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1.1 THE IMPORTANCE OF ACTIVE TRANSPORT
The simplest form of transport is diffusion. Diffusion refers to the random redistribution of 

particles from an inhomogeneous to a homogenous state and it is driven by thermal motion [1, 2].  
In cells, diffusion is not effective to spread particles around for different reasons [3-5]. First: bigger 
particles diffuse slower. Diffusion is efficient for small molecules. The building blocks of and the 
effectors in the cell, the proteins, are relatively big particles. As a result, proteins need a lot of time to 
diffuse and diffusion becomes inefficient. Second, distance is also a factor. Even small molecules 
traveling a long distance, will take a long time with only diffusion. This becomes especially difficult for 
the large proteins. Third: diffusion itself is not interactive. Although diffusion can be regulated, for 
example constrained diffusion of receptors on the surface of cells, unconstrained diffusion randomly 
distributes particles until they reach a steady-state of homogeneity. 

These consequences of diffusion pose the biggest challenges in neurons, the cells of the 
brain. The brain is an enormous network of neurons and neurons also connect the brain with all the 
other parts of the body. For example, the neurons that connect your brain with your toe can span over 
a meter in distance (depending on your body length). The average size of proteins is about 4 nanometer: 
250 million times smaller than that 1 meter. This is similar to comparing the thickness of a 5 euro cent 
coin to the average distance between the Earth and the Moon. Cells need to be able to respond to 
their surroundings. Again, this is especially important in neurons, because they translate outside 
signals into responses of the body. Defects or blockades in neuron signaling can result in loss of 
function in parts of the brain or the rest of the body [6, 7]. Finally, the brain is amazingly plastic [8, 9] 
and is able to change and adapt to different inputs. This ability to change is why we are able to form 
memories and learn new skills. It is thought that the connections made between neurons are the 
cellular basis of learning and memory formation. 

None of these functions would be possible without active, directed transport and it is clear 
that diffusion simply will not do. The proteins responsible for active transport are the motor proteins. 
These intracellular ‘nano-machines’ carry anything from organelles like mitochondria and endosomes, 
to proteins, receptors, and mRNA particles [10]. Motor proteins transport their cargoes along filaments 
in the cell called the actin and microtubule cytoskeleton. These filaments function as the underlying 
‘road’ systems for motors proteins. 

1.2 NEURONAL POLARITY 
Neurons develop a distinct axonal and dendritic compartment during their development [11-13]. 

In culture, dissociated neurons start to form lamellipodia (developmental stage 1) and subsequently a 
few longer, dynamic processes (or neurites) after 0.25 - 0.5 days in vitro (DIV), stage 2. At first, all the 
neurites are similar in length and the axon is not yet morphologically distinguishable. In stage 3 
(approximately at DIV 1.5) the axon starts to grow much faster than the other processes. The remaining 
neurites, the future dendrites, grow much slower. For the next few days, the neurites continue to grow 
and branch out (stage 4). After 14 days in vitro, the neurons enter a maturation phase and start to 
make contacts with their neighbors (stage 5). Small contact points between axons and dendrites, 
called synapses, are formed and proteins that facilitate signal transduction between the two cells are 
sequestered around these areas. 

1
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The axonal and dendritic compartments of a neuron are both highly specialized subunits: the 
axon (the sender of the neuron) propagates action potentials and transmits signals to neighboring 
neurons. Signals from other neurons are received via synaptic contacts between the axon and the 
dendrites (the receivers). It is therefore crucial that these compartments are strictly separated, 
because mixing of their contents will result in loss of polarity and loss of neuronal function. What do 
we know about the molecular mechanisms behind neuronal polarity? The first part of the axon, the 
axon initial segment (AIS) plays crucial roles in polarity. The AIS is formed after 4 days in vitro (DIV4) 
in cultured neurons [14] and it is essential to maintain the integrity of the axon and to keep axonal and 
dendritic proteins separated. Different studies show that the AIS functions as a cytosolic and membrane 
diffusion barrier to keep unwanted (dendritic) cargo out of the axon [15-18]. One of the first proteins to 
target the AIS is Ankyrin G (AnkG), a scaffolding protein. AnkG targets other proteins like cell adhesion 
molecule neurofascin (NF), actin-interacting protein βIV-spectrin and voltage-gated Na+ channels to the 
AIS and forms a scaffold to hold them in place [14, 19]. Depleting AnkG disrupts neuronal polarity and 
axons acquire dendritic characteristics both in culture and in AnkG null mice [20, 21]. 

Interestingly, the microtubule cytoskeleton in neurons is also polarized. Besides directing 
motor protein transport, it is thought that the cytoskeleton plays major roles in establishing and 
maintaining neuronal polarization. In axons, the microtubule cytoskeleton is organized in a uniform 
array with the plus-ends pointing towards the axon tip, while in dendrites microtubules have mixed 
orientation [22, 23]. In addition, polarized MAPs specifically target the axon or dendrite (for example 
tau and MAP2 respectively). Although much less is known about polarity of the actin cytoskeleton, 
recent reports have shown that actin has a peculiar organization in the AIS, forming discrete patches 
along the proximal axon. It has been suggested that myosin motors actively grab unwanted cargoes, 
priming them for retrograde movement back towards the soma. This is one of the proposed 
mechanisms behind the AIS barrier that helps maintain neuronal polarity [24, 25]. 

Once the axon and dendrites of a neuron are fully developed, the neuron enters a maturation 
phase and forms synaptic contacts with neighboring cells. The formation of synapses, or synaptogenesis, 
can be considered the final stage of neuronal polarization. There are two types of synaptic contacts: 
excitatory and inhibitory synapses that either stimulate or inhibit firing of a neuron. Excitatory synapses 
consist of a pre-synaptic density (dense regions on the axonal shaft called boutons) and a post-synaptic 
density (PSD, located at the top of tiny protrusions on dendrites called spines) [26, 27]. Detailed 
electron microscopy (EM) data has revealed that the pre- and post-synapse are not physically linked, 
but instead are separated by a cleft of about 20-25 nm [28, 29]. Information is passed from axons to 
dendrites when synaptic vesicles fuse with the pre-synapse and release neurotransmitters that bind to 
receptors on the post-synapse, the most abundant receptors are AMPAR and NMDAR. Many players 
are involved in synapse formation and maintenance [30-32] and only a few of them will be highlighted 
in the following paragraph. How do you build a synapse? Which factors are necessary and/ or 
sufficient? There is some contradictory evidence concerning these central questions. Some studies 
suggest that the presence of synaptic vesicles at pre-synaptic sites first defines where a synapse will be 
formed [33]. Pre-synaptic proteins bassoon and piccolo are quickly recruited, stabilizing the synapse. 
Other studies report that accumulation of NMDA receptors and post-synaptic scaffolding protein PSD-
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95 precedes that of pre-synaptic vesicles [34, 35]. These discrepancies may be due to differences in the 
experimental setups, for example, ‘the birth’ of a synapse was defined in different way in each of these 
studies, but it is also possible that parallel mechanisms exist to form new synaptic contacts.

In addition to the above-mentioned proteins, cell-adhesion molecules like NCAM, cadherin 
and neurexin (located pre-synaptically)/neuroligin (located post-synaptically) hold the pre- and post-
synapse together and play important roles in synaptogenesis [36]. Overexpression of neurexin/
neuroligin increases the number of synapses formed between neuronal and non-neuronal cells in co-
cultures [37] and studies using knock out (KO) mice show impaired s ynaptic transmission [38]. These 
data suggest that the neurexin/neuroligin complex is important for synapse stabilization and 
maintenance [39]. 

1.3 THE CYTOSKELETON
The cytoskeleton is the underlying network that carries motors and their cargoes and it 

consists of polarized tubes called microtubules and actin. This network is by no means stationary: it is 
a highly dynamic and highly regulated system that has many functions inside the cell. If we compare 
the cell to a city, the microtubules would be the main roads that span large distances and actin would 
compare to the small suburban streets. Both microtubules and actin are polarized, meaning that their 
two ends (the plus- and minus-end) have different properties. 

Microtubules are essential during cell division to separate the chromatin DNA among the 
two daughter cells in all different cell types and species [42]. In animal cells, the microtubule 
cytoskeleton forms a network within the cell during interphase and facilitates motor protein transport. 
Microtubules characteristically undergo fast growing and shrinking episodes from their plus-end,  
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Figure 1. Di�erent neuronal compartments. During development, neurons establish distinct 
neuronal compartments. Maintaining them throughout is essential for their function and survival. 
Highlighted here are some of the most important polarized structures in neurons. Polarized 
microtubule arrays are formed (top left panel). The axon contains uniform plus-end out microtu-
bules, while microtubules have mixed orientation in dendrites. The Axon Initial Segment (AIS) 
(bottom left panel) is a large protein complex at the beginning of the axon and plays important 
roles in polarization [19]. Axonal growth cones at the tip of the axon (top right panel) are very 
dynamic structures. Dynamics of microtubules (in red) and actin (in green) control the growth of 
the axon [40]. Finally, neurons form small contact point with other cells, called synapses (bottom 
left panel). These structures enable signal transduction between cells. Here, an Electron Microsco-
py (EM) (left) and a superresolution image (right) show details of the synapse structure [26, 41].

Figure 1. Different neuronal compartments. During development, neurons establish distinct neuronal 
compartments. Maintaining them throughout is essential for their function and survival. Highlighted 
here are some of the most important polarized structures in neurons. Polarized microtubule arrays are 
formed (top left panel). The axon contains uniform plus-end out microtubules, while microtubules 
have mixed orientation in dendrites. The Axon Initial Segment (AIS) (bottom left panel) is a large 
protein complex at the beginning of the axon and plays important roles in polarization [19]. Axonal 
growth cones at the tip of the axon (top right panel) are very dynamic structures. Dynamics of 
microtubules (in red) and actin (in green) control the growth of the axon [40]. Finally, neurons form 
small contact point with other cells, called synapses (bottom left panel). These structures enable signal 
transduction between cells. Here, an Electron Microscopy (EM) (left) and a superresolution image 
(right) show details of the synapse structure [26, 41].
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a phenomenon called dynamic instability [43]. In vitro experiments have shown that microtubules are 
able to grow from their minus-end [44]. In cells, however, the minus-ends associate with γ-tubulin that 
nucleates microtubules and Nezha/CAMSAP proteins (or Patronin in C. elegans) that protect the 
minus-end from collapsing and inhibits microtubule growth [45, 46]. Numerous proteins bind and 
track the plus-end during the growth phase. In most cases, the first protein to bind to the growing 
microtubule plus-end is EB1 and binding through its small Ser-x-Ile-Pro (SxIP) motif targets a range of 
plus-end binding proteins such as CLIP170, ch-TOG, CLASPs, MACFs etc. Here, these proteins help 
stabilize the microtubule or influence its assembly or disassembly [47-49]. Other microtubule-
associated proteins (MAPs) that bind along the lattice of microtubules are believed to stabilize individual 
microtubules and/or control the spacing between them [50-52]. Interestingly, the spacing between 
microtubules differs in the axon and dendrites of neurons [51, 53] and it is thought that this spacing or 
interaction with the MAPs themselves are cues that can direct motor protein transport [54-57].

 Cytoskeletal actin gives shape to cells. In mammalian cells, actin forms a branched network 
inside the cell that maintains cell shape and mediates adhesion to the extracellular matrix. Like 
microtubules, actin filaments are polarized and grow mainly from their dynamic plus- or barbed-ends. 
There are many regulators that act on actin including nucleators and elongators (for example Arp2/3, 
profiling, formin), bundling and cross-linking proteins (for example fascin, formin, filamin, α-catenin) 
and depolymerizers (cofilin) [58]. Fast build up and break down of the actin cytoskeleton enables cells 
to change shape and migrate [59], for example white blood cells change their shape and squeeze 
through blood vessel walls to reach sites of inflammation. Actin can also assemble into thick fibers 
called stress fibers that connect the cell cytoskeleton with the extracellular matrix to sense forces from 
the environment [60, 61]. Myosin is able to depolymerize actin by producing contractile forces [62-64].

In neurons, high concentrations of actin are found in the dendritic spines, in axonal growth 
cones and in the axon initial segment (AIS). Actin mediates the shape and integrity of these structures 
and plays important roles in vesicle fusion in dendritic spines [65, 66], growth cone migration, axon 
elongation [40, 67-69] and functions as a transport barrier at the initial segment [25]. It is thought that 
the specific organization of the actin filaments is critical for these functions, but how actin organization 
exactly ties into function is still an active field of research [70]. A recent example is the report of 
discrete actin patches that are present in the axon. These ring-like actin structures are formed on the 
inside of the axon shaft and are spaced approximately 200 nm apart [25, 71, 72]. It is thought that 
these specific arrangements of actin are important for the function of the AIS transport barrier [24].

1.4 MOTOR PROTEINS
There are three main types of motor proteins: myosin, kinesin, and dynein. Myosin associates 

with the actin cytoskeleton, while kinesin and dynein are microtubule-associated motors. In general, the 
transporting motors all consist of a head, a stalk and a tail region. The head region, the motor domain, is 
the part of the motor that binds to the cytoskeleton and generates motility. The head domain binds and 
hydrolyzes ATP hydrolysis, which fuels motility of the motor, and the tail region binds to the cargoes. 
Most motors are dimers and need two heads to walk. The region between the head and tail, the stalk 
region, is essential for dimerization between the two motor heads. Many regulators bind to motors in the 
stalk and tail region and can influence cargo binding and activity of the motor.
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In humans, 40 different genes have been identified for myosin that can be divided into 12 
families based on homology of their DNA sequences [73, 74]. The most familiar and well-studied of the 
myosins is myosin II, the motor responsible for muscle contraction [75]. Other myosins, such as myosin 
V and VI, play important roles in short-range transport and anchoring of vesicles [76-78]. They are 
essential for docking and fusing of secretory vesicles near the actin-rich synapses in neurons [79]. 
Other studies show that myosins mediate movement of dendritic cargoes out of the axon and into 
dendrites [25, 80]. Like microtubule-based motors, myosins also appear to have directionality when it 
comes to actin fibers. While in general myosins move towards the plus-end, myosin VI moves towards 
the minus-end of actin [81-83].

There are 45 different genes for kinesin in humans and in other animals [84]. A categorization 
of kinesin into 14 families was introduced in 2004 based on homology of the DNA sequences [85]. 
Three main types of kinesins can be distinguished: N-, C- and M-kinesins. Most transporting kinesins 
have their motor domain at the N-terminal end (N-kinesins) and transport cargo towards the plus-end 
of microtubules (families 1 – 12) while kinesins from family-14 have their motor domain at the 
C-terminal end (C-kinesins) and they walk towards the minus-end of microtubules. Kinesins from 
family-13 have their motor domain in the middle of the sequence (M-kinesins) and they depolymerize 
microtubules, an essential mechanism in the maintenance of microtubules. M-kinesins play important 
roles during formation of the mitotic spindle and chromosome segregation [86].

For dynein, two major types have been classified: axonemal dynein and cytoplasmic dynein 
[87, 88]. For axonemal dynein, 10-16 genes (divided into 5-7 families) have been identified in humans 
and in other species [89-91]. Axonemal dynein stably attaches to microtubule doublets in cilia and 
flagella (of for example bacteria, intestinal cells and sperm cells) and facilitate beating of these 
structures. Cytoplasmic dynein exists in two forms: cytoplasmic dynein-1 and cytoplasmic dynein-2. In 
contrast to axonemal dynein, only one gene has been identified for each type of cytoplasmic dynein 
[89-91]. Cytoplasmic dynein-2 is also present in cilia and flagella where it facilitates retrograde 
intraflagellar transport (IFT) and works alongside axonemal dynein to maintain the axoneme. 
Cytoplasmic dynein-1 is expressed in different cell types and is involved in mitosis, Golgi maintenance 
and cargo transport [92] and will be the dynein discussed in the rest of this work. Like kinesin, 
cytoplasmic dynein-1 or dynein uses the microtubule network for transport but it walks to the 
microtubule minus-end. The part of the motor that generates motility is the dynein heavy chain. It 
contains the characteristic ring-shaped complex of the AAA+ family proteins. Four of the six ATPase 
domains of the AAA+ domain bind ATP, but only one domain hydrolyzes ATP and fuels stepping of the 
motor. The remaining AAA+ domains likely regulate ATP hydrolysis and stabilize stepping of the dynein 
motor [93, 94]. Its motor domain is a small globular domain attached with a short stalk located 
between the AAA4 and 5 [95, 96]. Although a single gene has been identified for the heavy chain of 
dynein (DHC), the functional dynein complex requires binding of additional proteins such as 
intermediate chains (IC), light-intermediate chains (LIC), light chains (LC) and accessory proteins such 
as dynactin [97, 98]. Dynein is arguably the most complex of the motor proteins and the entire complex 
is massive (1.2 MDa compared to 360 kDa for kinesin). The binding partners of dynein are thought to 
affect motor activity or cargo binding in some way, but their exact functions are still unclear and this is 
an active field of research. 

1
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1.5 BIOPHYSICAL INSIGHTS INTO MOTOR STEPPING

The first kinesin that was discovered was kinesin-1 [99] and its name was inspired by the 
Greek word kinein which means to move. This name nicely illustrates the role of motor proteins as 
molecular machines: nano-scale machines that convert energy into force and movement. Most of what 
we know about the stepping behavior of motors comes from single-molecule in vitro studies [100].

Kinesins have a few very interesting properties: 1) they are highly processive: able to take 
hundreds or consecutive steps before detaching from the microtubule track [101, 102], 2) they can 
produce pulling and pushing forces of about 5 pN [103, 104], 3) they move with a constant step size of 
8 nm [105-108], and 4) a single ATP is hydrolyzed in the motor head with each step [109-111]. For a 
long time, it was unclear how kinesin motors physically moved along microtubules. Two leading 
hypotheses were postulated: the hand-over-hand and the inch-worm stepping mechanism. In 2004 
direct evidence showed that kinesin walks in a hand-over-hand mechanism (comparable to how 
bipedal animals walk). Fluorescent tagging of one of the kinesin heads showed that it takes alternatingly 
17 nm and 0 nm steps, resulting in about 8 nm displacement of the center of mass [112, 113]. This 
indicates that the leading kinesin head takes a step forward (17 nm) and then remains stationary (0 
nm) while the trailing head steps. The driving force for this stepping is ATP hydrolysis. In solution, ADP 
binds the kinesin heads. When one of the heads encounters a microtubule, binding of the head to a 
tubulin dimer stimulates release of ADP and binding of ATP. ATP binding and hydrolysis induce a power 
stroke that causes the trailing head to swing forward where it can bind to the next tubulin dimer. ATP 
is hydrolyzed into ADP + Pi and the now ADP bound leading head releases the microtubule. The cycle 
repeats resulting in processive movement of kinesin along microtubules. One interesting aspect of 
kinesin stepping is how coupling between the two motor heads is coordinated to keep the two heads 
out of phase during stepping. This is called the gating mechanism and it determines the processivity of 
the motor. Several (not mutually-exclusive) mechanisms are suggested to facilitate gating, for example 
ADP + Pi release [114] and microtubule binding [115]. 

Due to its large structure and various components, dynein has proven considerably more 
difficult to study. In vitro studies have shown, however, that dynein’s stepping is more variable than 
kinesin’s. Work with purified dynein from yeast or S. cerevisiea showed that dynein is capable of taking 
steps ranging between 4 – 24 nm and occasionally takes backwards and sideways steps [116-118]. In 
addition, dynein stepping and force generation is influenced by applying load with an optical trap, 
suggesting that dynein can ‘shift gears’ in response to external force [117, 119]. It is possible that this 
variability in the step size and directionality of dynein could be important to navigate around 
obstacles during cargo transport in cells [55, 120]. Contrary to kinesin, dynein’s two head do not 
appear to be tightly coupled [94, 116, 117]. Although purified dynein heavy chain can move processively 
along microtubules [116], recent studies showed that binding of Bicaudal D (BICD) and dynactin 
significantly increases processive movement of dynein in vitro [121, 122]. 
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1.6 MANY LAYERS OF REGULATION
The previous paragraphs illustrated some of the main mechanisms that mediate neuronal 

polarity and function. During neurite outgrowth and neuronal firing, active transport of vesicles or 
cargoes (containing for example building blocks, signaling molecules, neurotransmitters etc.) is 
necessary to keep these processes running smoothly. Using microscopy techniques, it was observed 

Myosin-V Kinesin-1 DyneinA

B C

Figure 2. Structure and stepping mechanisms of motor proteins. (A) Simpli�ed structures of 
myosin-V [123], kinesin-1 and cytoplasmic dynein [124] (from left to right). In general, motor 
proteins consist of a microtubule binding head domain (motor domain) (top), a stalk region (mid-
dle) and a globular cargo-binding tail domain (bottom). Various regulators can bind to the stalk and 
tail domains, for example kinesin light chains (KLC) bind kinesin-1 and various accessory proteins 
bind to dynein (LIC, IC, LC8). Dynein’s complicated structure contains 6 AAA domains organized in a 
ring structure, one of which hydrolyzes ATP to power motion. (B) Kinesin walks hand-over-hand. 
The leading kinesin head binds to a microtubule and binds to ATP. ATP binding and hydrolysis 
induce a power stroke, swinging the trailing head forward. Successive stepping of the leading and 
trailing heads results in 8 nm displacement of the center of mass [113]. (C) Dynein’s step is more 
variable. Dynein has a di�usional component in its step, causing varying step sizes (4-24 nm) and 
the ability to take backwards and sideways steps. This model describes a condensed structural 
conformation (left) which would allow dynein to take 8 nm steps. Separation of the AAA rings 
(middle) or angular movements of the microtubule stalk (right) would allow larger steps [116]. 

CaM = calmodulin. MTBD = microtubule binding domain. AAA = ATPases Associated with diverse 
cellular Activities. LIC = light intermediate chain. IC = intermediate chain. LC = light chain. 

Figure 2. Structure and stepping mechanisms of motor proteins. (A) Simplified structures of myosin-V [123], 
kinesin-1 and cytoplasmic dynein [124] (from left to right). In general, motor proteins consist of a microtubule 
binding head domain (motor domain) (top), a stalk region (middle) and a globular cargo-binding tail domain 
(bottom). Various regulators can bind to the stalk and tail domains, for example kinesin light chains (KLC) bind 
kinesin-1 and various accessory proteins bind to dynein (LIC, IC, LC8). Dynein’s complicated structure contains 6 
AAA domains organized in a ring structure, one of which hydrolyzes ATP to power motion. (B) Kinesin walks hand-
over-hand. The leading kinesin head binds to a microtubule and binds to ATP. ATP binding and hydrolysis induce a 
power stroke, swinging the trailing head forward. Successive stepping of the leading and trailing heads results in 8 
nm displacement of the center of mass [113]. (C) Dynein’s step is more variable. Dynein has a diffusional component 
in its step, causing varying step sizes (4-24 nm) and the ability to take backwards and sideways steps. This model 
describes a condensed structural conformation (left) which would allow dynein to take 8 nm steps. Separation of 
the AAA rings (middle) or angular movements of the microtubule stalk (right) would allow larger steps [116].  
CaM = calmodulin. MTBD = microtubule binding domain. AAA = ATPases Associated with diverse cellular Activities. 
LIC = light intermediate chain. IC = intermediate chain. LC = light chain.

1
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early on that vesicles exhibit bi-directional saltatory movements, quickly switching from one direction 
to the other inside living cells [99, 125]. One of the main questions that has occupied the field since 
then is: how is cargo transport regulated? A simple hypothesis called the tug-of-war hypothesis was 
proposed to explain this bi-directional motility. In this model opposite-polarity motors work against 
each other until one motor wins and pulls the cargo in its preferred direction. Although some studies 
on vesicular movement in cells argue in favor of this theory [126-128], there are some discrepancies. 

For example, experiments inhibiting either kinesin or dynein resulted in diminished cargo 
movement in both directions, indicating that plus- and minus-directed transport are coupled and can 
somehow ‘sense’ each other [129, 130]. Since then, a large body of work has shown that motors are 
extensively regulated via different pathways rather than stochastically switching [131-134]. One type 
of regulation is called auto-inhibition. In solution, motors exist in an auto-inhibited state caused by 
back-folding of the tail domain and blocking of the motor domain [135, 136]. Auto-inhibition has been 
described for other classes of proteins such as motor protein adaptors Mint1 [137], cell adhesion 
protein talin [138], and DNA packaging and replication proteins HP1 and DNMT3A [139, 140]. It is 
thought that auto-inhibition can be released by regulatory factors and this could be one way to 
selectively switch on a specific class of motors.

The most common way motors are recruited to cargoes is via adaptor proteins. There are 
many examples of adaptor proteins that specifically bind motors to a certain type of cargo and in this 
way regulate which cargoes are transported [141-145]. In addition, some adaptor proteins have been 
shown to activate motor proteins; the most striking example is that of BICD and dynactin activating 
dynein [121, 122]. It was first postulated that adaptors present on cargoes could function as a switch 
between kinesin and dynein, mediating coupling between opposite-polarity motors. Increasing 
evidence now shows that different adaptors can indeed act in this manner [141, 142, 146, 147]. Other 
studies also show direct binding between dynein and KIF5 [148] and myosinVa and KhcU [149], 
suggesting that direct (force) sensing between motors is also possible 

Phosphorylation and ions like calcium regulate many (signaling) pathways in the cell and 
motor transport is no exception. KIF5 is inhibited by its adaptor protein Miro upon calcium binding and 
this stalls movement of mitochondria [150, 151]. Phosphorylation of KIF17 by calcium/calmodulin-
dependent protein kinase II (CamKII) mediates release of NMDA vesicles near synapses [152, 153]. 
Locally concentrating or activating these players, for example releasing calcium from intracellular 
storage [154] or specific targeting of CamKII to spines [155], adds another layer of regulation and 
enables spatial and temporal control of cargo transport. 

Finally, cargo transport can be influenced on the microtubule level. As mentioned previously, 
microtubule associated proteins (MAPs) selectively bind microtubules in axons or dendrites and these 
MAPs could function as cues to guide transport to the right compartment. In addition, microtubules 
accumulate post-translational modifications (PTMs) over time, such as phosphorylation, (de)acetylation, 
(de)tyrosination, polyglutamination, polyglycylation and polyamination [156, 157]. Studies show that 
PTMs are also polarized between axon and dendrites.  Acetylation and detyrosination have been shown 
to increase KIF5 affinity for microtubules and target the motor to the axon [136, 158, 159]. 
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1.7 SCOPE OF THIS THESIS
The central question discussed in this thesis is: how is intracellular transport controlled in 

neurons? As evident from the previous sections, transport is a highly complex process that contains 
within it many layers of regulation. In this thesis, we aim to elucidate the molecular mechanisms 
behind some of these regulation pathways. 

First, I will discuss the known genetic mutations in transport proteins that underlie 
neurodegenerative and neurological diseases in Chapter 2. 

In Chapter 3 we investigate the role of a microtubule plus-tip tracking protein (+TIP) SLAIN2 
and its function in MT dynamics and neurite development. SLAIN2 acts in concert with another +TIP, 
chTOG, to regulate microtubule dynamics. Using Total Internal Reflection (TIRF) microscopy in 
combination with RNAi based depletion experiments; we show that disruption of the SLAIN-chTOG 
complex results in an increased microtubule (MT) catastrophe rate and decreased MT growth speed 
which disrupts axonal outgrowth in neurons.

In Chapter 4 we identify a novel microtubule organizer, Trim46 that establishes the 
characteristic plus-end out orientation of the MT lattice in the proximal axon. A combination of 
immunofluorescence, live intracellular transport assays, and in vivo electroporation revealed that 
Trim46 is so far the first axonal marker identified, arising before AnkG, and bundles microtubules in a 
parallel plus-end out orientation in the beginning of the axon. Depletion of Trim46 results in mixed 
microtubule orientation in the axon, alters the transport of cargoes like synaptic Rab3 vesicles, and 
disrupts neuronal polarization and neuronal migration in vivo.

+ -

Kinesin Dynein

Myosin

microtubule

ATP-concentration, kinases,
kinesin autoinhibition

Microtubule modifications

LC, LIC, IC, kinases, 
other regulatory proteins

Adaptor proteins

Figure 3. Many layers of regulation. Cargoes are bound by different motor proteins at any given time and the activity and 
specificity of these motors can be regulated in many different ways. Adaptor proteins mediate specific binding between motors 
and cargoes. In addition, adaptors and other proteins that bind at the stalk and tail of motors can (de-)activate motors. Phos-
phorylation by kinases and small chemical compounds like ATP and calcium mediate cargo binding and/ or motor activity and 
processivity. Modifications on the microtubule lattice specifically target certain motors. 

Figure 3. Many layers of regulation. Cargoes are bound by different motor proteins at any given time and the 
activity and specificity of these motors can be regulated in many different ways. Adaptor proteins mediate specific 
binding between motors and cargoes. In addition, adaptors and other proteins that bind at the stalk and tail of 
motors can (de-)activate motors. Phosphorylation by kinases and small chemical compounds like ATP and calcium 
mediate cargo binding and/ or motor activity and processivity. Modifications on the microtubule lattice specifically 
target certain motors.
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Chapter 5 focuses on the regulation of the kinesin-2 motor protein KIF17. KIF17 has been 
shown to localize specifically to the dendrites and interacts with several dendritic cargoes. Regulation 
of motor proteins is modulated primarily through the tail region and truncating the tail of KIF17 shifts 
its localization from dendritic to axonal. Using an induced transport assay where we directly probe the 
activity of the different truncations of the motor (PEX-assay), we show that full length KIF17 has a 
preference for the axon, but is stalled and redirected into the dendrites through interaction with the 
AIS and through cooperation with another motor protein, dynein.

In Chapter 6 we characterize the effects of depletion of KIF17 and its adaptor protein Mint1/ 
X11α in cultured hippocampal neurons. In addition to dendritic defects, we observe defects in the AIS 
after KIF17 depletion. 

In Chapter 7 we investigate the function of NDEL1 and dynein in retrograde transport in the 
axon. We show that NDEL1 specifically localizes to the AIS and activates dynein to induce transport of 
dendritic cargoes out of the axon. In NDEL1 depleted cells, dendritic vesicles containing TfR-GFP 
mislocalize to the axon.

Together these chapters illustrate different regulation pathways that act on motors. Several 
more pathways exist and most are not mutually exclusive. In Chapter 8, I will discuss the results 
presented in this thesis and future perspectives for the field. 
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Microtubule-based transport is essential for neuronal funaction because of the large 
distances that must be traveled by various building blocks and cellular materials. Recent studies in 
various model systems have unraveled several regulatory mechanisms and traffic rules that control the 
specificity, directionality and delivery of neuronal cargos. Local microtubule cues, opposing motor 
activity and cargo-adaptors that regulate motor activity control microtubule-based transport in 
neurons. Impairment of intracellular transport is detrimental to neurons and has emerged as a 
common factor in several neurological disorders. Genetic approaches have revealed strong links 
between intracellular transport processes and the pathogenesis of neurological diseases in both the 
central and peripheral nervous system. This commentary highlights recent advances in these areas 
and discusses the transport defects that are associated with the development of neurological diseases.
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INTRODUCTION
 To build and maintain highly complex neurons with active synapses, many basic building 

blocks - such as proteins, lipids and cellular materials, like mitochondria and synaptic vesicles - need to 
be sorted to either axons or dendrites [1-3]. It is well known that intracellular cargo transport in 
neurons is driven by motor proteins that can move directionally along either of two types of cytoskeletal 
structures: actin filaments and microtubules (see Box 1). Actin facilitates motility of motor proteins of 
the myosin family, whereas microtubules serve as tracks for two families of motor proteins, the 
kinesins and dyneins, which move towards the microtubule plus-end or minus-end, respectively [4-6]. 
Evidence shows that microtubule-based transport mainly facilitates the long-range transport into 
distal axons and dendrites, whereas actin-based transport is important for short-range transport and 
delivery of proteins to synapses and growth cones [7-9].

Although many members of the motor families have been found to participate in neuronal 
cargo trafficking, the diversity of motor proteins alone is insufficient to account for the specificity, 
directionality and timing of delivery. It has been shown that regulation of transport occurs through 
several additional pathways, such as activation or deactivation of motors, selective binding of motors 
to cargo, via microtubule associated proteins (MAPs) and microtubule posttranslational modifications 
(PTMs) [10-13]. How the microtubule-based transport of specific cargo types is spatially and temporally 
regulated in neurons is now an emerging field of investigation.

 Neurons are especially vulnerable to defects in transport due to the extreme length of the 
neuronal processes. The longest axon in the human body can be up to one meter long, while an 
average neuronal cell body is about 50 µm. Motor proteins and their regulators play critical roles in the 
development of many neurological and neurodegenerative diseases [14, 15]. Disruption of intracellular 
transport can result in vesicle trafficking impairments, alter specific cargo interactions, and cause 
defects in retrograde survival signals, ultimately leading to neuronal death and loss of brain function 
[16-18]. Axonal pathologies including abnormal accumulations of proteins and organelles have been 
observed in patients with Huntington’s, Parkinson’s and Alzheimer’s disease and can severely hinder 
neuronal transport pathways [15, 19]. However, whether the accumulations are the cause or the 
consequence of transport defects is unclear and the causal relationship between transport impairments 
and neurodegeneration is unkown. The identification of mutations in genes involved in neuronal 
transport pathways strongly support the view that defective transport can directly trigger neurological 
diseases. Several disruptive mutations in α/β-tubulin and microtubule-based motors have been 
directly linked to neurological diseases in both the central and peripheral nervous system [15, 20, 21]. 
In this commentary, we will discuss the disease-causing mutations in motors and regulatory proteins 
that lead to developmental and neurological disorders. Before doing so, we outline the basic molecular 
mechanisms that control neuronal transport and focus on microtubule cues, bidirectional transport 
mechanisms and motor adaptors as regulators of motor activity.

TRANSPORT MECHANISMS IN NEURONS
Microtubule-based transport is crucial for neuronal survival and function, both during 

development and in the adult brain. Different cellular processes such as neuronal migration, axon 
guidance, the establishment and maintenance of neuronal polarity and synaptic plasticity, involve 

2
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many cytoskeleton and transport events that form the complex cellular networks of the nervous 
system and ensure that the proper connections are made in the brain [8, 22, 23]. In this section, we 
will briefly highlight the importance of the cytoskeletal network and motor protein transport for 
neuronal development and function (Fig. 1). 

During development of the nervous system, neuron progenitor cells migrate across the brain 
to their final destination [24]. While extracellular factors and adhesion molecules provide directional 
cues to direct the migrating cells and guide axonal growth, cytoskeletal interactions produce the forces 
that are necessary for nuclear positioning and neuronal migration [25-27]. For example, it has been 
shown that actin-based myosin motors and the dynein regulator Lis1 are important for pulling the 
centrosome and soma forward during migration [28]. During the migration process most neurons 
already polarize and form distinct axonal and somatodendritic compartments. It is well known that 
microtubule-based mechanisms play an active role in determining neuronal polarity and axonal 
outgrowth [8]. For example, stable microtubules may act as specific transport roads for the trafficking 
of signaling factors that participate in neuronal polarization [29, 30]. After the polarization and 
differentiation stages, neurons needs to maintain their extensively polarized morphology and specific 
components must be delivered to the correct neuronal compartment. Specific targeting of different 

BOX 1: BIOCHEMICAL AND BIOPHYSICAL PROPERTIES OF MOTOR PROTEINS
The movements of organelles were first observed in the squid giant axon and, soon 

after, molecular motors were identified as the effectors of this transport [132-134]. The 
decades following the discovery of motor proteins have yielded many important insights into 
the molecular, structural and biophysical properties of cytoskeleton-dependent motor 
transport. Many motor properties, such as directionality, stall forces, and step sizes are now 
well understood based on controlled in vitro experiments [135-137]. The structure of kinesin 
was first demonstrated using electron microscopy (Hirokawa, et al., Cell, 1989), and further 
high-resolution crystallographic structures of the motor domains have revealed detailed 
insights into how force and movement are coupled [138-140]. Revolutionary single-molecule 
biophysics experiments established that kinesin walks in an asymmetric hand-over-hand 
stepping mechanism, hydrolyzing a single ATP molecule per motor step [141-143]. For the 
motor to be processive, there must be a proper coordination between the two motor heads. 
It is still a matter of debate how this coordination, or gating, takes place [135]. Motor proteins 
move unidirectional with either plus-end motility (kinesin) or minus-end motility (dynein). 
However, occasional backstepping of motor proteins can occur and was first observed for 
dynein [144]. It has been postulated that increased flexibility of the dynein structure gives rise 
to a diffusional component in dynein’s step and causes an ‘irregular’ stepping pattern that 
allows variable step sizes, back steps, and even sideways steps [145, 146]. Other studies show 
that kinesins are also capable of ATP-dependent backstepping when they are biased by load 
[147]. In these situations, the neck-linker region plays an important role in mediating strain 
between the two motor heads and in regulating gating [148].
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motor-cargo complexes to either the axon or the dendrites ensures that the cargo is transported 
correctly [1, 4]. Recent studies have found that, although a few kinesins are non-selective, most kinesin 
motors preferentially target cargoes to the axon [31] and only dynein transports cargo exclusively into 
dendrites [32]. The cytoskeleton organization in the axon initial segment (AIS) is also thought to play a 
role in axonal targeting by preventing vesicles with dendritic cargo from entering the axon [33, 34]. 
Moreover, mature neurons form dendritic spines, which are small ‘knob’-shaped extensions protruding 
from the surfaces of the dendritic processes that constitute the major postsynaptic sites for excitatory 
synaptic transmission [35, 36]. Several studies have shown that dynamic microtubules occasionally 
enter denditic spines and play a role in spine morphology and synaptic plasticity [37]. Microtubules in 
spines may influence actin dynamics and promote the transport of postsynaptic cargos, such as 
receptors and postsynaptic proteins. Moreover, transport processes in the axon of neurons in the 
central and peripheral nervous system are of key importance to distribute the various building blocks 
and cellular materials [15, 17, 38, 39]. Thus, many different microtubule-based processes are actively 
involved in various phases of neuronal development and in the mature nervous system.
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Figure 1. The role of the cytoskeleton during neuronal development and maturation. 
(A) During maturation, neurons migrate to their final destination in the brain, establish a 
highly polarized structure and form chemical synapses that make the connections between 
the pre- and postsynaptic sites. The cytoskeleton plays crucial roles throughout these 
processes. During migration, actin-based myosin II motors and microtubule based dynein 
motors generate the pulling and pushing forces that translocate the nucleus (left panel) 
[see also [28]]. (B) To maintain the highly polarized neuronal structure, different cargos 
must be selectively transported to either the somatodendritic or axonal compartment. The 
middle panel shows a few important mechanisms that guide neuronal polarity [see also 
[1]]. Microtubule posttranslational modification (PTMs) that are  present in the axon (blue 
microtubules) but absent in dendrites (red microtubules) specifically target axonal cargo, 
whereas microtubule bundles with mixed orientation direct transport in the dendrites. In 
addition, the axon initial segment (AIS) filters out dendritic cargo and prevents it from 
entering the axon. (C) The actin network is the primary component that gives shape to the 
dendritic spines and forms a scaffold for the post-synaptic density (PSD). In addition, 
microtubules have been shown to transiently enter spines (right panel) [see [37]].

Figure 1. The role of the cytoskeleton during neuronal development and maturation. (A) During maturation, 
neurons migrate to their final destination in the brain, establish a highly polarized structure and form chemical 
synapses that make the connections between the pre- and postsynaptic sites. The cytoskeleton plays crucial roles 
throughout these processes. During migration, actin-based myosin II motors and microtubule based dynein motors 
generate the pulling and pushing forces that translocate the nucleus (left panel) [see also [28]]. (B) To maintain the 
highly polarized neuronal structure, different cargos must be selectively transported to either the somatodendritic 
or axonal compartment. The middle panel shows a few important mechanisms that guide neuronal polarity [see 
also [1]]. Microtubule posttranslational modification (PTMs) that are  present in the axon (blue microtubules) but 
absent in dendrites (red microtubules) specifically target axonal cargo, whereas microtubule bundles with mixed 
orientation direct transport in the dendrites. In addition, the axon initial segment (AIS) filters out dendritic cargo 
and prevents it from entering the axon. (C) The actin network is the primary component that gives shape to the 
dendritic spines and forms a scaffold for the post-synaptic density (PSD). In addition, microtubules have been 
shown to transiently enter spines (right panel) [see [37]].
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MICROTUBULE CUES STEER NEURONAL TRANSPORT
Neuronal transport can be directly regulated by the underlying microtubule cytoskeleton. 

