
is the primary cause of the rescue effect (Xiong et al., 2013), possibly by counteracting
the effects of amyloid β on mitochondrial transport along microtubules (Kim et al.,
2012). Although not yet tested in animal models, a similar beneficial effect of HDAC6
inhibition was found in neurons overexpressing huntingtin, the protein involved in
Huntington’s disease (Guedes-Dias et al., 2015). The early findings in CMT lead us to
design a similar experiment for experimental autoimmune encephalitis (EAE), a mouse
model of multiple sclerosis, to test if the microtubule-stabilising effect of tubastatin
A could ameliorate neurodegeneration in this context as well. Unfortunately, this
experiment failed due to technical issues with the chemicals required to induce EAE,
resulting in none of the animals developing symptoms. There were no side-effects of the
drug. Inhibitors of HDAC6 have shown great promise in animal experiments and might
well enter clinical trials within the coming few years. They would represent the first
generation of neuroprotective drugs utilising our new knowledge of the microtubule
cytoskeleton.

Before we move from synapic plasticity towards neurodegeneration in more detail,
we should consider that plasticity is only one aspect of development in which intracel-
lular transport is involved. The central nervous system is more than just a collection
of interconnected neurons. It is higly organized in different layers and regions, each
with its own cellular composition and function. The cerebral cortex for example
consists of six layers, which are easily differentiated under the microscope because
of their unique cell composition and density. This organization arises relatively late
in the development of the human fetus. Approximately six weeks after fertilisation,
the raw shape of the central nervous system already exists, the so-called neural tube.
In this hollow tube, the neuronal precursor cells are located around the lumen, in
the ventricular zone (Carlson, 2004). In the cerebral cortex, these precursors divide,
after which one of the daughter cells migrates upwards towards its final position in
the cortex. The first wave of migration forms the bottom layer of the cortex, with
each subsequent wave migrating past its predecessors to form a new layer. In human
embryos, this process happens between week 15 and week 25 after fertilisation (Budday
et al., 2015). The cerebellar cortex is formed through a slightly different process. In
the first phase of development, cells migrate from the ventricular zone to the outer
edge of the forming cerebellum. There they proliferate and then migrate inwards along
radial glia cells. In humans, this migration starts in the third trimester of pregnancy
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and can proceed into the early postnatal period (Donkelaar et al., 2006).

It has been known for a long time that the microtubule cytoskeleton and motor
proteins play a crucial role in neuronal migration. Microtubule associated proteins like
LIS1, NudE and tubulin isoforms like TUBG1 are all implicated in forms of micro- and
lissencephaly (Poirier et al., 2013; Moon and Wynshaw-Boris, 2013). It is thought that
most of these proteins facilitate migration by enhancing the function of dynein heavy
chain, the main force generator for both mitosis and migration (McKenney et al., 2010;
Moon et al., 2014). The dynein motor protein is such an essential player in cell division,
that it is technically difficult to create a knockout model in which migration can be
studied. However, patients have been described with mutations in dynein heavy chain.
As expected, even a minor reduction in dynein function leads to migration deficits and
mental retardation as well as various other neurological problems (Willemsen et al.,
2012). All these findings have created an image in which the migrating cells divide
and move against a more or less static background of glia cells. Our findings on the
Bicd2 gene are indicative of a much more complex situation. Although Bicd2 knockout
animals show an almost complete block of migration, this is completely independent of
expression in the migrating cells. Only loss of Bicd2 in the radial glia cells is necessary
and sufficient to cause the cortical migration phenotype. The exact mechanism behind
this block of migration remains partially unknown. Although we have shown that the
loss of Bicd2 leads to a reduced expression of adhesion molecules on the plasma mem-
brane of the Bergmann radial glia cells, we have not proven beyond doubt that this is
the causal mechanism. It is still possible that the effect is mediated through the effects
of Bicd2 on dynein velocity (Schlager et al., 2014). Further resolving this issue has
gained a certain urgency in the past few years, as it has become apparent that Bicd2 is
associated with dominant spinal muscular atrophy (Martinez-Carrera and Wirth, 2015)
and might also contribute to the golgi fragmentation seen in other neurodegenerative
disorders such as ALS (Haase and Rabouille, 2015; Jaarsma and Hoogenraad, 2015).
As with synaptic plasticity, neurodevelopment and neurodegeneration are often closely
linked. The same molecular players that help shape the nervous system, are also
involved in its maintenance and response to ageing and disease. Careful examination
of the developing brain can provide suprising clues towards understanding its diseases.