The local organization of microtubules in neurons, MAPs, such as axonal tau, and PTMs are all 
determinants for neuronal transport [40, 41]. In axons, anterograde and retrograde transport is 
directly dictated by the unipolar organization of the microtubule array [4, 8]. However, in dendrites, 
the microtubules coalesce into bundles of mixed polarity and a single motor type could mediate 
bidirectional cargo transport by switching from microtubules, in which the minus-end is directed 
outward (minus-end out) to microtubules, in which the plus-end is directed outward (plus-end out). 
The anti-parallel microtubule organization in dendrites provides a structural framework for the 
regulation of cargo trafficking and raises interesting models with regard to neuronal trafficking rules [1, 
3]. Moreover, the influence of the local organization of actin cytoskeleton at presynaptic terminals and 
dendritic spines and its affect on neuronal cargo transport is of significant importance [9, 42]. For 
example, myosin motors have been shown to counteract microtubule-based transport and facilitate 
the docking of mitochondria to actin filaments [39]. In vitro approaches showed that the axonal MAP 
tau can be used to tune the relative amounts of plus-end and minus-end-directed kinesin transport 
[43, 44]. Low concentrations of tau facilitate kinesin-mediated transport, whereas high concentrations 
of tau, as is found in the distal parts of the axon, are favorable for dynein-mediated transport. Such a 
difference between the effects of tau on kinesin- and dynein-based motility has not been confirmed in 
vivo, where neither overexpression of tau nor tau deletion alters axonal transport [45, 46]. Interestingly, 
phosphorylated tau is involved in a number of neurological disorders such as Alzheimer’s disease and 
has recently been shown to mislocalize to dendritic spines and mediate synaptic dysfunction [47].

A leading model for driving selective neuronal transport is that the affinity of motor proteins 
for microtubules is affected by the PTMs on the microtubules [40, 41]. For example, during neuronal 
polarization, it is well known that vectorial membrane trafficking occurs into the future axon [48], 
stable microtubules may act as specific transport roads [29, 30], and kinesin-1 motors accumulate 
specifically at the tips of axons [49, 50], all suggesting that kinesin-1 prefers stable microtubules for 
axonal cargo transport. Recent work identified a specific region in kinesin-1 that is responsible for its 
preference to bind to detyrosinated microtubules [51]. Here, knockdown of tubulin tyrosin ligase (TTL) 
to decrease tyrosinated microtubules resulted in the redistribution of kinesin-1 in both axons and 
dendrites. Other data suggest that the abundance of GTP-tubulin in microtubules at the AIS may 
underlie the selective kinesin-1 localization in axons [52]. Therefore, selective transport is probably 
not regulated by a single factor but most likely by various local cues, such as a combination of specific 
microtubule modifications, associated proteins and tubulin conformations. 

OPPOSING MOTOR ACTIVITY AND BIDIRECTIONAL TRANSPORT
Many and diverse types of proteins and cellular materials have been shown to move 

bidirectionally in cells [53]. A large number of organelles and cytoskeleton proteins, including 
endosomes [54], autophagosomes [55], intermediate filaments [56] and synaptic vesicles [57], are 
known to show bidirectional movement in neuronal axons. Although there are some differences 
between the movements of various neuronal cargos, they share common features, such as frequent 
stopping and pausing, as well as reversals in direction during transport, and we are beginning to 
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understand the importance of these mechanisms to achieve appropriate cargo distributions in 
neurons. An interesting example from Drosophila shows that neuropeptide-containing dense core 
vesicles that are transported into the distal axons initially pass the proximal boutons, the presynaptic 
axonal bulges. Excess vesicles circulate back to the soma and are occasionally captured in en passant 
boutons, ensuring uniform distribution throughout the axon [58].

Although bidirectional movement has been observed in almost all cellular systems, it remains a 
matter of debate how these processes are regulated. In vitro, motor proteins are intrinsically capable of 
processively transporting cargo without requiring additional regulation by other factors. As indicate 
above, a single type of motor protein can mediate bidirectional movement on a mixed network of opposite 
polarity microtubule bundles such as that found in the dendrites [32]. Another interesting aspect of 
bidirectional transport is the interplay between different microtubule motor types. Backward and forward 
movements are typically observed during neuronal transport; however, net movement in one direction 
occurs over large distances in neurons. How is this achieved? One possibility is that motors with opposite 
directionality are continuously acting on a cargo and engage in a stochastic ‘tug-of-war’. This can result in 
either stalling of the cargo or in bidirectional, salutatory movements depending on the relative ‘strength’ 
of the attached motors. Ultimately, one type of motor wins and transports the cargo in its preferred 
direction. A recent study using synthetic ‘DNA origami’ found that ensembles of artificial cargo that are 
composed of opposite polarity motors are engaged in a tug-of-war, resulting in stalled cargo [59]. Modeling 
has shown that stochastic tug-of-war can induce salutatory bidirectional movements [60], and 
deformations of endosomes during transport in vivo in cohort with decreased speeds during transitions 
between anterograde and retrograde transport [61] argue in favor of this model. In addition, purified 
neuronal vesicles that move along microtubules in vitro show very similar behavior as in vivo, suggesting 
that all components that are necessary for transport are strongly attached to the vesicles themselves [62]. 
It is plausible, however, that motor-adaptor proteins or other signaling proteins that are attached to the 
vesicles have been co-purified in this study and further regulate the activity of the motors [53, 63].

 Thus, although there is evidence that supports a stochastic ‘tug-of-war’ hypothesis, the 
activity of opposing motors appears to be closely interlinked (Fig. 2). Knock down of either kinesin or 
dynein in different cell types results in impaired transport in both plus- and minus-end directions [64], 
and it was shown that coupling an active plus end-directed motor to peroxisomes also induces motility 
in the opposite direction in Drosophila S2 cells [65], suggesting that motors with opposite directionality 
directly activate each other. Similar results were found in a study on bidirectional movement of 
mitochondria in Drosophila larval motor axons [66]. In contrast, several other studies report that cargo 
transport in one direction is readily achieved by selectively targeting a single type of motor protein and 
they demonstrate that the activation by a motor with an opposite directionality is not required. For 
instance, a robust unidirectional motility was observed when kinesin motors are recruited to 
peroxisomes, even when dynein function was disrupted [67]. Furthermore, acute inhibition of either 
dynein heavy chain (DHC) or kinesin-1 heavy chain (KHC) with antibodies was found to only impair 
minus-end and plus-end directed motion, respectively [62, 68]. These apparently contradictory 
findings could reflect the various control mechanisms that exist for motor-based protein transport 
[64]. As will be discussed below in more detail, coordination of opposing motors in neurons is a 
complex process that is regulated by several molecular machineries at various cellular levels. 

2
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MOTOR ADAPTORS AS REGULATORS OF MOTOR ACTIVITY
 It is becoming increasingly clear that interactions between motors and their adaptors are a 

critical step in selective transport (Fig. 2) [10, 11, 13, 38]. A recent report studying the axonal transport 
of vesicles containing the prion protein (PrPC) showed that the composition of dynein and kinesin 
motors is the same in anterograde-directed, retrograde-directed and stationary vesicles [69]. These 
data suggest that - in addition to local motor recruitment mechanisms - a stable population of cargo-
associated motors can be modulated by regulatory factors to control anterograde and retrograde 
transport. Indeed, microtubule-based transport is extensively controlled by internal and external 
factors and many regulators of dynein and kinesin motors have been identified. Recent research has 
shown that adaptor proteins that link motors to their cargo can function as either activators or 
inhibitors of motor proteins and allow for changes in the direction of transport [10, 13]. The list of 
molecules that are known to link transport motors to specific neuronal cargos is rapidly expanding. 
Biochemical and proteomics approaches, as well as high-throughput yeast two-hybrid screens have 
identified more than 100 proteins that are associated with kinesin-1 in mammals, flies and worms 
[70]. Most of these proteins are cargo molecules themselves, but some are adaptor proteins, including 
scaffolding proteins and Rab GTPases that regulate neuronal transport. For example, Jun N-terminal 
kinase (JNK)-interacting proteins (JIPs) links kinesin-1 to cargo, such as the reelin receptor 
apolipoprotein E receptor 2 (ApoER2) and phosphorylated β-amyloid precursor protein (APP), and 
Rab3 GDP/GTP exchange protein (Rab3GEP) DENN/MADD acts as an adaptor between kinesin-3 
motors and synaptic vesicles [2, 13, 38]. Moreover, several signaling events, such as local changes in 
Ca2+ levels, phosphorylation-dependent signaling and regulated Rab GTPase activity, were found to 
influence neuronal transport and regulate the loading and unloading of cargo (Fig. 2) [2, 13, 39]. Here, 
we will give two examples of bi-directional cargo adaptors that control the balance between dynein 
and kinesin-based transport and regulate selective transport in neurons.

Huntingtin, of which the mutated protein is implicated in Huntingon’s disease, acts as a 
molecular switch between dynein and kinesin-1 motors [71, 72]. When huntingtin is phosphorylated, 
kinesin is recruited to vesicles, thereby biasing their movement along the microtubule towards the 
plus-ends. In the unphosphorylated state, kinesin recruitment to the vesicle is no longer stabilized, 
and dynein-mediated retrograde motility predominates [72]. Many other lines of research support the 
view that kinesin- and dynein-mediated transport is modulated by phosphorylation. For example, 
ERK1/2 phosphorylation of dynein intermediate chain (DIC) recruits cytoplasmic dynein to signaling 
endosomes for retrograde transport in axons [73]. Moreover, recent studies in Caenorhabditis elegans 
showed that two cyclin-dependent kinases, PCT-1 and CDK-5, directly polarize trafficking of presynaptic 
components by inhibiting dynein-mediated retrograde transport and setting the balance between 
anterograde and retrograde motors [74]. In contrast, in rat sensory neurons, Cdk5 phosphorylation of 
the dynein interacting protein Ndel1 stimulates the cargo transport capacity of dynein [75].

 Adaptor proteins that interact with the mitochondrial outer surface have been identified, 
and these are potential candidates to regulate mitochondria transport throughout the neuron [39]. 
Recent findings demonstrate that two very similar motor-adaptor proteins, TRAK1 and TRAK2 utilize 
different machineries to transport mitochondria to axons and dendrites [76]. TRAK1 binds to both 
kinesin-1 and dynein and directs mitochondria into axons, whereas TRAK2 predominantly interacts 
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with dynein/dynactin and mediates the dendritic targeting of mitochondria. These results are 
consistent with the polarized microtubule organization in neurons [77]. The plus-end outward oriented 
microtubules drive the TRAK1-dynein-kinesin complex into axons, while mixed microtubule allows 
transport of the TRAK2-dynein complex into dendrites. Interestingly, these data imply that the 
opposing motors are closely interlinked in axons but can act independently from one another in 
dendrites. The functional differences are explained by the conformational difference between the 
TRAK proteins; the backfolding of TRAK2 affects its interaction with kinesin-1. It is tempting to 
speculate that conformational switching of motor proteins (see Box 2) and motor-adaptor proteins (as 
described above) can coordinate bidirectional transport, polarized trafficking and influence local cargo 
movements. 

MICROTUBULE TRANSPORT AND DISEASE
 As microtubule-based transport is fundamental to the development and function of mature 

neurons, defects in neuronal transport pathways are likely to cause neuronal diseases [14, 38, 78, 79]. 
Although many studies suggest that transport pathways play a major role in the onset and progression 
of various human developmental and neurological disorders, the causal relationship between 
transport impairments and neurodegeneration is largely unclear [15, 19]. Several kinesin knock-out 
mice display specific neurological phenotypes, such as epilepsy and hydrocephalus [80, 81] and 
kinesin-2-related ciliopathy causing hydrocephalus and disturbance in dorsoventral patterning of the 
neural tube [82]. The identification of mutations in genes involved in neuronal transport pathways 
strengthens the direct link between transport defects and human neurological diseases (Table 1 and 

Dynein Kinesin

Adaptor protein

Cargo

- +

MAPs
PTMs

Kinases and
 phosphatases

Rab GTPase
Ca2+ Microtubule

Figure 2 Bidirectional transport. Plus-end directed kinesin motors and minus-end directed 
dynein motors are attached to the same cargo simultaneously and can engage in a stochastic 
‘tug-of-war’. In addition, there motors are regulated further to ensure a proper distribution of 
cargo in living cells (black arrows). Adaptor proteins mediate the speci�c binding between motor 
proteins and their cargo. Crosstalk between adaptors and other regulators is also possible, biasing 
movement in the direction of either kinesin- (blue arrow) or dynein-mediated movement (green 
arrow). Several signaling events, such as local changes in Ca2+ levels, phosphorylation-dependent 
signaling and regulated Rab GTPase activity can activate or deactivate motors or act on adaptor 
proteins and other regulators. Finally, motor activity can be regulated by the underlying microtu-
bule cytoskeleton, including microtubule associated proteins (MAPs) and microtubule posttransla-
tional modi�cations (PTMs).

Figure 2 Bidirectional transport. Plus-end directed kinesin motors and minus-end directed dynein motors are 
attached to the same cargo simultaneously and can engage in a stochastic ‘tug-of-war’. In addition, there motors 
are regulated further to ensure a proper distribution of cargo in living cells (black arrows). Adaptor proteins mediate 
the specific binding between motor proteins and their cargo. Crosstalk between adaptors and other regulators is 
also possible, biasing movement in the direction of either kinesin- (blue arrow) or dynein-mediated movement 
(green arrow). Several signaling events, such as local changes in Ca2+ levels, phosphorylation-dependent signaling 
and regulated Rab GTPase activity can activate or deactivate motors or act on adaptor proteins and other regulators. 
Finally, motor activity can be regulated by the underlying microtubule cytoskeleton, including microtubule 
associated proteins (MAPs) and microtubule posttranslational modifications (PTMs).
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Fig. 3). In this section, we will discuss a few examples of how mutations in different tubulin isotypes 
and motor proteins may lead to defective neuronal transport and trigger neurodegeneration. 

 One way to impair neuronal transport is to disrupt the underlying microtubule network [12, 
21, 23, 83, 84]. Mutations in α- and β-tubulin genes have been identified in patients suffering from a 
wide spectrum of neurological disorders, ranging from microcephaly and seizures to intellectual 
disabilities and peripheral neuropathy. For instance, mutations in the α-tubulin isotype VIII gene 
TUBA8 cause polymicrogyria with optic nerve hypoplasia [85] and mutations in the β-tubulin isotype 
II gene, TUBB2, result in asymmetrical polymicrogyria [86]. Moreover, mutations in the tubulin-specific 

BOX 2: INTRAMOLECULAR MOTOR-TAIL COMMUNICATION
Communication between the motor domain and tail region is an important aspect of 

motor protein regulation. Recent evidence suggests that the tail region of dynein, through its 
subunits or associated proteins, controls its own motor activity. In vitro studies found that the 
legs at odd angles (Loa) mutation F580Y in the tail of the cytoplasmic dynein heavy chain [149] 
inhibits motor processivity [109]. In addition, dynein-associated protein NudE and Lis1 are 
involved in the interaction between the tail and motor domains of dynein [109, 150]. NudE-
Lis1-mediated communication appears to be a significantly different mechanism from the 
folding mechanism for myosin V and some kinesins, which is achieved through direct 
intramolecular interactions between tail and motor domains [151, 152]. Kinesin-1 undergoes 
a conformational change that brings the motor domain in close contact with its tail region as 
shown by sedimentation analysis [153]. This folded, inactive conformation of kinesin-1 blocks 
processive motor movement [154]. The crystal structure of kinesin-1 and subsequent 
biochemical experiments suggest that steric hindrance is not the cause of inhibition, but that 
instead the tail region restrains ADP release [155]. Whereas binding to cargo was initially 
proposed to unfold kinesin-1 and activate its motility [156], it is now thought that motors can 
be present in an inhibited state on the cargo surface and may alternate between active and 
inactive conformations in response to external signals [157]. In addition, single molecule in 
vitro studies using quantum dots have shown that when kinesin-1 is in a folded inhibited state 
it is able to passively diffuse along microtubules [158]. It is plausible that the ability to diffuse 
along microtubules is a general feature of molecular motors. Similar mechanisms have been 
described for the kinesin-5 family member Eg5, which is involved in positioning of the mitotic 
spindle [159], for KIF1A, a kinesin-3 family member [160], and for MCAK, a kinesin-13 
microtubule-depolymerizing motor [161]. The motor properties described in Box 1, such as 
motor back stepping, motor-neck-tail communication and diffusion may allow motors to slow 
down and step around obstacles to resolve ‘road blocks’ or ‘traffic jams’, and to switch to other 
cytoskeletal tracks without exchanging the motors attached to the cargo. Indeed, in disease 
models of Alzheimer’s and motor neuron disease, it appears that only a small fraction of 
cargoes are trapped in these ‘traffic jams’, suggesting that motors could possibly bypass these 
blockages [66, 162].
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chaperone Tbce lead to a severe deficiency of microtubules in distal axons in progressive motor 
neuronopathy [87, 88], whereas mutations in the microtubule assembly and severing protein spastin 
4 (SPG4) cause hereditary spastic paraplegia [89, 90]. In addition, missense mutations in TUBB3, which 
encodes the neuron-specific β-tubulin isotype III, cause a more diffuse spectrum of brain malformations 
and neurological disabilities, and certain phenotypes often segregate with particular amino acid 
substitutions [91, 92]. A recent study directly investigated whether TUBB3 mutations impair 
microtubule-based transport in neurons and found that of the fourteen β-tubulin mutants tested, only 
two TUBB3 mutations directly disrupt the interaction with kinesin motors and subsequently impair 
axonal transport [93]. The other mutations in β-tubulin III most likely disturb other microtubule 
properties, such as the stability of α/β-tubulin heterodimers or other characteristics, including the (de)
polymerization properties of tubulin, microtubule dynamics, or  MAP interactions [21].

 Several mutations in microtubule-based motors have also been directly linked to neurological 
diseases. These motor mutations can affect specific neuronal transport routes, or involve multiple 
cargos and impair multiple pathways [38, 78]. Kinesin motor proteins have been directly linked to 
several neurodegenerative diseases. Mutations in the motor and stalk domain of the kinesin-1 family 
member KIF5A cause hereditary spastic paraplegia and Charcot-Marie-Tooth disease type 2 (CMT2) 
[94, 95]. Mutations in the KIF21A stalk region have been shown to be the underlying cause of congenital 
fibrosis of the extraocular muscle type 1 (CFEOM1) [96], defects that are associated with the 
oculomotor nerve, which results in an inability to move or raise the eyes. A recent study showed that 
knockdown of KIF21A causes the dysregulation of Ca2+ at axonal boutons owing to inhibited transport 
of NCKX, a K+-dependent Na+-exchanger that is involved in calcium clearance in the large axon 
terminals of central neurons [97]. Moreover, a mutation in KIF1Bβ, a kinesin-3 family member, was 
identified in CMT2 patients [98]. The heterogyzous KIF1B-knockout mouse presents similar phenotypes, 
including a chronic peripheral neuropathy with progressive motor weakness and motor coordination, 
and investigation of its sciatic nerves revealed that transport of synaptic vesicles to the distal axon is 
impaired. The KIF1Bβ mutation is not the only gene that is linked to CMT2, because, so far, mutations 
in more than thirty genes have been identified that cause Charcot-Marie-Tooth disease, several of 
which are linked to specific transport pathways [99].

 Cytoplasmic dynein has a pivotal role in neuronal trafficking since it is the only microtubule-
based motor protein with minus-end directed motility [100]. Indeed, mutations in the dynein heavy 
chain gene DHC1H1 lead to striatal atrophy, neuronal migration defects, intellectual disability, CMT 
and spinal muscular atrophy (SMA) [101-104]. Consistent with these findings, mutations in dynein in 
Drosophila and C. elegans result in intracellular protein aggregates and behavioral abnormalities, 
including locomotor impairment [105, 106]. Furthermore, disrupting the function of dynein in motor 
neurons in mice causes amyotrophic lateral sclerosis (ALS)-like features [107, 108]. Mice strains with 
spontaneous heterozygous mutations in DYNC1H1, such as the legs at odd angles (Loa) and cramping 
1 (Cra1) strains, also show late-onset motor neuron degeneration (Hafezparast et al. Science, 2003. 
Recent in vitro studies found that the Loa mutation F580Y in the tail of the mouse cytoplasmic dynein 
heavy chain inhibits motor processivity [109]. These data indicate that communication between the 
motor domain and tail region is another important aspect of motor regulation (see Box 2). Dynein is 
regulated by a number of factors, such as Lis1, which when disrupted have also been implicated in 
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Table 1. Mutations in transport proteins underlying neurological disorders 

Mutant protein Functional role Functional defect Disease Reference 

Mutations in  
motors 

DYNC1H1  
(dynein) 

 

 

Vesicular and  
organelle transport 

Defects in neuronal  
migration,  
late-onset motor  
neuron degeneration 

Lissencephaly 

Charcot Marie  
Tooth Disease  
(CMT2) 

Perry syndrome 

Spinal muscular  
atropy 

(Braunstein et al., 2010;  
Harms et al., 2010;  
Weedon et al., 2011;  
Willemsen et al., 2012) 

KIF5A Vesicular and  
organelle transport 

Impaired axonal  
transport 

Hereditary spastic  
paraplegia  
(SPG10) 

CMT2 

(Crimella et al., 2012;  
Fuger et al., 2012) 

KIF1B Synaptic  
vesicle transport,  
mitochondrial transport 

Reduced transport of  
synaptic vesicle 
proteins  

CMT2 (Gentil and Cooper, 2012;  
Zhao et al., 2001) 

KIF21A Axonal transport of  
K+-dependent NA+/Ca2
+ exchanger (NCKX) 

Atrophy of ocular  
motor muscles 

Congenital fibrosis  
of the extraocular  
muscle (CFEOM) 

(Desai et al., 2012;  
Lee et al., 2012) 

Motor  
adaptor and  
regulator protein  
mutations 

DCTN1/ p150glued

(dynactin) 

Dynein regulation Impaired axonal  
transport,  
axonal swelling,  
synapse retraction 

Motor neuron  
disease 

Amytrophic lateral  
sclerosis (ALS) 

Perry syndrome 

(Newsway et al., 2010;  
Stockmann et al., 2012;  
Uribe, 2010) 

LIS1 

 

Coupling of nucleus to  
centrosome during  
neuronal migration,  
dynein regulator 

Impaired neuronal  
migration, reduced  
axonal transport 

Lissencephaly (Mokanszki et al., 2012) 

Cytoskeletal  
mutations 

TUBA1A 

α-tubulin isoform Neuronal migration Lissencephaly (Cushion et al., 2013;  
Hikita et al., 2013;  
Tischfield et al., 2011) 

TUBA8 α-tubulin isoform Local cell positioning 
during cerebral  
cortical development 

Polymicrogyria  
with optic nerve  
hypoplasia 

(Abdollahi et al., 2009;  
Tischfield et al., 2011) 

TUBB2B β-tubulin isoform Neuronal migration Asymmetrical  
polymicrogyria 

(Cushion et al., 2013;  
Romaniello et al., 2012;  
Tischfield et al., 2011) 

TUBB3 β-tubulin isoform 
(neuron specific) 

Neuronal migrations  
and axon guidance  
defects 

CFEOM 

Facial paralysis 

Late-onset axonal  
sensorimotor  
polyneuropathy 

 (Poirier et al., 2010;  
Tischfield et al., 2011) 

TUBB5 β-tubulin isoform Neuronal migration Microcephaly  (Breuss et al., 2012) 

Tbce Tubulin chaperone Impaired maintenance 
of microtubules in  
motor axons 

Progressive  
motor neuropathy 

(Martin et al., 2002;  
Schaefer et al., 2007) 

SPG4   
(spastin) 

 

Microtubule severer Synaptic growth and  
neurotransmission  
defects 

Hereditary spastic  
paraplegia 

(Magariello et al., 2013;  
Nanetti et al., 2012) 

The table is limited to mutations in motor proteins and associated proteins that have a strong genetic link to neurological disease.  
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neurodevelopmental and neurological diseases [110]. For example, missense mutations in the 
dynactin gene (DCTN1) that encodes the p150Glued subunit of dynactin have been associated with 
both familial and sporadic ALS [111-113]. Neuronal expression of mutant p150Glued in mice causes 
motor neuron disease, which is characterized by defects in vesicular transport, axonal swelling and 
axo-terminal degeneration [78, 114, 115]. It has recently been hypothesized that the disease-causing 
mutations in the CAP-Gly domain of p150Glued inhibit the binding of dynactin at microtubule plus-
ends, thereby abolishing the initiation of retrograde axonal transport [116, 117]. Interestingly, different 
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Figure 3. Major transport defects in neurons and neurological diseases. Impaired neuronal transport can be caused by disruption of the 
microtubule network, by changes in the processivity or activation of motor proteins, or by e�ects on the binding of cargo to motor proteins. As 
illustrated here, interfering with either of these regulatory mechanisms gives rise to neuronal transport defects and often leads to variety of 
neurological disease phenotypes. For example, mutations in the kinesin motor protein KIF5A have been linked to dominant forms of the 
Hereditary Spastic Paraplegia (HSP) and Charcot–Marie–Tooth disease type 2 (CMT2) in humans, whereas mutations in β-tubulin isotype III gene 
TUBB3 leads to the ocular motility disorder, congenital �brosis of the extraocular muscles type 3 (CFEOM3). Furthermore, mutations in dynein 
and its accessory proteins dynactin and Lis1 have been associated to spinal muscular atrophy (SMA), Amytrophic Lateral Sclerosis (ALS)-like 
motor neuron degeneration and early-onset parkinsonism called Perry syndrome.

Figure 3. Major transport defects in neurons and neurological diseases. Impaired neuronal transport can be 
caused by disruption of the microtubule network, by changes in the processivity or activation of motor proteins, or 
by effects on the binding of cargo to motor proteins. As illustrated here, interfering with either of these regulatory 
mechanisms gives rise to neuronal transport defects and often leads to variety of neurological disease phenotypes. 
For example, mutations in the kinesin motor protein KIF5A have been linked to dominant forms of the Hereditary 
Spastic Paraplegia (HSP) and Charcot–Marie–Tooth disease type 2 (CMT2) in humans, whereas mutations in 
β-tubulin isotype III gene TUBB3 leads to the ocular motility disorder, congenital fibrosis of the extraocular muscles 
type 3 (CFEOM3). Furthermore, mutations in dynein and its accessory proteins dynactin and Lis1 have been 
associated to spinal muscular atrophy (SMA), Amytrophic Lateral Sclerosis (ALS)-like motor neuron degeneration 
and early-onset parkinsonism called Perry syndrome.
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mutations in the same microtubule-binding domain of p150Glued cause Perry syndrome, a Parkinson-
like disease that is characterized by the loss of dopaminergic neurons [118]. 

Another well-known neurological disorder that has been linked to the dynein motor complex 
is lissencephaly, a developmental brain malformation, in which the surface of the brain is smooth 
rather than full of folds and the disease subsequently leads to seizures and mental retardation [26, 
119-121]. Perturbing the levels of Lis1 causes defects in microtubule-based processes, such as nuclear 
migration and cargo transport [75, 122, 123]. Lis1 has been found to function in microtubule-based 
trafficking by preparing dynein-coupled cargos for transport by targeting it to the plus ends of 
microtubules [124-127]. Recent single-molecule and structural studies demonstrated that Lis1 binds in 
between the ATPase and microtubule-binding domains of dynein and prolongs its attachments to 
microtubules [31]. Lis1 - at least in yeast - is not required for dynein-based cargo motility once dynein 
is moving, but it instead has a general role in initiating dynein-driven motility [124]. The numerous 
mutations in dynein, dynactin and associated proteins and the broad spectrum of phenotypes demand 
a clinical re-classification of dynein-related disorders, where the neurological phenotype must be 
defined not only genetically but also by the specific cellular effects. Future studies should aim at 
dissecting the complexities of the dynein structure and its interaction with associated proteins to find 
out the various mechanisms by which disease-related dynein mutations disrupt transport functions in 
the central and peripheral nervous system.

 
CONCLUSIONS

Transport is essential for many different processes in neurons in order to establish and 
maintain polarity, for axon guidance and regeneration, as well as for synaptic plasticity, both during 
developmental stages and in the adult brain. Although the biochemical mechanisms underlying motor 
proteins-based transport are well understood, much of the regulatory processes that act on these 
motors are still unknown. Many studies now show the importance of these regulatory pathways and 
emphasize the role of adaptor proteins and regulators, in particular with relevance to diseases of the 
brain. However, a number of questions remain. How does a motor find the appropriate cargo? How 
many different motor types are attached to a specific cargo? How does the cargo know when to stop 
and ‘unload’ its content?

 Disruption of transport is thought to be an early and perhaps causative event in Alzheimer’s 
disease, Huntington’s disease, and ALS, in which abnormal accumulations of cytoskeleton proteins and 
organelles in axons have been observed [14, 15]. The pivotal challenge is to identify the molecular and 
cellular cause of human brain disorders that arise from intracellular transport defects and to determine 
how changes in motor protein regulation impact on neuronal structure and function. Defects in 
transport lead to many different and stress-related responses in cells, making it difficult to elucidate the 
exact mechanisms underlying a disease. To better understand the intracellular transport in neurons, a 
better understanding of the organization and dynamics of underlying microtubule cytoskeleton, as well 
as novel approaches to control and manipulate neuronal cargo transport are required [32, 128]. The 
spatial and temporal arrangement of transport complexes and the cytoskeleton, along which they 
move, is of critical importance in order to understand how multiple motors can regulate the transport 
and delivery of specific cargoes. These findings could potentially lead to new tools to investigate the 
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transport machinery in neurodegenerative disease models. Future studies using genetic disease mouse 
models will advance our understanding of the neurodegenerative disorders. Functional assays in 
primary neuronal cells from mouse models or neurons developed from inducible pluripotent stem (IPS) 
cells of patients [129] will further help to elucidate the specific disease mechanisms. Moreover, 
advances in the discovery and synthesis of small molecules that can modulate microtubule-based 
processes in the brain might offer new therapeutic paradigms to treat neurological defects and 
intervene in neurodegenerative processes. The treatment with the microtubule-stabilizing drug taxol to 
decrease fibrotic scar formation and promote axon regeneration in rodents after spinal cord injury [130, 
131], is a promising step in this direction, and other similar approaches hopefully will follow. 
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CHAPTER 3
MICROTUBULE PLUS-END TRACKING PROTEINS SLAIN1/2 

AND CH-TOG PROMOTE AXONAL DEVELOPMENT

Babet van der Vaart 1*, Mariella A.M. Franker 2*, Marijn Kuijpers 2, 
Shasha Hua 2, Benjamin P. Bouchet 2, Kai Jiang2, Ilya Grigoriev 2, 

Casper C. Hoogenraad 2 and Anna Akhmanova 2

The Journal of Neuroscience (2012), 32(42): 14722-14728a

1 Department of Cell Biology, Erasmus Medical Center,  Rotterdam, The Netherlands. 
2 Cell Biology, Faculty of Science, Utrecht University, Utrecht, The Netherlands

*These authors contributed equally to this manuscript

Development, polarization, structural integrity and plasticity of neuronal cells critically 
depend on the microtubule network and its dynamic properties. SLAIN1 and SLAIN2 are microtubule 
plus-end tracking proteins that have been recently identified as regulators of microtubule dynamics. 
SLAINs are targeted to microtubule tips through an interaction with the core components of 
microtubule plus-end tracking protein network, End Binding (EB) family members. SLAINs promote 
persistent microtubule growth by recruiting the microtubule polymerase ch-TOG to microtubule plus-
ends. Here, we show that SLAIN1/2 and ch-TOG proteins are highly enriched in brain and are expressed 
throughout mouse brain development. Disruption of the SLAIN-ch-TOG complex in cultured primary 
rat hippocampal neurons by RNA interference-mediated knockdown and a dominant negative 
approach perturbs microtubule growth by increasing catastrophe frequency and inhibits axon 
extension during neuronal development. Our study shows that proper control of microtubule dynamics 

is important for axon elongation in developing neurons. 
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 INTRODUCTION
Neurons are polarized cells, which critically depend on the cytoskeleton for their development 

and maintenance. Neuronal microtubules (MTs) play a pivotal role in controlling cell shape, actin 
organization and the polarized distribution of proteins, vesicles and other organelles [1-3]. 

In mature neurons, both axons and dendrites contain bundles of highly stabilized MTs that 
are crosslinked by the MT-associated proteins (MAPs). At the same time, a proportion of MTs remains 
dynamic and is crucial for the functional and structural plasticity of neurons [1-3]. Dynamic MTs are 
especially important in developing neurons, and even moderate changes in MT stability can affect 
neuronal polarity [4]. 

An important group of factors that regulate different aspects of MT dynamics are MT plus-end 
tracking proteins (+TIPs), which associate specifically with growing MT plus-ends [5, 6]. End Binding (EB) 
proteins are considered to be core +TIP complex components as they can autonomously track growing 
MT plus-ends and target to them many other +TIPs. In mammals, there are three EB family members: 
EB3 is a brain-enriched protein, whereas EB1 and EB2 are more widely expressed [7, 8]. 

Recently, we have identified the SLAIN family as novel +TIPs that interact with EBs [9]. In 
mammals, two SLAIN homologues exist, SLAIN1 and SLAIN2 [10]. We showed that in non-neuronal 
cells SLAIN2 is an EB-dependent +TIPs that also interact with three other +TIP families, the CLIPs, 
CLASPs and XMAP215/ch-TOG [9]. By binding to multiple +TIPs, SLAIN2 can promote formation of +TIP 
interaction networks. This property enables SLAIN2 to enhance the accumulation of the MT polymerase 
ch-TOG at the growing MT plus-ends and in this way stimulate persistent MT growth [9]. 

Although neurons are post-mitotic cells, they often use molecular machinery employed in 
dividing cells [11]. ch-TOG is the only mammalian member of the XMAP215 family of MT polymerases 
that are generally assumed to be directly responsible for the high rates of MT polymerization in vivo as 
compared to in vitro systems [12]. In spite of the potentially crucial role of ch-TOG in control of MT 
dynamics, its function has not been investigated in neuronal cells. 

In this study, we addressed this gap in understanding of regulation of MT dynamics in 
neurons. We showed that both ch-TOG and SLAIN1/2 are highly expressed in mammalian brain and in 
cultured neurons. Disruption of the SLAIN-ch-TOG complex affected MT growth by increasing 
catastrophe frequency and led to a decrease in axon length. We conclude that the SLAIN-ch-TOG 
complex plays an important role in axon outgrowth. This study provides new molecular insight into the 
role of proper regulation of MT dynamics in neuronal development. 

 
RESULTS
EXPRESSION OF CH-TOG AND SLAIN/2 IN BRAIN

Although initially identified in tumors, hence its name, colonic and hepatic tumor-
overexpressed gene (ch-TOG) is ubiquitously expressed in healthy tissues, with elevated levels in the 
brain [13, 14]. Using reverse transcriptase polymerase chain reaction (RT-PCR) we have previously 
shown that both SLAIN1 and SLAIN2 are expressed in human brain [9]. Based on a gene trap mouse-line 
and in situ hybridization, SLAIN1 is predominantly expressed in the developing nervous system [10, 15].

Using Western blot analysis, we found that ch-TOG is highly enriched in a variety of different 
brain regions (Fig. 1A), in line with previous RT-PCR results  [13, 14]. This expression pattern correlates 
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Figure 1. ch-TOG and SLAIN1/2 are expressed and interact with each other in brain tissue (A,B,D). 
Western blot analysis of di�erent adult rat tissues (A), mouse brain tissue of di�erent developmental stages 
(B) and extracts of primary hippocampal neuron culture extracts at di�erent stages of development in vitro 
(D) using the indicated antibodies. (C) Immunoprecipitations from extracts of rat embryonic cortex or adult 
brain with either control IgG or SLAIN1/2 antibodies analyzed by Western blotting with the indicated anti-
bodies. (E,F) Images of neurons �xed on DIV5 and labeled with the indicated antibodies. The insets show 
enlargements of the boxed areas, which show a dendritic (E) and an axonal (F) growth cone. In the overlay, 
EB1 is shown in green and ch-TOG (E) and SLAIN1/2 (F) in red.  Endog., Endogenous; T., total.

Figure 1. ch-TOG and SLAIN1/2 are expressed and interact with each other in brain tissue (A,B,D). 
Western blot analysis of di�erent adult rat tissues (A), mouse brain tissue of di�erent developmental stages 
(B) and extracts of primary hippocampal neuron culture extracts at di�erent stages of development in vitro 
(D) using the indicated antibodies. (C) Immunoprecipitations from extracts of rat embryonic cortex or adult 
brain with either control IgG or SLAIN1/2 antibodies analyzed by Western blotting with the indicated anti-
bodies. (E,F) Images of neurons �xed on DIV5 and labeled with the indicated antibodies. The insets show 
enlargements of the boxed areas, which show a dendritic (E) and an axonal (F) growth cone. In the overlay, 
EB1 is shown in green and ch-TOG (E) and SLAIN1/2 (F) in red.  Endog., Endogenous; T., total.

Figure 1. ch-TOG and SLAIN1/2 are expressed and interact with each other in brain tissue (A,B,D). Western blot 
analysis of different adult rat tissues (A), mouse brain tissue of different developmental stages (B) and extracts of 
primary hippocampal neuron culture extracts at different stages of development in vitro (D) using the indicated 
antibodies. (C) Immunoprecipitations from extracts of rat embryonic cortex or adult brain with either control IgG 
or SLAIN1/2 antibodies analyzed by Western blotting with the indicated antibodies. (E,F) Images of neurons fixed 
on DIV5 and labeled with the indicated antibodies. The insets show enlargements of the boxed areas, which show 
a dendritic (E) and an axonal (F) growth cone. In the overlay, EB1 is shown in green and ch-TOG (E) and SLAIN1/2 (F) 
in red.  Endog., Endogenous; T., total.
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with the high levels of β-tubulin found in these regions. Using a pan-SLAIN antibody that recognizes 
both SLAIN1 and SLAIN2 equally well [9], we observed multiple positive bands that likely correspond 
to different splice isoforms and/or post-translationally modified forms of SLAIN1/2 in the different 
tissues tested (Fig. 1A). In different brain regions, the double band at ~80 kDa detected with SLAIN1/2 
antibodies (Fig. 1A) is similar to non-phosphorylated SLAIN2 seen in non-neuronal interphase cells [9]. 

Next, we looked in more detail at ch-TOG and SLAIN1/2 expression levels in different mouse 
brain regions during brain development. We observed constant levels of ch-TOG, while SLAIN1/2 
expression was somewhat reduced in mature tissues (Fig.1B). These data indicate that ch-TOG and 
SLAIN1/2 are expressed in the brain and suggest that SLAINs might be more important at early 
developmental stages, in agreement with the data on SLAIN1 transcription [10, 15]. 

We tested whether SLAIN1/2 and ch-TOG associate with each other in brain tissues and 
found that this was indeed the case: ch-TOG coprecipitated with SLAIN1/2 from extracts of embryonic 
cortex and adult brain (Fig. 1C), similar to dividing cultured cells [9]. Coprecipitation of the two proteins 
was somewhat weaker from the adult tissue, suggesting that the complex might be more prominent 
during development.

In order to investigate the role of the SLAIN-ch-TOG complex in neuronal development we 
made use of rat hippocampal neuronal cultures undergoing terminal differentiation [16]. In neuronal 
cultures SLAIN1/2 and ch-TOG were present at relatively constant levels throughout development (Fig. 
1D). Using immunofluorescent labeling, endogenous ch-TOG and SLAIN1/2 could clearly be detected 
in cell body, neurites, axonal and dendritic growth cones of neurons at day 5 in vitro (DIV5) (Fig. 1E,F). 
Co-localization of SLAIN1/2 and ch-TOG with the plus-end marker EB1 was especially clear in the 
growth cones (Fig. 1E,F), which are the sites where highly dynamic MTs interact with the actin 
cytoskeleton to steer neurite growth [1-3].

DISRUPTION OF THE SLAIN-CH-TOG COMPLEX AFFECTS MT GROWTH IN NEURONS 
To assess the function of the SLAIN-ch-TOG complex during neuronal development, it was 

disrupted in two different ways. First, we performed RNA interference-mediated knockdown of 
SLAIN1/2 and ch-TOG using previously described short hairpin (sh) RNAs against ch-TOG and SLAIN2 
[9]. SLAIN1 target sequence was chosen in the region homologous to that of SLAIN2 shRNA. The 
efficiency of protein depletion was tested by introducing shRNAs into neuronal cultures by lentiviral 
transduction. Single SLAIN1 and SLAIN2 depletions had only a mild effect on the SLAIN1/2 pool (data 
not shown), while a combination of SLAIN1 and SLAIN2 shRNAs reduced this pool by ~60% (Fig. 2A); 
ch-TOG was depleted by ~80% (Fig. 2A). The lower efficiency of SLAIN1/2 depletion was likely due to 
the fact that the two proteins had to be depleted simultaneously. 

As an alternative approach, the SLAIN-ch-TOG complex was disrupted by overexpression of a 
dominant negative SLAIN2 construct (GFP-SLAIN2-N1). The expression of this SLAIN2 fragment, which 
can bind to ch-TOG but not to EBs, CLIPs or CLASPs, has previously been shown to disrupt MT plus-end 
recruitment of ch-TOG and inhibit MT growth similar to SLAIN2 knockdown in HeLa cells [9]. 

Disruption of the SLAIN-ch-TOG complex in DIV1 neurons by transfection of ch-TOG shRNA or 
GFP-SLAIN2-N1 construct strongly affected the number of growing MT ends as observed by 
immunofluorescent labeling of DIV5 neurons with EB1 antibody (Fig. 2B-D). These results are similar 
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to those seen in non-neuronal cells after SLAIN2 or ch-TOG depletion [9]. Knock down of SLAIN1 and 
SLAIN2 had a much milder effect, most likely because it was less profound (data not shown).

Next, we set out to investigate MT dynamics in neuronal cells after disruption of the SLAIN-
ch-TOG complex. We used as a marker of growing MT ends the dimeric version of the C-terminal 43 
amino acid long MT plus-end tracking fragment of the spectraplakin MACF2 (MACF43-LZ, [17]), which 
we named mCherry-MT+TIP. Plus-end tracking behavior of mCherry-MT+TIP could be readily observed 
in control GFP-expressing cells as well as in cells expressing GFP-SLAIN2-N1 or SLAIN1/2 or ch-TOG 
shRNAs (Fig. 3A). However, when the SLAIN-ch-TOG complex was disrupted, persistent MT growth was 
diminished due to a strongly increased frequency of catastrophes (Fig. 3B,C). This effect was similar in all 
neuronal compartments, including cell bodies, axons, dendrites and axonal growth cones (data not 

Figure 2. Disruption of the SLAIN-ch-TOG complex in neuronal cells. (A) Western blots of extracts of 
hippocampal neuronal cultures transduced with lentiviruses expressing the indicated shRNAs. SLAIN1+2 – 
simultaneous transduction with shRNAs against SLAIN1 and SLAIN2. (B) Quanti�cation of the number of 
EB1 comets in the cell body per 100 μm2 surface area in control shRNA, ch-TOG shRNA, GFP control and 
GFP-SLAIN2-N1 expressing neurons (10-15 cells were analyzed for each condition). Statistically signi�cant 
di�erences are indicated (** p<0.05, *** p <0.001). (C,D). Images of neurons transfected at DIV1 with indi-
cated constructs, �xed on DIV5 and labeled with antibodies against EB1. Asterisks in lower panels in C and 
D indicate transfected cells. Endog., Endogenous. 

Figure 2. Disruption of the SLAIN-ch-TOG complex in neuronal cells. (A) Western blots of extracts of hippocampal 
neuronal cultures transduced with lentiviruses expressing the indicated shRNAs. SLAIN1+2 – simultaneous 
transduction with shRNAs against SLAIN1 and SLAIN2. (B) Quantification of the number of EB1 comets in the cell 
body per 100 μm2 surface area in control shRNA, ch-TOG shRNA, GFP control and GFP-SLAIN2-N1 expressing 
neurons (10-15 cells were analyzed for each condition). Statistically significant differences are indicated (** p<0.05, 
*** p <0.001). (C,D). Images of neurons transfected at DIV1 with indicated constructs, fixed on DIV5 and labeled 
with antibodies against EB1. Asterisks in lower panels in C and D indicate transfected cells. Endog., Endogenous.

Proefschrift_M.Franker_final3.indb   48 16-9-2015   16:59:07



+TIPs SLAIN1/2 and ch-TOG promote axonal development

49

3

Figure 3. SLAIN-ch-TOG complex controls MT growth in neuronal cells. (A) Live images of neurons 
transfected at DIV1 with mCherry-MT+TIP together with GFP, GFP-SLAIN2-N1 or with shRNA constructs 
against SLAIN1 and SLAIN2 or ch-TOG. Live images were collected at DIV5 with 0.5 s interval. Single frames 
and maximum projections of 61 frames (bottom) are shown. (B) Kymographs illustrating MT growth using 
mCherry-MT+TIP in neurons co-expressing mCherry-MT+TIP together with GFP (control), GFP-SLAIN2-N1, 
SLAIN1+2 or ch-TOG shRNAs. (C) Quanti�cation of the catastrophe frequency in control, GFP-SLAIN2-N1-ex-
pressing cells or cells expressing the indicated shRNAs using data shown in A and B. 50-200 growth episodes 
in 5 to 9 cells observed predominantly in the cell body and proximal neurites were analyzed in each condi-
tion. Data for GFP control and control shRNA showed no signi�cant di�erences and were pooled.
(D) Mean instantaneous growth rates (growth rates measured between two frames acquired with 0.5 s 
interval) and histograms of MT growth rate distributions based on the displacement of mCherry-MT+TIP 
comets in DIV5 neurons co-transfected at DIV1 with GFP (control), GFP-SLAIN2-N1 or the shRNA constructs.  
Values signi�cantly di�erent from control are indicated by asterisks (** p < 0.05, *** p <0.001).

Figure 3. SLAIN-ch-TOG complex controls MT growth in neuronal cells. (A) Live images of neurons transfected at 
DIV1 with mCherry-MT+TIP together with GFP, GFP-SLAIN2-N1 or with shRNA constructs against SLAIN1 and 
SLAIN2 or ch-TOG. Live images were collected at DIV5 with 0.5 s interval. Single frames and maximum projections 
of 61 frames (bottom) are shown. (B) Kymographs illustrating MT growth using mCherry-MT+TIP in neurons co-
expressing mCherry-MT+TIP together with GFP (control), GFP-SLAIN2-N1, SLAIN1+2 or ch-TOG shRNAs. (C) 
Quantification of the catastrophe frequency in control, GFP-SLAIN2-N1-expressing cells or cells expressing the 
indicated shRNAs using data shown in A and B. 50-200 growth episodes in 5 to 9 cells observed predominantly in 
the cell body and proximal neurites were analyzed in each condition. Data for GFP control and control shRNA 
showed no significant differences and were pooled.(D) Mean instantaneous growth rates (growth rates measured 
between two frames acquired with 0.5 s interval) and histograms of MT growth rate distributions based on the 
displacement of mCherry-MT+TIP comets in DIV5 neurons co-transfected at DIV1 with GFP (control), GFP-
SLAIN2-N1 or the shRNA constructs. Values significantly different from control are indicated by asterisks  
(** p < 0.05, *** p <0.001).
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shown). Instantaneous MT growth rate was reduced in ch-TOG depleted cells and in cells expressing 
GFP-SLAIN2-N1 (Fig. 3D), in line with the role of ch-TOG as a MT polymerization-promoting factor. 
SLAIN1/2 depletion had no effect (Fig. 3D), likely because the knockdown was incomplete. It should be 
noted that fast growth episodes were still observed in all conditions (Fig. 3D), indicating that MT 
polymerization rate is less sensitive to reduction in SLAIN and ch-TOG levels than growth processivity. In 
conclusion, the disruption of the SLAIN-ch-TOG complex in neuronal cells perturbs persistent MT growth.

SLAIN AND CH-TOG PLAY A ROLE IN AXON EXTENSION 
To assess the morphological effect of disrupting MT dynamics by inhibiting SLAIN-ch-TOG 

complex formation, we have analyzed the length of axons and dendrites at DIV5 in neurons that were 
transfected with different shRNAs or GFP-SLAIN2-N1 at DIV1. Immunofluorescent staining with 
antibodies against tau and MAP2 was used to distinguish axons and dendrites (Fig. 4A). Depletion of 
SLAIN1/2 or ch-TOG and the overexpression of GFP-SLAIN2-N1 caused a similar, significant decrease in 
axonal length at DIV5 compared to control cells (Fig.4B,C). Dendritic length was highly variable at this 
developmental stage and showed no significant differences (Fig. 4C). From these experiments we 
conclude that MT growth dynamics regulated by the SLAIN-ch-TOG complex is important for proper 
axon outgrowth during development of primary hippocampal rat neurons.

DISCUSSION
In this study, we used post-mitotic neurons to analyze the expression and role of ch-TOG and 

SLAIN1/2, factors previously shown to be critically important for proper MT growth in dividing cells [9]. We 
found that ch-TOG and SLAIN1/2 are expressed throughout mouse brain development and in primary 
hippocampal neuron cultures. Disruption of the SLAIN-ch-TOG complex by ch-TOG depletion or 
overexpression of the dominant negative SLAIN2 reduced the number of EB1 comets in neuronal cell 
bodies and increased MT catastrophe frequency in cell bodies, axons and dendrites. Simultaneous 
depletion of SLAIN1 and SLAIN2 also greatly increased the frequency of catastrophes, although it had no 
strong effect on the number of EB1 comets, most likely because it was less efficient. These results indicate 
that the SLAIN-ch-TOG complex promotes processive MT polymerization in all neuronal compartments. 

In non-neuronal cells, SLAIN1/2 and ch-TOG together with EBs help to support frequent and 
persistent MT outgrowth, which is needed to maintain a radial MT array necessary for proper 
localization of membrane compartments and cell polarity [9]. In neurons, SLAIN1/2 and ch-TOG have 
a similar role: when the SLAIN-ch-TOG complex is disrupted, MT growth episodes become less frequent 
and are more often interrupted by catastrophes. This change in MT dynamics is expected to have a 
negative effect on the invasion of lamellipodia by MTs and MT stabilization and elongation, processes 
critical for neurite initiation and extension [1-3]. The disruption of the SLAIN-ch-TOG complex in the 
first days of neuronal development (DIV1 to DIV5 neurons) led to a reduction of axonal length.  This is 
in line with the data obtained using MT-targeting drugs: application of low doses of nocodazole, 
vinblastine or taxol has been shown to slow down the axonal growth cone propagation [18-22]. In our 
experiments, axon extension was reduced but not abolished, most likely due to the timing of our 
inhibitory treatments (transfection at DIV1) and the incomplete disruption of SLAIN1/2 and ch-TOG 

Proefschrift_M.Franker_final3.indb   50 16-9-2015   16:59:07



+TIPs SLAIN1/2 and ch-TOG promote axonal development

51

function. Interestingly, the extent of reduction of axon length in our experiments was similar to that 
observed in another study where hippocampal neurons were treated with low doses of nocodazole 
from DIV1 to DIV3 [4]. Dendrite extension was not significantly affected, most likely because, in 
contrast to axons, dendrites do not undergo extensive elongation at the developmental stage examined 
(DIV 5) and are therefore likely less sensitive to alterations in MT dynamics.

Recently, a general model of cell elongation showed that cell length can be controlled by 
parameters of MT growth dynamics, such as polymerization velocity and catastrophe frequency [23]. 
Our results are in good agreement with this model because they show that an increase in MT 
catastrophe frequency leads to shorter MT-dependent cell extensions, axons of developing neurons.

The enrichment of ch-TOG and SLAIN1/2 in neuronal growth cones suggests a role of this 
complex in growth cone dynamics similar to the roles of CLIPs and CLASPs [24, 25]. These protein 
families can interact with SLAINs [9], and it remains to be determined whether SLAINs play a role in the 
accumulation of these proteins at the MT tips in growth cones. Interestingly, in Drosophila, the ch-TOG 
homologue Minispindles (Msps) interacts with the CLASP homologue and can antagonize its function 
in axon guidance [26]. In vertebrate cells, CLASPs can both impede and promote axonal growth 
depending on whether they bind to the MT lattice or the growing MT tips [25, 27], suggesting that they 
can either cooperate with ch-TOG or antagonize its axon growth-promoting activity. 

Taken together, our study has identified the SLAIN-ch-TOG MT tip complex as an important 
regulator of axon growth in primary hippocampal neurons, indicating that basic MT polymerization 
machinery is important for a complex differentiation process such as neuronal development.

 
MATERIALS AND METHODS
Constructs

pβactin-HA-β-galactosidase has been previously described [28], GFP-SLAIN2-N1 [9] was cloned into 
neuronal GFP-GW1 expression vector (modified GW1-vector, British Biotechnology, [28]. The Cherry-MT+TIP 
construct contains the two-stranded leucine zipper coiled-coil sequence corresponding to GCN4-p1 
(RMKQLEDKVEELLSKNYHLENEVARLKKLVGER) fused to a glycine rich-linker sequence (GAGG) followed by the 
C-terminal 43 amino acid peptide ETVPQTHRPTPRAGSRP-STAKPSKIPTPQRKSPASKLDKSSKR of human MACF2 
(E5455-R5497; NP_899236), which binds to EB1 and tracks growing MT ends in an EB1-dependent manner [17]. 
The construct was inserted in pBactin-16-pl expression vector.  pSuper-based shRNA vectors were directed against 
the following target sequences: mouse/rat ch-TOG AGAGTCCAGAATGGTCCAA, rat/human  SLAIN1 
ATCTATCGACAGTGAGCTG; rat SLAIN2 CTCTATAGATAGTGAGTTA [9]. shRNA lentiviral constructs were created by 
inserting the H1 promoter and shRNA sequences described above into the XbaI and XhoI sites of pLentiLox3.7 
which contained EGFP driven by a human synapsin1 promoter [29, 30]. 

Neuronal cultures, transfection and lentiviral transduction
Primary hippocampal cultures were prepared from brains of embryonic day 18 (E18) rats of either sex as 

described by [7] and transfected using Lipofectamine 2000 (Invitrogen) for live imaging and immunofluorescent 
staining.  To generate Western blots of shRNA-expressing neurons, neuronal cultures were transduced with 
lentiviruses as described previously [29, 30]

Antibodies, immunofluorescent cell staining, immunoprecipitation and Western blotting
Neurons were fixed with 4% PFA/4% sucrose in PBS for 10 minutes at room temperature to visualize 
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Figure 4. ch-TOG and SLAIN1/2 are necessary for axon extension. (A) Images of neurons trans-
fected at DIV1 with the control GFP construct, �xed at DIV5 and labeled with tau or MAP2 antibod-
ies. (B) Images of neurons transfected with the indicated constructs and GFP as a neuronal morphol-
ogy marker at DIV1 and �xed at DIV5. (C) Quanti�cation of the total length of axons and dendrites in 
DIV5 neurons transfected at DIV1 with the indicated constructs. GFP was used as a morphology 
marker, and tau and MAP2 staining was used to distinguish axons and dendrites. 9-12 cells were 
analyzed for each condition. Statistically signi�cant di�erences are indicated (**p <0.05).  Error bars 
indicate SEM.

Figure 4. ch-TOG and SLAIN1/2 are necessary for axon extension. (A) Images of neurons transfected at DIV1 with 
the control GFP construct, fixed at DIV5 and labeled with tau or MAP2 antibodies. (B) Images of neurons transfected 
with the indicated constructs and GFP as a neuronal morphology marker at DIV1 and fixed at DIV5. (C) Quantification 
of the total length of axons and dendrites in DIV5 neurons transfected at DIV1 with the indicated constructs. GFP 
was used as a morphology marker, and tau and MAP2 staining was used to distinguish axons and dendrites. 9-12 
cells were analyzed for each condition. Statistically significant differences are indicated (**p <0.05).  Error bars 
indicate SEM.
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neuronal morphology, and with a combination of cold methanol and paraformaldehyde to stain for EB1, ch-TOG or 
SLAIN1/2. Extracts of tissues and primary hippocampal neuron cultures and immunoprecipitation were done as 
described previously [7, 9].

We used rabbit polyclonal antibodies against SLAIN1/2 [9], β-galactosidase (MP Biomedicals), and ch-
TOG [31], a gift from  L. Cassimeris (Lehigh University; Bethelehem, USA); mouse monoclonal antibodies against 
EB1 (BD Biosciences), MAP2 (Santa Cruz), β-tubulin, tau and actin (Chemicon). The following secondary antibodies 
were used: alkaline phosphatase-conjugated anti-rabbit, anti-mouse or anti-rat antibodies (Sigma-Aldrich), IRDye 
800CW Goat anti-rabbit, anti-mouse and anti-rat IgG (Li-Cor Biosciences), Alexa-350, Alexa-488 and Alexa-598 
conjugated goat antibodies against rabbit, rat, and mouse IgG (Molecular Probes). 

Image Acquisition and Processing
Images of fixed cells were collected with a Leica DMRBE microscope equipped with a PL Fluotar 100x 1.3 

N.A. or 40x 1.00-0.50 N.A. oil objectives, FITC/EGFP filter 41012 (Chroma) and Texas Red filter 41004 (Chroma) and 
an ORCA-ER-1394 CCD camera (Hamamatsu) or with a Nikon A1R confocal laser microscope equipped with a 20x 
air Plan-Apo N.A. 0.75, a 40x oil Plan-Fluor N.A. 1.3 and a 60x oil Plan-Apo N.A. 1.4 objectives.

 Time-lapse live-cell imaging of Cherry-MT+TIP was performed on a Nikon Eclipse TE2000E (Nikon) 
equipped with an incubation chamber (INUG2-ZILCS-H2; Tokai Hit, Fujinomiya) mounted on a motorized stage 
(Prior). Coverslips were mounted in metal rings, immersed in conditioned medium and maintained at 37˚C and 5% 
CO2. To image fast MT dynamics, we performed two color Total Internal Reflection Fluorescence  (TIRF) microscopy 
using a Nikon microscope equipped with a 100x Apo TIRF N.A. 1.49 objective, 2.5x Optovar and EMCCD camera 
(QuantEM, Roper Scientific).  For excitation and imaging of GFP, we used 488nm argon laser (Spectra-Physics 
Lasers) in combination with ET-GFP filter set (49002, Chroma) and for mCherry we used 561nm diode-pumped 
solid-state laser (Melles Griot) combined with Cherry ET-mCherry filter set (49008, Chroma). 

 Image processing, kymograph analysis and various quantifications were performed using Metamorph 
(Molecular Devices). Analysis of neuron morphology was performed using SynD [32].  Images were prepared for 
publication using MetaMorph and Adobe Photoshop. Statistical analysis was performed using non-parametric 
Mann-Whitney U-test in Statistica for Windows and SigmaPlot.
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Axon formation, the initial step in establishing neuronal polarity, critically depends on local 
microtubule reorganization and is characterized by the formation of parallel microtubule arrays. How 
uniform microtubule polarity is achieved during axonal development remains an outstanding question. 
Here, we show that the tripartite motif containing (TRIM) protein TRIM46 plays an instructive role in 
the initial polarization of neuronal cells. TRIM46 is specifically localized to the newly specified axon 
and, at later stages, partly overlaps with the axon initial segment. In the proximal axon, TRIM46 
specifically associates with stable, parallel microtubule arrays oriented with their plus-end out. 
Without TRIM46, all neurites have a dendrite-like mixed microtubule organization resulting in Tau 
missorting and altered cargo trafficking. By forming uniform microtubule arrays in the axon, TRIM46 is 
required for neuronal polarity and axon specification in vitro and in vivo. Thus, TRIM46 defines a 
unique axonal cytoskeletal compartment for regulating microtubule organization and directional cargo 

transport during neuronal development.
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INTRODUCTION
Axons are long, slender projections of a nerve cell that typically carry the electrical impulses 

away from the neuron’s cell body. These long cellular structures are generated during development 
and maintained during the lifetime of an organism. Both axon outgrowth and maintenance largely 
depend on the organization and dynamics of the microtubule (MT) cytoskeleton. MTs form the 
structural backbones of the axon, as well as the highways for axonal transport essential for the supply 
of newly synthesized proteins and lipids [1, 2]. Mutations in human genes encoding for tubulin and 
MT-associated proteins cause a range of axon abnormalities and several neurological and 
neurodegenerative diseases have been linked to defects in axon architecture and transport related-
processes [3, 4]. Regulation of axonal MT dynamics has also emerged as a key factor in axonal regrowth 
potential after spinal cord injury [5-7]. These studies highlight the importance of MTs for the structure 
and function of axons and MT remodeling as critical mechanism during axon regeneration.

In mature neurons, MTs are found throughout the whole axon; they form dense bundles in 
the shaft and these bundles extend into the growth cone where they spread out into single MTs [1, 8]. 
In contrast to dendrites, axonal MTs have a unique parallel organization [9]. Axons contain linear arrays 
of uniformly polarized MTs with the minus-ends pointing toward the cell body and the plus-ends 
pointing outward to the distal tips. Electron microscopy and live cell imaging studies have shown that 
uniform plus-end out MTs in axons are a universal and evolutionarily conserved signature of axons [1, 
8, 9]. Using both assays in organisms ranging from the invertebrate to mammals, >95% of axonal MTs 
have been found to be plus-end out [10-13]. The uniformly oriented axonal MTs likely drive polarized 
cargo transport [14]. It has been shown that MT plus-end directed kinesin displays a higher affinity 
toward axonal MTs, which could promote the transport of specific cargos into the axon [15-17]. In 
contrast, little is known how the unique uniform MT orientation is built up and maintained in axons.

MT-based mechanisms are not only important for regulating architecture and cargo trafficking 
in mature axons, they also have an instructive role in the polarization of neurons and establishment of 
axon identity [1, 8]. The transition from a symmetric to an asymmetric cell shape begins when a single 
neurite initiates a phase of rapid growth to become the axon, while other cell extensions later 
differentiate into dendrites. This symmetry breaking is the initial step of neuronal polarization, which 
largely depends on cytoskeletal rearrangements [1, 18]. Several studies have demonstrated that MTs, 
in parallel with the actin cytoskeleton, determine the initial polarization of neurons [1, 8]. Axon 
formation critically depends on local MT reorganization and is characterized by the formation of 
parallel MT bundles with their plus-ends pointing outward [9]. It was also shown that MT stabilization 
in one of the undifferentiated neurites of hippocampal neurons is sufficient to break symmetry and 
specify axon formation [19]. Therefore, stabilization and bundling of parallel MTs in the future axon 
could be key processes underlying neuronal polarization. This model also suggests that specific MT-
associated proteins may localize to the newly specified axon and locally regulate uniform MT 
orientation. An important challenge is thus to identify factors that regulate neuronal polarization by 
setting up axon-specific MT organization.

In this study, we use a combination of immunohistochemical, biochemical and cell-biological 
approaches, live cell imaging, quantitative/high-resolution microscopy and in utero electroporation to 
determine the role of the newly identified MT-associated protein TRIM46, which belongs to the 
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tripartite motif containing (TRIM) protein family. We show that TRIM46 specifically localizes to the 
newly specified axon and organizes uniform MT orientation in axons. Moreover, TRIM46 is required for 
axon specification and neuronal polarity in vitro and in vivo. We propose a model in which the 
formation of uniform MTs in the axonal shaft initiates the polarity of neurons.

RESULTS
Identification of TRIM46 as an autoantigen in the proximal axon

Human autoimmune antibodies have helped to identify several new antigens, including 
antigens at the axon initial segment [20, 21]. Previous studies showed that two autoimmune antibodies 
display immunoreactivity with the proximal axon of Purkinje cells in cerebellum sections (Figure 1A 
and S1A)[22, 23]. We set out to identify the axon specific antigen by performing immunoprecipitation 
experiments on crude rat brain extracts using the serum reported by Shams’ili et al., followed by mass 
spectrometry (Figure 1B). The results were compared to datasets obtained from previous mass 
spectrometry experiments [24], and we identified TRIM46 (tripartite motif family member 46; UniProt 
D3ZA17), also named TRIFIC (tripartite, fibronectin type III, and C-terminal B30.2-like motif) [25], as a 
unique protein pulled down by the autoimmune serum. TRIM46 is a member of the C-I TRIM family, a 
subfamily of the RBCC (N-terminal RING finger/B-box/coiled coil)/TRIM superfamily [25]. Many 
proteins containing a RING finger domain play a role in the ubiquitination pathway [25, 26]. However 
ubiquitin E3 ligase activity and putative substrates for TRIM46 have not been reported and no 
interaction was found with ubiquitin-conjugating E2 enzymes [27, 28]. 

To confirm the presence of TRIM46 specific antibodies in the autoimmune sera, we performed 
immunoprecipitation experiments with extracts of HEK293 cells expressing GFP-tagged TRIM46. In 
contrast to control serum, both autoimmune sera pulled down GFP-TRIM46 and not control GFP 
(Figure 1C and S1B). We next performed cell-based assays to find further evidence for TRIM46 as the 
antigen that is recognized by the autoimmune antibodies. Both sera and a newly generated rabbit 
TRIM46 antibody strongly stained HeLa cells expressing GFP-TRIM46, but not the surrounding 
untransfected cells or control cells expressing the close homologue GFP-TRIM36 (Figure 1D, S1C, and 
S2A-B). Consistent with a previous report [25], both TRIM46 and TRIM36 label the MT cytoskeleton in 
HeLa cells (Figure S1D). To determine whether TRIM46 is the autoantigen localized at the proximal 
axon, we next used RNAi to deplete endogenous TRIM46 in primary neuronal cultures and analyzed 
immunofluorescent staining patterns. The efficiency of TRIM46 protein depletion was first tested by 
introducing two independent TRIM46 shRNAs into cortical neurons. Western blot analysis revealed 
that both shRNAs reduced the levels of TRIM46 by ~80% (Figure 1E-F). Staining of differentiated 
hippocampal neurons at 5 days in vitro (DIV5) transfected with TRIM46 shRNAs with the autoimmune 
sera or the rabbit TRIM46 antibody confirmed that the TRIM46 staining at the proximal axon was 
reduced by ~80% compared to control cells. In neurons expressing both TRIM46 shRNAs, the axonal 
TRIM46 staining was reduced by ~90% (Figure 1G-H). Together, these results demonstrate that TRIM46 
is the antigen in the proximal axon detected by the autoimmune antibodies.
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TRIM46 specifically localizes to the proximal axon and defines the compartment between 
somatodendritic MAP2 and axonal tau

To gain more insight into the role of TRIM46, we first analyzed the localization of TRIM46 in 
the nervous system. Immunofluorescence labeling of mouse brain sections showed that TRIM46 is 
specially enriched in the initial part of the axon, as outlined by the cerebellar Purkinje cell marker 
Calbindin (Figure S3A). The axonal TRIM46 staining pattern partly overlaps with Ankyrin-G (AnkG) 
staining, which outlines the axon initial segment (AIS) (Figure 2A,B). TRIM46 co-distributes with AnkG 
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Figure 1. Identi�cation of TRIM46 as an autoimmune antigen. (A) Mouse cerebellum sections stained with 
autoimmune serum #1 (green) together with AnkG (red) and Calbindin (blue). G, granular layer; M, molecular 
layer. (B) Coomassie-stained gel of total rat brain extract immunoprecipitated with serum #1. (C) Western blot 
analysis of HEK293 cell extracts expressing GFP or GFP-TRIM46 and immunoprecipitated using anti-GFP antibod-
ies, serum #1 or control serum. (D) HeLa cells expressing either GFP-TRIM46 or GFP-TRIM36 (green) stained with 
serum #1 (red). (E, F) Western blot analysis and quanti�cations of cortical neurons (DIV7) expressing pSuper 
control, TRIM46-shRNA#1, TRIM46-shRNA#2, or TRIM46-shRNA#1/2. (G) Representative images of DIV5 hippocam-
pal neurons co-transfected at DIV1 with β-galactosidase (blue) together with pSuper control or TRIM46-shR-
NA#1/2, and co-stained with serum #1 (green) and rabbit serum against TRIM46 (red). (H) Quanti�cation of the 
normalized intensities of serum #1 and TRIM46 rabbit serum stainings in neurons (DIV5) transfected at DIV1 with 
pSuper control (n=29), TRIM46-shRNA#1 (n=30), TRIM46-shRNA#2 (n=30), or TRIM46-shRNA#1/2 (n=30). 
Error bars represent SEM. ***P<0.001 (t-test). A.U., arbitrary units. Scale bar is 10µm in A, D and G.
    

Figure 1. Identification of TRIM46 as an autoimmune antigen. (A) Mouse cerebellum sections stained with 
autoimmune serum #1 (green) together with AnkG (red) and Calbindin (blue). G, granular layer; M, molecular layer. 
(B) Coomassie-stained gel of total rat brain extract immunoprecipitated with serum #1. (C) Western blot analysis of 
HEK293 cell extracts expressing GFP or GFP-TRIM46 and immunoprecipitated using anti-GFP antibodies, serum #1 
or control serum. (D) HeLa cells expressing either GFP-TRIM46 or GFP-TRIM36 (green) stained with serum #1 (red). 
(E, F) Western blot analysis and quantifications of cortical neurons (DIV7) expressing pSuper control, TRIM46-
shRNA#1, TRIM46-shRNA#2, or TRIM46-shRNA#1/2. (G) Representative images of DIV5 hippocampal neurons co-
transfected at DIV1 with β-galactosidase (blue) together with pSuper control or TRIM46-shRNA#1/2, and co-
stained with serum #1 (green) and rabbit serum against TRIM46 (red). (H) Quantification of the normalized 
intensities of serum #1 and TRIM46 rabbit serum stainings in neurons (DIV5) transfected at DIV1 with pSuper 
control (n=29), TRIM46-shRNA#1 (n=30), TRIM46-shRNA#2 (n=30), or TRIM46-shRNA#1/2 (n=30). Error bars 
represent SEM. ***P<0.001 (t-test). A.U., arbitrary units. Scale bar is 10µm in A, D and G.
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Figure 2. Localization of TRIM46 to the proximal part of the axon. (A, B) Sections of mouse dentate 
gyrus and cerebral cortex stained for AnkG (green) and TRIM46 (red). (C) Cultured hippocampal neuron 
(DIV7) stained for TRIM46 (green) and MAP2 (red). (D) Zoom of the proximal axon in DIV7 hippocampal 
neurons stained for TRIM46 (green) and AnkG (red). Diagram shows the average normalized �uorescent 
intensity pro�les of TRIM46 (n=179) and AnkG (n=16). (E) Representative image and dSTORM reconstruc-
tion including linescan (500 nm width) of DIV5 hippocampal neurons stained for TRIM46 (green) and AnkG 
(red). (F) Zoom of the proximal axon in DIV7 hippocampal neurons stained for TRIM46 (green), Tau (red) 
and MAP2 (blue). Diagram shows the average normalized �uorescent intensity pro�les of TRIM46 (n=179), 
Tau (n=23), and MAP2 (n=11). (G) Representative images of DIV4 cortical neurons expressing pSuper 
control or TRIM46-shRNA#1/2, and co-stained with MAP2 (blue), TRIM46 (green), and Tau (red). Diagram 
shows the individual �uorescent intensity pro�les from the soma into the axon. (H) Polarity index of MAP2 
and Tau in cortical neurons (DIV4) expressing pSuper control  (n=16) or TRIM46-shRNA#1/2 (n=15).
Error bars represent SEM. ***P<0.001 comparing control versus shRNA1/2 (Mann-Whitney U Test). A.U., 
arbitrary units. Scale bar is 1 µm in E, 10µm in B, C, D, F and G, and 100µm in A.

Figure 2. Localization of TRIM46 to the proximal part of the axon. (A, B) Sections of mouse dentate gyrus and 
cerebral cortex stained for AnkG (green) and TRIM46 (red). (C) Cultured hippocampal neuron (DIV7) stained for 
TRIM46 (green) and MAP2 (red). (D) Zoom of the proximal axon in DIV7 hippocampal neurons stained for TRIM46 
(green) and AnkG (red). Diagram shows the average normalized fluorescent intensity profiles of TRIM46 (n=179) 
and AnkG (n=16). (E) Representative image and dSTORM reconstruction including linescan (500 nm width) of DIV5 
hippocampal neurons stained for TRIM46 (green) and AnkG (red). (F) Zoom of the proximal axon in DIV7 
hippocampal neurons stained for TRIM46 (green), Tau (red) and MAP2 (blue). Diagram shows the average 
normalized fluorescent intensity profiles of TRIM46 (n=179), Tau (n=23), and MAP2 (n=11). (G) Representative 
images of DIV4 cortical neurons expressing pSuper control or TRIM46-shRNA#1/2, and co-stained with MAP2 
(blue), TRIM46 (green), and Tau (red). Diagram shows the individual fluorescent intensity profiles from the soma 
into the axon. (H) Polarity index of MAP2 and Tau in cortical neurons (DIV4) expressing pSuper control  (n=16) or 
TRIM46-shRNA#1/2 (n=15). Error bars represent SEM. ***P<0.001 comparing control versus shRNA1/2 (Mann-
Whitney U Test). A.U., arbitrary units. Scale bar is 1 µm in E, 10µm in B, C, D, F and G, and 100µm in A.
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throughout the central nervous system and is present in the proximal axon of all neuronal types 
examined, including pyramidal neurons and interneurons in cortex and hippocampus and all neuronal 
cell types in the cerebral and cerebellar cortex (Figure 2A,B and S3A-C). Interestingly, TRIM46 staining 
is also detected in the proximal axon of dorsal root ganglion (DRG) neurons in the peripheral nervous 
system (Figure S3D). In contrast to AnkG, TRIM46 is not detected at the nodes of Ranvier in the mouse 
sciatic nerve (Figure S3E). 

To further analyze the subcellular distribution of TRIM46 we stained fully polarized 
hippocampal neurons in culture at DIV7. Consistent with the immunohistochemistry data, TRIM46 
was absent from the cell body and dendrites but highly enriched in the initial part of the axon (Figure 
2C). Similar results were obtained by immunostaining with the autoimmune serum (Figure 1G) and by 
low-level expression of GFP-TRIM46 in cultured neurons (Figure S4A). Interestingly, GFP-TRIM36 did 
not localize to the proximal axon (Figure S4A). The TRIM46 staining pattern overlapped with the more 
proximal region of the AIS (Figure 2D and S4B). However, direct stochastic optical reconstruction 
microscopy (dSTORM) imaging revealed that AnkG and TRIM46 mark two separate axonal domains; 
AnkG is present at the axonal plasma membrane, while TRIM46 localizes to bundles in the axon shaft 
(Figure 2E).  We next determined the degree of colocalization with the somatodendritic marker MAP2 
and axonal marker Tau (Figure 2F and S4C). Quantitative analysis revealed that TRIM46 defines the 
axonal region between MAP2 and Tau (Figure 2F). TRIM46 depletion in differentiated neurons resulted 
in the polarized distribution of MAP2 and Tau and led to an overlap of these markers in the proximal 
part of the axon (Figure 2G-H). Line scans along the proximal axon demonstrate MAP2 staining in the 
proximal axon, high levels of Tau near the cell body, and decreasing Tau immunoreactivity at more 
distal locations in TRIM46 knock-down cells (Figure 2G). Together, these results demonstrate that in 
more mature neurons TRIM46 labels an axonal subdomain between the soma and the proximal edge 
of the AIS and defines the barrier between somatodendritic MAP2 and axonal tau.  

TRIM46 is not required for AIS maintenance but needed for proper axon morphology
Given previous observations that loss of AnkG also alters the MAP2 and Tau distribution [29, 

30], we examined the effect of TRIM46 knockdown on the localization of several AIS markers, including 
AnkG, βIV-spectrin, neurofascin (NF)-186 and voltage-gated sodium (Nav) channels. Depletion of 
TRIM46 in already polarized neurons only partly affected the AIS (Figure S5A), suggesting that TRIM46 
is not required for AIS maintenance. Interestingly, knockdown of AnkG caused a marked TRIM46 
redistribution, while depletion of other AIS proteins did not affect TRIM46 localization (Figure S5B-C). 
These data suggest that AnkG maintains the TRIM46 compartment between MAP2 and Tau, which is 
consistent with the critical role of AnkG in maintaining general axo-dendritic polarity [29, 30]. We next 
examined the effect of TRIM46 knockdown on the outgrowth of axons in differentiated neurons. In 
neurons at DIV5 expressing TRIM46 shRNAs and β-galactosidase (β-gal; to highlight neuronal 
morphology), we observed a marked change in axon morphology (Figure S5D). Quantification revealed 
a decrease of total axon length, primary axon length, number of axon branches, and a decrease in 
mean length per axon branch compared to control neurons (Figure S5D-E). These data indicate that 
TRIM46 is not required for AIS maintenance but needed for proper axon morphology when neurons 
are already polarized.
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Figure 3. TRIM46 bundles parallel microtubules. (A) Table showing the MT association, axon localiza-
tion, and rescue of the taxol phenotype using indicated constructs. (B) HeLa cells expressing GFP-TRIM46 
wild-type or ΔCOS stained for GFP (green) and alpha-tubulin (red). Maximum intensity projection. (C, D) 
HeLa cells expressing GFP-TRIM46 stained for GFP (green) and EB1 (red). The yellow and white asterisks 
indicate the cell periphery and center, respectively. (E) Quanti�cation of the ratio of EB1 comets at the cell 
periphery versus the cell center in control HeLa cells (n=32) and HeLa cells expressing GFP-TRIM46 (n=35). 
(F, G) Representative stills and a kymograph from a TIRFM time-lapse recording of COS-7 cells expressing 
mCherry-TRIM46 (red) and GFP-MT+TIP (green). Time is in seconds. (H) Schematic representation of 
laser-induced MT severing (LS) experiment. (I, J) Representative stills and kymographs from a TIRFM 
time-lapse recording of COS-7 cells expressing GFP-MT+TIP (green) together with mCherry-TRIM46 or 
mCherry-PRC1 (red). The location and time point of LS is indicated by the white asterisk. Time is in seconds, 
where time point 0 is the moment of LS. (K) Quanti�cation of the percentage of outwards and inwards MT 
growth after laser-induced MT severing in COS-7 cells expressing mCherry-TRIM46 (n=20), mCher-
ry-TRIM36 (n=15), mCherry-TRIM46Ring (n=15), or mCherry-PRC1 (n=13). Error bars represent SEM. 
***P<0.001, comparing GFP-TRIM46 negative versus positive cells (Mann-Whitney U Test). Scale bar is 1µm 
in I and J, 5µm in F, and 10µm in B, C and D.