Transport and Disease

Disorders of the central nervous system are notoriously hard to study. The brain
and spinal cord form an isolated biochemical compartment, separated from the rest
of the body by the blood-brain barrier. Encased by the skull and the spinal column,
advanced imaging techniques are required to map their structure and function in a
living organism. Brain tissue quickly degrades and deforms after death, complicating
the study of pathological hallmarks of disease. The function of the brain depends on
the interaction between large networks of different types of neurons, making it hard
to develop a proper experimental model. It is quite possible to prepare cultures of
a single type of neuron (e.g. rodent hippocampal pyramidal neurons, (Banker and
Cowan, 1977)) and studies in this model have provided us with a wealth of information
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on the development and function of individual neurons. It is however hard to translate
these results to the function of the brain as a whole. A next step is to study the
neurons in context, in a thin slice of brain tissue kept alive in culture (LaVail and Wolf,
1973). This model allows for observation of electrical activity in a functioning network
formed by different types of neurons. Compared to the dispersed cell culture, it is
more labor-intensive to culture and not as easy to manipulate or observe. Also, one
should keep in mind that the readout is formed by increases or decreases in electrical or
synaptic activity, not by behaviour. Often, the correlation between electrical patterns
and observed behaviour is not entirely understand. To directly link behaviour to brain
defects, an animal model is required. Animals with a predefined genetic modification
can be treated with a drug and subjected to a test battery, after which the brain
and spinal cord can be studied. The great advantage of this model is that clinically
relevant behaviour, for example strength or intelligence, can be used as readout. Since
the metabolism of many animals such as rodents closely mimics those of humans, it
is not only possible to test the effects of a drug, but also get a first impression of
toxicity, side-effects and optimal method of admission before testing it in a human
population. However, animal studies have some major drawbacks. First of all, they
come with major ethical issues. Great care is taken to minimize suffering and reduce
the number of animals included in trials. From an economic viewpoint, generating
a new genetically modified animal line requires a large amount of time and money.
Housing and maintaining animals forms a major expense for research groups. From
a scientific point of view, the main issue is to which extent the animal experiment
actually models the human disease. The worst kind of model might be that, which
closely mimicks the disease, but fails at just one vital characteristic. Such a model
could be used for decades and define our understanding of a conditon, before it is
realised that it is insufficient. When answering a research question, choosing the right
model might just be the most important part of the approach.

This might never be more true than in the context of multiple sclerosis. As dis-
cussed in great length in chapters 4-6 of this thesis, finding an optimal model for MS
would significantly increase our chances of understanding this complicated disease.
Currently, even the category in which the disease should be classified remains a matter
of heated debate. The main issue is whether MS is primary a neurodegenerative
disease, with an autoimmune response as secondary effect, or primary an autoimmune
disorder with neurodegeneration as result of prolonged exposure to an inflammatory
environment (Mahad et al., 2015). Answering this question would be an important step
towards developing more effective or even curative treatment. I would like to propose
that both theories could be equally true, depending on the individual patient. There is
a remarkable variation in both clinical presentation of MS patients, disease progression
and even pathological features of plaques (Frischer et al., 2015). Instead of talking
about MS as a single disease, further divided into disease pattern (relapsing-remitting,
primary progressive, secondary progressive), it might be more adequate to think of
MS as a spectrum, with neurodegeneration at end of the spectrum and autoimmunity
on the other end. Following a Gaussian distribution, most patients will be somewhere
in the middle, experiencing both the excacerbations caused by acute autoinflamma-
tion and the gradual decline resulting from neurodegeneration. In other individuals,

9



9. DISCUSSION

neurodegeneration might be more pronounced, leading to relatively few relapses but
a more pronounced continuous clinical deterioration. This hypothesis of an disease
spectrum might also explain why such a large amount of genetic variation is found in
the MS population (Jafari et al., 2011). Depending on the position of the individual
patient along the spectrum, different alleles will determine his disease course. Some
risk alleles, like variants in the HLA-region, will be found in a large proportions of
patients, but other single-nucleotide polymorphisms might only be present in patients
who are more on the neurodegenerative end of the spectrum. Genome-wide association
studies that fail to take this diversity into account and consider all MS patients as
a single cohort, will in general lack the power to detect polymorphisms only present
in a subpopulation. It might also explain why a large number of patients does not
respond to common immunemodulating therapies like interferon-β (Comabella et al.,
2009; Bustamante et al., 2015).

To test this hypothesis and determine for individual patients the relative contribu-
tion of neurodegeneration and autoimmunity to their disease activity, it is essential to
find reliable readouts for neurodegeneration in MS. Such a readout could be obtained
using imaging techniques such as MRI (Filippi, 2015), cerebral spinal fluid biomarkers
such as neurofilaments (Kuhle et al., 2011; Hoglund and Salter, 2013) or a combination
of both (Gajofatto et al., 2013; Dickens et al., 2014). Molecules involved in axonal
transport form an interesting candidate for such a biomarker. A reduced expression of
various members of the kinesin superfamily has been observed in MS patients or MS
models, such as KIF5A and KIF21B, but not KIF1B (Sombekke et al., 2011; Kreutzer
et al., 2012; Hares et al., 2013). In contrast, others have reported an association
between an increase in KIF21B and accelerated neurodegeneration in MS patients
(Kreft et al., 2014). Part of this discrepancy might be explained by the fact that
all these studies have looked at expression of individual motor proteins, which is
not necessarily the same as transport activity and efficiency. It would be of great
clinical and scientific interest of the efficiency of the axonal transport system could be
measured in an individual patient, however, this would require direct observation of
the central nervous system in a living individual. Fortunately, there is one area of the
nervous system that can be directly observed from the outside: the retina. The retina
contains several types of neurons which are involved in preprocessing of visual signals
before conveying them to the visual areas of the cortex through the optical nerve.
The axons of these neurons form the retinal nerve fibre layer (RNFL). Using optical
coherence tomography (OCT), the thickness of this layer can be measured, which is
becoming more and more common for diagnostics and measuring neurodegeneration
in MS patients (Lidster and Baker, 2012; Bennett et al., 2015; Alvarez-Cermeno et al.,
2016) In research settings, this technique has been modified to include a dynamic mag-
netic field gradient, through which magnetic particles can be imaged inside the retina
(Wang et al., 2010). By linking magnetic particles to specific nanobodies targeting a
molecule of interest, magnetomotive optical coherence tomography (MM-OCT) can
be used to visualize the localisation and dynamics of a certain molecule in the intact
retina of a living individual. A nanobody bound to a target such as mitochondria,
could provide us with information on the distribution and transport dynamics of this
organelle. Although such studies have yet to be performed, the required hardware,
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both in the form of imaging setups and molecular probes is readily available. It will
be challenging to get probe inside retinal neurons, but not impossible. Even a very
low efficiency of probe internalisation would lead to a wealth of information on the
contribution of axonal transport to neurodegeneration in MS.

In order to test the effect of a reduced efficiency of axonal transport in a model for
MS, we generated a knock-out mouse for the kinesin motor KIF1B. No animals were
born with homozygous deletion of this motor protein, suggesting its complete loss is
not compatible with life. Since embryos died in an early phase of development, the
cause of death is not entirely clear. The microtubule cytoskeleton and its associated
proteins play a crucial role in a multitude of embryological processes, as illustrated
in chapter 3. As confirmed with western blot, the heterozygous animals only express
half the amount of KIF1B protein, both the -α and -β isoforms, while the expression
of other transport proteins is not affected. As described in chapter 5, there is no
difference in disease course between heterozygous Kif1b knockout animals and their
wildtype littermates, which could be due to redundancy in the neuronal transport
system. It should be noted that this is only the most likely of a number of possible
explanations. At the time these experiments were designed, the common idea was
that disorders linked to genes associated with the transport system were solely caused
by a reduced function or expression of the encoded gene. Since then, several studies
have shown that a gain of function can be just as detrimental, for example in the
case of Kif21a(Cheng et al., 2014). Also, mutations can influence the binding between
motor protein and cargo. A reduced binding will lead to a decreased efficiency of
transport but once again, an increased binding can also lead to defects, as shown with
Bicd2-mutations in autosomal-dominant proximal spinal muscular atrophy (Peeters
et al., 2013). A straight-forward link between reduced motor protein expression and
susceptibility to EAE would have been an exciting finding, suggesting a relatively
simple model for axonal degeneration and an avenue towards new therapeutic options.
Unfortunately, biology is once again more complex than anticipated.