Figure 3. TRIM46 bundles parallel microtubules. (A) Table showing the MT association, axon localization, and 
rescue of the taxol phenotype using indicated constructs. (B) HeLa cells expressing GFP-TRIM46 wild-type or ΔCOS 
stained for GFP (green) and alpha-tubulin (red). Maximum intensity projection. (C, D) HeLa cells expressing GFP-
TRIM46 stained for GFP (green) and EB1 (red). The yellow and white asterisks indicate the cell periphery and center, 
respectively. (E) Quantification of the ratio of EB1 comets at the cell periphery versus the cell center in control HeLa 
cells (n=32) and HeLa cells expressing GFP-TRIM46 (n=35). (F, G) Representative stills and a kymograph from a 
TIRFM time-lapse recording of COS-7 cells expressing mCherry-TRIM46 (red) and GFP-MT+TIP (green). Time is in 
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The RING finger and COS box localize TRIM46 to the axon
We next identified the domains responsible for the axonal localization of TRIM46. Like all 

members of the RBCC/TRIM superfamily, TRIM46 has an N-terminal RBCC domain containing a RING 
finger, a B-box and coiled coil region. TRIM46 also has a unique C-terminal subgroup one signature 
(COS) box between the RBCC domain and the C-terminal B30.2-like domain (Figure 3A). By analyzing 
TRIM46 deletion constructs, we found that the N-terminal RING finger domain of TRIM46 is required 
for localization to the proximal axon in TRIM46 depleted neurons (Figure 3A). Like all TRIM family 
members, the TRIM46 RING finger domain contains a conserved Cys3HisCys4 motif that is critical for 
proper folding of the RING finger and its potential E3 ubiquitin-protein ligase activity (Figure S2B) [26]. 
Interestingly, the unfolded RING finger mutant TRIM46 (GFP-TRIM46-RING mutant) in which the 
conserved cysteine and histidine residues are mutated [31, 32] still localizes to the proximal axon 
(Figure 3A). These results indicating that not the folding and potential activity of the RING finger but 
the sequences within the RING domain contributes to the axonal localization of TRIM46. 

Members of the C-I TRIM family, including TRIM46 and TRIM36 label the MT cytoskeleton in 
HeLa cells (Figure S1D). Previous analyses suggested that the coiled-coiled COS box is required for MT 
association [25]. Neurons treated with the MT depolymerizing drug nocodazole lost the specific 
TRIM46 staining (Figure S5F-G), indicating that association with MTs is required for the axonal 
localization of TRIM46. We then identified the region responsible for MT binding and found that the 
N-terminal region of TRIM46 (GFP-TRIM46-∆C) is minimal region required for MT association in HeLa 
cells (Figure 3A,B). While the RING finger do main is not directly needed for MT binding, the COS box 
is needed to associate with MTs (Figure 3A). Like the N-terminal RING finger domain, the COS box is 
indispensable for localization to the proximal axon (Figure 3A,B). Together, these results suggest that 
both the N-terminal RING finger and MT binding properties of the COS box are collectively involved in 
the axon localization of TRIM46.

TRIM46 forms parallel microtubule arrays
We further examined the interaction between TRIM46 and MTs and its relevance for axonal 

MT organization. GFP-TRIM46 expression in HeLa cells generated multiple MT bundles with the 
majority of their plus-ends pointing towards the cell periphery (Figure 3C-E). Visualizing MT dynamics 
by using the plus-end marker GFP-MT+TIP showed that several comets grow from a single TRIM46 
positive MT bundle (Figure 3F and Movie S1). When analyzed in more detail, we found that MT plus-
end dynamics primarily occurs at the tips of the TRIM46 bundles (Figure 3G). Since MT bundles can be 
arranged in a parallel or in an antiparallel fashion, we studied the MT orientation in TRIM46 bundles 
using laser-based microsurgery [33]. Cutting a MT bundle with a laser creates new MT ends and allows 

seconds. (H) Schematic representation of laser-induced MT severing (LS) experiment. (I, J) Representative stills and 
kymographs from a TIRFM time-lapse recording of COS-7 cells expressing GFP-MT+TIP (green) together with 
mCherry-TRIM46 or mCherry-PRC1 (red). The location and time point of LS is indicated by the white asterisk. Time 
is in seconds, where time point 0 is the moment of LS. (K) Quantification of the percentage of outwards and inwards 
MT growth after laser-induced MT severing in COS-7 cells expressing mCherry-TRIM46 (n=20), mCherry-TRIM36 
(n=15), mCherry-TRIM46∆Ring (n=15), or mCherry-PRC1 (n=13). Error bars represent SEM. ***P<0.001, comparing 
GFP-TRIM46 negative versus positive cells (Mann-Whitney U Test). Scale bar is 1µm in I and J, 5µm in F, and 10µm 
in B, C and D.
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Figure 4. TRIM46 bundles axonal parallel microtubules. (A) Representative image and dSTORM recon-
struction of DIV5 hippocampal neurons stained for TRIM46 (green) and �-tubulin (red). (B) FRAP of 
GFP-Tau or GFP-TRIM46 expressed in hippocampal neurons (DIV11-16) transfected at DIV9-14. Time is in 
minutes. (C, D) Average normalized intensity graph of FRAP (C) and the percentage of mobile and immo-
bile fractions after FRAP (D), of GFP-Tau (n=11), GFP-MAP2C (n=12), or GFP-TRIM46 (n=12) expressed in 
hippocampal neurons (DIV11-16) transfected at DIV 9-14. (E) Mean EB1 density in the proximal axon in 
�xed hippocampal neurons (DIV5) transfected at DIV1 with pSuper control (n=21) or TRIM46-shRNA#1/2 
(n=19). (F) Polarity index of acetylated tubulin in hippocampal neurons (DIV5) transfected at DIV1 with 
pSuper control (n=9) or TRIM46-shRNA#1/2 (n=9). (G) Average normalized intensity graph of FRAP at the 
proximal axon of beta-tubulin co-expressed in hippocampal neurons (DIV5) with pSuper control (n=7) or 
TRIM46-shRNA#1/2 (n=12), transfected at DIV1. (H, I, J, K) Representative still, kymograph, maximal 
projection zoom, and still zooms from GFP-MT+TIP time-lapse recordings of the axon of hippocampal 
neurons (DIV4) transfected at DIV1 with GFP-MT+TIP and pSuper control (H, I) or TRIM46-shRNA#1/2 (J, K). 
Time is in seconds. Anterograde and retrograde growing MT+TIPs are indicated by the green lines/arrows 
and red lines/arrows, respectively. (L) Quanti�cation of the percentage anterograde growing MT+TIPs 
versus retrograde growing MT+TIPs in the axon (total), subdivided in the proximal and distal axon, in 
hippocampal neurons (DIV4) transfected at DIV1 with GFP-MT+TIP and pSuper control (n=25 cells) or 
TRIM46-shRNA#1/2 (n=26 cells). (M) Quanti�cation of the growth speed of anterograde and retrograde 
growing MT +TIPs in hippocampal neurons (DIV4) transfected at DIV1 with GFP-MT+TIP and pSuper 
control (anterograde only) (n=25 cells) or TRIM46-shRNA#1/2 (n=26 cells). Error bars represent SEM. 
***P<0.001 comparing control versus shRNA1/2 (T-test). A.U., arbitrary units. Scale bar is 1µm in A and 
10µm in H, J.

Figure 4. TRIM46 bundles axonal parallel microtubules. (A) Representative image and dSTORM reconstruction of 
DIV5 hippocampal neurons stained for TRIM46 (green) and α-tubulin (red). (B) FRAP of GFP-Tau or GFP-TRIM46 
expressed in hippocampal neurons (DIV11-16) transfected at DIV9-14. Time is in minutes. (C, D) Average normalized 
intensity graph of FRAP (C) and the percentage of mobile and immobile fractions after FRAP (D), of GFP-Tau (n=11), 
GFP-MAP2C (n=12), or GFP-TRIM46 (n=12) expressed in hippocampal neurons (DIV11-16) transfected at DIV 9-14. 
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analysis of the newly generated MT plus-ends (Figure 3H). By observing the growth direction of GFP-
MT+TIP comets after laser severing (LS), this assay permits a direct read-out of MT orientation in a 
bundle. Upon LS of mCherry-TRIM46-positive MT bundles, the growth of newly formed GFP-MT+TIP 
comets is in one direction only (Figure 3I and Movie S2), similar to TRIM36 (Figure 3K). In contrast, 
expression of mCherry-PRC1, which is known to associate with anti-parallel MTs [34], allows MT 
growth recovery from two directions (Figure 3J and Movie S2). Quantification revealed that nearly all 
growth events within the TRIM46-positive bundles occurred in one direction whereas the growth 
events are mixed in PRC1 labeled MTs (Figure 3K). Moreover, TRIM46∆RING positive MT bundles also 
show growth recovery in one direction (Figure 3K), demonstrating that the RING finger domain is not 
involved in parallel MT bundling. These results indicate that TRIM46 forms parallel MT arrays.

TRIM46 is required for parallel microtubule organization in the proximal axon
To determine whether TRIM46 localizes to axonal MTs in polarized hippocampal neurons, we 

used dSTORM imaging to resolve single MT bundles within the crowded neuronal MT cytoskeleton 
[33]. Dual-color dSTORM imaging revealed that endogenous TRIM46 specifically localizes to MT 
bundles in the proximal axon (Figure 4A). To characterize the dynamics of TRIM46 in the proximal 
axon, we examined the fluorescence recovery after photobleaching (FRAP) of GFP-TRIM46. On 
average, GFP-TRIM46 fluorescence recovered to 33% of prebleached intensity after ~10 min with an 
average recovery half-time of 565.6 sec (Figure 4B-D). This recovery of TRIM46 is remarkably slow and 
incomplete when compared to the MT-associated proteins MAP2 and Tau, which recovered to 85% 
and 87% of prebleached intensity after ~10 min with an average recovery half-time of 84.8 sec and 
27.0 sec, respectively (Figure 4B-D). These results indicate that a large fraction of TRIM46 molecules in 
the proximal axon is highly immobile and that TRIM46 forms a relatively stable compartment in the 
proximal axon.

We next investigated whether TRIM46 is required for proper axonal MT dynamics and 
organization. Differentiated neurons transfected with TRIM46 shRNAs stained for EB1 as a marker of 
dynamic MTs [35] showed the characteristic comet-like MT plus-end patterns and a normal number of 
comets in the proximal axon (Figure 4E). Staining of acetylated tubulin as a marker for stable MTs is 
also unaffected in neurons depleted of TRIM46 (Figure 4F). In addition, FRAP recovery of mCherry-
tubulin in the proximal axon of TRIM46 depleted neurons is similar to control cells (Figure 4G), 

(E) Mean EB1 density in the proximal axon in fixed hippocampal neurons (DIV5) transfected at DIV1 with pSuper 
control (n=21) or TRIM46-shRNA#1/2 (n=19). (F) Polarity index of acetylated tubulin in hippocampal neurons 
(DIV5) transfected at DIV1 with pSuper control (n=9) or TRIM46-shRNA#1/2 (n=9). (G) Average normalized intensity 
graph of FRAP at the proximal axon of beta-tubulin co-expressed in hippocampal neurons (DIV5) with pSuper 
control (n=7) or TRIM46-shRNA#1/2 (n=12), transfected at DIV1. (H, I, J, K) Representative still, kymograph, 
maximal projection zoom, and still zooms from GFP-MT+TIP time-lapse recordings of the axon of hippocampal 
neurons (DIV4) transfected at DIV1 with GFP-MT+TIP and pSuper control (H, I) or TRIM46-shRNA#1/2 (J, K). Time 
is in seconds. Anterograde and retrograde growing MT+TIPs are indicated by the green lines/arrows and red lines/
arrows, respectively. (L) Quantification of the percentage anterograde growing MT+TIPs versus retrograde growing 
MT+TIPs in the axon (total), subdivided in the proximal and distal axon, in hippocampal neurons (DIV4) transfected 
at DIV1 with GFP-MT+TIP and pSuper control (n=25 cells) or TRIM46-shRNA#1/2 (n=26 cells). (M) Quantification of 
the growth speed of anterograde and retrograde growing MT +TIPs in hippocampal neurons (DIV4) transfected at 
DIV1 with GFP-MT+TIP and pSuper control (anterograde only) (n=25 cells) or TRIM46-shRNA#1/2 (n=26 cells). Error 
bars represent SEM. ***P<0.001 comparing control versus shRNA1/2 (T-test). A.U., arbitrary units. Scale bar is 1µm 
in A and 10µm in H, J.
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Figure 5. Parallel microtubule bundling in the axon by TRIM46 is essential for normal axonal trans-
port. (A) Schematic representation of speci�c kinesin targeting to peroxisomes using the FKBP-FRB rapalog 
induced dimerization system. (B, C) Representative images and quanti�cation of hippocampal neurons 
(DIV5) transfected at DIV1 with HA-KIF5-MDC-FRB, PEX-mRFP-FKBP, GFP, and pSuper control (n-45) or 
TRIM46-shRNA#1/2 (n=51). KIF5-MDC was recruited to peroxisomes using the FKBP-FRB hetero-dimerization 
system. Extracellular pan-NF is used to identify the axon. Time mm:ss. Quanti�cation shows the percentage 
of neurons classi�ed by di�erent behavior of Kif5b targeted peroxisomes. (D, E) Representative kymograph 
and quanti�cation of single GFP-NgCAM vesicle behavior in the proximal axon of hippocampal neurons 
(DIV10) transfected at DIV7 with GFP-NgCAM and pSuper control (n=21) or TRIM46-shRNA#1/2 (n=18). The 
three di�erent highlighted projections of the kymograph represent the three di�erent categories quanti-
�ed. (F, G, H, I) Representative still, kymograph, maximal projection zoom, and still zooms from GFP-Rab3 
time-lapse recordings of the axon of hippocampal neurons (DIV4) transfected at DIV1 with GFP-Rab3 and 
pSuper control (F, G) or TRIM46-shRNA#1/2 (H, I). Time is in seconds. Anterograde and retrograde moving 
vesicles are indicated by the green arrows and red arrows, respectively. (J) Quanti�cation of the behavior of 
processive GFP-Rab3 vesicles within 60 seconds in the axon of hippocampal neurons (DIV4) transfected at 
DIV1 with GFP-Rab3 and pSuper control (n=11 cells) or TRIM46-shRNA#1/2 (n=14 cells). # anterograde: 
mean number of periods that vesicles move anterograde. # retrograde: mean number of periods that vesi-
cles move retrograde. # switches: mean number of times that vesicles switch between anterograde and 
retrograde movements. Run lengths: mean run length of a vesicle in a single direction. Error bars represent 
SEM. Comparing control versus shRNA1/2 (Mann-Whitney U Test): Axon targeting P<0.01, Stalling P<0.01, 
Bidirectional not signi�cant in E; ***P<0.001 in J. Scale bar is 10µm in B, F and H.

Figure 5. Parallel microtubule bundling in the axon by TRIM46 is essential for normal axonal transport. (A) 
Schematic representation of specific kinesin targeting to peroxisomes using the FKBP-FRB rapalog induced 
dimerization system. (B, C) Representative images and quantification of hippocampal neurons (DIV5) transfected at 
DIV1 with HA-KIF5-MDC-FRB, PEX-mRFP-FKBP, GFP, and pSuper control (n-45) or TRIM46-shRNA#1/2 (n=51). KIF5-
MDC was recruited to peroxisomes using the FKBP-FRB hetero-dimerization system. Extracellular pan-NF is used to 
identify the axon. Time mm:ss. Quantification shows the percentage of neurons classified by different behavior of 
Kif5b targeted peroxisomes. (D, E) Representative kymograph and quantification of single GFP-NgCAM vesicle 
behavior in the proximal axon of hippocampal neurons (DIV10) transfected at DIV7 with GFP-NgCAM and pSuper 
control (n=21) or TRIM46-shRNA#1/2 (n=18). The three different highlighted projections of the kymograph 
represent the three different categories quantified. (F, G, H, I) Representative still, kymograph, maximal projection 
zoom, and still zooms from GFP-Rab3 time-lapse recordings of the axon of hippocampal neurons (DIV4) transfected 
at DIV1 with GFP-Rab3 and pSuper control (F, G) or TRIM46-shRNA#1/2 (H, I). Time is in seconds. Anterograde and 
retrograde moving vesicles are indicated by the green arrows and red arrows, respectively. (J) Quantification of the 
behavior of processive GFP-Rab3 vesicles within 60 seconds in the axon of hippocampal neurons (DIV4) transfected 
at DIV1 with GFP-Rab3 and pSuper control (n=11 cells) or TRIM46-shRNA#1/2 (n=14 cells). # anterograde: mean 
number of periods that vesicles move anterograde. # retrograde: mean number of periods that vesicles move 
retrograde. # switches: mean number of times that vesicles switch between anterograde and retrograde 
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indicating that TRIM46 does not play a major role in MT stability in the proximal axon. We next tested 
whether TRIM46 is required for the unidirectional orientation of axonal MTs. Control neurons show a 
parallel MT organization with all GFP-MT+TIP comets growing towards the axonal tip (plus-end out) 
(Figure 4H-I and Movie S3). In TRIM46 depleted neurons, the GFP-MT+TIP comets grow in opposite 
direction, both towards the axonal tip and the soma (plus-end in) (Figure 4J-K and Movie S3). 
Quantification showed that ~25% of dynamic MTs in TRIM46-depleted neurons are directed with their 
plus-end towards the cell body, compared to only ~1% plus-end inward orientation in control neurons 
(Figure 4L). Interestingly, the difference in MT orientations can also be observed in distal axons. No 
difference in MT growth speed was detected (Figure 4M). Together, these data show that TRIM46 is 
required for the maintenance of parallel MT organization in the axon of differentiated neurons

Polarized microtubule arrays organized by TRIM46 drive efficient axonal trafficking
Kinesin motor proteins use uniform MT arrays oriented with their plus-end out to drive 

polarized axonal cargo transport [14]. To directly test whether the uniform axonal MT arrays organized 
by TRIM46 influence polarized sorting, we made use of an inducible cargo trafficking assay in which we 
trigger the binding of kinesin motors to peroxisomes during live-cell recordings [16]. Peroxisomes 
were labeled by expressing PEX-RFP-FKBP, a fusion construct of PEX3 peroxisomal membrane-targeting 
signal to RFP-FKBP (Figure 5A). FRB is fused to truncated kinesin-1, which contains the motor domain 
and coiled-coil dimerization region (KIF5-MDC-FRB) [16]. Addition of rapalog to control neurons 
coexpressing KIF5-MDC-FRB and PEX-RFP-FKBP induced a rapid burst of peroxisomes from the cell 
body into the axon (Figure 5B), consistent with the selective targeting of kinesin-mediated transport 
towards MT plus-ends in axons. In the absence of TRIM46, all kinesin-driven peroxisome motilities 
maintained the selective axonal targeting. Moreover, dynein recruitment retains the selective targeting 
of peroxisomes to dendrites and no affect was observed in the polarized distribution of the dendritic 
cargos, such as AMPA receptor subunit GluR2 in neurons depleted for TRIM46 (data not shown). The 
results indicate that the mixed MT orientations formed in TRIM46 knockdown neurons do not influence 
polarized cargo trafficking. 

We next determined whether uniform axonal MT arrays influence directional axon trafficking 
and found that the trafficking of kinesin-induced peroxisomes into the axon was markedly reduced in 
the absence of TRIM46. We analyzed the cargo behavior and found that ~30% of the TRIM46 depleted 
neurons show axonal peroxisome targeting compared to ~50% of the control neurons (Figure 5C and 
S6A). We also observed an increased number of stalled vesicles and bidirectional movement in TRIM46 
knockdown neurons (Figure 5C). These data are consistent with the analysis of the carrier vesicles 
containing the axonal protein NgCAM, where ~40% of the NgCAM-GFP vesicles in TRIM46 shRNA 
expressing neurons exhibit axonal targeting compared to ~60% of the control cells (Figure 5D-E), 
indicating that antiparallel MT arrays formed in TRIM46 depleted neurons alter axonal cargo transport. 
We next analyzed in more detail the behavior of axonal vesicle dynamics in TRIM46 depleted neurons. 
After transfecting cultured hippocampal neurons with GFP-Rab3, as a marker for synaptic vesicle 

movements. Run lengths: mean run length of a vesicle in a single direction. Error bars represent SEM. Comparing 
control versus shRNA1/2 (Mann-Whitney U Test): Axon targeting P<0.01, Stalling P<0.01, Bidirectional not 
significant in E; ***P<0.001 in J. Scale bar is 10µm in B, F and H.

4
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Figure 6. TRIM46 is required for neuronal polarity and axon formation. (A) Di�erent stages of cultured 
hippocampal neurons (DIV1) stained for TRIM46 (green) and Tau or AnkG (red). (B) Quanti�cation of the percent-
age of neurons at DIV1 with neurites positive for TRIM46+/Tau+, TRIM46+/Tau-, and TRIM46-/Tau+/ (n=165) or 
for TRIM46+/AnkG+, TRIM46+/AnkG-, and TRIM46-/AnkG+/ (n=150). Only neurons that are at least positive for 
one marker in TRIM46/Tau or TRIM46/AnkG are counted (100%). (C, D) Quanti�cation and representative images 
of DIV4 cortical neurons electroporated before plating with pSuper control (n=100) or TRIM46-shRNA#1/2 
(n=100), and co-stained with TRIM46 (green) and AnkG (red). (E, F) Representative images and quanti�cation of 
DIV7 hippocampal neurons treated at DIV4 with control vehicle (DMSO, 72 hour) or 20nM taxol for di�erent time 
points (n=50 per condition). Most right panels (E) show representative images of DIV7 hippocampal neurons 
transfected at DIV1 with TRIM46-shRNA#1/2, treated at DIV4 with 20nM taxol for 72hours. Neurons were 
co-stained with TRIM46 and AnkG. (G, H, I) Quanti�cation of TRIM46 and Tau (G) or AnkG (H, I) staining in hippo-
campal neurons (DIV7) transfected at DIV1 with pSuper control (G, n=70; H, n=50; I, n=80) or TRIM46-shRNA#1/2 
(G, n=43; H, n=50; I, n=46), treated at DIV4 for 72 hours with 20nM taxol (G, H) or 20µM SB216763 (I). (J, K) 
Quanti�cation of representative images of hippocampal neurons (DIV7) transfected at DIV1 with pSuper control 
or TRIM46-shRNA#1/2, together with GFP (control n=239, shRNA n=305), GFP-TRIM46 (n=202), GFP-TRIM36 
(n=60), GFP-TRIM46-RingMutant (n=112), or with GFP-TRIM46-ΔRing (n=60), and treated at DIV4 with 20nM 
taxol for 72 hours and stained for AnkG (red). Quanti�cations shows the mean # of neurites positive for the 
indicated endogenous stainings in C, F, G, H, I and J. Error bars represent SEM. ***P<0.001 (Mann-Whitney U Test) 
for C, G, H and I. ***P<0.001 comparing GFP + TRIM46-shRNA#1/2 versus the di�erent rescues in TRIM46-shR-
NA#1/2 (t-test) for J. Asterisks in images marks positively transfected cell in D and E. Arrowheads indicate the 
axon formation (AnkG based) in E and K. Scale bar is 10µm in A, D, E and K.

Figure 6. TRIM46 is required for neuronal polarity and axon formation. (A) Different stages of cultured hippocampal 
neurons (DIV1) stained for TRIM46 (green) and Tau or AnkG (red). (B) Quantification of the percentage of neurons 
at DIV1 with neurites positive for TRIM46+/Tau+, TRIM46+/Tau-, and TRIM46-/Tau+/ (n=165) or for TRIM46+/
AnkG+, TRIM46+/AnkG-, and TRIM46-/AnkG+/ (n=150). Only neurons that are at least positive for one marker in 
TRIM46/Tau or TRIM46/AnkG are counted (100%). (C, D) Quantification and representative images of DIV4 cortical 
neurons electroporated before plating with pSuper control (n=100) or TRIM46-shRNA#1/2 (n=100), and co-stained 
with TRIM46 (green) and AnkG (red). (E, F) Representative images and quantification of DIV7 hippocampal neurons 
treated at DIV4 with control vehicle (DMSO, 72 hour) or 20nM taxol for different time points (n=50 per condition). 
Most right panels (E) show representative images of DIV7 hippocampal neurons transfected at DIV1 with TRIM46-
shRNA#1/2, treated at DIV4 with 20nM taxol for 72hours. Neurons were co-stained with TRIM46 and AnkG. (G, H, 
I) Quantification of TRIM46 and Tau (G) or AnkG (H, I) staining in hippocampal neurons (DIV7) transfected at DIV1 
with pSuper control (G, n=70; H, n=50; I, n=80) or TRIM46-shRNA#1/2 (G, n=43; H, n=50; I, n=46), treated at DIV4 
for 72 hours with 20nM taxol (G, H) or 20µM SB216763 (I). (J, K) Quantification of representative images of 
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precursors, we followed their movements in axons using high-speed live-cell microscopy (Figure 5F-I). 
In control neurons, most GFP-Rab3 vesicles move predominantly in a single direction (Figure 5F-G and 
Movie S4), while in TRIM46 knockdown neurons GFP-Rab3 vesicles switch directions more frequently 
(Figure 5H-I and Movie S4); as result there the number of short anterograde and retrograde movements 
increases (Figure 5J). This can be explained by the mixed orientation of MTs in the axons of TRIM46 
depleted neurons. Together, these data suggests that the uniform axon MT arrays organized by TRIM46 
drive efficient cargo delivery and trafficking into axons of differentiated neurons.

TRIM46 is required for axon formation and neuronal polarity in vitro
In contrast to more mature neurons, early neuronal development requires sophisticated 

architectural changes. It is well known that the polarization of neurons depends on local microtubule 
reorganization and is characterized by the formation of parallel microtubule arrays [19, 33]. To 
investigate whether TRIM46 is directly involved in this process, we first analyzed the distribution of 
TRIM46 during the initial polarization of neuronal cells. Following plating, hippocampal neurons pass 
through a series of morphological stages as they polarize and grow a single axon and several dendrites 
[18]. DIV1 neurons containing a mixed population of stage 2 and stage 3 neurons were fixed and 
stained for endogenous Tau, AnkG and TRIM46 (Figure 6A). Stage 2 neurons formed several minor 
neurites and were found negative for all tested markers, including TRIM46. Significantly, at the stage 
2-3 transition, before the future axon grows out and gains its identity, TRIM46 localized to a single 
neurite. At stage 3, neurons developed a single Tau and AnkG positive axon, which all remain positive 
for TRIM46 as development progresses. Quantification of the mixed stage 2/3 neurons revealed that 
~25% of the neurons had a TRIM46-positive, but Tau-negative neurite and ~70% of the neurons had a 
TRIM46-positive, but AnkG-negative, neurite (Figure 6B), suggesting that the TRIM46 distribution to 
the future axon occurred before axon specification and AIS assembly. 

To determine whether TRIM46 is involved in neuronal polarization, we knocked down TRIM46 
before polarization in stage 1–2 neurons. Directly after dissection, primary cortical neurons were 
electroporated to deliver TRIM46 shRNA. At DIV4, we determined the number of polarized neurons 
using the AIS marker AnkG and found a strongly reduction in the fraction of polarized cells in TRIM46 
depleted cultures compared to controls (Figure 6C-D). Depletion of TRIM46 in more mature neurons 
only partly affected the AIS (Figure S5A), suggesting that TRIM46 is not required for the maintenance of 
the AIS but necessary for its assembly. To further test whether TRIM46 plays a role in axon initiation and 
specification, we used the MT-stabilizing drug taxol to induce multiple axons [19]. In the presence of 
low concentrations of taxol (20 nM) for 3 days, the number of TRIM46 and AnkG positive processes per 
cell was increased more than 5-fold (Figure 6E-F). Consistently, TRIM46 localization to the newly formed 
axon occurs before the assembly of AnkG (Figure 6F). However, taxol-induced axonal processes positive 

hippocampal neurons (DIV7) transfected at DIV1 with pSuper control or TRIM46-shRNA#1/2, together with GFP 
(control n=239, shRNA n=305), GFP-TRIM46 (n=202), GFP-TRIM36 (n=60), GFP-TRIM46-RingMutant (n=112), or 
with GFP-TRIM46-∆Ring (n=60), and treated at DIV4 with 20nM taxol for 72 hours and stained for AnkG (red). 
Quantifications shows the mean # of neurites positive for the indicated endogenous stainings in C, F, G, H, I and J. 
Error bars represent SEM. ***P<0.001 (Mann-Whitney U Test) for C, G, H and I. ***P<0.001 comparing GFP + 
TRIM46-shRNA#1/2 versus the different rescues in TRIM46-shRNA#1/2 (t-test) for J. Asterisks in images marks 
positively transfected cell in D and E. Arrowheads indicate the axon formation (AnkG based) in E and K. Scale bar is 
10µm in A, D, E and K.

4

Proefschrift_M.Franker_final3.indb   69 16-9-2015   16:59:22



Chapter 4 TRIM46 controls neuronal polarity and axon specification

70

A B

E

C D

F

G H

TR
IM

46
 s

hR
N

A 
(G

FP
)

0
20
40
60
80

100

Leading process 
positive neurons

%
 o

f c
ou

nt
ed

 n
eu

ro
ns

***

Con
tro

l

TRIM
46

 sh
RNA

0
20
40
60
80

100

Axon 
positive neurons

%
 o

f c
ou

nt
ed

 n
eu

ro
ns

***

Con
tro

l

TRIM
46

 sh
RNA

0
1 2 3 4

20

40

60

80

%
 o

f c
ou

nt
ed

 n
eu

ro
ns

*** ***

***

Control TRIM46 shRNA 1 2 3 4

GFP + shRNA

E14.5
In Utero

C
on

tro
l (

G
FP

)

20

30

10

0 10 20 30 40

40

50

60

70

80

90

100

N
or

m
al

iz
ed

 d
is

ta
nc

e 
fro

m
 v

en
tri

cl
e 

(%
)

Percentage of cells

Control
TRIM46 shRNA

**

*

***

***

***

*

*

TR
IM

46
 s

hR
N

A 
(G

FP
)

VZ

SVZ

IZ

CP

C
on

tro
l (

G
FP

)

VZ

SVZ

IZ

CP

Figure 7. TRIM46 is required for axon formation in vivo. (A) Schematic representation of the in utero 
electroporation procedure. (B, C, D) Low magni�cation stitched maximum intensity projection (GFP) and 
quanti�cation of migrating neurons in E17.5 mouse cortex which were positively in utero electroporated 
(E14.5) with GFP and pSuper control (n=18) or TRIM46-shRNA (n=18). Quanti�cation shows the normal-
ized migration distribution along the radial axis from the ventricle to the pial surface of GFP positive 
neurons CP, cortical plate; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone. (E, F, G, H) 
Higher magni�cation maximum intensity projection (GFP) and quanti�cation of E17.5 mouse cortex 
which were in utero electroporated (E14.5) with GFP and pSuper control (n=21) or TRIM46-shRNA#1/2 
(n=21). Right panels in E and F shows individual traces of representative GFP-positive neurons. Quanti�-
cations shows the distribution of 4 di�erent GFP positive neuronal cell morphologies (G), and the 
percentage of axon positive (H, left) and/or leading process positive (H, right) neurons (GFP positive).  
Error bars represent SEM. *P<0.05, **P<0.01, ***P<0.001, comparing corresponding bins in D or neuron 
type in G and H of control versus shRNA1/2 (Mann-Whitney U Test). Scale bar is 100µm in B, C, E and F.

Figure 7. TRIM46 is required for axon formation in vivo. (A) Schematic representation of the in utero electroporation 
procedure. (B, C, D) Low magnification stitched maximum intensity projection (GFP) and quantification of migrating 
neurons in E17.5 mouse cortex which were positively in utero electroporated (E14.5) with GFP and pSuper control 
(n=18) or TRIM46-shRNA (n=18). Quantification shows the normalized migration distribution along the radial axis 
from the ventricle to the pial surface of GFP positive neurons CP, cortical plate; IZ, intermediate zone; SVZ, 
subventricular zone; VZ, ventricular zone. (E, F, G, H) Higher magnification maximum intensity projection (GFP) and 
quantification of E17.5 mouse cortex which were in utero electroporated (E14.5) with GFP and pSuper control 
(n=21) or TRIM46-shRNA#1/2 (n=21). Right panels in E and F shows individual traces of representative GFP-positive 
neurons. Quantifications shows the distribution of 4 different GFP positive neuronal cell morphologies (G), and the 
percentage of axon positive (H, left) and/or leading process positive (H, right) neurons (GFP positive).  
Error bars represent SEM. *P<0.05, **P<0.01, ***P<0.001, comparing corresponding bins in D or neuron type in G 
and H of control versus shRNA1/2 (Mann-Whitney U Test). Scale bar is 100µm in B, C, E and F.
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for Tau and AnkG did not emerge in neurons expressing TRIM46 shRNA (Figure 6E and 6G-H). Axon 
formation induced by inhibiting the GSK-3β pathway [36] was also abolished in TRIM46 depleted 
neurons (Figure 6I). Overexpression of GFP-TRIM46 restored the taxol-induced knockdown phenotype, 
while the close homologue GFP-TRIM36 was unable to rescue the TRIM46 shRNA phenotype (Figure 
6J-K). The N-terminal region of TRIM46 (GFP-TRIM46-∆C) and the RING finger mutant TRIM46 (GFP-
TRIM46-RING mutant) also restored the knockdown phenotype (Figure 6J), indicating that all constructs 
that target to the proximal axon can rescue the TRIM46 depletion phenotype (Figure 3A). Together, 
these in vitro data suggest that specific axonal localization of TRIM46 is required for axon formation, 
however the folding and activity of the RING finger is not involved.

TRIM46 is required for axon formation and neuronal polarity in vivo 
Neurons in the developing neocortex migrate from the ventricular zone to the different 

layers in the cortical plate. During cortical migration, neurons are able to polarize and a trailing process 
is formed which later becomes the axon [18]. To investigate the effect of TRIM46 depletion in cortical 
neuron migration and axon formation in vivo, we electroporated E14.5 embryos in utero (Figure 7A), 
allow them to develop for 3 more days in the uterus before the embryos were sacrificed and cortical 
migration was analyzed. Analysis of the cortex from embryos electroporated with control or TRIM46 
shRNA together with a GFP plasmid, revealed that GFP-positive control neurons efficiently migrated to 
the upper layers of the cortical plate (Figure 7B,D).

In contrast, many GFP-positive neurons expressing TRIM46 shRNA failed to migrate properly 
and accumulated in the intermediate zone (Figure 7C,D). Detailed analysis shows that the migrating 
GFP-positive control neurons have a stereotypical bipolar morphology with a leading process and a 
trailing edge (Figure 7E). However, TRIM46 depleted GFP-positive neurons do not show this 
stereotypical morphology and did not typically form an axon and the leading process and a long trailing 
process that will form the future axon (Figure 7F). Quantification showed that ~81% of the control 
neurons possess a typical axonal process in contrast to only ~38% of the TRIM46 knock-down neurons 
(Figure 7G-H). Together, these data demonstrate that TRIM46 is required for axon formation and 
establishment of neuronal polarity and proper neuronal migration in vivo.

 
DISCUSSION

Here we describe a molecular mechanism that controls uniform MT orientation in axons. We 
demonstrate that TRIM46 specifically localizes to the proximal axon and forms parallel MT arrays. 
TRIM46 is required for uniform MT orientation in axons and neuronal polarity in vitro and in vivo. 
Moreover, we show that the parallel MT arrays drive efficient cargo delivery and trafficking. Our data 
suggest that TRIM46 defines a specific axonal compartment for regulating MT organization and cargo 
transport. 

TRIM46 is required for neuronal polarization and axon formation
The MT cytoskeleton is required for the initial polarization of neuronal cells [1, 8]. Here we 

show that neurons lacking the MT-associated protein TRIM46 fail to initiate axon formation and show 
impaired neuronal polarization during in vitro and in vivo development. Since TRIM46 is needed for 

4
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uniform MT orientation in axons, these data suggest that forming parallel MT arrays in the axon plays 
a critical role during the specification of axonal fate in early neuronal development. We found that 
TRIM46 is an early marker for neuronal polarization because it localizes to the future axon before axon 
specification and AIS assembly. In addition, MT stabilization has been shown to be important for initial 
neuronal polarization [19]. The MT minus-end binding protein CAMSAP2, which stabilizes MT minus-
ends, is enriched in the very first part of the axon, but absent from the TRIM46 positive region [33]. 
High levels of CAMSAP2 at the base of the axon may create a local pool of stabilized MT minus-ends 
and promote plus-end out oriented MT growth in axons. TRIM46 may subsequently organize the 
newly formed MT into uniform plus-end out MT bundles. We propose a model in which both local MT 
stabilization and formation of uniform MTs in the axonal shaft can directly affect the polarity of 
neurons. Since axonal MTs need to point with the plus-ends towards the growth cone in order to 
induce axonal growth [19], it is tempting to speculate that organizing axonal MTs in parallel bundles 
leads to an accumulation of dynamic MT plus ends at the neurite tips, resulting in net elongation of the 
axon. Indeed, TRIM46 depleted in neurons at later stages of differentiation still showed reduced 
axonal outgrowth. Interesting in this respect is that the mixed MT orientations in TRIM46 depleted 
neurons can also be observed in distal axons. MT transport and sliding mechanisms have been 
suggested for organizing axonal microtubules [9, 37] and TRIM46 could potentially be involved in MT 
organization at the beginning of the axon. Alternatively, neuronal polarity could be stimulated by 
directional transport mechanisms along uniform MT arrays in the axon. The parallel organization of 
the MTs may promote delivery of cargo vesicles to the axon, or even certain polarity factors that 
directly contribute to axonal fate. Indeed, we found uniform axon MT arrays organized by TRIM46 to 
drive efficient cargo delivery and trafficking. Future work will be needed to resolve the molecular 
interplay between MT stabilization and the bundling of parallel MTs in the axon during early neuronal 
polarization. 

TRIM46 defines a specific region at the proximal axon
After the initial polarization, the proximal axon builds up the AIS required for neuronal 

physiology and to maintain neuronal polarity [38, 39]. The AIS has been shown to function as a 
diffusion barrier for both cytoplasmic and membrane proteins and as a gate keeper for axon specific 
cargo transport [16, 40-43]. Here we show that MT-associated protein TRIM46 specifically localizes to 
the proximal axon, which partly overlaps with the AIS. Although AnkG and TRIM46 mark distinct 
axonal domains and control different molecular mechanisms, they function in interdependent 
pathways. During neuronal polarization, TRIM46 localizes to the newly formed axon before AnkG 
clustering and is required for the assembly of the AIS in developing neurons. Knockdown of AnkG in 
more mature neurons causes a marked TRIM46 redistribution, which is consistent with the general 
role of AnkG in the maintenance of axo-dendritic polarity [29, 30]. TRIM46 and AnkG are both required 
for the polarized distribution of somatodendritic MAP2 and axonal Tau [29, 30]. It is possible that 
TRIM46 forms a MT-based boundary between MAP2 and Tau, which is stably maintained by the AIS. 
Recent data showed that the barrier required for axonal retention of Tau does not directly involves the 
AIS function [44]. Since filtering of cytoplasmic traffic at the AIS largely depends on the underlying 
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actin cytoskeleton [41, 43], it is possible that the role of TRIM46 is distinct from the AIS as gatekeeper 
for controlling polarized cargo transport. Indeed, cargos keep their polarized distribution in neurons 
depleted for TRIM46. It is tempting to speculate that TRIM46 may be involved the pathological 
mislocalization of Tau in neurodegenerative diseases [4]. 

TRIM46 forms the parallel microtubule arrays of axons
The other C-I TRIM family members, including TRIM-9, TRIM-36, MID1 and MID2, all associate 

with MTs and have E3 ubiquitin ligase activity [25]. Although TRIM36 forms parallel MTs, it does not 
target the proximal axon and is unable to rescue the TRIM46 depletion phenotype. We found that the 
sequences within the TRIM46 RING finger domain and MT binding properties of the COS box are 
collectively involved in the axon localization. In addition, the folding and activity of the RING finger 
domain is dispensable for TRIM46 function, suggesting that TRIM46 is an unusual C-I TRIM subfamily 
member which not necessary exhibit E3 ubiquitin ligase activity. Interestingly, the MT-associated 
protein MID related protein 1 (MIR1/ FSD1), which contains the COS box and other C-terminal TRIM46 
domains, has completely lost the RING and B-box motifs [45]. Functional characterization of TRIM46 
in neurons highlights the evolutionary dynamics of the TRIM family and reveals new aspects of the 
RING domain in the axon specific targeting.