A final possibility that should be considered, as mentioned briefly in chapter 5,
is that the Kif1b animals are in fact more vulnerable to neurodegeneration. The
problem could be the experimental model and the timing of the experiments. In
the paper describing the original Kif1b knockout, it was mentioned that the animals
develop a neuropathy, but only after a year (Zhao et al., 2001). This fits with a model
where the axonal transport system is slightly less efficient, with the animal gradually
accumulating neuronal damage. In our experiments, the animals were only twelve
weeks old. An optimal age to induce EAE, but perhaps not the best timing to study
neurodegeneration. The same could be true for the type of EAE. A number of different
variants of this procedure exist, each with its own advantages and drawbacks (Baker
et al., 2011). In our experiment, we decided to use the most common approach by
inducing EAE in twelve week old C57BL/6 mice by injecting them with MOG35-55

peptide. Due to the background of the transgenic animals, using a different mouse
strain was technically impossible. It would have been possible, although far more
challenging, to induce a more chronic type of EAE. In such a model, the longer
timeframe would expose a difference in accumulation of neuronal damage between
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Kif1b knockouts and wildtype littermates, more accurately mimicking the expected
mechanism in patients. Although unlikely to be performed due to technical -and
financial- hurdles, it would provide valuable insights in the contribution of axonal
transport to disease progression in multiple sclerosis.

Superresolution microscopy

Throughout the history of the neurosciences, progress in understanding the brain
has mostly come from new methods of visualising the microanatomy of the nervous
system, leading the neuroanatomist Floyd Bloom to remark that “the gain in brain
lies mainly in the stain” (Appel, 1997; Micheva and Bruchez, 2012). The past century
has seen a remarkable progress in histology, anatomy and neuroimaging. Just over a
hundred years separate the Nobel prize for the first stainings of neurons (Golgi and
Cajal, 1906) and that for superresolution microscopy (Betzig, Hell and Moerner, 2014
(Choquet, 2014)). In a single century we have gone from debating whether neurons
are separate cells or a continuous network to imaging nanometer scale organization of
the neuronal subcortical cytoskeleton (D’Este et al., 2016). We can now use superreso-
lution microscopy to image single proteins in living cells with nanometer resolution,
multicolor labelling and the ability to reconstruct structural organization in three
dimensions(Leterrier et al., 2015).

However, it has proven difficult to translate these observations into new biological
or medical insights. A vast majority of publications on superresolution either present
a new method or refinement or describe cellular architecture with improved resolution.
Few studies report new insights on protein function or disease mechanisms. Here,
the technical complexity of superresolution microscopy could play a role. Research
groups developing and deploying techniques like STORM mainly consist of physicists
and chemists, with only a few collaborations existing between these groups and more
biologically oriented or -even rarer- medical scientists. This leads to a situation where
part of the scientific community has access to the most refined microscopy tools
existing, but lacks a clear research goal, while another part has a variety of unan-
swered research questions, but is not aware of technical possibilities to answer them.
Although improving superresolution microscopy towards subnanometer resolution is
technically possible, bringing these two groups together might contribute far more to
our understanding of the brain.

What are the questions to ask, to make superresolution microscopy contribute to
our understanding of multiple sclerosis? As outlined in chapter 4, transport deficits
could initiate a vicious cycle of impaired mitochondrial transport, reduced ATP
availability and increased energy demand, further disintegrating axonal transport.
Identifying the cellular components involved in this cycle would significantly improve
our understanding of the neurodegenerative component of MS, and here superresolu-
tion microscopy would play a central role. It is the only technique with the proper
resolution and labelling density to identify for example degradation of the subcortical
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actin cytoskeleton, loss of membrane organization, fragmentation of the axonal micro-
tubule cytoskeleton or decay of mitochondria related to reduced cytoskeleton integrity
in active MS lesions. MS is a difficult disease to mimick in an animal model(Baker and
Amor, 2015), and confirming findings from animal studies in patients has proven hard.
It would therefore be highly valuable to perform superresolution microscopy on hu-
man material, such as cell models derived from patients or post-mortem brain material.

The best results with STORM or any of the other techniques are obtained in a
carefully controlled experimental setting. Preferably, a single layer of cells is cultured
on top of a glass slide, mounted in an imaging ring in transparent medium and observed
under the microscope. Cells that easily attach and detach from surfaces, such as most
of the cell types of the immune system (Torreno-Pina et al., 2016) can be imaged in
such a setup with relative ease. In contrast, neurons require a strong surface binding
to mature properly. Although mouse neurons can be studied in this environment,
culturing human neurons is far more challenging. Although not impossible, this either
requires the ethically problematic use of human embryos (Napoli and Obeid:, 2016) or
the experimental technique of converting human fibroblasts (Richner et al., 2015) or
pluripotent stem cells (Vazin et al., 2014) into neurons. Fibroblasts can be harvested
with little effort from patients, making it possible to relate the findings in cell-based
assays directly to the clinical record of the individual patient. However, even though
these converted cells express a variety of neuronal markers, it remains unclear to what
extend findings in this system can be extrapolated to ‘true’ neurons. Still, a recent
publication showed that these derived neurons can be used to study transport deficits
found in spinal muscular atrophy (Xu et al., 2016). Findings in these culture systems
still need to be confirmed in postmortem brain tissue from patients.

Fortunately, even on such technically challenging material superresolution imaging
has been succesfully performed (Smith and Verkman, 2015). Using a combination of
these approaches, we can test the efficiency and speed of for example mitochondrial
transport in induced neurons from the fibroblasts of MS patients and compare these
with healthy controls. It becomes possible to observe the integrity of the transport
infrastructure in postmortem brain tissue and compare the distribution of motor pro-
teins and cargoes in active demyelinating lesions with normal appearing white matter.
And finally, we can observe the effect of drugs modifying the microtubule cytoskeleton
-such as Tubastatin A- in human neurons, a critical step towards deploying such drugs
in MS patients.

Future directions

Every study discussed in this thesis depended on the input of scientists in multiple
disciplines, from clinical medicine to molecular biology, biophysics and chemistry.
As such, it is part of an ongoing movement towards more interdisciplinary research
(Van Noorden, 2015). Collaboration between scientists from entirely different back-
grounds is not a bonus, but a necessity. If we want to develop a cure for multiple
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sclerosis, the best chance of succes is by coordinating a team consisting of both medi-
cal and basic scientists. Epidemiological research identifying risk factors should be
combined with genetic assays mapping gene variants contributing to this risk. As cell bi-
ologists and neuroscientists study the mechanisms contributing to disease development
and progression, their work depends on physicists, chemists and engineers developing
new techniques, chemicals and equipment. Medical scientists are required to conduct
clinical trials, supported by pharmacologists and statisticians. To make all these differ-
ent backgrounds and ways of thinking work together, scientists are needed who have a
thorough grasp of their own field, but also a genuine interest and basic knowledge of the
tools available in other fields. This can only happen in a research environment where
the training and funding of scientists supports such collaboration (Brown et al., 2015).
Clinical medicine remains relatively isolated, with little collaboration outside of its own
field (Van Noorden, 2015). Providing funding and institutional support to dedicated
research masters for medical students would result in more medical doctors with an
understanding of basic research. In the long run, such an investment would pay itself
back, as these MD’s can provide an essential bridge between clinical and basic research.

During the coming decades, the practice of neurology will see significant changes as
the impressive advances in neuroscience are slowly translated into treatment. Two very
distinct yet complementary approaches already become visible today. The neurobiolog-
ical approach uses our improved understanding of the molecular processes controlling
individual neurons. It aims at bringing neurodegenerative processes to a stop, or at
the very least slowing them down. By developing drugs that regulate axonal transport,
reduce the effects of glutamate exitotoxicity or in other ways preserve axonal integrity,
such as through the stimulation of remyelination (Harlow et al., 2015), the ability of
neurons to withstand stress and repair damage can be enhanced. A large variety of
neurological disorders would be ameliorated when such therapies become available,
with examples ranging from amyotrophic lateral sclerosis via multiple sclerosis to
Alzheimer’s dementia.

However, although this approach will be effective in reducing damage, it is highly
unlikely that it will be able to repair what has already been lost. If an axon has been
lost, the main function of the neuron will be gone, even if the cell body survives. Axons
in the central nervous system do not regrow, and there might be a very good reason for
this. Consider the analogy with a large processing center, where a thousand computers
are working on a demanding simulation task. If ten computers break down, one percent
of all calculation power will be lost. However, if these ten computers continue operat-
ing but send out incorrect results and interfere with the function of other units, the
whole network might be compromised. Simply allowing a damaged neuron to regrow
its axon or replacing it using stem cell therapy, might worsen the condition of a patient.