It remains, however, unclear how TRIM46 is specifically targeted to the proximal axon. It is 
possible that TRIM46 favors specific MT post-translational modifications or tubulin isotypes that are 
only present at the proximal axon, even though none of the known modifications mark this specific 
axonal compartment [46]. Alternatively, TRIM46 may prefer to bind to the stable MT population in the 
axon [19, 47], which is supported by the observation that TRIM46 promptly localized to multiple 
neurites after stabilizing MTs by low concentrations of taxol. It is also possible that TRIM46’s axonal 
accumulation is achieved by a self-organized assembly on a subset of axonal MTs, as proposed for 
many other MT-associated proteins [48]. TRIM family proteins are known to self-associate by forming 
anti-parallel dimers and other higher order complexes, and the RING domain is important in this 
process [49, 50]. It is tempting to speculate that parallel MT crosslinking may be achieved by 
cooperative interactions between TRIM46 molecules along axonal MTs. Consistently, TRIM46 forms 
stable structures in the proximal axon. Further insights into parallel MT crosslinking mechanisms are 
likely to come from in vitro reconstitution studies with purified proteins and structural analyses 

In summary, we demonstrate that TRIM46 defines a unique axonal cytoskeletal compartment 
for regulating MT organization and directional cargo transport during neuronal development. By 
forming uniform MT arrays in the axon, TRIM46 is required for neuronal polarity and axon specification 
in vitro and in vivo. As parallel MT arrays are critically important for many other axonal functions in 
mature neurons, including presynaptic plasticity and axon regeneration, we anticipate that more 
processes that involve TRIM46 will be revealed in the future. Alterations in axonal MT organization and 
cargo trafficking have been described in several neurodegenerative diseases [3, 4]. Our current findings 
also provide new molecular targets to investigate defects in the sorting machinery in neurodegenerative 
disease models. 

4

Proefschrift_M.Franker_final3.indb   73 16-9-2015   16:59:23



Chapter 4 TRIM46 controls neuronal polarity and axon specification

74

MATERIALS AND METHODS
DNA and shRNA constructs

TRIM46 and TRIM36 clones were both kindly provided by Dr. T.Cox [25]. All TRIM expression constructs 
were generated by a PCR-based strategy and placed in different expression vectors. The following TRIM46 shRNAs 
were designed and used in this study: TRIM46-shRNA 1 (5’-gttgctgacagagcttaac-3’) and TRIM46-shRNA 2 
(5’-gaacatggagaaggaactg-3’). For further details see Supplemental Experimental Procedures.

Antibodies and reagents
Autoimmune serum was kindly provided by Dr. P. Sillevis Smitt [22] and Dr. F. Graus [23]. Rabbit anti-

TRIM46 was made by injecting full length GST-TRIM46 (precipitated in PBS) together with adjuvant into New 
Zealand White rabbits (by BioGenes GmbH). TRIM46 antibodies was used for Western blot, immunohisto- and 
immunocytochemistry experiments. For further details see Supplemental Experimental Procedures.

Primary hippocampal and cortical neuron cultures, transfection and immunocytochemistry
Primary hippocampal and cortical cultures were isolated from E18 rat brains. Hippocampal cultures were 

transfected using Lipofectamine 2000 (Life Technologies) and cortical cultures using the Amaxa Rat Neuron 
Nucleofector kit (Lonza). For further details see Supplemental Experimental Procedures.

Imaging
The following microscopy techniques were used for live cell imaging and immunohisto- and 

immunocytochemistry: Total internal reflection fluorescence microscopy (TIRFM), spinning disk confocal 
microscopy, laser-induced cutting using TIRFM, wide-field fluorescence microscopy, and confocal laser scanning 
microscopy. For details see Supplemental Experimental Procedures.
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SUPPLEMENTARY INFORMATION “TRIM46 controls neuronal polarity and axon specification by 
driving the formation of parallel microtubule arrays” by van Beuningen et al., (E. de Graaff and C.C. 
Hoogenraad corresponding author)

SUPPLEMENTARY MOVIES
Movie S1. Related to Figure 4D. Exogenous TRIM46 bundles microtubules in COS-7 cells

TIRFM time-lapse recording of COS-7 cells expressing mCherry-TRIM46 (red) and GFP-MT+TIP 
(green). Time is mm:ss.

Movie S2. Related to Figure 4G, H. TRIM46 and PRC1 bundles respectively parallel or anti-parallel 
microtubules in COS-7 cells

TIRFM time-lapse recording of COS-7 cells expressing GFP-MT+TIP (green) together with 
mCherry-TRIM46 (left) or mCherry-PRC1 (right) (red). During recording laser-induced MT cutting was 
performed, indicated by the white asterisk. Time is mm:ss, where time point 00:00 is the moment of 
laser-induced severing.

Movie S3. Related to Figure 5H-K. TRIM46 depleted axons exhibit an anti-parallel microtubule 
organization

Spinning disk confocal microscopy time-lapse recordings showing the axon of hippocampal 
neurons (DIV 4) transfected at DIV 1 with GFP-MT+TIP and pSuper control (left) or TRIM46 shRNA. 
Axon is orientated with the proximal axon (and soma) down. Time is mm:ss.

Movie S4. Related to Figure 6F-I. TRIM46 depletion affects proper axonal transport
Spinning disk confocal microscopy time-lapse recordings showing the axon of hippocampal 

neurons (DIV 4) transfected at DIV 1 with GFP-Rab3C and pSuper control (left) or TRIM46 shRNA. Axon 
is orientated with the proximal axon (and soma) down. Time is in seconds.
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SUPPLEMENTARY FIGURE LEGENDS

Figure S1. Related to Figure 1, A,C,D. Identification of TRIM46 as the autoimmune antigen in a second patient 
(A) Mouse cerebellum Purkinje cells stained with autoimmune serum #2 (green) together with AnkG (red) and 
Calbindin (blue). G, granular layer; M, molecular layer. Arrowheads indicate the specific staining.  Maximum 
intensity projection. Scale bar is 10µm. (B) Western blot analysis of HEK293 cell extracts expressing GFP or 
GFP-TRIM46 immunoprecipitated using anti-GFP antibodies, serum #2, control, or serum #1. Western blot stained 
using anti-GFP or anti-TRIM46 antibodies. (C) HeLa cells expressing either GFP-TRIM46 or GFP-TRIM36 (green) 
stained with serum #2 (red), rabbit serum against TRIM46 (red), or control serum (red). Merged images reveal 
non-transfected cells by DAPI staining (blue). Scale bar is 10µm. (D) HeLa cells expressing either GFP-TRIM46 or 
GFP-TRIM36 (green) stained with alpha-tubulin (red). Scale bar is 10µm.
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Figure S2. Related to Figure 1. Phylogenetic tree and alignment of the TRIM36 and TRIM46 family (A) PhyML 
phylogenetic tree of selected full-length TRIM46 and TRIM36 homologues from the animal kingdom. PhyML 3.0 
algorithm used on http://atgc.lirmm.fr/phyml/ [1]. Scale bar indicates branch length. (B) Clustal alignment of 
selected full-length TRIM46 and TRIM36 homologues from the animal kingdom. Alignment only shown for depicted 
residues, where residue numbering correspondents to the first amino acid (methionine) of mouse TRIM46. The 
essential cysteine and histidine residues of the ring domain are indicated with asterisks and the mutated residues 
in the TRIM46-RingMutant are indicated by the red arrows.
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Figure S2. Related to Figure 1. Phylogenetic tree and alignment of the TRIM36 and TRIM46 family 
(A) PhyML phylogenetic tree of selected full-length TRIM46 and TRIM36 homologues from the animal 
kingdom. PhyML 3.0 algorithm used on http://atgc.lirmm.fr/phyml/ (Guindon et al., 2010). Scale bar 
indicates branch length. (B) Clustal alignment of selected full-length TRIM46 and TRIM36 homologues 
from the animal kingdom. Alignment only shown for depicted residues, where residue numbering 
correspondents to the �rst amino acid (methionine) of mouse TRIM46. The essential cysteine and 
histidine residues of the ring domain are indicated with asterisks and the mutated residues in the 
TRIM46-RingMutant are indicated by the red arrows.
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Figure S3. Related to Figure 2A,B. Localization of TRIM46 to the proximal part of the axon in vivo (A) Mouse 
cerebellum stained for NeuroFil 200kDa (Neurofilament heavy chain, blue), TRIM46 (green), and Calbindin (red). 
Arrowheads indicate the axon. Maximum intensity projection. Scale bar is 100µm. Scale bar of zoom is 10µm. (B) 
Mouse cerebellum stained for NeuroFil 200kDa (blue), TRIM46 (green), and AnkG (red). Arrowheads indicate the 
specific staining. Maximum intensity projection. Scale bar is 100µm. Scale bar of zoom is 10µm. (C) Mouse cortex 
stained for NeuroFil 200kDa (blue), TRIM46 (green), and AnkG (red). Arrowheads indicate the specific staining.  
Maximum intensity projection. Scale bar is 100µm. Scale bar of zoom is 10µm. (D) Adult rat dorsal root ganglion 
stained for TRIM46. Maximum intensity projection. Scale bar is 100µm. Scale bar of zoom is 10µm. (E) Nodes of 
Ranvier in adult mouse sciatic nerve stained for TRIM46 (green) and AnkG (red). Arrowheads indicate the specific 
staining. Maximum intensity projection in A,B,C,D. Scale bar is 10µm.
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Figure S3. Related to Figure 2A,B. Localization of TRIM46 to the proximal part of the axon in vivo. 
(A) Mouse cerebellum stained for NeuroFil 200kDa (Neuro�lament heavy chain, blue), TRIM46 (green), 
and Calbindin (red). Arrowheads indicate the axon. Maximum intensity projection. Scale bar is 100µm. 
Scale bar of zoom is 10µm. (B) Mouse cerebellum stained for NeuroFil 200kDa (blue), TRIM46 (green), and 
AnkG (red). Arrowheads indicate the speci�c staining. Maximum intensity projection. Scale bar is 100µm. 
Scale bar of zoom is 10µm. (C) Mouse cortex stained for NeuroFil 200kDa (blue), TRIM46 (green), and 
AnkG (red). Arrowheads indicate the speci�c staining.  Maximum intensity projection. Scale bar is 100µm. 
Scale bar of zoom is 10µm. (D) Adult rat dorsal root ganglion stained for TRIM46. Maximum intensity 
projection. Scale bar is 100µm. Scale bar of zoom is 10µm. (E) Nodes of Ranvier in adult mouse sciatic 
nerve stained for TRIM46 (green) and AnkG (red). Arrowheads indicate the speci�c staining. Maximum 
intensity projection in A,B,C,D. Scale bar is 10µm.
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Figure S3. Related to Figure 2A,B. Localization of TRIM46 to the proximal part of the axon in vivo. 
(A) Mouse cerebellum stained for NeuroFil 200kDa (Neuro�lament heavy chain, blue), TRIM46 (green), 
and Calbindin (red). Arrowheads indicate the axon. Maximum intensity projection. Scale bar is 100µm. 
Scale bar of zoom is 10µm. (B) Mouse cerebellum stained for NeuroFil 200kDa (blue), TRIM46 (green), and 
AnkG (red). Arrowheads indicate the speci�c staining. Maximum intensity projection. Scale bar is 100µm. 
Scale bar of zoom is 10µm. (C) Mouse cortex stained for NeuroFil 200kDa (blue), TRIM46 (green), and 
AnkG (red). Arrowheads indicate the speci�c staining.  Maximum intensity projection. Scale bar is 100µm. 
Scale bar of zoom is 10µm. (D) Adult rat dorsal root ganglion stained for TRIM46. Maximum intensity 
projection. Scale bar is 100µm. Scale bar of zoom is 10µm. (E) Nodes of Ranvier in adult mouse sciatic 
nerve stained for TRIM46 (green) and AnkG (red). Arrowheads indicate the speci�c staining. Maximum 
intensity projection in A,B,C,D. Scale bar is 10µm.
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Figure S4. Related to Figure 2C, D, E. Localization of TRIM46 to the proximal part of the axon in vitro (A) 
Hippocampal neurons (DIV11) transfected at DIV 7 with GFP-TRIM46 or GFP-TRIM36 (green) and stained with AnkG 
(red). Scale bar is 10µm. (B) Double staining of the proximal axon in DIV 7 hippocampal neurons for TRIM46 (green) 
with the axon initial segments markers AnkG, βIV Spectrin, pan Neurofascin (NF), or pan Nav channels (red). Scale 
bar is 10µm. Lower panel shows the average normalized fluorescent intensity profiles of TRIM46 (green trace, 
n=179), AnkG (red trace, n=16), βIV Spectrin (blue trace, n=16), pan NF (purple trace, n=24), and pan Nav (black 
trace, n=15). Traces are normalized in µm from the maximal TRIM46 intensity. A.U., arbitrary units. (C) Double 
staining of the proximal axon in DIV 7 hippocampal neurons for TRIM46 (green) with the cytoskeleton markers 
betaIII-tubulin, Tau, MAP2, EB3, CAMSAP2, and Neurofilament heavy chain (NeuroFil 200kDa) (red). Scale bar is 
10µm. Lower panel shows the average normalized fluorescent intensity profiles of TRIM46 (green trace, n=179), 
Tau (red trace, n=23), MAP2 (blue trace, n=11), CAMSAP2 (black trace, n=11), and Neurofil (purple trace, n=16). 
Traces are normalized in µm from the maximal TRIM46 intensity. A.U., arbitrary units.
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Figure S4. Related to Figure 2C, D, E. Localization of TRIM46 to the proximal part of the axon in 
vitro. (A) Hippocampal neurons (DIV11) transfected at DIV 7 with GFP-TRIM46 or GFP-TRIM36 (green) and 
stained with AnkG (red). Scale bar is 10µm. (B) Double staining of the proximal axon in DIV 7 hippocam-
pal neurons for TRIM46 (green) with the axon initial segments markers AnkG, βIV Spectrin, pan Neurofas-
cin (NF), or pan Nav channels (red). Scale bar is 10µm. Lower panel shows the average normalized �uores-
cent intensity pro�les of TRIM46 (green trace, n=179), AnkG (red trace, n=16), βIV Spectrin (blue trace, 
n=16), pan NF (purple trace, n=24), and pan Nav (black trace, n=15). Traces are normalized in µm from the 
maximal TRIM46 intensity. A.U., arbitrary units. (C) Double staining of the proximal axon in DIV 7 hippo-
campal neurons for TRIM46 (green) with the cytoskeleton markers betaIII-tubulin, Tau, MAP2, EB3, CAM-
SAP2, and Neuro�lament heavy chain (NeuroFil 200kDa) (red). Scale bar is 10µm. Lower panel shows the 
average normalized �uorescent intensity pro�les of TRIM46 (green trace, n=179), Tau (red trace, n=23), 
MAP2 (blue trace, n=11), CAMSAP2 (black trace, n=11), and Neuro�l ¬-(purple trace, n=16). Traces are 
normalized in µm from the maximal TRIM46 intensity. A.U., arbitrary units.
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Figure S4. Related to Figure 2C, D, E. Localization of TRIM46 to the proximal part of the axon in 
vitro. (A) Hippocampal neurons (DIV11) transfected at DIV 7 with GFP-TRIM46 or GFP-TRIM36 (green) and 
stained with AnkG (red). Scale bar is 10µm. (B) Double staining of the proximal axon in DIV 7 hippocam-
pal neurons for TRIM46 (green) with the axon initial segments markers AnkG, βIV Spectrin, pan Neurofas-
cin (NF), or pan Nav channels (red). Scale bar is 10µm. Lower panel shows the average normalized �uores-
cent intensity pro�les of TRIM46 (green trace, n=179), AnkG (red trace, n=16), βIV Spectrin (blue trace, 
n=16), pan NF (purple trace, n=24), and pan Nav (black trace, n=15). Traces are normalized in µm from the 
maximal TRIM46 intensity. A.U., arbitrary units. (C) Double staining of the proximal axon in DIV 7 hippo-
campal neurons for TRIM46 (green) with the cytoskeleton markers betaIII-tubulin, Tau, MAP2, EB3, CAM-
SAP2, and Neuro�lament heavy chain (NeuroFil 200kDa) (red). Scale bar is 10µm. Lower panel shows the 
average normalized �uorescent intensity pro�les of TRIM46 (green trace, n=179), Tau (red trace, n=23), 
MAP2 (blue trace, n=11), CAMSAP2 (black trace, n=11), and Neuro�l ¬-(purple trace, n=16). Traces are 
normalized in µm from the maximal TRIM46 intensity. A.U., arbitrary units.
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Figure S5. Related to Figure 3. TRIM46 is required for axon identity (A) Diagram showing the number of AnkG 
(control n=150, shRNA n=232), βIV Spectrin (control n=155, shRNA n=252), pan NF (control n=150, shRNA n=133), 
or pan Nav (control n=150, shRNA n=255) positive axon initial segments (AIS) in hippocampal neurons (DIV 5) co-
transfected at DIV1 with β-galactosidase together with pSuper control or TRIM46 shRNA. *** P<0.001, comparing 
single stainings of control versus shRNA (Chi-squared). (B) Diagram showing TRIM46 localization categorized in 
different groups in hippocampal neurons (DIV 5) transfected at DIV1 with pSuper control (n=293), AnkG shRNA 
(n=100), bIV-spectrin shRNA (n=94), NF shRNA (n=100), or Nav shRNA (n=102). (C) Representative images of 
TRIM46 localization in hippocampal neurons (DIV5) transfected at DIV1 with β-galactosidase together with pSuper 
control or AnkG shRNA and co-stained with AnkG and TRIM46. Arrowheads indicate the mislocalization of the 
TRIM46 staining.  Maximum intensity projection. Scale bar is 10µm. (D) Representative images of DIV5 hippocampal 
neurons co-transfected at DIV1 with pSuper control or TRIM46 shRNA, together with β-galactosidase to visualize 
morphology. Scale bar is 100µm. (E) Diagrams showing the mean total axon length, mean primary axon length, 
mean number of axon branches, and the mean length per axon branch in neurons (DIV5) transfected at DIV1 with 
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Figure S5. Related to Figure 3. TRIM46 is required for axon identity. (A) Diagram showing the 
number of AnkG (control n=150, shRNA n=232), βIV Spectrin (control n=155, shRNA n=252), pan NF 
(control n=150, shRNA n=133), or pan Nav (control n=150, shRNA n=255) positive axon initial 
segments (AIS) in hippocampal neurons (DIV 5) co-transfected at DIV1 with β-galactosidase together 
with pSuper control or TRIM46 shRNA. *** P<0.001, comparing single stainings of control versus 
shRNA (Chi-squared). (B) Diagram showing TRIM46 localization categorized in di�erent groups in 
hippocampal neurons (DIV 5) transfected at DIV1 with pSuper control (n=293), AnkG shRNA (n=100), 
bIV-spectrin shRNA (n=94), NF shRNA (n=100), or Nav shRNA (n=102). (C) Representative images of 
TRIM46 localization in hippocampal neurons (DIV5) transfected at DIV1 with β-galactosidase togeth-
er with pSuper control or AnkG shRNA and co-stained with AnkG and TRIM46. Arrowheads indicate 
the mislocalization of the TRIM46 staining.  Maximum intensity projection. Scale bar is 10µm. (D) 
Representative images of DIV5 hippocampal neurons co-transfected at DIV1 with pSuper control or 
TRIM46 shRNA, together with β-galactosidase to visualize morphology. Scale bar is 100µm. (E) 
Diagrams showing the mean total axon length, mean primary axon length, mean number of axon 
branches, and the mean length per axon branch in neurons (DIV5) transfected at DIV1 with pSuper 
control (n=20) or TRIM46 shRNA (n=20). Error bars represent SEM. **P<0.01, ***P<0.001, comparing 
control versus shRNA1/2 (Mann-Whitney U Test). (F) Representative images of hippocampal neurons 
(DIV6) treated for 6 hours with DMSO (control) or 6 hours with 10uM nocodazole. (n=100 for all 
conditions) and stained for TRIM46 (green) and beta-tubulin (red). Arrowheads indicate TRIM46 
speci�c staining and asterisk indicate TRIM46 negative neurons. Scale bar is 10µm. (G) Diagram 
showing the percentage of TRIM46 positive hippocampal neurons (DIV6) treated for 6 hours with 
DMSO (control), or for 30 minutes, 1 hour, 2 hours, 4 hours, or 6 hours with 10µM nocodazole. (n=100 
for all conditions).
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pSuper control (n=20) or TRIM46 shRNA (n=20). Error bars represent SEM. **P<0.01, ***P<0.001, comparing 
control versus shRNA1/2 (Mann-Whitney U Test). (F) Representative images of hippocampal neurons (DIV6) treated 
for 6 hours with DMSO (control) or 6 hours with 10uM nocodazole. (n=100 for all conditions) and stained for 
TRIM46 (green) and beta-tubulin (red). Arrowheads indicate TRIM46 specific staining and asterisk indicate TRIM46 
negative neurons. Scale bar is 10µm. (G) Diagram showing the percentage of TRIM46 positive hippocampal neurons 
(DIV6) treated for 6 hours with DMSO (control), or for 30 minutes, 1 hour, 2 hours, 4 hours, or 6 hours with 10µM 
nocodazole. (n=100 for all conditions).
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Figure S6. Related to Figure 5A-C. The effect of TRIM46 on kinesin based transport (A) Representative zoom of a 
still from a GFP-fill, pan-NF extracellular live staining (indicating the axon), stills from PEX-mRFP, and PEX-mRFP 
tracks of hippocampal neurons (DIV4) transfected at DIV1 with HA-KIF5b-MDC-FRB, PEX-mRFP-FKBP, GFP, and 
pSuper control or TRIM46 shRNA. KIF5b-MDC was recruited to peroxisomes using the FKBP-FRB hetero-dimerization 
system. Neurons are classified by different behavior of Kif5b targeted peroxisomes: axon targeting, stalled and 
bidirectional.
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Figure S6. Related to Figure 5A-C. The e�ect of TRIM46 on kinesin based transport. (A) 
Representative zoom of a still from a GFP-�ll, pan-NF extracellular live staining (indicating 
the axon), stills from PEX-mRFP, and PEX-mRFP tracks of hippocampal neurons (DIV4) trans-
fected at DIV1 with HA-KIF5b-MDC-FRB, PEX-mRFP-FKBP, GFP, and pSuper control or TRIM46 
shRNA. KIF5b-MDC was recruited to peroxisomes using the FKBP-FRB hetero-dimerization 
system. Neurons are classi�ed by di�erent behavior of Kif5b targeted peroxisomes: axon 
targeting, stalled and bidirectional.
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SUPPLEMENTARY MATERIALS AND METHODS
Animals

All experiments with animals were performed in compliance with the guidelines for the welfare of 
experimental animals issued by the Government of The Netherlands, and were approved by the Animal Ethical 
Review Committee (DEC) of the Erasmus MC and Utrecht University.

DNA and shRNA constructs
The following mammalian expression plasmids have been described: pGW1 expression vectors and 

pβactin-HA-β-Galactosidase [2, 3], pSuper vector [4], GFP-Rab3C [5], pEGFP-MACF43 [6] which we named GFP-
MT+TIP since it is used as a general marker to analyze the dynamics of microtubule growing plus-ends, pβactin-β-
tubulin-eGFP was a kind gift from Dr. P. Schältze and Dr. K. Jiang, HA-KIF5b-motor-FRB [7], PEX-mRFP-FKBP [7], 
pBa-NgCAM-GFP Addgene plasmid 45061 [8]. All other constructs were created using PCR based strategies. Full-
length mouse TRIM46 RefSeq 759aa isoform (Uniprot Q7TNM2; NCBI RefSeq NM_183037.2) was generated in 
pGex-GST, pET-His, and pGW1-GFP or -mCherry vectors, full-length human TRIM36 RefSeq 728aa isoform (Uniprot 
Q9NQ86; NCBI RefSeq NM_018700.3) was generated in pGW1-GFP or -mCherry vectors (TRIM46 and TRIM36 
clones were both kindly provided by Dr. T. Cox [9]), full-length human PRC1 RefSeq 620aa isoform (Uniprot O43663; 
NCBI RefSeq NM_003981.3) was generated in a pGW1-mCherry vector (human cDNA library for PRC1 clone was 
kindly provided by Dr. M. Boxem). TRIM46 mutants were generated by PCR from the full-length constructs (Ring 
mutant: C48A, H50A, C53A, C56A; ΔC: 1-429aa; ΔN: 430-759aa; ΔRing: 167-759aa; ΔCOS: 1-410aa with 430-759aa; 
primer sequences available upon request). The following shRNAs were created and used in this study: AnkG-shRNA 
(5’-gccgtcagtaccatcttct-3’), βIV-Spectrin-shRNA (5’-cactggatagccgagaagg-3’), and NF-shRNA 
(5’-tgccttcgtcagcgtatta-3’) [10], Nav1.x-shRNA (5’-gttcgaccctgacgccact-3’) [11], CAMSAP2-shRNA 
(5’-ttgcatgtgctcaacagta-3’) [12], TRIM46-shRNA 1 (5’-gttgctgacagagcttaac-3’) and TRIM46-shRNA 2 
(5’-gaacatggagaaggaactg-3’) were developed using http://sirna.wi.mit.edu/ [13]. The complementary 
oligonucleotides were annealed and inserted into pSuper vector.

Antibodies and reagents
Serum of patient 1 was kindly provided by Prof. P. Sillevis Smitt [14] and serum from patient 2 by Dr. F. 

Graus [15]. Full length TRIM46 fused to GST was isolated from induced BL21 E.coli and purified using Glutathione 
Sepharose 4B beads (GE Healthcare) under denaturing conditions. Purified GST-TRIM46 was dialyzed in PBS and 
suspension of precipitated protein together with adjuvant was injected into New Zealand White rabbits (by 
BioGenes GmbH). Whole final bleed anti-TRIM46 serum was used for immunohisto- and immunocytochemistry 
experiments. Anti-TRIM46 antibodies were purified using His-TRIM46 coupled to Ni-NTA agarose beads (Qiagen) 
under denaturing conditions and eluted antibodies were used for Western Blot experiments. Other antibodies 
used in this study: mouse anti-AnkG (clone 4G3F8, 33-8800, Life Technologies; clone N106/36, 75-146, NeuroMab); 
chicken anti-β-Galactosidase (BGL-1040, Aves Labs); rabbit anti-Calbindin D-28k (CB-38, Swant); mouse anti-MAP2 
(clone HM-2, M9942, Sigma); rabbit anti-MAP2 (4542, Cell Signaling); chicken anti-MAP2 (ab5392, Abcam); rabbit 
anti-betaIII-tubulin (PRB-435P, Covance); mouse anti-betaIII-tubulin (clone TUJ1, MMS-435P, Covance; clone 
SDL.3D10, T8660, Sigma); mouse anti-pan-Neurofascin (clone L11A/41, 75-027, NeuroMab; clone A12/18, 75-172, 
NeuroMab); mouse anti-pan-Nav (clone K58/35, S8809, Sigma); rabbit anti-EB3 (02-1005-07) [16]; rabbit anti-
CAMSAP2 (17880-1-AP, Proteintech); chicken anti-Neurofilament-200kDa (ab72996, Abcam); rabbit anti-βIV-
Spectrin (kind gift from Dr. M. Rasband) [17]; mouse anti-Tau (clone PC1C6, MAB3420, Chemicon); mouse anit-EB1 
(clone 5/EB1, 610535, BD Transduction Laboratories); rabbit anti-GFP (598, MBL), mouse anti-alpha-tubulin (clone 
B-5-1-2, T5168, Sigma); Alexa405-, Alexa488-, Alexa568- and Alexa647-conjugated secondary antibodies (Life 
Technologies); Dyelight405-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories); Atto488-
conjugated secondary antibodies (ATTO-TEC). Other reagents used in this study include: Taxol (T7402, Sigma), 
Nocodazole (M1404, Sigma), SB216763 (1616, Tocris Bioscience), and Rapalog heterodimerizer (AP21967, Ariad).
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Immunoprecipitation, mass spectrometry and immunoblotting
Extracts were made from adult total rat brain using 1% NP40 lysis buffer (10mM Hepes, pH 7.5, 150mM 

NaCl, 1% NP40 and complete protease inhibitor (Roche). 2.5mg protein was pre-cleared with 50µl protA / protG 
sepharose, mixed 1:1, for 1 hour at 4°C and the supernatant was subsequently incubated overnight at 4°C with 10µl 
sera. Next, samples were incubated for 4 additional hours at 4°C with 50µl protA / protG (1:1) sepharose. Sepharose 
beads were washed 5 times with lysis buffer and loaded on a 4-12% Bis-Tris gel (Life Technologies). This gel was 
analyzed using mass spectrometry exactly as described before [18].

For immunoblotting GFP and GFP-TRIM46 full length encoding constructs were transiently transfected in 
HEK293 cells with polyethylenimine (PEI, Polysciences). Extracts were made as described above and incubated with 
either anti-GFP antibodies (3ul) or serum from either a control or patients #1 or #2 (5µl each) and sepharose beads 
for 3 hours at 4°C. After three washes with lysis buffer, one wash with high salt (20 mM Tris pH 8, 500 mM KCl and 
0.1% triton) and 2 washes with PBS, samples were loaded on a Tris-Glycine SDS-polyacrylamide gel and blotted on 
PVDF membranes. Blots were blocked in 2% BSA in PBS-T (0.05% Tween20) followed by primary and secondary 
antibody incubation (in 1% BSA in PBS-T) prior to ECL (homemade), film exposure and development.

Neurons were directly lysed in SDS-page sample buffer containing DTT, briefly sonicated, 10 min boiled 
and subjected to Tris-Glycine SDS-page followed by blotting on PVDF or Nitrocellulose membranes.

Hippocampal neuron cultures, transfection and immunocytochemistry
Primary hippocampal neurons were isolated from E18 rat brains [19, 20]. Cells were seeded on coverslips 

coated with poly-L-lysine (37.5µg/ml) and laminin (5µg/ml) at a density of ~28∙103 or ~14∙103 cells/cm2 in 
Neurobasal medium supplemented with 2% B27, 0.5mM glutamine, 15.6µM glutamate and 1% penicillin/
streptomycin. Hippocampal neurons on coverslips were transfected using Lipofectamine2000 (Life Technologies). 
Briefly, DNA (~1.8 μg/well, for a 12 wells plate) was mixed with 3.3μl of Lipofectamine 2000 in 200μl Neurobasal 
(without supplement), incubated for 30 min, and then added to the neurons in Neurobasal (without supplement) 
at 37°C in 5% CO2 for 45 min. Next, neurons were washed with Neurobasal (without supplement) and transferred 
in their original medium (with supplement) at 37°C in 5% CO2 for 1-4 days. Neurons were lysed for western blot 
analysis, mounted in an imaging chamber for live-cell imaging, or fixed for immunocytochemistry stainings. For 
immunocytochemistry, neurons were fixed for 10 minutes with paraformaldehyde/sucrose (4%/4%) in PBS, for 5 
minutes with methanol (100%) containing 1mM EGTA at -20°C followed by 5 minutes paraformaldehyde/sucrose 
(4%/4%) in PBS, or for 10 minutes with methanol (100%) containing 1mM EGTA at -20°C. Fixed cells were washed 
in PBS followed by primary and secondary antibody incubation in GDB buffer (0.1% BSA, 0.45M NaCl, 0.3% Triton 
X-100, 16.7mM phosphate buffer, pH 7.4) prior to mounting in Vectashield mounting medium (Vectorlabs).

Cortical neuron cultures and nucleofection
Primary cortical neurons were isolated from E18 rat brains [19, 20] . Cells (1∙106) were transfected using 

the Amaxa Rat Neuron Nucleofector kit (Lonza) with 3µg of plasmid DNA and plated in 6-wells plates (5∙105 cells/
well) (for western blot analysis) or on coverslips in 12-wells plates (2-6∙104 cells/well) (for immunohistochemistry) 
coated with poly-L-lysine (37.5µg/ml) and laminin (5µg/ml) containing DMEM supplemented with 10% FCS. Cells 
were allowed to recover and adhere to the surface at 37°C in 5% CO2, after 4 hours the medium was replaced with 
Neurobasal medium supplemented with 2% B27, 0.5mM glutamine, 15.6µM glutamate and 1% penicillin/
streptomycin. Cells were grown at 37°C in 5% CO2 prior to lysis and Western blot analysis or fixation and 
immunocytochemistry as described for hippocampal neuron cultures.

Heterologous cell culture, transfection and immunocytochemistry
HeLa and African Green Monkey SV40-transformed kidney fibroblast cells (COS-7) cells were cultured in 

DMEM/Ham’s F10 (50%/50%) supplemented with 10% FCS and 1% penicillin/streptomycin at 37°C and 5% CO2. 
Cells were seeded in Lab-Tek chambers (Thermo-Scientific) or 24mm glass coverslips prior to transfection. HeLa 
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cells were transfected with polyethylenimine (PEI, Polysciences) or Fugene6 (Promega) and COS-7 were transfected 
with Fugene6 according to manufacturer’s protocol. Coverslips with transfected COS-7 cells were mounted in an 
imaging chamber and used for live-cell imaging and transfected HeLa cells were fixed and used for 
immunocytochemistry stainings. For immunocytochemistry, cells were fixed for 10 minutes with paraformaldehyde 
(4%) in PBS, for 5 minutes with methanol (100%) containing 1mM EGTA at -20°C followed by 5 minutes 
paraformaldehyde (4%) in PBS, or for 10 minutes with methanol (100%) containing 1mM EGTA at -20°C. Fixed cells 
were permeabilized for 10 minutes using 0.2% Triton X-100 in PBS, and blocked for 1 hour with 0.5% BSA in PBS 
followed by primary and secondary antibody incubation (in 0.5% BSA in PBS) prior to mounting in Vectashield 
mounting medium (Vectorlabs).

Immunohistochemistry
Sciatic nerves, separated cortical hemispheres, and cerebella (from C57BL/6 wildtype mice) were fixed 

for 1 hr or 5 h in 4% paraformaldehyde, respectively. Both were rinsed with PBS and transferred to 30% sucrose 
overnight for cryoprotection prior to freezing in Jung Tissue freezing medium (Leica) and cut in 6 µm sagittal, 12 µm 
coronal or 12 µm sagittal sections, on a freezing microtome respectively. For hippocampal sections C57BL/6 
wildtype mice were anesthetized with pentobarbital and perfused transcardially with 4% paraformaldehyde and 
brains were embedded in paraffin and sectioned at 4–6 μm. Dorsal root ganglions (DRGs) were obtained from 4% 
paraformaldehyde perfused adult Wistar rats. The DRGs were cryoprotected by overnight incubation in 30% 
sucrose, sectioned at 40 μm on a freezing microtome. Sections where either heated in a microwave for antigen 
retrieval for 10 min in Sodium Citrate buffer (5mM, pH 6) for cortical and hippocampal sections or for 20 min in 
Sodium Citrate buffer (10mM, 0.05% Tween 20, pH 6) for cerebellar sections both at 97º C or treated with 10mM 
sodium citrate buffer, pH 6, at 80 °C for 2 h for epitope unmasking. Epitope retrieval was not performed for sciatic 
nerves. All sections were blocked for 1 hour using 10% normal goat serum in 0.2% Triton X-100 PBS for 1 hour 
followed by primary and secondary antibody incubation (in 10% normal goat serum in 0.2% Triton X-100 PBS) prior 
to mounting in Vectashield mounting medium (Vectorlabs).

Immunohisto- and immunocytochemistry microscopy
Wide-field microscopy was performed using a Nikon Eclipse 80i with Plan Apo VC 100x numerical 

aperture (NA) 1.40 oil, Plan Apo VC 60x NA 1.40 oil, Plan Fluor 40x NA 1.30 oil, and a Plan Fluor 10x NA 0.30 
objective (Nikon), equipped with a CoolSNAP HQ2 CCD camera (Photometrics). Confocal laser scanning confocal 
microscopy was performed using a LSM-700 system (Zeiss) with a Plan-Apochromat 63x NA 1.40 oil DIC, EC Plan-
Neofluar 40x NA1.30 Oil DIC, and a Plan-Apochromat 20x NA 0.8 objective. Spinning disk confocal microscopy was 
performed inverted microscope with Perfect Focus System (Nikon Eclipse Ti, Nikon) with a Plan Apo 60x N.A. 1.40 
oil objective (Nikon), equipped with a Yokogawa CSU-X1-A1 spinning disk confocal unit (Roper Scientific), an Evolve 
512 EMCCD camera (Photometrics), a DV2 dual-channel beamsplitter (Photometrics), and a motorized XYZ stage 
(Applied Scientific Instrumentation) which were all controlled using MetaMorph (Molecular Devices) software.

In utero electroporation 
Pregnant C57Bl/6 mice at E14.5 were deeply anaesthetized with Isoflurane (induction: 3-4%, surgery, 

1.5-2%), injected with 0.05mg/kg buprenorfinhydrochloride in saline, and hereafter the abdominal cavity was 
opened under sterile surgical conditions. Uterine horns were exposed and 1.7ul DNA mixture containing 0.6ug/ul 
pSuper vector or Trim46 shRNA and 0.4ug/ul GFP vector dissolved in MilliQ water with 0.05% Fast Green (Sigma) 
was injected in the lateral ventricles of the embryo’s using glass micro-pipettes (Harvard Apparatus) and a PLI-100 
Pico-injector (Harvard Apparatus). Brains (motor cortex) were electroporated with gold plated tweezer-electrodes 
(Fischer Scientific) using an ECM 830 Electro-Square-Porator (Harvard Apparatus) set to three unipolar pulses at 
30V (100ms interval and pulse length). Embryos were placed back into the abdomen, and abdominal muscles and 
skin were sutured separately. The mother mice were awakened by releasing them from Isoflurane. Embryos were 
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collected at E17.5 and heads were fixed in 4% paraformaldehyde and submerged in 30% sucrose. 12μm cryosections 
were made and sections were blocked and permeabilized in 10% Normal Horse Serum + 0.2% Triton X-100 in PBS 
followed by primary and secondary antibody incubation in again 10% Normal Horse Serum + 0.2% Triton X-100 in 
PBS prior to mounting in Vectashield mounting medium (Vectorlabs). Z-stack acquisitions were taken using 
conventional laser confocal microscopy.

Live-cell imaging
Total internal reflection fluorescence microscopy

Total internal reflection fluorescence microscopy (TIRFM) was performed on an inverted microscope 
with Perfect Focus System (Nikon Eclipse TE2000E, Nikon) with a CFI Apo TIRF 100x NA 1.49 oil objective (Nikon), 
equipped with an Evolve 512 EMCCD camera (Photometrics), a DV2 dual-channel beamsplitter (Photometrics), and 
an incubation chamber (Tokai Hit) mounted on a motorized stage (Prior) which were all controlled using MetaMorph 
(Molecular Devices) software. 
Spinning disk confocal microscopy

Spinning disk confocal microscopy was performed inverted microscope with Perfect Focus System (Nikon 
Eclipse Ti, Nikon) with a CFI Apo TIRF 100x NA 1.49 oil, a Plan Apo VC 100x NA 1.40 oil, or a Plan Apo VC 60x NA 1.40 
oil objective (Nikon), equipped with a Yokogawa CSU-X1-A1 spinning disk confocal unit (Roper Scientific), an Evolve 
512 EMCCD camera (Photometrics), a DV2 dual-channel beamsplitter (Photometrics), and an incubation chamber 
(Tokai Hit) mounted on a motorized XYZ stage (Applied Scientific Instrumentation) which were all controlled using 
MetaMorph (Molecular Devices) software. In addition this microscope was used for fluorescent recovery after 
photobleaching (FRAP) experiments using the iLas2 system (Roper Scientific).
Laser-induced cutting using TIRFM

Laser-induced cutting using TIRFM was performed on an inverted microscope with Perfect Focus System 
(Nikon Eclipse Ti, Nikon) with a CFI Apo TIRF 100x NA 1.49 oil objective (Nikon), equipped with an Evolve 512 
EMCCD camera (Photometrics), a Optosplit III dual- or triple-channel beamsplitter (Cairn Research), and an 
incubation chamber (Tokai Hit) mounted on a XY motorized stage (Applied Scientific Instrumentation) which were 
all controlled using MetaMorph (Molecular Devices) software. This microscope is equipped with a 532 nm 
Q-switched pulsed laser controlled by the iLas2 system (Roper Scientific) to perform laser-induced cutting as 
described previously [12].
Live-cell wide-field fluorescence microscopy

Live-cell wide-field fluorescence microscopy was performed on an inverted microscope with Perfect 
Focus System (Nikon Eclipse Ti, Nikon) with a Plan Fluor 40x NA 1.30 oil DIC objective (Nikon), equipped with a 
CoolSNAP HQ2 CCD camera (Photometrics),  and an incubation chamber (Tokai Hit) mounted on a motorized XY 
stage (Applied Scientific Instrumentation) which were all controlled using Micro-Manager software [21].