The second approach, neurocybernetics, starts where the neurobiology ended. It
does not offer any therapy that slows down or cures neurological disease. Instead,
it explores the possibility of restoring function and repairing the deficits caused by
these disorders (Wander and Rao, 2014). Already, research in this field has resulted in
protheses that can not only return limb function, but even sensibility (Donoghue, 2002;
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Scherberger, 2009; Antfolk et al., 2013). It has led to the development of the cochlear
implant (House and Urban, 1973) and the retinal chip (Zrenner et al., 2011), at least
partially restoring the ability of the patient to hear and see. A next step might be to
treat unilateral vocal cord paralysis caused by lesions to the recurrent nerve. Since the
contraleral nerve is still intact and the vocal cords move symmetrical, the signal from
the preserved nerve can be recorded and conveyed to the paralysed vocal cord. This
effectively innervates both vocal cords using a single recurrent nerve. Not only does
this treat the hoarseness and lack of voice volume patients experience, it also provides
us with knowledge on how to use cybernetics to circumvent a nerve lesion. This
same technique could be used with some modification on any peripheral nerve lesion,
as long as a proper input signal is available that can be used to control the target muscle.

The main challenge would then be to move with this technique from the peripheral
to the central nervous system. A logical starting point would be to apply the same
logic to lesions in the spinal cord. If we can use electronics to bypass a lesion in a
peripheral nerve, the same might hold true for ascending or descending tracts in the
spinal cord. Brain activity measured in the motor cortex could be directly translated
into an activation signal to the proper muscle. Sensory input could be detected by
electrodes along the dorsal root ganglions and the spinal cord below the lesion and
transmitted to the sensory cortex. In a final stage, perhaps even cortical functions
themselves could be replaced, as is currently being investigated (Widge et al., 2014;
Hao et al., 2015). Even when the neocortex is a bridge too far, it might prove possible
to design a ‘cerebellum-on-a-chip’. This processing unit would receive its input from
the neocortex, correct the signal based on sensory feedback and transmit it forward
to the spinal cord and back to the cerebral cortex. Such a tool, as far-fetched as it
would seem today, might one day significantly increase the quality of life in patients
suffering from cerebellar degeneration.

As with most neurological disorders, a cure for multiple sclerosis is nowhere in sight.
Considering the complexity of the disease and the variability of its presentation, it is
doubtful if full recovery from the disorder will ever be possible. But a combination of
the approaches mentioned in the previous paragraphs might well be able to slow down
disease progression and reduce the effect of disability on the daily life of the people
affected. Although the studies presented in this thesis only mention simulations, cells
and rodents, the final goal was always to translate these findings to patients, and use
the findings to bring a future without MS one tiny step closer.
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APPENDIX I. ABSTRACT

a reduction of adhesion molecules in the cellular membrane, possibly leading to a
disrupted contact between these glia cells and the neurons migrating along them.
Chapter 4 provides an overview of literature on the role of intracellular transport in
MS and presents a model to explain the contribution of transport to the development
of this disease. In chapter 5 we show the result of inducing experimental autoimmune
encephalomyelitis (EAE) in a mouse in which one of the genes encoding the molecular
motor KIF1B has been knocked out. Knocking down both copies of this gene is not
compatible with life, but we found that removal of just one copy does not influence
susceptibility to or severity of EAE. Since EAE was primarily designed as a model
to study the immunological aspects of EAE, in chapter 6 we present a number of
analysis methods designed to increase the value of this model in studying MS.
Research on intracellular transport is highly dependent on advanced microscopy meth-
ods to visualise the movement of motor proteins and cargo. In chapter 7 we explain
how light microscopy is limited in resolution because of the physical properties of light
and how this limit can be broken. The background of superresolution microscopy is
explained, as well as methods to better calculate the achieved resolution and further
improve the image quality through drift correction and labelling techniques. In chap-
ter 8 we apply these techniques by labelling the microtubule cytoskeleton with a VHH

antibody fragment targetting tubulin. Finally chapter 9 summarizes the findings of
this thesis and proposes a number of recommendations for future research.