Image analysis and quantification
Image processing and analysis was performed in ImageJ [22], Fiji [23], MetaMorph (Molecular Devices) 

and/or MatLab (MathWorks). Some images were linear scaled.
Analysis of laser-induced severing experiments

In COS-7 cells, GFP-MT+TIP was used to identify the direction of the growing microtubule bundles prior 
and past laser induced microtubule cutting. Cells were imaged using TIRFM with an interval of 1 second for 5 
minutes, laser induced cutting of a microtubule bundle was performed during imaging. Acquisitions were analyzed 
using Fiji: dual color (GFP + mCherry) overlay was created and kymographs were made using a segmented line 
drawn over the growing microtubules starting from the origin of the bundle.
Analysis of microtubule growth in neurons

In neurons, GFP-MT+TIP was used to identify the growing microtubule plus-ends and the proximal axon 
was identified by a live-staining of pan-NF (extracellular). Neurons were imaged using spinning disk confocal 
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microscopy (using 100x objective) with an interval of 2 seconds for 10 minutes. Acquisitions were analyzed using 
Fiji: x-y drift was corrected using the translation option of the StackReg plugin [24], an average intensity projection 
was created, followed by a despeckle noise reduction and subtraction of the average intensity. Kymographs were 
created using a segmented line along the axon from the soma towards the axon tip. The amount of anterograde 
and retrograde growing was counted and averaged per kymograph. In addition the speed of the growing 
microtubules was measured from the kymographs. 
Analysis of Rab3C transport in neurons

In neurons, GFP-Rab3C was imaged in the proximal axon which was identified by a live-staining of pan-
NF (extracellular). Neurons were imaged using spinning disk confocal microscopy (using 100x objective) with a 
stream acquisition of 4 fps for 60 seconds. Acquisitions were analyzed using Fiji: x-y drift was corrected using the 
translation option of the StackReg plugin [24] followed by a despeckle noise reduction. Kymographs were created 
using a segmented line along the proximal axon from the soma towards the axon tip.
Analysis of NgCAM transport in neurons

In neurons, NgCAM-GFP was imaged in the proximal axon which was identified by a live-staining of pan-
NF (extracellular). The GFP signal in the axon was bleached with a high power laser prior to imaging using spinning 
disk confocal microscopy (using 60x objective) with a stream acquisition of 5 fps for 2 minutes. Acquisitions were 
analyzed using Fiji: x-y drift was corrected (if drift was observed) using the translation option of the StackReg plugin 
[24], and kymographs were created using a segmented line along the proximal axon from the soma towards the 
axon tip.
Analysis of axon morphology

For axon morphology analysis, β-galactosidase was used as a fill, and the axon was identified by absence 
of Map2 staining. Images were acquired with a 10x Plan Fluor Nikon objective on Nikon Eclipse 80i microscope. 
Only neurons with clearly defined neuronal arborization with no overlapping neighboring cells were imaged and 
analyzed. Total axonal length, axon length, number and mean length of axonal branches were quantified using 
ImageJ software and the NeuronJ plugin [25]. The axon length was determined by tracing the longest neurite, and 
total axonal length was calculated as the sum of the lengths of the axon and its branches.
Analysis of FRAP experiments

To characterize temporal dynamics of protein-GFP fusion turnover, a region at the proximal axon (TRIM46 
and Tubulin), axon (Tau) or dendrite (MAP2) was bleached with high laser power and fluorescence recovery was 
observed. The mean intensity of this region was corrected by subtracting at each frame the mean intensity of  
a background region next to it . The normalization of recovery was 

calculated according to  the formula:

where corresponds to the region’s mean intensity directly after bleaching,  intensity averaged 
over 5 initial frames before bleaching. To account for the bleaching due to imaging itself, additional correction was 
performed using intensity of the non-bleached region along the axon:

where   corresponds to the mean intensity of the non-bleached region and time interval  denotes 5 initial 
frames before bleaching. The recovery curves of multiple cells were pooled together and averaged and the 
characteristic time of recovery   and maximum recovery fraction   was obtained by fitting the following 
equation in GraphPad Prism:

I (t) = Ibleached region (t) – Ibackground (t)
Rnorm (t)

Rnorm (t) =  
I (t) – I (0)

< I (Δt) >  – I (0)

R(t) = Rnorm (t)  
< Icontrol (Δt) – Ibackground (Δt) >

Icontrol (t)  – Ibackground (t)

R(t) = Rmax (1 – exp (- t/ τ))  

I (0) < I (Δt) >  – 

Icontrol Δt

τ Rmax
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Analysis of fluorescence intensity profiles along AIS
The characterization and relative alignment of fluorescence intensities profiles of multiple proteins was 

performed according to [12, 26] using custom Matlab program (together with description is available at https://
github.com/ekatrukha/AIS). In short, profiles were corrected for the background, normalized with respect to 
maximum and minimum values and smoothened with ~3 µm moving average window. The position of maximum 
intensity in the TRIM staining was used as a reference origin of x-axis to align fluorescence distribution of co-stained 
proteins.
Analysis of PEX assay in neurons

In neurons, kinesin directed peroxisomes were imaged using wide-field microscopy (40x objective). The 
proximal axon was identified by a live-staining of pan-NF (extracellular). Neurons were imaged with an interval of 
30 seconds during which rapalog (100nM final concentration) was added to induce kinesin targeting to peroxisomes. 
Acquisitions were analyzed using Fiji: x-y drift was corrected using the translation option of the StackReg plugin [24] 
and maximum projections were created of peroxisomes before and after addition of rapalog. Still frame images of 
individual peroxisomes were processed with unsharp mask filter and their movements were tracked with MTrackJ 
plugin.
Polarity index

The average dendrite intensity of dendritic regions Id and average axonal intensity of Ia was used to 
calculate the Polarity Index (PI) using:

where   for uniformly distributed proteins then PI=0, whereas PI > 0 indicates polarization towards dendrites 
or PI < 0 indicates polarization towards the axon.

dSTORM imaging
For TRIM46 and alpha-tubulin co-staining hippocampal neurons were first extracted for 1.5 minutes with 

0.25% glutaraldehyde + 0.3% Triton X-100 + 5mM MgCl2 + 150mM NaCl + 5mM glucose in PEM80 buffer (80mM 
PIPES, 1mM EGTA, 4mM MgCL2, pH 6.9). Extraction was followed by a 10 minute fixation using 4% PFA in PBS. After 
fixation, auto-fluorescence was quenched using 10mM of NaBH4 for 7 minutes followed by extensive washing with 
PBS. For TRIM46 and AnkG co-staining hippocampal neurons were fixed for 5 minutes with methanol (100%) 
containing 1mM EGTA at -20°C followed by 5 minutes 4% PFA in PBS. For all conditions cells were further permeabilized 
for 7 minutes using 0.25% Triton X-100 in PBS, washed and incubated for 30 minutes in blocking solution (2% BSA + 
0.2% gelatin, 10mM glycine + 50mM NH4Cl in PBS, pH 7.4). Neurons were incubated with primary and secondary 
antibodies in the blocking solution. For tubulin, antibodies against alpha-tubulin were directly coupled to Alexa647. 
For TRIM46, rabbit anti-TRIM46 was used followed by anti-rabbit coupled to Atto488. For AnkG, mouse anti AnkG was 
used followed by anti-mouse coupled to Alexa647. Stained neurons were post-fixed for 10 minutes using 2% PFA in 
PBS. Imaging was performed using 5mM MEA, 10% w/v glucose, 700µg/ml glucose oxidase, 40µg/ml catalase in PBS. 
dSTORM microscopy was performed on an inverted microscope with Perfect Focus System (Nikon Eclipse Ti, Nikon) 
equipped with a Apo TIRF 100x NA 1.49 oil objective, a 2.5x Optovar (to achieve an effective pixel size of 64 nm), and 
a DU-897D EMCCD camera (Andor) which were all controlled using Micro-Manager software [21]. Sequential imaging 
of Alexa-Fluor-647 and Atto488 was performed by continuous oblique laser illumination with 640 nm diode laser and 
491 nm DPSS laser, respectively. For Atto488 the sample was also illuminated with 405 nm diode laser. Between 7000 
and 15000 frames were recorded per acquisition with exposure times of 30ms. Single molecule localization was 
performed as previously described [12]. A particle table with molecule coordinates and errors was used to reconstruct 
a super resolution image. A 20 nm pixel size was used for image display, while a 10 nm pixel size was used for the 
linescan of the TRIM46-AnkG dSTORM acquisition (diagram in Figure 2E). For two color imaging, chromatic corrections 
obtained from images with multichromatic 100 nm-beads (Tetraspeck, Invitrogen) were applied to the Atto488 
particle table. For sample drift during acquisition, a correction algorithm was applied [27].

PI =  
Id + Ia

Id – Ia

Id = Ia
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STATISTICAL ANALYSIS 
 Data and statistical analysis were performed with GraphPad Prism or SPSS software. 
Statistical analysis include unpaired Students’s t-test (two tailed), Mann-Whitney U test (two tailed) 
and Chi-square test (not significant is P>0.05, *P<0.05, **P<0.01, ***P<0.001). Diagrams were made 
using GraphPad Prism software.
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CHAPTER 5
THREE-STEP MODEL FOR POLARIZED SORTING  

OF KIF17 INTO DENDRITES

Mariella A. Franker 1, Lukas C. Kapitein 1 and Casper C. Hoogenraad 1

1 Cell Biology, Faculty of Science, Utrecht University, Utrecht, The Netherlands.

The kinesin-2 family protein KIF17 is a dendrite-specific motor protein. However, the 
mechanism underlying the dendrite specific targeting of KIF17 remains poorly understood. Using live 
cell imaging combined with inducible trafficking assays to directly probe KIF17 motor activity in neurons, 
we found that the polarized sorting of KIF17 to dendrites is regulated in multiple steps. First, cargo 
binding of KIF17 relieves autoinhibition and initiates microtubule-based cargo transport. Second, KIF17 
does not autonomously target dendrites, but enters the axon where the Axon Initial Segment (AIS) 
prevents KIF17 vesicles from moving further into the axon. Third, dynein-based motor activity is 
necessary to redirect KIF17 cargoes into dendrites. We propose a three-step model for polarized sorting 

of KIF17, in which the collective function of motor teams is required for proper dendritic sorting.
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INTRODUCTION
Neurons are separated into an axonal and a dendritic domain. The polarized organization of 

neurons is essential for their function and is strictly maintained throughout the lifetime of the cell. The 
first part of the axon, the axon initial segment (AIS), functions as a physical barrier to separate axonal 
and dendritic proteins. Earlier work established that the AIS functions as a diffusion barrier for 
membrane-bound proteins [1-3] as well as a cytosolic barrier for transported cargoes [4, 5]. It was 
observed that dendritic cargoes halt and reverse in the AIS, suggesting that the cytosolic AIS barrier 
prevents ‘unwanted’ cargoes from entering the axon [5]. Furthermore, it has been shown that the 
actin cytoskeleton and myosin Va are important for the function of the AIS cytosolic barrier [5]. 

Various kinesin motors including KIF5 [6, 7], KIF13B [8], KIF21A [9] and KIF17 [10] exist in a 
folded, autoinhibited state. KIF17 autoinhibition is achieved through interactions of the tail domain 
and the second coiled-coil (CC2) with the motor domain [10]. A single point mutation G754E within 
CC2 of KIF17, the so-called hinge region, abolishes autoinhibition and results in a constitutively active 
motor that accumulates at the tips of neurites in differentiated mouse central nervous system 
catecholaminergic (CAD) cells [10]. In vitro studies showed for KIF5 and OSM-3 (KIF17 homologue in C. 
elegans) that binding to beads can unfold and activate the motor [11, 12]. It has however not been 
tested whether cargo binding is sufficient to activate KIF17 in living cells.  

KIF17 is known to be a dendrite-specific motor protein. Immunostaining of endogenous 
KIF17 shows dendritic localization of KIF17 in brain slices [13] and KIF17 has been shown to interact 
with several dendritic cargoes [14], including Spatial [15, 16], potassium Kv4.2 channel [17], kainate 
receptor GluR5 [18] and NMDA receptor subunit NR2B [13, 19]. It is therefore assumed that KIF17 
directly transports cargoes into dendrites. However, removing the cargo-binding tail region of KIF17 
targets the motor to the axon [4, 20-22]. These data suggest that the motor domain is selective for the 
axon and the tail region regulates the dendritic targeting of KIF17. Nevertheless, how the tail region 
steers dendrite specific transport remains unclear.

Here, we directly probe the activity of KIF17 in living neurons and study the regulatory 
sequences in the tail region. We first showed that induced binding of KIF17 to cargo relieves the 
autoinhibition. Moreover, we found that KIF17-bound cargoes do not target the dendrites but enter 
the axon where they are anchored in the AIS. Actin depolymerization or AIS removal by AnkG depletion 
targets KIF17 to the axon. We next tested whether other motors present on the same cargo could 
redirect KIF17 into dendrites and found that recruitment of dynein steers KIF17-positive cargos into 
dendrites. We propose a model in which the collective function of motor teams is an important part 
of dendritic sorting.

RESULTS
Full length KIF17 localizes to dendrites and tailless KIF17 targets the axon

Consistent with previous findings [14], we found that endogenous KIF17 and exogenously 
expressed full length KIF17 (KIF17-FL) localized to the dendritic compartment of mature hippocampal 
neurons in culture (Figure 1A,B). Quantification revealed that endogenous KIF17 is localized to 
dendrites in developing (DIV 6) and mature (DIV 15) neurons; only ~5% of the cells show accumulations 
in axon tips (Figure 1C). Interestingly, overexpressed KIF17-FL targeted the axon (~85%) in young 
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Figure 1. Full length and truncated KIF17 localize to di�erent neuronal compartments. (A) 
Dissociated hippocampal neurons were �xed with methanol/ PFA on DIV6 and stained for KIF17 
(Santa Cruz) in combination with MAP2 or TAU. Bottom two panels show zooms of endogenous KIF17 
in a dendrite, identi�ed with MAP2 staining, and an axon, identi�ed with tau staining. Axon is indicat-
ed with blue arrow, dendrite with red arrows. Scale bars are 20 µm (top panels) and 5 µm (bottom two 
panels). (B) Neurons were transfected with β-gal and KIF17-FL-GFP or KIF17-MD-GFP on DIV19 and 
�xed and co-stained with β-gal on DIV21. Inserts show zooms of axon tips as indicated with the black 
box. Axon is indicated with blue arrow, dendrite with red arrows. Scale bars are 20 µm (full image) and 
5 µm (insert). (C) Percentage of cells with accumulations in at least 2 axon tips were quanti�ed in 
young (DIV6) and mature (DIV15) neurons with endogenously stained KIF17 and overexpressed 
KIF17-FL and KIF17-MD (n = 22-30 cells from 2 exp). 

Figure 1. Full length and truncated KIF17 localize to different neuronal compartments. (A) Dissociated hippocampal 
neurons were fixed with methanol/ PFA on DIV6 and stained for KIF17 (Santa Cruz) in combination with MAP2 or 
TAU. Bottom two panels show zooms of endogenous KIF17 in a dendrite, identified with MAP2 staining, and an 
axon, identified with tau staining. Axon is indicated with blue arrow, dendrite with red arrows. Scale bars are 20 µm 
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neurons (DIV6), while in more mature neurons (DIV15) the localization of KIF17-FL was largely dendritic 
(~10% of neurons with axonal tip accumulation). As reported [20], a truncated form of KIF17 containing 
the motor domain and dimerization region but lacking the tail domain (amino acid, 1-547,), hereafter 
referred to as KIF17-MD, targeted the axon and accumulated in axon tips in both young and mature 
neurons (~80% and ~90%, respectively; Figure 1B,C). Together, these data demonstrated that the tail 
domain of KIF17 is important for regulating polarized sorting in neurons.

Cargo binding relieves autoinhibition of full length KIF17
Autoinhibition is a well-described regulatory mechanism for kinesins, in which the tail 

domain interacts with the motor and prevents motor activity [6-10]. It has been suggested that cargo 
binding may unfold autoinhibited motors to initiate microtubule-based transport. In vitro studies have 
shown that binding kinesin to beads activates the motor [11, 12]. Expression of KIF17-FL in COS7 cells 
showed a diffuse cytoplasmic pattern without any microtubule labeling (Figure 2A). In contrast, KIF17-
MD and mutant KIF17-G754E, which has no autoinhibition [10], both showed a strong microtubule 
staining in the periphery of the cell (Figure 2A) and displayed fast motility towards the microtubule 
plus-ends. The KIF17-G754E mutant showed very fast motility on microtubules with an instantaneous 
speed of 3.2 ± 0.1 µm/s (Figure 2B). These data suggested that cargo-unbound KIF17-FL is autoinhibited 
in living cells.

To investigate if cargo binding can directly activate the motor in cells, we chemically induced 
the binding of KIF17 to peroxisomes using the FRB-FKBP dimerization system (Figure 2C). We expressed 
KIF17-GFP-FRB and PEX-RFP-FKBP in COS7 cells and addition of rapalog during live cell imaging induced 
KIF17 binding to the cargo [23, 24]. As shown by maximum projections, time-coded color plots and 
kymographs, rapalog treatment allowed KIF17-FL, KIF17-MD and KIF17-G754E to efficiently transport 
peroxisomes from the cell center to the cell periphery (Figure 2D-E and Movie S1). The data suggested 
that the cargo binding relieves autoinhibition of KIF17-FL. Interestingly, analysis of displacement 
curves (F¬¬¬igure 2F red curve and Figure 2G) showed that the onset of motility of KIF17-FL is markedly 
slower (t½ = 10.6 ± 3.0 min) compared to KIF17- G754E (t½ = 5.5 ± 2.9 min) and KIF17-MD (t½ = 4.7 ± 
2.2 min). These data indicated that the KIF17 motor domain alone and the non-autoinhibited KIF17 
mutant initiated cargo transport more efficiently in living cells. 

Next, we analyzed the speed of single peroxisomes (Figure 2H). Immobile peroxisomes were 
excluded from the analysis and only minimum track lengths of 1 µm and 1 second were analyzed. All 
three KIF17 constructs showed similar single peroxisome behavior with an average velocity around 1 
µm/s (mean ± SD: FL = 1.07 ± 0.50; MD = 0.91 ± 0.47; G754E = 1.09 ± 0.46 µm/s) (Figure 2I). These 
velocities were comparable to previous reports of kinesin-mediated organelle transport in cells (0.5 - 2 
µm/s) [19, 25-27]. Together these results showed that KIF17-FL and KIF17-G754E velocities were not 
different but that the time to initiate cargo transport was markedly reduced by autoinhibited KIF17. 

(top panels) and 5 µm (bottom two panels). (B) Neurons were transfected with β-gal and KIF17-FL-GFP or KIF17-
MD-GFP on DIV19 and fixed and co-stained with β-gal on DIV21. Inserts show zooms of axon tips as indicated with 
the black box. Axon is indicated with blue arrow, dendrite with red arrows. Scale bars are 20 µm (full image) and 5 
µm (insert). (C) Percentage of cells with accumulations in at least 2 axon tips were quantified in young (DIV6) and 
mature (DIV15) neuro      ns with endogenously stained KIF17 and overexpressed KIF17-FL and KIF17-MD (n = 22-30 
cells from 2 exp).
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Figure 2. Cargo binding activates full length KIF17. (A) COS7 cells were transfected with 
KIF17-FL-GFP, KIF17-MD-GFP or KIF17-G754E-GFP, �xed with PFA after 1 day overexpression and 
co-stained with tubulin. Inserts show a zoom of an area near the periphery of the cell as indicated with 
the black box. Scale bars are 20 µm (full image) and 5 µm (insert). (B) Still frames and kymograph of 
auto-inhibition mutant G754E moving towards the tip of a microtubule at 20 fps. Kymograph is 3.2 μm x 
5 s. The average instantaneous speed was calculated from 240 tracks from 19 cells. Scale bar is 0.5 µm. 
(C) Schematic representation of PEX-assay. Cells were transfected with PEX-RFP-FKBP and 
KIF17-GFP-FRB for 1 day. Addition of rapalog induces binding between FKBP and FRB subunits and 
triggers displacement of peroxisomes. (D) Comparison between transport e�ciencies of KIF17 
constructs using PEX-assay. Rapalog was added during imaging at t = 00:00. Cells were imaged at 30 s 
interval for 30 minutes. Left and middle panels show maximum projections of peroxisomes before and 
after rapalog, respectively. Right panels are time-coded color plots of the recordings where blue indi-
cates peroxisome distribution before rapalog and red after rapalog. Scale bar is 20 µm. (E) Kymographs 
of peroxisomes and KIF17-GFP moving over time of the cells shown in D. Kymographs are drawn from 
the center of the cell towards the periphery, dimensions are 35 µm x 30 minutes. (F) Graphs showing 
R90 displacement (red) and correlation index (green) of peroxisomes over time. R90 displacement is 
calculated by measuring the diameter of a circle to enclose 90 % of all intensity relative to the cell 
center. Correlation index shows the correlation between consecutive frames (CI ≈ 1: high correlation 
between frames; CI ≈ 0: low correlation between frames) (n = 13, 11, 11 cells from 2 experiments for 
KIF17-FL, KIF17-MD and KIF17-G754E respectively). R90 and CI analysis was done using Labview. (G) 
Graph showing t ½ of KIF17 constructs. t½ is the time needed for the peroxisomes to reach halfway to 
the periphery of the cell (n = 11 – 13 cells from 2 exp). (H) Still frames of a single peroxisome  coupled to 
KIF17-FL moving inside a COS7 cell at 10 fps. Far right panel shows tracked path of a processive and an 
immobile peroxisome. Scale bar is 0.5 µm. (I) Histograms of average speeds of processive peroxisomes 
coupled to KIF17-FL, KIF17-MD and KIF17-G754E (n = 113, 119 and 121 tracks). Histograms were �tted 
with a Gaussian �t.

Figure 2. Cargo binding activates full length KIF17. (A) COS7 cells were transfected with KIF17-FL-GFP, KIF17-MD-
GFP or KIF17-G754E-GFP, fixed with PFA after 1 day overexpression and co-stained with tubulin. Inserts show a 
zoom of an area near the periphery of the cell as indicated with the black box. Scale bars are 20 µm (full image) and 
5 µm (insert). (B) Still frames and kymograph of auto-inhibition mutant G754E moving towards the tip of a 
microtubule at 20 fps. Kymograph is 3.2 μm x 5 s. The average instantaneous speed was calculated from 240 tracks 
from 19 cells. Scale bar is 0.5 µm. (C) Schematic representation of PEX-assay. Cells were transfected with PEX-RFP-
FKBP and KIF17-GFP-FRB for 1 day. Addition of rapalog induces binding between FKBP and FRB subunits and 
triggers displacement of peroxisomes. (D) Comparison between transport efficiencies of KIF17 constructs using 
PEX-assay. Rapalog was added during imaging at t = 00:00. Cells were imaged at 30 s interval for 30 minutes. Left 
and middle panels show maximum projections of peroxisomes before and after rapalog, respectively. Right panels 
are time-coded color plots of the recordings where blue indicates peroxisome distribution before rapalog and red 
after rapalog. Scale bar is 20 µm. (E) Kymographs of peroxisomes and KIF17-GFP moving over time of the cells 
shown in D. Kymographs are drawn from the center of the cell towards the periphery, dimensions are 35 µm x 30 
minutes. (F) Graphs showing R90 displacement (red) and correlation index (green) of peroxisomes over time. R90 
displacement is calculated by measuring the diameter of a circle to enclose 90 % of all intensity relative to the cell 
center. Correlation index shows the correlation between consecutive frames (CI ≈ 1: high correlation between 
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Full length KIF17 does not directly target dendrites but is anchored at AIS
To further study the role of the tail region on the dendritic targeting of KIF17, we used the 

cargo trafficking assay in cultured hippocampal neurons. After coupling KIF17 to peroxisomes, we 
observed that KIF17-FL was able to transport peroxisomes but did not target the dendrites. Instead it 
had a strong preference for the axon, where the peroxisomes anchored at the AIS (Figure 3A-C and 
Movie S2). In contrast, KIF17-MD efficiently drove axon transport through the AIS. Next, we treated 
neurons with latrunculin B or expressed AnkG shRNA to disrupt the AIS and analyzed the behavior of 
KIF17-FL coupled peroxisomes. We observed that disrupting the AIS increased cargo motility and 

frames; CI ≈ 0: low correlation between frames) (n = 13, 11, 11 cells from 2 experiments for KIF17-FL, KIF17-MD and 
KIF17-G754E respectively). R90 and CI analysis was done using Labview. (G) Graph showing t ½ of KIF17 constructs. 
t½ is the time needed for the peroxisomes to reach halfway to the periphery of the cell (n = 11 – 13 cells from 2 
exp). (H) Still frames of a single peroxisome  coupled to KIF17-FL moving inside a COS7 cell at 10 fps. Far right panel 
shows tracked path of a processive and an immobile peroxisome. Scale bar is 0.5 µm. (I) Histograms of average 
speeds of processive peroxisomes coupled to KIF17-FL, KIF17-MD and KIF17-G754E (n = 113, 119 and 121 tracks). 
Histograms were fitted with a Gaussian fit.
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Figure 3. KIF17 tail region mediates stalling at the AIS. (A) Stalling of KIF17-FL coupled peroxi-
somes in the AIS is eliminated by LatB treatment and by AnkG KD.  Adult hippocampal neurons 
were transfected with KIF17-MD or KIF17-FL contructs with or without AnkG shRNA and PEX-assay 
was performed after 2 or 3 day. The axon was identi�ed with extracellular NF staining prior to 
imaging. Cells overexpressing KIF17-FL were treated with 10 µM Latrunculin B for 1-2 h. Maximum 
projection of peroxisomes are shown before (top panels) and after rapalog (middle panels) and 
color plots of peroxisome distribution through time (bottom panel). Scale bar is 10 µm. (B) Kymo-
graphs of conditions in (A) showing movement of peroxisomes in the proximal axon. Dimensions 
are 31 µm x 31 s. (C) Percentage of cells with moving or stalling peroxisomes in proximal axon. 
Kymographs were drawn along the �rst 20-30 µm of the axon and peroxisome movement at 30 s 
interval was analyzed. Stalling is de�ned as cells where number of stalling peroxisomes ≥ number 
of moving peroxisomes, moving is de�ned as cells where number of moving peroxisomes > 
number of stalling peroxisomes. > put in text or methods. (D) Stalling behavior characterized for 
di�erent KIF17 constructs (++ = > 50 %; + = 50-25 %; - = < 25 % of cells with stalling behavior). 
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allowed axon transport comparable to KF17-MD (Figure 3C and Movie S3). Next, we generated several 
truncated KIF17 constructs and found that the tail region (amino acid 846-1015) was required for 
anchoring at the AIS (Figure 3D). Consistently, the shortest KIF17 construct that anchored at the AIS, 
KIF17(1-1015) did not strongly accumulate in axonal tips (Figure S1). These results indicate that the tail 
region of KIF17 is responsible for AIS anchoring

KIF17 vesicles are redirected into dendrites by dynein
Our data revealed that KIF17-FL bound cargoes did not autonomously target dendrites, but 

instead targeted the AIS. How are KIF17 vesicles transported out of the axon and into the dendrites? 
We first determined whether the retrograde motor dynein can drive KIF17-bound vesicles towards the 
soma. We expressed KIF17-GFP-FRB, HA-BICD2N-FRB and PEX-RFP-FKBP in neurons. Addition of 
rapalog recruited both KIF17-FL and BICD2N to peroxisomes and increased retrograde movement of 
peroxisomes in the proximal axon (Figure 4B,C) from ~20% in neurons with KIF17-FL alone to ~50% in 
cells with KIF17-FL and BICD2N (Figure 4G). Our previous study showed that recruitment of dynein via 
its adaptor BICD2N is able to transport cargoes into dendrites [20]. We next determined whether 
dynein can also redirect KIF17 vesicles into dendrites. Addition of rapalog simultaneously recruited 
KIF17-FL and BICD2N to peroxisomes and quickly redistributed cargoes from the soma into the 
dendrites (Figure 4A,D-E and Movie S4, S5). Under these conditions, all neurons showed dendrite 
localization of KIF17-FL (Figure 4H), while in the absence of BICD2N dendrite targeting is rare (Figure 4 
F,H). These results demonstrate that KIF17 vesicles can be redirected into dendrites by dynein motor 
activity.

 
DISCUSSION

The various types of motor proteins on cellular cargoes can exist in active and inactive states. 
In addition, many regulators can influence motor activity and specify selective transport routes. 
Because of the multiple motor teams involved and the complex regulation, it is difficult to study 
endogenous cargo motility in neurons. Here, we  probed the activity of the kinesin-2 motor KIF17 in 
living cells and propose a three-step model for polarized sorting of KIF17-bound transport cargos.

 First, we found that coupling of KIF17-FL to peroxisomes relieves autoinhibition and activates 
the motor, resulting in displacement of cargoes to the plus-ends of microtubules. These data indicate 
that cargo binding directly activates autoinhibited motors in living cells. These results are consistent with 
in vitro studies where activation of purified motors was achieved by coupling them to beads [11, 12]. 

Figure 3. KIF17 tail region mediates stalling at the AIS. (A) Stalling of KIF17-FL coupled peroxisomes in the AIS is 
eliminated by LatB treatment and by AnkG KD.  Adult hippocampal neurons were transfected with KIF17-MD or 
KIF17-FL contructs with or without AnkG shRNA and PEX-assay was performed after 2 or 3 day. The axon was 
identified with extracellular NF staining prior to imaging. Cells overexpressing KIF17-FL were treated with 10 µM 
Latrunculin B for 1-2 h. Maximum projection of peroxisomes are shown before (top panels) and after rapalog 
(middle panels) and color plots of peroxisome distribution through time (bottom panel). Scale bar is 10 µm. (B) 
Kymographs of conditions in (A) showing movement of peroxisomes in the proximal axon. Dimensions are 31 µm x 
31 s. (C) Percentage of cells with moving or stalling peroxisomes in proximal axon. Kymographs were drawn along 
the first 20-30 µm of the axon and peroxisome movement at 30 s interval was analyzed. Stalling is defined as cells 
where number of stalling peroxisomes ≥ number of moving peroxisomes, moving is defined as cells where number 
of moving peroxisomes > number of stalling peroxisomes. > put in text or methods. (D) Stalling behavior 
characterized for different KIF17 constructs (++ = > 50 %; + = 50-25 %; - = < 25 % of cells with stalling behavior).
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Figure 4. Dynein redirects KIF17 to dendrites. (A) Schematic representation of PEX-assay. Cells 
were transfected with PEX-RFP-FKBP and KIF17-FL-GFP-FRB with or without dynein adaptor 
HA-BICD2-FRB. Addition of rapalog induces simultaneous binding of KIF17 and BICD2. (B) Recruit-
ment of BICD2 induces retrograde movements in axon. Zoom of KIF17-FL-GFP image shows outline of 
proximal axon (left panel). Right panels show still frames of peroxisomes moving retrogradely in 
proximal axon at 30s interval. Scale bar is 3 µm. (C) Kymographs shows increased retrograde and 
bidirectional movement of peroxisomes in proximal axon in cells with KIF17-FL+BICD2 (right panel) 
compared to KIF17-FL only (left panel). Dimensions are 25 µm x 45 minutes. (D) Maximum projections 
of KIF17-FL-GFP (top panels) and peroxisomes (middle panels) of cells expressing KIF17-FL + BICD2 
before and after addition of rapalog. Bottom panels show merged images of KIF17-FL-GFP and 
PEX-RFP-FKBP. KIF17-FL-GFP is green and PEX is red in merged images. Scale bar is 20 µm. (E) Zoom of 
a dendrite of cell in D) expressing KIF17-FL-GFP + HA-BICD2. Maximum projections before and after 
rapalog of KIF17-FL-GFP (top panels), PEX-RFP (middle panels) and merge (bottom panels) show 
strong targeting of peroxisomes to dendrites and colocalization with KIF17.  Scale bar is 5 µm. (F) 
Zoom of a dendrite of cell expressing KIF17-FL. Maximum projections before and after rapalog show 
no targeting of peroxisomes to dendrites and no colocalization with KIF17-FL. Scale bar is 5 µm. (G) 
Percentage of cells with retrograde and anterograde movement in proximal axon. Neurons were 
transfected with KIF17-FL, BICD2, KIF17-FL+BICD2 or p150 cc1. Kymographs were drawn along the 
�rst 20-30 µm of the proximal axon and peroxisome movement was analyzed at 30 s interval. Retro-
grade is de�ned as cells with retrograde movements of peroxisomes, including long (> 1 µm) bidirec-
tional runs. Anterograde is de�ned as cells with exclusively long anterograde runs. (H) Percentage of 
cells with colocalization of KIF17-FL with peroxisomes in dendrites in cells expressing KIF17-FL, 
KIF17-FL+BICD2.

Figure 4. Dynein redirects KIF17 to dendrites. (A) Schematic representation of PEX-assay. Cells were transfected 
with PEX-RFP-FKBP and KIF17-FL-GFP-FRB with or without dynein adaptor HA-BICD2-FRB. Addition of rapalog 
induces simultaneous binding of KIF17 and BICD2. (B) Recruitment of BICD2 induces retrograde movements in 
axon. Zoom of KIF17-FL-GFP image shows outline of proximal axon (left panel). Right panels show still frames of 
peroxisomes moving retrogradely in proximal axon at 30s interval. Scale bar is 3 µm. (C) Kymographs shows 
increased retrograde and bidirectional movement of peroxisomes in proximal axon in cells with KIF17-FL+BICD2 
(right panel) compared to KIF17-FL only (left panel). Dimensions are 25 µm x 45 minutes. (D) Maximum projections 
of KIF17-FL-GFP (top panels) and peroxisomes (middle panels) of cells expressing KIF17-FL + BICD2 before and after 
addition of rapalog. Bottom panels show merged images of KIF17-FL-GFP and PEX-RFP-FKBP. KIF17-FL-GFP is green 
and PEX is red in merged images. Scale bar is 20 µm. (E) Zoom of a dendrite of cell in D) expressing KIF17-FL-GFP + 
HA-BICD2. Maximum projections before and after rapalog of KIF17-FL-GFP (top panels), PEX-RFP (middle panels) 
and merge (bottom panels) show strong targeting of peroxisomes to dendrites and colocalization with KIF17.  Scale 
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Once bound to cargo, we find that KIF17-FL is an active motor with speeds similar to those observed in 
previous studies [19, 25-27]. Based on the analysis of the global movement of cargoes, we found that 
initiation of KIF17-FL transport is delayed compared to truncated and non-autoinhibited KIF17. This 
delay may reflect the kinetics of physical unfolding of the full length motor after binding to the cargo. 

KIF17-FL is predominantly present in dendrites in cultured hippocampal neurons. Previous 
studies analyzed the movements of dendritic cargoes that colocalize with KIF17 and therefore 
concluded that KIF17 actively transports cargoes into dendrites [13, 19]. By directly probing the activity 
of KIF17 coupled to endogenous peroxisomes, we now found that KIF17-FL does not target dendrites 
but steers cargos into the axon and is partially anchored in the AIS (Figure 3). Further characterization 
of KIF17 truncations revealed that the tail region (a.a. 846-1015) mediates anchoring at the AIS. 
Consistently, KIF17(1-1015) displaced peroxisomes relatively slowly in COS7 cells (t ½ = 10.2 ± 2.5 
minutes, Figure S1, red curve), suggesting that KIF17(1-1015) is also autoinhibited. What is the 
mechanism for KIF17 anchoring in the AIS? One possibility is that entering the AIS causes de-activation 
of the motor by back-folding. However, in this case we would expect that mutation G754E would 
abolish anchoring, since this construct is unable to back-fold. Our data argue against this option: 
G754E induces fast displacement of peroxisomes in COS7 cells, shows strong axonal tip accumulation 
when overexpressed in neurons, and anchors at the AIS. Alternatively de-activation of KIF17 may be 
achieved via another mechanism, such as inhibiting microtubule binding or ATP hydrolysis of the 
kinesin motor via local recruitment or activation of a regulatory protein in the AIS. For example, it has 
recently been shown that casein kinase (CK2) can activate KIF5 (kinesin-1) by inducing a conformational 
change close to the motor domain and increasing the affinity for microtubules [28, 29]. Furthermore, 
CK2 specifically localizes to the AIS [30, 31], suggesting a specialized function for CK2 in the AIS. It is 
plausible that CK2 could regulate KIF17 in the AIS by a mechanism similar to KIF5. 

Latrunculin B treatment and AnkG depletion abolished axonal anchoring, indicating that an 
intact actin network and AIS are necessary to stop KIF17-bound cargos from entering the axon. These 
data support the existence of an actin-based barrier at the AIS that regulates the entry of specific 
vesicles into the axon [4, 5]. Recently, the discovery of discrete actin-rings in the AIS has shown that 
indeed a specific actin organization exists in the AIS [32-34]. Although it has been proposed that 
myosin Va can induce long-range retrograde transport out of the axon [5, 35], several other studies 
show that myosin motors induce short-range motions and tethering of cargoes by interaction with 
actin [32, 36-39]. We suspect that interaction with actin-myosin is one of the mechanisms that causes 
stalling of KIF17 vesicles in the AIS. 

Minus-end directed motor dynein has been proposed as the main motor that facilitates 
retrograde axonal transport [40-42] and retrograde movements and reversals of dendritic vesicles in 

bar is 5 µm. (F) Zoom of a dendrite of cell expressing KIF17-FL. Maximum projections before and after rapalog show 
no targeting of peroxisomes to dendrites and no colocalization with KIF17-FL. Scale bar is 5 µm. (G) Percentage of 
cells with retrograde and anterograde movement in proximal axon. Neurons were transfected with KIF17-FL, 
BICD2, KIF17-FL+BICD2 or p150 cc1. Kymographs were drawn along the first 20-30 µm of the proximal axon and 
peroxisome movement was analyzed at 30 s interval. Retrograde is defined as cells with retrograde movements of 
peroxisomes, including long (> 1 µm) bidirectional runs. Anterograde is defined as cells with exclusively long 
anterograde runs. (H) Percentage of cells with colocalization of KIF17-FL with peroxisomes in dendrites in cells 
expressing KIF17-FL, KIF17-FL+BICD2.
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the proximal axon have been observed previously [5, 43].  Consistent with these reports, we find that 
simultaneous coupling of KIF17 and dynein via its adaptor BICD2N induces retrograde movement of 
KIF17 vesicles in the axon. It remains an open question how coupling between different types of 
motors is regulated. Several studies have shown that interaction between different motor types can 
occur via adaptor proteins, which act as a ’switch’ between two motors to mediate trafficking [44-47]. 
Future research will have to clarify if such a ‘switching’ mechanism mediates the division of labor 
between KIF17 and dynein in the AIS. 

Based on the mixed orientation of microtubules in the proximal dendrite [48], KIF17 should 
be able to walk into the dendrites. However we observed that dynein is able to redirect KIF17-positive 
vesicles into the dendrites. These data suggest that cooperativity between different motor teams is an 
important part of the polarized sorting mechanism. In the distal dendrites, where most microtubules 
are oriented with their plus-ends out [48], we believe that KIF17 transport is required for the delivery 
of its cargoes towards distal synapses. This idea is consistent with the observed motility of KIF17-
coupled cargoes within dendritic branches [20, 49]. Here, KIF17 may play a role in the spatial and 
temporal fine-tuning of NMDA receptor trafficking to excitatory synapses [49-51].

MATERIALS AND METHODS
Cell culture and transfections

Primary hippocamal neurons were harvested from rat E18 embryos and cultered on poly-L-lysine (35 µg/ 
ml) and laminin (5 µg/ml) coated coverslips in neurobasal medium (NB) supplementd with B27, 0.5 mM glutamine, 
12.5 µM glutamate and Pen/Strep. Adult neurons (>DIV14) were used for all experiments unless otherwise 
indicated. Cells were transfected with Lipofectamine 2000 (Invitrogen) and fixed with 4% PFA+sucrose or methanol/ 
4% PFA+sucrose after 2 or 3 day expression. COS7 cells were cultured in DMEM/Ham’s F10 medium (50/50%) with 
10% FCS and 1% pen/strep. Cells were transfected with Fugene6 (Roche) and imaged after 1 day.

DNA constructs
KIF17 constructs were generated by PCR-based strategy using human KIF17 DNA sequence (accession 

NM_020816). PEX-RFP-FKBP constructs contains human peroxisomes membrane-targeting sequence (accession 
NM_003630). HA-BICD2N-FRB construct was generated using BICD2N(1-594) from mouse cDNA (accession 
AJ250106) (Further details can be found in [24]).

Antibodies and reagents
The following antibodies were used: mouse-anti-tubulin alpha (Sigma), mouse-anti-actin (Chemicon), 

mouse-anti-β-galactosidase (Promega), mouse-anti-bassoon (ENZO life sci.), mouse-anti-AnkyrinG (Invitrogen), 
mouse-anti-GM130 (BD), rabbit-anti-GFP (Sanbio), rabbit-anti-KIF17 (Santa Cruz), mouse-anti-MAP2 (Sigma), 
rabbit-anti-Mint1/X11α (Santa Cruz), mouse-anti-Neurofascin-pan (Neuromab) for fixed samples and mouse-anti-
Neurofascin-pan Extracellular (Neuromab) for live experiments, mouse-anti-tau (Chemicon), mouse-anti-TGN38 
(Transduction Laboratories).

Live cell imaging
PEX-assays were performed on Nikon Eclipse TE2000E microscope equipped with 40x oil objective, 

Coolsnap CCD camera (Photometrics), perfect focus system and imaging chamber. Imaging chamber was maintained 
at 37°C and 5% CO2 during acquisition. Neurons were imaged in conditioned medium (NB + B27 + P/S) and COS7 
were imaged in Ringers medium. 100 nM rapalog was added during imaging at t = 00:00 (mm:ss). Cells were 
imaged at 30 s interval for 30-45 minutes.

5
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Movement of single peroxisomes (Figure 2I) and fast motility of KIF17-G754E (Figure 2B) were imaged at 
10 fps and 20 fps respectively using total internal reflection (TIRF) on a Nikon Eclipse TE2000E microscope equipped 
with 100x oil objective and Evolve EMCCD camera (Photometrics).

Image processing and analyses
Where necessary, stage drift was corrected with FIJI plugin StackReg (translation) prior to analysis. 

Kymographs were made using FIJI plugin Multiple kymograph, line width = 3 pixels. Average values are stated in the 
text as mean ± SEM unless otherwise indicated.
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SUPPLEMENTARY INFORMATION “Three-step model for polarized sorting of KIF17 into dendrites”  by Franker 
et al, (C.C. Hoogenraad corresponding author)

 

SUPPLEMENTARY MOVIES
Movie S1. Related to Figure 2D. KIF17-FL transports peroxisomes to the periphery of COS7 cells after rapalog 
addition. 

COS7 cells were transfected with PEX-RFP-FKBP and KIF17-FL-GFP-FRB and imaged after 1 day 
overexpression. 100 nM rapalog was added during acquisition (after 10 frames) to induce coupling of KIF17-FL 
motors to peroxisomes. Cells were imaged at 30s interval, movie playback is 20 fps.

Movie S2. Related to Figure 3A. KIF17-FL does not directly target dendrites but is anchored at AIS.
Adult hippocampal neurons were transfected with PEX-RFP-FKBP and KIF17-FL-GFP-FRB and imaged 

after 2 day overexpression. 100 nM rapalog was added during acquisition. Cells were imaged at 30s interval, movie 
playback is 20 fps.

Movie S3. Related to Figure 3C. Disrupting the AIS by AnkG KD eliminates stalling of KIF17-FL coupled 
peroxisomes.

Neurons were transfected with PEX-RFP-FKBP and KIF17-FL-GFP-FRB with or without AnkG shRNA and 
imaged after 2 day overexpression. 100 nM rapalog was added during acquisition. Cells were imaged at 30s interval, 
movie playback is 20 fps.

Movie S4. Related to Figure 4D,E. KIF17-FL vesicles are redirected into dendrites by dynein.
Neurons were transfected with PEX-RFP-FKBP, HA-BICD2N-FRB and KIF17-FL-GFP-FRB and imaged after 

2 day overexpression. 100 nM rapalog was added during acquisition to induce simultaneous coupling of KIF17-FL 
and dynein motors to peroxisomes. Cells were imaged at 30s interval, movie playback is 20 fps.

Movie S5. Related to Figure 4D,E. KIF17-FL colocalizes with peroxisomes in dendrites after coupling to BICD2N. 
Neurons were transfected with PEX-RFP-FKBP, HA-BICD2N-FRB and KIF17-FL-GFP-FRB and imaged after 

2 day overexpression. 100 nM rapalog was added during acquisition. Cells were imaged at 30s interval, movie 
playback is 20 fps.
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SUPPLEMENTARY FIGURES

Figure S1. Behavior of KIF17 constructs in COS7 cells and in neurons. (A1-E1) Color plot of PEX-assay for different 
KIF17 constructs in COS7 cells showing displacement of peroxisomes over time (left) and graph of R90 and CI 
analysis (right). (A2-E2) Overexpression of KIF17 constructs with MAP2 staining in neurons. Axon is indicated with 
blue arrows, yellow arrows indicate accumulation of KIF17 in axon tips. (F) t ½ as measured by PEX-assay in COS7 
cells (n = 11 – 13 cells from at least 2 exp). (G) % cells with accumulations in axon tips in hippocampal neurons  
(n = 18 – 23 cells from 2 exp).
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Figure S1. Behavior of KIF17 constructs in COS7 cells and in neurons. (A1-E1) Color plot of PEX-as-
say for di�erent KIF17 constructs in COS7 cells showing displacement of peroxisomes over time (left) 
and graph of R90 and CI analysis (right). (A2-E2) Overexpression of KIF17 constructs with MAP2 stain-
ing in neurons. Axon is indicated with blue arrows, yellow arrows indicate accumulation of KIF17 in 
axon tips. (F) t ½ as measured by PEX-assay in COS7 cells (n = 11 – 13 cells from at least 2 exp). (G) % 
cells with accumulations in axon tips in hippocampal neurons (n = 18 – 23 cells from 2 exp).
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CHAPTER 6
CHARACTERIZATION OF KIF17 AND MINT1 DEPLETION 

IN HIPPOCAMPAL NEURONS

Mariella A. Franker 1, Rosanna Denis 1, Catia S. Frias 1 and  
Casper C. Hoogenraad 1

1 Cell Biology, Faculty of Science, Utrecht University, Utrecht, The Netherlands. 

The motor protein KIF17 and its adaptor Mint1 transport NMDA receptor vesicles to synapses 
and are thought to play an important role in memory formation and consolidation. Despite their 
important roles in NMDA receptor function, the other neuronal processes that may involve KIF17 and 
Mint1 are still unclear. Here, we characterize the effects of KIF17 and Mint1 depletion in cultured 
hippocampal neurons. In agreement with previous studies, we find dendritic defects after knockdown 
(KD) of KIF17 or Mint1. In addition, this study uncovers new functions for KIF17 in neuronal polarity 

and axon initial segment (AIS) maintenance. 
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INTRODUCTION
Neurons are divided into two distinct compartments: an axonal and a somatodendritic 

compartment. This polarity is vital for neuronal function and must be properly established during 
development and maintained throughout the life time of the neuron. The first part of the axon, the 
axon initial segment (AIS), plays essential roles in neuronal polarity. The AIS is a densely packed region 
containing scaffolding proteins, ion channels, cell adhesion molecules, cytoskeletal proteins, and 
extracellular matrix proteins [1]. Ankyrin G (AnkG) is the main scaffolding protein of the AIS and targets 
other proteins to the AIS [2]. The main functions of the AIS are to generate action potentials and to 
create a membrane and cytosolic barrier between the axon and the dendrites [3-6].

The kinesin-2 family motor protein KIF17 and its adaptor protein Mint1/X11α is thought to 
play an important role in memory formation and consolidation. KIF17 knock out (KIF17-/-) mice exhibit 
defects in learning and memory [7], while overexpression of KIF17 enhances these traits in the mice 
[8]. Similar learning defects were observed in mice depleted of NMDA receptor subunits or CamKII 
[9-12]. It has been shown that NMDA receptors are transported by KIF17 via binding to the Mint1-
Lin7-CASK complex [13]. Phosphorylation of KIF17 by CamKII detaches the Mint1-NMDA receptor 
complex and triggers the delivery of NMDA receptors to the synapse [14]. In addition to its role in 
NMDA receptor transport, Mint1 has also been shown to play a role in Amyloid Precursor Protein 
(APP) and Amyloid-β (Aβ) processing in Alzheimer’s disease and vesicle fusion [15].

Despite their important roles in NMDA receptor function, the other neuronal processes that 
may involve KIF17 and Mint1 are not fully understood. In this work, we characterize and compare the 
effects of KIF17 and Mint1 depletion in cultured hippocampal neurons. In agreement with previous 
studies, we find dendritic defects after KIF17 or Mint1 KD. However, KIF17 depletion also markedly 
influences the localization of Ankyrin G and Neurofascin and causes the formation of dendritic spines 
in the proximal region of the former axon. This study uncovers new neuronal functions for KIF17 in 
neuronal polarity and AIS maintenance. 

RESULTS AND DISCUSSION
KIF17 is involved in dendrite formation 

KIF17 has been shown to interact with a number of dendritic cargoes including kainate 
receptor GluR5, potassium Kv4.2 channel, and NMDA receptor subunit NR2B [13, 16-18]. 
Immunostaining of KIF17 in brain slices showed that the motor localizes primarily to the dendrites 
[13]. However, little is known about the precise role of KIF17 in neurons. To gain insight into the role 
of KIF17 in general neuronal morphology, we analyzed the effects of KIF17 depletion in hippocampal 
neurons. First, we assessed the efficiency of KIF17 depletion in our system. Dissociated hippocampal 
neurons were transfected with KIF17 shRNAs and protein expression was assessed using western 
blotting. KIF17 KD resulting in a 3-fold reduction of the KIF17 band on western blot (Figure 1A). 

To further investigate the effects of KIF17 depletion, we analyzed dendritic and axonal 
morphology in young hippocampal neurons. Neurons were transfected with GFP fill and pSuper or 
KIF17 shRNAs for 4 days before fixation. To identify the beginning of the axon, we stained the axon 
initial segment with a marker for voltage-gated sodium channels (NaV). The axonal and dendritic arbors 
were manually traced and the lengths were measured separately. We observed a marked decrease in 
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the total dendritic length after KIF17 depletion, but axonal length did not change significantly (Figure 
1B-D). The decrease in dendritic length was mainly caused by a decrease in the number of primary 
dendrites, while the mean length of the primary dendrites was unaffected (Figure 1D). The number and 
the mean length of the dendritic branches were also unaffected (data not shown). 

These data suggested that KIF17 is important for proper formation of the dendritic arbor 
during development.

KIF17 is involved in axon formation and axon maintenance
In the presence of the microtubule stabilizing agent Taxol, developing neurons generate 

multiple axons in culture [19]. We further investigated whether KIF17 played a role in axon formation. 
Hippocampal neurons were transfected with BFP fill with or without KIF17 shRNAs at DIV1 and treated 
with Paclitaxel (Taxol) at DIV4. In our hands, Ctrl neurons treated with 10 nM Taxol for 2 days developed 
an average of 3.5 ± 0.2 axons as identified with staining of Nav channels. In contrast, neurons depleted 
of KIF17 were unable to generate new axons in the presence of Taxol (Figure 1E-F), suggesting that 
KIF17 plays a role in axon initiation. In the absence of Taxol, KIF17 depletion did not affect the number 
of axons (1.00 ± 0.05 axons, Figure 1F). It is possible that KD at DIV1 depleted KIF17 after the 
specification of the first axon and therefore showed no effect in the absence of Taxol. Future 
experiments should include KIF17 KD at DIV0 before plating of the dissociated neurons. 

Maintenance of the axon and the AIS at later neuronal stages is essential for neuronal 
function. Depletion of the AIS protein AnkG, the main scaffold protein in the AIS, disrupted neuronal 
polarity and axons acquired dendritic characteristics in culture and in AnkG-/- mice [20, 21]. We used 
AnkG KD as a positive control in our study. To assess the involvement of KIF17 in axon maintenance, 
we analyzed the localization of MAP2 in the axon (Figure 1G-H) and the localization of AIS proteins 
AnkG and Neurofascin (NF) (Figure 1I-L). While AnkG KD caused a shift of MAP2 towards the axon 
(axon to dendrite ratio (A/D) = 1.07 ± 0.04 compared to 1.73 ± 0.17 in Ctrl), MAP2 staining was not 
significantly altered in KIF17 KD cells (A/D = 1.44 ± 0.09, Figure 1G-H). AnkG KD completely abolished 
staining of NF (and AnkG) in the AIS. In KIF17 KD neurons, we also observed defects in the localization 
of these proteins. KIF17 KD increased the length of the AnkG staining as measured from the soma. 
However, the intensity per µm was comparable to Ctrl, suggesting that AnkG was upregulated and that 
the AnkG scaffold was less spatially restricted in KIF17 KD cells (Figure 1I-J). The intensity of NF staining 
significantly decreased in KIF17 depleted cells (Figure 1K-L). Our results suggested that KIF17 plays a 
role in the expression and in the dense packing of AnkG in the AIS. It was shown that the localization 
of AnkG depends on cytoskeletal proteins Ankyrin B (AnkB), αII-spectrin and βII-spectrin [22]. These 
proteins localize to the distal axon and form a boundary that limits AnkG to the AIS. Altering the 
localization of or depleting these cytoskeletal proteins caused marked shifts in the localization of AnkG 
compared to the soma and limited the clustering of AnkG in the AIS [22]. Furthermore, this study 
showed that AnkB and αII-spectrin are cargoes of another kinesin-2 family motor protein, KIF3, and 
this motor may transport the AnkB-αII-spectrin-βII-spectrin complex to the distal axon [22]. Not much 
is known about the interplay between different types of motor proteins. There are, however, several 
studies that show direct or indirect coupling between different motor types [23-27]. In particular, 
cooperativity between KIF3 and KIF17 during IFT particle transport in cilia has been extensively 
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researched [28, 29]. It is plausible that cooperation between these motors is also necessary in the AIS 
for proper AnkG localization. 

KIF17 depletion induces the formation of spines on the proximal axon
The axons of AnkG depleted neurons develop the molecular characteristics of dendrites, 

including spine-like protrusions on the axon shaft [20, 21]. To investigate if similar defects occur with 
KIF17 KD, we transfected mature hippocampal neurons with GFP fill and pSuper, AnkG shRNA or KIF17 
shRNAs. We observed a significant increase in spine-like protrusions on the first 40 µm of the proximal 
axon in KIF17 KD neurons (9 ± 1 compared to 3 ± 1 in Ctrl cells, Figure 1M-O). In addition, about 50% 
of these protrusions co-localized with Homer in KIF17 KD cells (compared to 30% in Ctrl and 65% in 
AnkG KD cells, Figure 1M, O). Homer is found in the post-synaptic density on spines and functions as a 
scaffolding and signaling molecule [30, 31]. The presence of Homer suggested that these protrusions 
were being primed to make synaptic contacts. Further characterization of post- and pre-synaptic 
proteins in these structures, such as bassoon and PSD-95, will help clarify if indeed functional synapses 
are formed. 
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Figure 1. E�ects of KIF17 depletion in hippocampal neurons. (A) Validation of KIF17 KD. Hippocampal 
neurons were transfected with or without KIF17 shRNAs at DIV15 and harvested at DIV18. KIF17 antibody 
detected a 115 kDa band. Band intensity was background subtracted and normalized to b-actin loading 
control. (B) E�ects on axon and dendrite development after KIF17 depletion. Neurons were transfected 
with GFP �ll and pSuper or KIF17 shRNA’s. Images are shown of DIV11 neurons after 4 day O.E. Axon is 
indicated with blue arrows, dendrite with red arrows. Scale bar is 50 µm. (C) For axon length analysis, 
neurons were transfected at DIV0 and �xed at DIV4. Graphs are shown of total axon length and primary 
axon length (n= 17 - 21 cells from 2 exp, P = 0.0515; 0.0677). (D) For dendrite analysis neurons were 
transfected at DIV7 and �xed at DIV11. Graphs are shown of total dendrite length, number of primary 
dendrites and mean primary dendrite length (n= 19 cells from 2 exp, P = 0.0046; < 0.0001; 0.3220). (E) 
MAP2 is una�ected by KIF17 depletion. MAP2 staining in the proximal axon in Ctrl, AnkG KD, and KIF17 KD 
neurons. The axon is indicated with blue arrows. Scale bar is 20 µm. (F) Analysis of MAP2 extrusion into 
proximal axon. Intensities were measured in the axon and a dendrite of the same cell immediately adja-
cent to the soma (proximal) and at 20 µm distance from the soma (distal). Proximal and distal axon inten-
sities were normalized with corresponding dendrite intensiti¬es. Final analysis shows ratio of proximal to 
distal intensity (n = 17 – 28 cells from 2 – 3 exp). (G) KIF17 is involved in axon formation. Neurons were 
transfected on DIV1 and �xed on DIV6. Axon growth was induced with 10 nM taxol treatment at DIV4. The 
axons, as identi�ed with staining for NaV Channels, are indicated with blue arrows. Scale bar is 10 µm. (H) 
Graph showing number of axons visible with or without taxol treatment in Ctrl and KIF17 KD cells (n= 46, 
25 cells from 2 exp). (I-L) KIF17 depletion disrupts axon initial segment markers AnkG and NF. Neurons 
(DIV14-21) were transfected with BFP and pSuper, AnkG shRNA or KIF17 shRNAs and �xed after 3 day O.E. 
(I) Representative image of proximal axon with AnkG staining of each group. (J) Analysis of intensity and 
length of AnkG staining relative to Ctrl cells (n = 27 – 40 cells from 3 – 4 exp). Scale bar is 10 µm. (K) Repre-
sentative image of proximal axon with NF staining of each group. (L) Analysis of intensity and length of 
NF staining relative to Ctrl cells (n = 31 – 41 cells from 2 – 5 exp). (M-O) KIF17 depletion causes spine-like 
protrusions on the proximal axon. (M) Adult neurons (DIV14-28) were transfected with GFP �ll and 
pSuper, AnkG shRNA or KIF17 shRNAs. Representative image of proximal axon with GFP �ll (left panels), 
homer (HR) staining (middle panels) and merge (right panels) of each group. Spine-like protrusions are 
indicated with white arrows, co-localization with homer is indicated with black arrows. Scale bar is 10 µm. 
(N) Analysis of number of spine-like protrusions within the �rst 40 µm of the axon (n = 18 – 25 cells from 3 
exp). (O) Analysis of the number of homer punctea that colocalize with spine-like protrusions in the 
proximal axon (n = 18 – 25 cells from 3 exp). (P) KIF17 depletion causes Golgi fragmentation. Neurons 
were transfected with pSuper, AnkG shRNA or KIF17 shRNAs at DIV11 and stained with Golgi marker 
GM130 after 3 day O.E. Scale bar is 5 µm. (Q) Graph of percentage of cells with fragmented Golgi in Ctrl, 
AnkG KD and KIF17 KD cells (n = 68, 54, 65 cells from 2-4 exp). 
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KIF17 depletion causes Golgi fragmentation
It has been shown that different motor proteins can influence the microtubule cytoskeleton. 

MCAK (kinesin-13) [32] and KIF18 (kinesin-8) [33-35] can influence the microtubule cytoskeleton by 
changing the microtubule dynamics. The motor protein dynein can create significant pulling forces on 
microtubules and these forces are important for mitotic chromosome segregation and the positioning of 
the nucleus and the Golgi in interphase cells [36-38]. Disrupting the microtubule cytoskeleton with drugs 
[39, 40] or inhibiting dynein or its activator dynactin results in fragmentation of the Golgi [41, 42]. 
Although fragmented Golgi functions normally in many respects [43, 44], defects in directed transport of 
some vesicles have been reported, for example, the transport of lysosomes and dopamine transporter 
vesicles in dopaminergic neurons is affected [45, 46]. In KIF17 depleted cells, we consistently observed 
fragmented Golgi, while AnkG KD did not affect the Golgi (Figure 1P-Q). This suggested that Golgi 
fragmentation is not caused by the loss of the initial segment and KIF17 motor activity may play a role in 
Golgi maintenance. It is possible that KIF17 mediates microtubule attachment to the Golgi or alternatively 
KIF17 may work in concert with dynein to help maintain a force balance that positions the Golgi. Rescue 
experiment with a full length KIF17 and a motor dead KIF17 construct will help to distinguish between 
these two possible scenarios. In addition, analysis of the organization of microtubules and γ-tubulin near 
the Golgi and live imaging of microtubule dynamics in the presence and absence of KIF17 should clarify 
if KIF17 depletion directly affects microtubule attachment at the Golgi. 

Figure 1. Effects of KIF17 depletion in hippocampal neurons. (A) Validation of KIF17 KD. Hippocampal neurons 
were transfected with or without KIF17 shRNAs at DIV15 and harvested at DIV18. KIF17 antibody detected a 115 
kDa band. Band intensity was background subtracted and normalized to b-actin loading control. (B) Effects on axon 
and dendrite development after KIF17 depletion. Neurons were transfected with GFP fill and pSuper or KIF17 
shRNA’s. Images are shown of DIV11 neurons after 4 day O.E. Axon is indicated with blue arrows, dendrite with red 
arrows. Scale bar is 50 µm. (C) For axon length analysis, neurons were transfected at DIV0 and fixed at DIV4. Graphs 
are shown of total axon length and primary axon length (n= 17 - 21 cells from 2 exp, P = 0.0515; 0.0677). (D) For 
dendrite analysis neurons were transfected at DIV7 and fixed at DIV11. Graphs are shown of total dendrite length, 
number of primary dendrites and mean primary dendrite length (n= 19 cells from 2 exp, P = 0.0046; < 0.0001; 
0.3220). (E) MAP2 is unaffected by KIF17 depletion. MAP2 staining in the proximal axon in Ctrl, AnkG KD, and KIF17 
KD neurons. The axon is indicated with blue arrows. Scale bar is 20 µm. (F) Analysis of MAP2 extrusion into proximal 
axon. Intensities were measured in the axon and a dendrite of the same cell immediately adjacent to the soma 
(proximal) and at 20 µm distance from the soma (distal). Proximal and distal axon intensities were normalized with 
corresponding dendrite intensiti¬es. Final analysis shows ratio of proximal to distal intensity (n = 17 – 28 cells from 
2 – 3 exp). (G) KIF17 is involved in axon formation. Neurons were transfected on DIV1 and fixed on DIV6. Axon 
growth was induced with 10 nM taxol treatment at DIV4. The axons, as identified with staining for NaV Channels, 
are indicated with blue arrows. Scale bar is 10 µm. (H) Graph showing number of axons visible with or without taxol 
treatment in Ctrl and KIF17 KD cells (n= 46, 25 cells from 2 exp). (I-L) KIF17 depletion disrupts axon initial segment 
markers AnkG and NF. Neurons (DIV14-21) were transfected with BFP and pSuper, AnkG shRNA or KIF17 shRNAs 
and fixed after 3 day O.E. (I) Representative image of proximal axon with AnkG staining of each group. (J) Analysis 
of intensity and length of AnkG staining relative to Ctrl cells (n = 27 – 40 cells from 3 – 4 exp). Scale bar is 10 µm. (K) 
Representative image of proximal axon with NF staining of each group. (L) Analysis of intensity and length of NF 
staining relative to Ctrl cells (n = 31 – 41 cells from 2 – 5 exp). (M-O) KIF17 depletion causes spine-like protrusions 
on the proximal axon. (M) Adult neurons (DIV14-28) were transfected with GFP fill and pSuper, AnkG shRNA or 
KIF17 shRNAs. Representative image of proximal axon with GFP fill (left panels), homer (HR) staining (middle 
panels) and merge (right panels) of each group. Spine-like protrusions are indicated with white arrows, co-
localization with homer is indicated with black arrows. Scale bar is 10 µm. (N) Analysis of number of spine-like 
protrusions within the first 40 µm of the axon (n = 18 – 25 cells from 3 exp). (O) Analysis of the number of homer 
punctea that colocalize with spine-like protrusions in the proximal axon (n = 18 – 25 cells from 3 exp). (P) KIF17 
depletion causes Golgi fragmentation. Neurons were transfected with pSuper, AnkG shRNA or KIF17 shRNAs at 
DIV11 and stained with Golgi marker GM130 after 3 day O.E. Scale bar is 5 µm. (Q) Graph of percentage of cells with 
fragmented Golgi in Ctrl, AnkG KD and KIF17 KD cells (n = 68, 54, 65 cells from 2-4 exp). 
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Characterization of Mint1/X11α in hippocampal neurons

The Mint family proteins (Mint1, 2 and 3) have been implicated in at least three mechanisms 
in neurons: processing of Amyloid-β (Aβ) in Alzheimer’s disease [15, 47, 48], transport and delivery of 
NMDA vesicles through interaction with KIF17 motor protein [13, 18], and regulation of synaptic 
vesicle fusion through interaction with Munc-18 [49]. Although interaction of Mint1/ X11α with key 
players in these pathways has been shown [14, 50-52], the exact function of Mint1 remains elusive. To 
increase our understanding of the molecular function of Mint1 in relation to the KIF17 phenotypes, we 
characterized endogenous Mint1 and the effects of Mint1 depletion in dissociated rat hippocampal 
neurons. Consistent with previous studies [53, 54], we found that Mint1 mainly localizes to the trans-
Golgi network as shown by complete overlap between Mint1 and TGN38 staining (Figure 2A-B). In 
addition to Golgi localization, vesicular Mint1 staining was present in the neurites and did not appear 
to be polarized towards the axon or dendrite (Figure 2C-D). We assessed the co-localization of 
endogenous Mint1 with various vesicle markers by co-staining. We did not find co-localization of 
Mint1 with KDEL (ER marker), GluR2 (AMPA receptor subunit), Rab6 (secretory vesicles), or pre-
synaptic proteins Rab3 and RIM (Figure 2E) and only partial co-localization with bassoon (pre-synaptic 
scaffolding protein) and EEA1 (early endosomal marker) (Figure 2F). Similarly, a previous study in 
Drosophila found no co-localization between Mint1 and Rab5 (early endosomal marker), Rab7 (late 
endosomal markers), or KDEL [54]. Further research is needed to clarify the identity of Mint1 vesicles. 

Mint1 is best known for its role in Aβ production in Alzheimer’s disease [15, 48]. It was shown 
that depletion or overexpression of Mint family proteins alters the levels of Aβ-peptides in the brains 
of transgenic Alzheimer’s disease mouse models [55, 56]. We performed KD studies of Mint1 in 
dissociated neurons using shRNA based strategy. Mint1 KD is efficient: up to 80% depletion of Mint1 
staining at the Golgi (Figure 2G-H). The localization of AIS markers AnkG and NF was unaffected by 
Mint1 depletion (Figure 2I), indicating that Mint1 depletion did not induce a general polarity defect in 
neurons. Studies in midbrain neurons of Drosophila have shown that Mint1 depletion alters the 
localization of some axonal membrane proteins, including APP [54]. To assess whether Mint1 alters 
the axonal localization of APP vesicles we overexpressed APP-YFP in mature neurons and calculated 
the ratio of APP intensity in axon vs dendrite (A/D ratio) in Ctrl and Mint1 KD cells. We found that 
axonal polarization of total APP was unaffected after Mint1 depletion (A/D ratio > 1) (Figure 2 J-K). 

Finally, the Mint1-Lin7-Cask complex mediates transport of NMDA receptor containing 
vesicles. Glutamate receptors, like NMDA receptors, are modified in the Golgi and packaged into 
vesicles in the trans-Golgi network. Subsequently, motor proteins transport these vesicles along 
microtubules towards the cell surface. It is generally believed that NMDA receptors undergo SNARE-
mediated exocytosis near the synaptic sites and laterally diffuse within the membrane to reach the 
post-synaptic density (PSD) [57-59]. In addition, these receptors are continuously refreshed in response 
to synaptic activity and can be internalized and recycled back into the membrane [60-62]. 

Mint1 mediates binding of KIF17 motor proteins to NMDA subunit NR2B and facilitates 
transport of these vesicles. Release of NMDA near the synapses is triggered by CamKII phosphoylation 
of the KIF17-tail [14]. To assess the effect of Mint1 depletion on post-synaptic functioning, we analyzed 
the spines in dendrites of mature neurons. We found that the number of spines decreased after Mint1 
depletion; specifically a redu¬ction in the mushroom-shaped spines was observed (Figure 2L-M). This 
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suggested that spine maturation rather than spine formation was affected. Changes in spine shape or 
spine number are induced by synaptic activity and require the transport of vesicles and recycling 
endosomes into the spines [63-65]. We suspect that the absence of Mint1 prevents KIF17-mediated 
transport of NMDA receptors to the synapses or that the motor-receptor release mechanism is lost. 
Increasing synaptic activity, for example by stimulating the neurons with NMDA, will most likely make 
these effects more pronounced and could further aid in the investigation of Mint1 function in the 
transport and delivery of NMDA to synapses. 
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Figure 2. Characterization of Mint1 / X11α. (A) Mint1 localizes to the trans-Golgi network. Adult 
hippocampal neurons were transfected with BFP and pSuper and �xed after 2 day O.E. Zooms of soma 
showing co-stain of Mint1 and trans-Golgi marker TGN38 (top panels) or cis-Golgi marker GM130 
(bottom panels). Scale bar is 5 µm. (B) Localization of intensity peaks of Golgi markers relative to Mint1 
staining. Intensity of GM130, TGN38 and Mint1 were measured along a line scan (yellow line shown in 
A). (n = 18 from 2 exp.). (C) Mint1 KD validation. Neurons were transfected with Mint1 shRNAs and 
�xed after 2 day O.E. Zoom of soma with GM130 and Mint1 stain. (D) Analysis of Mint1 intensity at the 
Golgi of batched and separate Mint1 shRNAs relative to Ctrl (n = 25-27 cells from 2 exp, P = < 0.0001; 
0.0145; < 0.0001; 0.0020). (E) Mint1 localizes to punctea in axon and dendrites. Adult hippocampal 
neurons were stained for Mint1, AIS marker AnkG and dendritic marker MAP2. High contrast image of 
Mint1 shows punctuate staining in axon and dendrites. Axon is indicated with blue arrows, dendrite 
with red arrows. Scale bar is 20 µm. (F) Zoom showing straightened image of axon (left panels) and 
dendrite (right panels) with Mint1 stain and respective markers. Images were created with FIJI plugin 
‘Straighten’. Scale bar is 5 µm. (G) AIS is una�ected by Mint1 depletion. Cropped images of AIS with 
AnkG staining (top panels) and NF staining (bottom panels) are shown of Ctrl and Mint1 KD neurons. 
(H) Co-staining of endogenous Mint1 with KDEL, GluR2, Rab6, Rab3 and RIM in neurites. (I) Co-staining 
of endogenous Mint1 with BSN and EEA1 in neurites. White arrows indicate co-localization events. (J) 
APP polarity is una�ected by Mint1 depletion. Neurons were transfected with APP-YFP with or without 
Mint1 shRNAs. Only cells with e�cient Mint1 KD were analyzed. Axon is indicated with red arrows, 
dendrite with blue arrows. Scale bar is 20 µm. (K) Analysis of APP polarity. Total APP intensity was 
calculated in the �rst 30 µm of the axon and a dendrite. Graph shows intensity ratio (axon/ dendrite) 
for Ctrl and Mint1 KD neurons (P = 0.2263). (L) Mint1 KD decreases mushroom spines on dendrites. 
Zooms of dendrites of Ctrl neuron and Mint1 depleted neuron (left panels) and examples of mush-
room (M), stubby (S), and �lopodia (F) spines (right panels). Scale bar is 5 µm. (M) Analysis of number 
of mushroom, stubby and �lopodia spines in the dendrites (n = 10-11 cells from 2 exp).

Figure 2. Characterization of Mint1 / X11α. (A) Mint1 localizes to the trans-Golgi network. Adult hippocampal 
neurons were transfected with BFP and pSuper and fixed after 2 day O.E. Zooms of soma showing co-stain of Mint1 
and trans-Golgi marker TGN38 (top panels) or cis-Golgi marker GM130 (bottom panels). Scale bar is 5 µm. (B) 
Localization of intensity peaks of Golgi markers relative to Mint1 staining. Intensity of GM130, TGN38 and Mint1 
were measured along a line scan (yellow line shown in A). (n = 18 from 2 exp.). (C) Mint1 KD validation. Neurons 
were transfected with Mint1 shRNAs and fixed after 2 day O.E. Zoom of soma with GM130 and Mint1 stain. (D) 
Analysis of Mint1 intensity at the Golgi of batched and separate Mint1 shRNAs relative to Ctrl (n = 25-27 cells from 
2 exp, P = < 0.0001; 0.0145; < 0.0001; 0.0020). (E) Mint1 localizes to punctea in axon and dendrites. Adult 
hippocampal neurons were stained for Mint1, AIS marker AnkG and dendritic marker MAP2. High contrast image 
of Mint1 shows punctuate staining in axon and dendrites. Axon is indicated with blue arrows, dendrite with red 
arrows. Scale bar is 20 µm. (F) Zoom showing straightened image of axon (left panels) and dendrite (right panels) 
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CONCLUDING REMARKS
It has previously been shown that KIF17 is a dendritic motor protein: KIF17 localized to 

dendrites in brain slices [13] and interacts with several dendritic cargoes including NMDA receptor 
subunit NR2B [13, 16-18]. The transport of NMDA receptors to synapses is mediated by KIF17 and 
Mint1 [13, 18]. In this study, we find that KIF17 depletion causes defects in dendrite formation in 
young hippocampal neurons. In addition, depletion of the KIF17 adaptor protein Mint1/ X11α causes 
a decrease in the maturation of dendritic spines. The phenotypes observed after Mint1 depletion are 
mild (in several Mint1 pathways, including APP processing, vesicle transport and vesicle fusion [66, 
67], present study). A possible explanation is redundancy between the members of the Mint1 family 
proteins, specifically between Mint1 and Mint2 which are both highly expressed in the hippocampus 
[68]. Studies where Mint1 and Mint2 are simultaneously depleted are needed to investigate a possible 
redundancy. Although these dendritic phenotypes support the hypothesis that a KIF17-Mint1 complex 
mediates the transport of dendritic cargoes like NR2B, the phenotypes observed here do not 
completely overlap with defects of KIF17 or NMDA receptor knock out mice [7, 9, 10]. We suspect that 
other motor proteins contribute to the transport of NMDA receptors. Future research will have to 
identify these motor proteins and examine if redundancy exists between them. 

In addition to a dendritic phenotype, we uncovered new neuronal functions for KIF17; 
particularly in the maintenance of the axon initial segment (AIS) and neuronal polarity. Depletion of 
KIF17 results in a less spatially restricted AnkG scaffold in the AIS and the formation of homer-positive 
spines on the axon shaft. It has not been reported that KIF17 localizes to the AIS. However, it has been 
shown that axonal localization of the cytoskeletal proteins AnkB, αII-spectrin and βII-spectrin control 
the localization and clustering of AnkG and these cytoskeletal proteins are likely transported by KIF3 
[22]. Moreover, KIF3 and KIF17 are known to cooperate in the transport of IFT particles in cilia [28, 29]. 
It would be interesting to investigate if KIF17 depletion affects KIF3 transport of these important 
cytoskeletal proteins into the axon. Loss of axonal identity will disrupt neuronal polarity and impair 
action potential firing. In addition to the observed decrease of NMDA receptors at synapses, these 
polarity defects may contribute to the learning and memory defects observed in KIF17-/- mice [7, 69]. 

 This study provides new insights into the cellular function of KIF17 and Mint1 in neurons, 
including previously undescribed functions for KIF17. Future research is necessary to clarify the 
molecular mechanisms behind the polarity processes and to fully understand the roles of these 
proteins in neuronal function and polarity. 

with Mint1 stain and respective markers. Images were created with FIJI plugin ‘Straighten’. Scale bar is 5 µm. (G) AIS 
is unaffected by Mint1 depletion. Cropped images of AIS with AnkG staining (top panels) and NF staining (bottom 
panels) are shown of Ctrl and Mint1 KD neurons. (H) Co-staining of endogenous Mint1 with KDEL, GluR2, Rab6, 
Rab3 and RIM in neurites. (I) Co-staining of endogenous Mint1 with BSN and EEA1 in neurites. White arrows 
indicate co-localization events. (J) APP polarity is unaffected by Mint1 depletion. Neurons were transfected with 
APP-YFP with or without Mint1 shRNAs. Only cells with efficient Mint1 KD were analyzed. Axon is indicated with red 
arrows, dendrite with blue arrows. Scale bar is 20 µm. (K) Analysis of APP polarity. Total APP intensity was calculated 
in the first 30 µm of the axon and a dendrite. Graph shows intensity ratio (axon/ dendrite) for Ctrl and Mint1 KD 
neurons (P = 0.2263). (L) Mint1 KD decreases mushroom spines on dendrites. Zooms of dendrites of Ctrl neuron 
and Mint1 depleted neuron (left panels) and examples of mushroom (M), stubby (S), and filopodia (F) spines (right 
panels). Scale bar is 5 µm. (M) Analysis of number of mushroom, stubby and filopodia spines in the dendrites (n = 
10-11 cells from 2 exp).
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MATERIALS AND METHODS
Cell culture and transfections

Primary hippocamal neurons were harvested from rat E18 embryos and cultered on poly-L-lysine (35 µg/ 
ml) and laminin (5 µg/ml) coated coverslips in neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 
12.5 µM glutamate and Pen/Strep. Adult neurons (DIV14 – 28) were used for all experiments unless otherwise 
indicated. Cells were transfected with Lipofectamine 2000 (Invitrogen) and fixed with 4% PFA+sucrose or methanol 
and 4% PFA + sucrose after 2 or 3 day overexpression (O.E.). 

Antibodies and reagents
The following antibodies were used: mouse-anti-actin (Chemicon), rabbit-anti-KIF17 (Santa Cruz), rabbit-

anti-Mint1/X11α (Santa Cruz), mouse-anti-GM130 (BD Biosciences), mouse-anti-TGN38 (Transduction 
Laboratories), mouse-anti-AnkyrinG (Invitrogen), mouse-anti-Neurofascin-pan (Neuromab), mouse-anti-NaV-
channel (Sigma), mouse-anti-MAP2 (Sigma), rabbit-anti-Homer (Synaptic Systems), mouse-anti-KDEL (Stressgen 
Biotechnologies), mouse-anti-GluR2 (Millipore), mouse-anti-Rab6 (a gift from Prof. Barnekow, University of 
Muenster), mouse-anti-Rab3 (BD Biosciences), mouse-anti-RIM (BD Biosciences), mouse-anti-bassoon (Enzo Life 
Sciences), mouse-anti-EEA1 (BD Biosciences)

DNA constructs
A batch of three shRNAs were used for KIF17 and Mint1 depletion unless otherwise indicated. KIF17 

constructs were generated by PCR-based strategy using human KIF17 DNA sequence (accession number 
NM_020816). The following rat shRNA sequences were used: KIF17-shRNA#1 (5’-GCCACCAAGATTAACCTGT-3’), 
KIF17-shRNA#2 (5’-GACAGGACAAAGCTCAACA-3’), KIF17-shRNA#3 (5’-CCATCAACATCGAGATCTA-3’), Mint1-
shRNA#1 (5’-GGACGGAGATTCTCCGTCT-3’), Mint1-shRNA#2 (5’-CACCACACGAGAAGATCG-3’), Mint1-shRNA¬#3 
(5’-CAGGTACTGTCCTAACG-3’), and AnkG-shRNA (5’-GAGTTGTGCTGATGACAAG-3’). 