Hersencellen onderscheiden zich onder meer van andere cellen in het lichaam door
hun extreem lange uitlopers, axonen, die een meter of langer kunnen worden. Om deze
axonen in leven te kunnen houden, zijn zij volledig afhankelijk van een intracellulair
transportsysteem, waarmee ladingen vanaf het cellichaam naar de verste uitlopers
worden vervoerd en weer terug. Dit transport wordt uitgevoerd door motoreiwitten
die aan tubulinebuizen (microtubuli) kunnen binden en door hun vorm te veranderen
zich daarlangs voortbewegen. Het doel van dit proefschrift is om bij te dragen aan
onze kennis van dit transportsysteem en de rol daarvan in de ontwikkeling en werking
van het centraal zenuwstelsel, met bijzondere aandacht voor de rol van dit systeem in
multipele sclerosis (MS).
Dit proefschrift bestaat uit drie afzonderlijke onderdelen. Het eerste deel richt zich
op de rol van transport in ontwikkeling, eerst op de schaal van individuele neuronen
en neuronale netwerken (hoofdstuk 2), vervolgens in de ontwikkeling van de hersen-
schors (hoofdstuk 3). In het tweede deel onderzoeken we de rol van transport in
MS (hoofdstuk 4-6). Tenslotte demonstreren we in het derde deel hoe het gebruik
van superresolutiemicroscopietechnieken kan bijdragen aan een beter begrip van dit
systeem (hoofdstuk 7-8).
In hoofdstuk 2 beschrijven we de bijdrage van het neuronale transportsysteem bij
de opbouw en het onderhoud van synapsen. Deze contactpunten tussen neuronen
kunnen versterkt worden of juist afgebroken, waardoor de communicatie binnen een
neuronaal netwerk veranderd. Via dit mechanisme kan het brein nieuwe informatie
opslaan en nieuwe vaardigheden leren. Zowel de microtubuli zelf als het transport
daarover is onmisbaar voor synaptische plasticiteit en daarmee voor leren en geheugen.
In hoofdstuk 3 onderzoeken we de rol van het adaptoreiwit BICD2 in de ontwikkeling
van de kleine hersenen. Dit eiwit verbindt het motoreiwit dynein met het blaasje dat de
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lading bevat. Het uitschakelen van dit eiwit in muizen leidt tot een volledig verstoorde
ontwikkeling van de kleine hersenen, waarbij de hersencellen niet migreren naar de
juiste laag van de hersenschors. Door het eiwit alleen te verwijderen in bepaalde celty-
pen, hebben we aan kunnen tonen dat de ontwikkelingsstoornis optreedt als BICD2
niet aanwezig is in Bergmann glia. Hierbij ontstaat een afname van adhesiemoleculen
in de celmembraan, wat vermoedelijk leidt tot een verstoord contact tussen deze cellen
en de neuronen die erlangs migreren.
Hoofdstuk 4 geeft een overzicht van de al gepubliceerde studies over de rol van
intracellulair transport in MS en presenteert een model om de bijdrage van transport
aan het ontwikkelen van deze ziekte te verklaren. In hoofdstuk 5 tonen we de
resultaten van het induceren van experimentele autoimmuun encefalomyelitis (EAE)
in een muis waarin we een gen voor de moleculaire motor KIF1B hebben uitgeschakeld.
Het uitschakelen van beide kopieën van dit gen is niet met het leven verenigbaar, maar
het uitschakelen van een enkel gen leidt niet tot een grotere vatbaarheid voor EAE
of een ernstiger beloop van dit model voor MS. Aangezien EAE in eerste instantie
ontwikkeld is als een model om de immunologische aspecten van MS te onderzoeken,
presenteren we in hoofdstuk 6 een aantal analysemethoden waarmee de waarde van
dit model voor het begrijpen van MS vergroot wordt.
Het onderzoek naar intracellulair transport is sterk afhankelijk van geavanceerde
microscopietechnieken om de beweging van motoren en ladingen zichtbaar te maken.
In hoofdstuk 7 verklaren we hoe lichtmicroscopie in resolutie beperkt wordt door
de golflengte van licht én hoe deze limiet doorbroken kan worden. De achtergrond
van superresolutiemicroscopie wordt toegelicht, evenals methoden om de resolutie
daarvan beter te berekenen en te optimaliseren door middel van correctie van drift en
labelling van moleculen. De studie in hoofdstuk 8 past deze methodes vervolgens
toe om het microtubulecytoskelet met zeer hoge resolutie in beeld te brengen door dit
aan te kleuren met VHH-moleculen gericht tegen tubuline. Hoofdstuk 9 tenslotte
bespreekt de bevindingen van alle onderzoeken in dit proefschrift en doet een aantal
aanbevelingen voor toekomstig onderzoek.
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Kühn, T., Ihalainen, T. O., Hyväluoma, J., Dross, N., Willman, S. F., Langowski, J., Vihinen-Ranta, M. and
Timonen, J. (2011). Protein diffusion in mammalian cell cytoplasm. PLoS One 6, e22962.

Kurtzke, J. F. (1983). Rating neurologic impairment in multiple sclerosis: an expanded disability status scale (edss).
Neurology 33, 1444–52.

L, C., A, B. E., A, T., C, B. M., F, L. M., H, P. V. and P, C. M. (1999). The major brain isoform of kif1b lacks the
putative mitochondria-binding domain. Mammalian Genome 10, 617–22.

Labonte, D., Thies, E., Pechmann, Y., Groffen, A. J., Verhage, M., Smit, A. B., van Kesteren, R. E. and
Kneussel, M. (2013). Trim3 regulates the motility of the kinesin motor protein kif21b. PLoS One 8, e75603.

LaMonte, B. H., Wallace, K. E., Holloway, B. A., Shelly, S. S., no, J. A., Tokito, M., Winkle, T. V., Howland,
D. S. and Holzbaur, E. L. F. (2002). Disruption of dynein/dynactin inhibits axonal transport in motor neurons causing
late-onset progressive degeneration. Neuron 34, 715–27.

Landis, D. M., Hall, A. K., Weinstein, L. A. and Reese, T. S. (1988). The organization of cytoplasm at the presynaptic
active zone of a central nervous system synapse. Neuron 1, 201–9.

B



BIBLIOGRAPHY

Landis, D. M. and Reese, T. S. (1983). Cytoplasmic organization in cerebellar dendritic spines. Journal of Cell Biology 97,
1169–78.

Lappe-Siefke, C., Goebbels, S., Gravel, M., Nicksch, E., Lee, J., Braun, P. E., Griffiths, I. R. and Nave, K. A.
(2003). Disruption of cnp1 uncouples oligodendroglial functions in axonal support and myelination. Nat Genet 33, 366–74.

Lasiecka, Z. M. and Winckler, B. (2011). Mechanisms of polarized membrane trafficking in neurons – focusing in on
endosomes. Mol Cell Neurosci 48, 278–87.

Lassmann, H. (2005). Heterogeneity of multiple sclerosis: implications for therapy targeting regeneration. Ernst Schering
Research Foundation Workshop 53, 11–22.

Lau, C. G. and Zukin, R. S. (2007). Nmda receptor trafficking in synaptic plasticity and neuropsychiatric disorders.
Nature Reviews. Neuroscience 8, 413–26.

LaVail, J. H. and Wolf, M. K. (1973). Postnatal development of the mouse dentate gyrus in organotypic cultures of the
hippocampal formation. Am J Anat 137, 47–65.

Lawrence, C. J., Dawe, R. K., Christie, K. R., Cleveland, D. W., Dawson, S. C., Endow, S. A., Goldstein, L.
S. B., Goodson, H. V., Hirokawa, N., Howard, J. et al. (2004). A standardized kinesin nomenclature. Journal of
Cell Biology 167, 19–22.

Lee, J. J. and Swain, S. M. (2006). Peripheral neuropathy induced by microtubule-stabilizing agents. J Clin Oncol 24,
1633–42.

Lee, Y., Morrison, B. M., Li, Y., Lengacher, S., Farah, M. H., Hoffman, P. N., Liu, Y., Tsingalia, A., Jin, L.,
Zhang, P. W. et al. (2012). Oligodendroglia metabolically support axons and contribute to neurodegeneration. Nature
487, 443–8.

Lein, E. S., Hawrylycz, M. J., Ao, N., Ayres, M., Bensinger, A., Bernard, A., Boe, A. F., Boguski, M. S.,
Brockway, K. S., Byrnes, E. J. et al. (2007). Genome-wide atlas of gene expression in the adult mouse brain. Nature
445, 168–176.

Lemieux, M., Labrecque, S., Tardif, C., Labrie-Dion, ., Lebel, . and De Koninck, P. (2012). Translocation of camkii
to dendritic microtubules supports the plasticity of local synapses. J Cell Biol 198, 1055–73.
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