Image processing and analyses
For morphological analysis, neurites were traced using FIJI plugin NeuronJ. Straightened images of 

neurites were created with FIJI plugin Straighten. Values are stated as mean ± SEM unless otherwise indicated. 
Nonparametric, unpaired Mann-Whitney test was used to calculate P-values (P < 0.0001: ****; P = 0.0001 – 0.001: 
***; P = 0.001 – 0.01: **; P = 0.01 - 0.05: *; P ≥ 0.05: ns).

Spine morphology analysis was done with an LSM510 confocal microscope (Zeiss) with 63x oil objective. 
Z-stack images were taken at 27-37 nm slices. Spines were counted for 3 dendrites per cell in an area of 20 µm long 
starting 20 µm away from the soma. Counting was done using FIJI plugin Cell counter based on morphology 
(mushroom, stubby, filopodia). 
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CHAPTER 7
CYTOPLASMIC DYNEIN REGULATOR NDEL1  

CONTROLS POLARIZED CARGO TRANSPORT  

AT THE AXON INITIAL SEGMENT

Marijn Kuijpers 1, Dieudonnée van de Willige 1, Mariella A. Franker 1,  
Jasper Hofenk 1, Ricardo J. Cordeiro Rodrigues 1, Lukas C. Kapitein 1,  

Anna Akhmanova 1, Dick Jaarsma 2 and Casper C. Hoogenraad 1

1 Cell Biology, Faculty of Science, Utrecht University, Utrecht, The Netherlands,  
2 Department of Neuroscience, Erasmus Medical Center, Rotterdam, The Netherlands

Neurons are highly polarized cells and their development and homeostasis rely heavily on 
the selective targeting of vesicles into axon and dendrites. Microtubule-based motor proteins are 
known to play an important role in polarized transport, however the sorting mechanism to exclude 
dendritic cargo from the axon is unclear. Here, we show that the dynein regulator protein NDEL1 
controls the direction of somatodendritic cargo transport at the axon initial segment (AIS). During 
neuron development NDEL1 shifts its localization from the pericentriolar region to the AIS. NDEL1 
interacts with the scaffold protein Ankyrin-G, which is required for the specific localization of NDEL1 at 
the AIS. Depletion of NDEL1 results in entry of dendritic cargo in the proximal axon, which is 
accompanied by increased axonal thickness. We propose a model in which NDEL1 controls dynein 
activity at the AIS and facilitates the reversal of somatodendritic transport cargos in the proximal axon.
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INTRODUCTION
Neurons are highly polarized cells that extend one single axon and several dendrites. The 

dendrites are short and highly branched and receive signals from neighboring neurons, while the axon 
delivers information and typically extends long distances to contact distant neurons. Due to their distinct 
functions, axons and dendrites differ in their molecular organization and require different sets of specific 
components. For instance, dendrites contain different postsynaptic receptors, while axons accumulate 
presynaptic components. The axon initial segment (AIS) is a specialized compartment in the proximal 
axon that plays an essential role in action potential generation, but, in addition, plays a critical role in 
separating the somatodendritic and axonal compartments and maintaining the molecular and functional 
polarity of the neuron [1, 2]. The AIS forms a diffusion barrier for membrane proteins at the cell surface 
and regulates selective intracellular cargo traffic between the soma and the axon [3]. Vesicles containing 
somatodendritic cargo can enter the axon but very rarely move beyond the AIS, whereas cargoes 
transporting axonal proteins can proceed through the AIS into more distal parts [4-6]. While it is well-
established that the trafficking filter emerges at the same time as the AIS and depends on AIS integrity 
[7], the molecular processes that control selective transport at the AIS remain unclear [6].

 There is strong evidence that cytoskeleton-based motor proteins drive selective transport to 
sort cargo into axons and dendrites. One model suggests that filamentous actin in the AIS may 
contribute to selective transport by halting somatodendritic vesicles and serving as a substrate for 
myosin mediated vesicle transport [5, 8, 9]. Another model proposes that targeting of polarized cargo 
is determined by the distinct microtubule organization in axons and dendrites in combination with the 
coordinated regulation of opposing microtubule-based motor proteins [10]. In this way, the 
unidirectional axonal microtubule organization facilitates microtubule plus-end directed kinesin 
movements, resulting in anterograde axonal transport [11, 12]. In contrast, microtubule minus-end 
directed dynein drives retrograde axonal transport [13, 14]. Its function as key retrograde axonal 
motor raises the question whether dynein also plays a role in preventing somatodendritic cargo from 
entering the axon. One possibility is that dynein reverses the transport direction of somatodendritic 
cargo at the AIS to bring them back to the cell body [3]. However, whether dynein-mediated 
somatodendritic vesicle sorting plays a role at the AIS is unexplored. 

In this study we use a combination of immunohistochemical, biochemical, cell biological, live 
cell imaging and quantitative microscopy approaches to demonstrate that dynein and its regulator 
Nuclear distribution element like 1 (NDEL1) control cargo sorting at the AIS. Our data show that NDEL1 
is concentrated in the AIS via interaction with the AIS scaffold protein Ankyrin-G and depletion of 
NDEL1 leads to the entry of dendritic cargo into the proximal axon. These results suggest that NDEL1 
locally activates dynein to reverse the direction of somatodendritic vesicles. We propose a new 
mechanism for selective vesicle filtering at the AIS and reveal a critical role for NDEL1 as a gatekeeper 
of somatodendritic transport cargos.

 
RESULTS
Dynein regulator NDEL1 localizes to the AIS

To gain insight into whether dynein plays a role in somatodendritic cargo transport at the 
axon initial segment (AIS), we started by screening the subcellular distribution of dynein components, 
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dynactin and other dynein regulators such as LIS1 and NDEL1 in developing and mature hippocampal 
neurons at days in vitro (DIV) 1, DIV3 and DIV21. Most dynein and dynactin antibody stainings showed 
a diffuse cytoplasmic pattern throughout the axon shaft, with a higher intensity in the growth cones 
(Figure S1 and data not shown). Consistent with previous observations [15, 16], the dynein regulator 
protein NDEL1 was predominantly present around the centrosome as labeled by pericentrin and co-
localized with the pericentriolar marker PCM1 in young neurons (Figures 1A-1D and S1A). We found 
that NDEL1 staining is lost from the pericentriolar region at later stages of neuronal development 
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Figure 1. In developing hippocampal neurons NDEL1 proteins shift from a pericentriolar to an axon 
initial segment localization. (A-C) Representative images of rat hippocampal neurons in culture. Fixed at the 
indicated times (day 0, 1 or 3) and stained for centrosome marker pericentrin (red) and NDEL1 (green). Arrows 
indicate localization of NDEL1 in a neurite. Scale bar: 20 μm. (D) Image of the cell body of a hippocampal 
neuron at DIV1 stained for pericentrin (blue), NDEL1 (green) and pericentriolar material 1 (PCM1, red). (E,F) 
Hippocampal neurons at DIV3 stained for NDEL1 (green) and axonal marker tau (I) or axon initial segment 
marker Ankyrin-G (J) (red). (G,H) Representative images of axons of neurons transfected at DIV1 for 2 days with 
GFP-NDEL1 (K) or GFP-NDE1 (L) and stained for Ankyrin-G (red). (I) Percentage of axons positive for NDEL1 and 
tau (left graph) or Ankyrin-G (right graph) at the �rst stages of neuron development (DIV2, 50-100 neurons were 
analyzed). (J) Representative images of axons of hippocampal neurons stained for NDEL1 and tau or Ankyrin-G 
at DIV1. Dashed lines indicate the edges of the neuron and insets show magni�cation of boxed areas. Scale 
bars: 20 μm (A), 10 μm (D), 5 μm (E, F, J).

Figure 1. In developing hippocampal neurons NDEL1 proteins shift from a pericentriolar to an axon initial 
segment localization. (A-C) Representative images of rat hippocampal neurons in culture. Fixed at the indicated 
times (day 0, 1 or 3) and stained for centrosome marker pericentrin (red) and NDEL1 (green). Arrows indicate 
localization of NDEL1 in a neurite. Scale bar: 20 μm. (D) Image of the cell body of a hippocampal neuron at DIV1 
stained for pericentrin (blue), NDEL1 (green) and pericentriolar material 1 (PCM1, red). (E,F) Hippocampal neurons 
at DIV3 stained for NDEL1 (green) and axonal marker tau (I) or axon initial segment marker Ankyrin-G (J) (red). (G,H) 
Representative images of axons of neurons transfected at DIV1 for 2 days with GFP-NDEL1 (K) or GFP-NDE1 (L) and 
stained for Ankyrin-G (red). (I) Percentage of axons positive for NDEL1 and tau (left graph) or Ankyrin-G (right 
graph) at the first stages of neuron development (DIV2, 50-100 neurons were analyzed). (J) Representative images 
of axons of hippocampal neurons stained for NDEL1 and tau or Ankyrin-G at DIV1. Dashed lines indicate the edges 
of the neuron and insets show magnification of boxed areas. Scale bars: 20 μm (A), 10 μm (D), 5 μm (E, F, J).
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(Figure 1C), which coincided with the decrease of many other centrosomal components during 
centrosome inactivation [17, 18]. Remarkably, however, in DIV3 neurons, NDEL1 showed a preferential 
localization in the proximal part of the axon, as outlined by tau staining (Figure 1E). Furthermore, the 
axonal NDEL1 staining pattern overlapped with Ankyrin-G staining which outlines the AIS (Figure 1F). 
To analyze more precisely the redistribution of NDEL1 during axogenesis and AIS formation, stage 3 
neurons were fixed at DIV2 and stained for tau, Ankyrin-G and NDEL1. At this stage, only 10% of tau-
positive axons were positive for NDEL1, indicating that the NDEL1 distribution to the AIS occurred after 
axon specification. In contrast, AIS localization of NDEL1 was observed in 100% of Ankyrin-G positive 
axons (Figures 1I,J), suggesting that Ankyrin-G and NDEL1 localize to the AIS around the same time. 
Similar results were obtained by low level expression of GFP-tagged NDEL1 as well as GFP-tagged 
NDEL1 homologue NDE1 (Figure 1G,H). Finally, to determine whether NDEL1 also is localized in the AIS 
of neurons of the adult nervous system, we performed immunohistochemistry of NDEL1 and Ankyrin-G 
on brain sections from adult mice. In accord with the data from cultured hippocampal neurons, NDEL1 
co-distributed with Ankyrin-G throughout the central nervous system and is present in the AIS of all 
neuronal types examined, including pyramidal neurons and interneurons in cortex and hippocampus, 
medium spiny striatal neurons, and all neuronal cell types in the cerebellar cortex (Figure S2). Together 
these data indicate that NDEL1 shifts its localization from a pericentriolar region to the AIS during 
neuron differentiation and remains present in the AIS of neurons in the adult nervous system.

The C-terminal part of NDEL1 interacts with neuron-specific isoform of Ankyrin-G 
To better understand the role of NDEL1 at the AIS, we next searched for binding partners by 

performing pull-down assays combined with mass spectrometry with NDEL1, its homologue NDE1, as 
well as with LIS1, which strongly interacts with NDEL1. Biotinylated and GFP-tagged (bio-GFP) LIS1, 
NDE1, NDEL1 or control bio-GFP constructs were transiently expressed in HEK293T cells together with 
the protein-biotin ligase BirA. Proteins were isolated with streptavidin beads, incubated with rat brain 
extracts, and analyzed by mass spectrometry. Bio-GFP-LIS1, NDE1 and NDEL1 bound to several 
components of dynein and dynactin (Figure 2A), confirming the previously identified interactions with 
the dynein complex [15, 16]. In addition, we identified novel potential NDEL1 binding partners, 
including α-actinin, Ankyrin-G, βIV-spectrin and synaptopodin. These proteins were all described to be 
abundantly present at the AIS [19]. We also found these proteins highly enriched in the NDE1 but not 
in the LIS1 pull-down fraction (Figure 2A). These mass spectrometry results were confirmed by 
Western blotting and GFP pull-down experiments (Figure 2D, E), demonstrating that both NDE1 and 
NDEL1 associate with components of the AIS. 

 The scaffolding protein Ankyrin-G is essential for AIS assembly and required for clustering of 
most other AIS components [20-23]. The two largest Ankyrin-G isoforms, Ankyrin-G-270 and 
Ankyrin-G-480, are expressed only in neurons and contain unique serine-rich and tail domains that 
contribute to the restriction of Ankyrin-G at the AIS (Zhang and Bennett 1998). To identify the region 
through which Ankyrin-G interacts with NDEL1, we first made truncated Ankyrin-G-270-GFP constructs 
encoding either the serine-rich and tail domains or an Ankyrin-G variant lacking these domains (Figure 
2B). Pull-down experiments using HEK293T cells co-expressing HA-NDEL1 and the Ankyrin-G deletion 
constructs showed that NDEL1 only co-precipitates with Ankyrin-G fragments that contain the neuron 
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HEK293 extracts transfected with HA-NDE1 or HA-NDEL1 and GFP-Ankyrin-G or control GFP. The results were 
analyzed by western blotting with the indicated antibodies. (F) Binding domain analysis by GFP pull-down 
assay using lysates of HEK293 cells expressing GFP-Ankyrin-G truncated constructs and HA-NDEL1. Samples 
were immunoblotted using anti-HA and anti-GFP antibodies. (G) Analysis of NDEL1 binding domain by GFP 
pull-down assay using HEK293 cells co-expressing GFP-NDEL1 truncated constructs and HA-Ankyrin-G. 
Samples were immunoblotted using anti-HA and anti-GFP antibodies. (H) Neurons transfected with either 
GFP-tagged NDEL1 N-terminus or C-terminus and labelled with anti-Ankyrin-G (red) antibody. Arrows indi-
cate Ankyrin-G immunolabeled AISs. Scale bar: 10 μm.

Figure 2. The C-terminus of NDEL1 interacts with Ankyrin-G and determines the AIS localization. (A) Binding 
partners of bio-GFP-LIS1, -NDE1 and -NDEL1 from rat brain extracts identified by mass spectrometry. The list is 
corrected for background proteins which were identified in a control pull-down from cells expressing bio-GFP. (B, 
C) Schematic overview of Ankyrin-G (B) and NDEL1 (C) deletion mutants used in this study. (D) Biotin pull-down 
from HEK293 extracts transfected with bio-GFP-NDE1, bio-GFP-NDEL1 or control bio-GFP and BirA, probed for GFP 
and endogenous Ankyrin-G and βIV-spectrin. (E) GFP pull-down from HEK293 extracts transfected with HA-NDE1 or 
HA-NDEL1 and GFP-Ankyrin-G or control GFP. The results were analyzed by western blotting with the indicated 
antibodies. (F) Binding domain analysis by GFP pull-down assay using lysates of HEK293 cells expressing GFP-
Ankyrin-G truncated constructs and HA-NDEL1. Samples were immunoblotted using anti-HA and anti-GFP 
antibodies. (G) Analysis of NDEL1 binding domain by GFP pull-down assay using HEK293 cells co-expressing GFP-
NDEL1 truncated constructs and HA-Ankyrin-G. Samples were immunoblotted using anti-HA and anti-GFP 
antibodies. (H) Neurons transfected with either GFP-tagged NDEL1 N-terminus or C-terminus and labelled with 
anti-Ankyrin-G (red) antibody. Arrows indicate Ankyrin-G immunolabeled AISs. Scale bar: 10 μm.
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specific serine-rich and tail domains (Figure 2F). To further characterize the binding of NDEL1 to 
Ankyrin-G we generated several truncated NDEL1 fragments, including the N-terminal domain 
(NDEL1-N) that binds to dynein and LIS1 [24] and the C-terminal domain (NDEL1-C) (Figure 2C). The 
different GFP-NDEL1 truncation constructs were co-expressed with full-length Ankyrin-G in HEK293T 
cells and precipitated using GFP-trap magnetic beads. Ankyrin-G only coprecipitated with GFP-NDEL1 
constructs that contained the C-terminal fragment (Figure 2G). When expressed in neurons, the NDEL1 
N-terminus showed a diffuse expression pattern throughout the neuron while the NDEL1 C-terminal 
domain localized specifically to the AIS (Figure 2H). Together, these data show that the C-terminus of 
NDEL1 interacts with the neuron specific isoform of Ankyrin-G.

Ankyrin-G is required for the AIS localization of NDEL1
To determine the turnover of NDEL1 in the AIS, we performed fluorescence recovery after 

photobleaching (FRAP) analysis of GFP-NDEL1 compared to GFP-Ankyrin-G and GFP-tau in axons of 
DIV11 neurons. A stretch of 3 μm of the proximal axon was bleached by high laser power and 
fluorescence intensity was measured over a period of 10 minutes (Figure S3A). As reported [25], GFP-
tau fluorescence recovered rapidly in axons and reached a maximal recovery of ~95% within this time 
frame. In contrast, GFP-NDEL1 fluorescence had a much slower recovery reaching a maximum of ~20-
25% (Figure S3B), indicating that in the AIS a large fraction of NDEL1 molecules are immobile (Figure 
S3C). The stability of NDEL1 in the AIS is very similar to GFP-Ankyrin-G (Figure S3B and S3C). Upon 
disruption of the microtubule or actin cytoskeleton by 30 μM nocodazole or 10 μM latrunculin 
respectively, both Ankyrin-G and NDEL1 are still present in the AIS, suggesting that their localization is 
not dependent on the underlying cytoskeleton (Figure S3D and S3E). In contrast, NDEL1 staining in the 
AIS disappeared after knockdown of Ankyrin-G (Figure S3F-S3H), indicating that recruitment of NDEL1 
to the AIS depends on Ankyrin-G. Taken together these data show that both Ankyrin-G and NDEL1 are 
stably present in the AIS and that Ankyrin-G is required for the AIS localization of NDEL1.

To test the role of NDEL1 at the AIS, we first generated two independent shRNAs against NDEL1 
based on previously published sequences [26, 27] and performed knockdown experiments in hippocampal 
neurons. Efficiency of shRNA knockdown was verified by immunostaining of endogenous NDEL1 in neurons 
co-transfected with GFP or β-galactosidase as unbiased cell fills (Figure 3A and 3B). In contrast to the loss 
of NDEL1 staining after Ankyrin-G knockdown (Figure S3G and S3H), NDEL1 knockdown did not affect 
Ankyrin-G immunostaining at the AIS (Figure 3B). We next determined whether NDEL1 influences the 
localization of other dynein/dynactin components in the AIS. Both NDEL1 overexpression and NDEL1 
depletion did not affect the diffuse cytoplasmic staining of the light intermediate chain of dynein, the p150 
subunit of dynactin and LIS1 at the AIS (Figure S4A and S4B). In addition, inhibition of the dynein/dynactin 
complex by overexpressing GFP-p150-cc1 did not affect NDEL1 localization (Figure S4C). These data suggest 
that NDEL1 is not required for AIS integrity and dynein/dynactin localization in the proximal axon.

NDEL1 depletion causes axonal swelling at the AIS
Homozygous NDEL1 knockout mice are embryonic lethal and show severe cortical neuronal 

migration defects [26, 28, 29]. Analyses of mature neurons in conditional NDEL1 knockout mice 
revealed defects in axon and dendritic morphology and aberrant axonal swellings at the axon initial 
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Figure 3.  NDEL1 is required for normal axon morphology. (A) Quanti�cation of NDEL1 and LIS1 levels 
in AIS (NDEL1) or soma (LIS1) of knockdown neurons. Per shRNA-construct 9-14 images were analyzed. 
(B) Representative images of AISs of DIV7 primary neurons co-expressing β-galactosidase (not shown) 
and empty pSuper (control), NDE1-shRNA or NDEL1-shRNA for 3 days and stained for endogenous NDE1 
or NDEL1 (red) and Ankyrin-G (green) to highlight the AIS. (C) Hippocampal neurons transfected with 
GFP and empty pSuper or LIS1-shRNA labeled with anti-LIS1 (red). (D, E) Quanti�cation of total axonal 
length (D) and dendritic length (E) after 3 days overexpression of knockdown constructs or empty 
pSuper as control (8 (axon control)  to20 cells were analyzed for each condition). (F) Representative 
images of hippocampal neurons (DIV7) transfected with empty pSuper or NDEL1-shRNAs and β-galacto-
sidase to visualize morphology. (G) Representative images of AISs of hippocampal neurons (DIV7) 
co-transfected with empty pSuper, NDEL1-shRNA, LIS1-shRNA or HA-p150-CC1 and MARCKS-GFP to 
visualize morphology. Neurons are labeled with anti-Ankyrin-G antibody (red) to highlight the AIS. (H) 
Quanti�cation of axonal diameter, measured at the AIS (15–20 cells were analyzed for each condition). (I) 
Representative images of AISs of hippocampal neurons (DIV7) co-transfected with empty pSuper or 
NDEL1-shRNA and indicated NDEL1 constructs. MARCKS-RFP was used to visualize morphology. Neurons 
are labeled with anti-Ankyrin-G antibody (blue) to highlight the AIS. (J) Quanti�cation of axonal diame-
ter, measured at the AIS. (K) Inducible dimerization system used to recruit NDEL1-N to the AIS. Cell 
adhesion protein Neurofascin (NF186) localizes to the AIS. A fusion construct of FRB with NDEL1’s N-ter-
minus (NDEL1N-GFP-FRB) is di�usely present throughout the cytoplasm, but is recruited to 
NF186-RFP-FKBP upon addition of rapalog. (L) Localization of NF186-RFP-FKBP, NDEL1N-GFP-FRB and 
endogenous Ankyrin G in DIV8 rat hippocampal neurons depleted of NDEL1. Left panels: representative 
untreated control neuron. Right panels: representative neuron treated with 100 nM rapalog following 
NDEL1 depletion. (M) Quanti�cation of axon diameter in the AIS. In the presence of 100 nM rapalog, 
axonal swelling is prevented in NDEL1-depleted neurons transfected with NF186-RFP-FKBP and 
NDEL1N-GFP-FRB. Data are presented as means ± SEM, *P<0.05, **P<0.01, ***P<0.001. Scale bars: 20 μm 
(C), 50 μm (F).
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segments [30]. Next, we analyzed the morphological defects in cultured hippocampal neurons at DIV7. 
Consistent with the in vivo data [30], knockdown of NDEL1 caused a significant decrease in axonal 
length as well as in dendritic length (Figure 3D-3F) and strongly increases the axonal diameter at the 
AIS (Figure 3G and 3H). We further focused on the AIS swellings and found that expression of dominant 
negative dynactin (p150-cc1) or shRNA-mediated depletion of LIS1 (Figure 3A and 3C) also increased 
AIS thickness (Figure 3G and 3H), suggesting that proper regulation of dynein activity is required for 
normal axon morphology. The axonal phenotype by NDEL1 depletion was fully rescued by co-
expressing full length NDEL1, indicating that the observed NDEL1 knockdown effect is specifically 
caused by disrupting NDEL1 function (Figure 3I and 3J). In contrast, NDEL1 N- and C-terminal fragments 
were not able to restore normal axon diameter (Figure 3I and 3J). These data suggest that both the 
N-terminus (dynein and LIS1 binding) and C-terminus (Ankyrin-G binding) are necessary for NDEL1 
function at the AIS. 

To directly address whether recruitment of the NDEL1 N-terminal fragment to the AIS is 
sufficient to rescue the AIS swellings, we made use of the rapalog-inducible dimerization system [12, 
31]. In this assay, FRB-FKBP heterodimerization is used in combination with the cell-permeable 
rapamycin analog (rapalog) to trigger anchoring of the NDEL1 N-terminal fragment to the AIS. The AIS 
was labeled by expressing NF186-RFP-FKBP, a fusion construct of the cell adhesion protein Neurofascin 
(NF186), red fluorescent protein (RFP), and FKBP, a domain that can be cross-linked to FRB in the 
presence of rapalog (Figure 3K). GFP-FRB was fused to the NDEL1 N-terminus (NDEL1N-GFP-FRB). When 
co-expressed in neurons, NDEL1N-GFP-FRB is diffusely present throughout the cytoplasm but recruited 
to NF186-RFP-FKBP upon addition of rapalog (Figure 3L). Interestingly, by recruiting NDEL1-N to the AIS, 
the axonal phenotype by NDEL1 depletion was fully rescued, indicating that concentrating NDEL1-N 
(dynein and LIS1 binding region) at the AIS is sufficient to rescue the AIS swellings (Figure 3L-M).

Figure 3.  NDEL1 is required for normal axon morphology. (A) Quantification of NDEL1 and LIS1 levels in AIS 
(NDEL1) or soma (LIS1) of knockdown neurons. Per shRNA-construct 9-14 images were analyzed. (B) Representative 
images of AISs of DIV7 primary neurons co-expressing β-galactosidase (not shown) and empty pSuper (control), 
NDE1-shRNA or NDEL1-shRNA for 3 days and stained for endogenous NDE1 or NDEL1 (red) and Ankyrin-G (green) 
to highlight the AIS. (C) Hippocampal neurons transfected with GFP and empty pSuper or LIS1-shRNA labeled with 
anti-LIS1 (red). (D, E) Quantification of total axonal length (D) and dendritic length (E) after 3 days overexpression 
of knockdown constructs or empty pSuper as control (8 (axon control)  to20 cells were analyzed for each condition). 
(F) Representative images of hippocampal neurons (DIV7) transfected with empty pSuper or NDEL1-shRNAs and 
β-galactosidase to visualize morphology. (G) Representative images of AISs of hippocampal neurons (DIV7) co-
transfected with empty pSuper, NDEL1-shRNA, LIS1-shRNA or HA-p150-CC1 and MARCKS-GFP to visualize 
morphology. Neurons are labeled with anti-Ankyrin-G antibody (red) to highlight the AIS. (H) Quantification of 
axonal diameter, measured at the AIS (15–20 cells were analyzed for each condition). (I) Representative images of 
AISs of hippocampal neurons (DIV7) co-transfected with empty pSuper or NDEL1-shRNA and indicated NDEL1 
constructs. MARCKS-RFP was used to visualize morphology. Neurons are labeled with anti-Ankyrin-G antibody 
(blue) to highlight the AIS. (J) Quantification of axonal diameter, measured at the AIS. (K) Inducible dimerization 
system used to recruit NDEL1-N to the AIS. Cell adhesion protein Neurofascin (NF186) localizes to the AIS. A fusion 
construct of FRB with NDEL1’s N-terminus (NDEL1N-GFP-FRB) is diffusely present throughout the cytoplasm, but is 
recruited to NF186-RFP-FKBP upon addition of rapalog. (L) Localization of NF186-RFP-FKBP, NDEL1N-GFP-FRB and 
endogenous Ankyrin G in DIV8 rat hippocampal neurons depleted of NDEL1. Left panels: representative untreated 
control neuron. Right panels: representative neuron treated with 100 nM rapalog following NDEL1 depletion. (M) 
Quantification of axon diameter in the AIS. In the presence of 100 nM rapalog, axonal swelling is prevented in 
NDEL1-depleted neurons transfected with NF186-RFP-FKBP and NDEL1N-GFP-FRB. Data are presented as means ± 
SEM, *P<0.05, **P<0.01, ***P<0.001. Scale bars: 20 μm (C), 50 μm (F).
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NDEL1 is required for the polarized distribution of somatodendritic cargo 

Because of NDEL1’s localization and morphological phenotype at the AIS and its ability to 
regulate dynein/dynactin function, we hypothesized that NDEL1 could be involved in cargo sorting at 
the AIS, for instance, by reversing the direction of selective somatodendritic cargo [3]. We therefore 
first examined the polarized distribution of the transferrin receptor (TfR), a recycling transmembrane 
protein strictly localized to the somatodendritic region in fixed neurons [32, 33]. In control cells, TfR-
GFP was present in the soma and dendrites, but excluded from the axon (Figure 4A and 4D). However, 
after depletion of NDEL1 or inhibition of dynein by p150-cc1 overexpression, TfR appeared in the axon 
and lost its dendrite-specific localization (Figure 4B-4D), indicating that TfR was no longer restricted to 
the somatodendritic domain. Consistently, the mistargeting of TfR caused by NDEL1 depletion was 
rescued by co-expressing full length NDEL1 (Figure 4E). These data demonstrate that NDEL1 and 
dynein are required for the polarized distribution of TfR vesicles.

One possible explanation for the increase of somatodendritic cargo in the axon is that the 
underlying cytoskeletal network is disrupted. Previous work in Drosophila neurons showed that dynein 
controls the uniform orientation of axonal microtubules [34]. We next examined the effect of NDEL1 
knockdown on axonal microtubule dynamics and organization. Neurons expressing NDEL1 shRNAs 
stained for EB3 as a marker of dynamic microtubules [35] showed the characteristic comet-like 
microtubule plus-end patterns and the number of comets in the AIS did not differ from control neurons 
(Figure S4D). In addition, NDEL1 knockdown did not affect the direction of microtubule plus-end 
growth (Figure S4F) and the localization of CAMSAP2, a marker for non-centrosomal microtubule 
minus-ends [18](Figure S4E), suggesting that the majority of microtubules in the axon remained plus-
end out. Moreover, actin staining in the axon of NDEL1 depleted neurons did not differ from control 
cells (Figure S4G and S4H). Together, these data indicated that increased axonal targeting is not caused 
by cytoskeletal rearrangements

NDEL1 reverses the direction of somatodendritic vesicles at the AIS
We next tested whether NDEL1 depletion in hippocampal neurons affects axonal and 

dendritic vesicle transport dynamics at the AIS using live cell imaging. Neurons were transfected at 
DIV5 with control or NDEL1 shRNAs together with TfR-GFP and stained for Neurofascin to visualize the 
AIS during imaging. Kymographs were used to analyze the transport of the vesicles labeled by TfR-GFP. 
In control neurons, TfR vesicles that entered the axon paused during the imaging period (~34%), 
reversed direction and returned back toward the cell body (~55%) or proceeded through the AIS 
(~11%). Although NDEL1 depletion resulted in a slight decrease in general cargo motility in axons and 
dendrites (data not shown), the most striking phenotype is the loss of cargo reversals at the AIS. In 
NDEL1 knockdown neurons, ~50% of TfR vesicle paused, while only ~5% revered direction and ~45% 
of the TfR vesicles proceeded through the AIS into more distal parts of the axon (Figure 4F-4H). Similar 
results were obtained by overexpression of p150-cc1 (Figure 4H). Importantly, the transport 
parameters of axonal vesicles labeled by expressing NgCAM-GFP were not affected by NDEL1 
knockdown and p150-cc1 expression (Figure 4I-4K). Together these results show that dynein as well as 
NDEL1 reverses the direction of somatodendritic vesicles at the AIS and keeps selective cargos out of 
the axon. 
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Figure 4.  NDEL1 is required for somatodendritic vesicle sorting at the AIS. (A-C) Cultured hippocampal 
neurons (DIV10) co-transfected with TfR-GFP and empty pSuper (A), NDEL1-shRNAs (B) or HA-p150-cc1. Neu-
rons are stained with antibodies against dendrite speci�c marker MAP2 (red). (D, E) Quanti�cation of TfR-GFP 
intensity in axons versus dendrites. Co-expressing NDEL1 rescues the mispolarization of TfR caused by NDEL1 
depletion (E). 8-10 cells were analyzed per condition. Data are presented as means ± SEM, **P<0.01, 
***P<0.001. (F-H) Hippocampal neurons (DIV7) were co-transfected with TfR-GFP and empty pSuper (control, 
F) or NDEL1-shRNAs and live-cell imaging microscopy was used to visualize GFP-TfR motility in the AIS. The 
AIS was highlighted by Neurofascin (Nfasc) staining. Representative kymographs illustrate the behavior of TfR 
vesicles in the AIS (G). Quanti�cation of somatodendritic vesicle dynamics in the AIS is shown in (H). (I-K) 
Hippocampal neuron (DIV7) co-transfected with NgCAM-GFP and empty pSuper (I). Kymographs show the 
behavior of NgCAM-GFP vesicles in control and NDEL1 knockdown neurons (J). Quanti�cation of axonal vesi-
cle dynamics in the AIS is shown in (K). Scale bars: 30 μm (A), 20 μm (F, I).

Figure 4.  NDEL1 is required for somatodendritic vesicle sorting at the AIS. (A-C) Cultured hippocampal neurons 
(DIV10) co-transfected with TfR-GFP and empty pSuper (A), NDEL1-shRNAs (B) or HA-p150-cc1. Neurons are 
stained with antibodies against dendrite specific marker MAP2 (red). (D, E) Quantification of TfR-GFP intensity in 
axons versus dendrites. Co-expressing NDEL1 rescues the mispolarization of TfR caused by NDEL1 depletion (E). 
8-10 cells were analyzed per condition. Data are presented as means ± SEM, **P<0.01, ***P<0.001. (F-H) 
Hippocampal neurons (DIV7) were co-transfected with TfR-GFP and empty pSuper (control, F) or NDEL1-shRNAs 
and live-cell imaging microscopy was used to visualize GFP-TfR motility in the AIS. The AIS was highlighted by 
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Dynein motor activity can drive retrograde movement of cargo at the proximal axon
Since dynein and NDEL1 are required to reverse the direction of TfR cargos at the AIS, we 

wanted to directly address whether dynein motor activity is sufficient to drive retrograde transport at 
the AIS. We made use of an inducible cargo trafficking assay in which we trigger the binding of specific 
motor proteins to peroxisomes during live-cell recordings [12, 31]. Peroxisomes were labeled by 
expressing PEX-RFP-FKBP, a fusion construct of PEX3 peroxisomal membrane-targeting signal to RFP-
FKBP (Figure S5A). FRB was fused to the N-terminal part of the dynein/dynactin accessory protein 
Bicaudal-D2 (BICDN-FRB) [12] (Figure S5A). Addition of rapalog to neurons expressing BICDN-FRB 
markedly increased cargo motility, and ~85% of the dynamic cargos moved away from the AIS towards 
the cell body (Figure S5B-D), consistent with dynein-mediated retrograde transport towards 
microtubule minus-ends in axons. As a control, we used truncated Myosin-V and Myosin-VI, which 
contained the motor domain and dimerization region (MyoV-MDC-FRB, MyoVI-MDC-FRB) [31]. Very 
little cargo motility was observed upon recruitment of Myosin-V or Myosin VI motors (Figure S5B-D), 
indicating that they might be able to halt but not to significantly displace membrane cargos such as 
peroxisomes in the proximal axon. These results support the view that dynein can drive retrograde 
cargo movement and NDEL1 may serve as positive regulator of dynein activity at the AIS.

DISCUSSION
Ankyrin-G anchoring of NDEL1 filters intracellular transport at AIS

The AIS is a specialized membrane domain located at the beginning of the axon and highly 
enriched in ion channels, cytoskeletal components and scaffolding proteins, such as Ankyrin-G [1, 2]. 
Ankyrin-G is believed to be critically involved in the regulation of axon-dendrite polarity by controlling 
intracellular transport [3]. Depletion of Ankyrin-G in neurons leads to AIS disassembly and the appearance 
of dendritic markers in the proximal axon [36, 37]. Here we show that NDEL1 specifically localizes to the 
proximal axon via its interaction with Ankyrin-G. The highly conserved N-terminus of NDEL1 directly binds 
to LIS1 and is critical for dynein activity [38, 39]. We found that NDEL1 C-terminus mediates the interaction 
with Ankyrin-G, providing a direct link between a core AIS scaffold and dynein regulation. Since inducible 
recruitment of N-terminal NDEL1 to the AIS rescues the NDEL1 knockdown phenotype in hippocampal 
neurons, it is very likely that targeting of NDEL1 to the AIS is required for its dynein regulatory activity. 
NDEL1 is stably present in the AIS and may transiently activate dynein-on cargos that pass the proximal 
axon. What is the advantage of targeting NDEL1 to a specific location in the proximal axon? A local 
accumulation of regulatory proteins might be useful to efficiently control intracellular transport. A local 
‘hub’ of regulatory proteins at the AIS makes it possible to precisely modulate the activity of dynein-
attached cargos during axonal entry. It is tempting to speculate that NDEL1 is a limiting factor for dynein 
activity in the proximal axon and that high local concentration of a dynein regulator facilitates rapid 
activation of dynein motors and allows quick switches in transport direction. Thsu, the link between 
Ankyrin-G and NDEL1 has important implications for filtering intracellular transport through the AIS.

Neurofascin (Nfasc) staining. Representative kymographs illustrate the behavior of TfR vesicles in the AIS (G). 
Quantification of somatodendritic vesicle dynamics in the AIS is shown in (H). (I-K) Hippocampal neuron (DIV7) co-
transfected with NgCAM-GFP and empty pSuper (I). Kymographs show the behavior of NgCAM-GFP vesicles in 
control and NDEL1 knockdown neurons (J). Quantification of axonal vesicle dynamics in the AIS is shown in (K). 
Scale bars: 30 μm (A), 20 μm (F, I).
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NDEL1 as a gatekeeper of somatodendritic transport cargos 

Previous observations demonstrated that vesicles carrying dendritic cargo, such as TfR, enter 
the initial part of the axon and do not move beyond the AIS but instead halt and reverse direction [5, 
6]. It was suggested that actin in the AIS contributes to selective transport by stalling somadendritic 
vesicles [5, 8, 9]. Here we found that recruitment of Myosin V and Myosin VI does not increase cargo 
motility at the AIS, suggesting that Myosin motors may indeed halt selective vesicles in the proximal 
axon. In the same assay, we found that dynein recruitment induced retrograde vesicle movement, 
suggesting that the microtubule motor dynein provides an efficient mechanism to move mistargeted 
cargoes back to the soma. We further demonstrate that inhibition of dynein and depletion of NDEL1 
cause somatodendritic vesicles to enter the axon. This phenotype is not a result of defects in axonal 
microtubule organization, as NDEL1 knockdown did not influence the uniform plus-end-out 
microtubule orientation in the axon or general vesicular trafficking machinery, since the axonal cargo 
NgCAM still entered the axon. We propose a model in which NDEL1 activates dynein at the AIS, a 
process essential for the retrograde motility of somatodendritic cargos out of the axon. The abnormal 
somatodendritic cargo entries and accumulation of cellular materials in the axon most likely lead to 
the observed axonal swellings. Our data suggests that activating the long-range, retrograde microtubule 
motor dynein provides an efficient mechanism to redirect non-axonal cargo back to the soma.

NDEL1 regulation of dynein activity at the AIS
How can NDEL1 selectively drive dendritic vesicles back to the soma? Several observations 

have suggested that neuronal vesicles maintain a stable population of associated motors [40]. In such 
a model, kinesin, dynein and myosin are bound to the vesicle simultaneously, and regulatory proteins- 
such as NDEL1 modulate the activities of specific motors. We envision that kinesin motors driving 
dendritic vesicles toward the microtubule plus-end into the axon are halted at the AIS, possibly by 
myosin motors and when dynein is locally activated by NDEL1, the cargo will move towards the 
microtubule minus-end back to the soma. Consistent with this model, NDEL1 has been shown to act 
as an upstream dynein-signaling factor by directly interacting with the dynein complex as well as with 
other dynein regulatory proteins to enhance efficient minus-end directed transport [15, 16, 41]. 
However, It remains unclear how Ankyrin-G-anchored NDEL1 activates dynein on dendritic cargo 
vesicles, either by directly contacting somatodendritic vesicles during axonal entry or transiently 
recruiting other regulatory factors that subsequently modulate dynein activity. In both scenarios, LIS1 
is most likely an important co-regulator of dynein activity at the AIS. 

Since dynein motor complexes are not selectively bound to TfR vesicles but also attached to 
axonal cargos and required for maintaining stable vesicle distributions along the axon, our model 
assumes that dynein motors bound to dendritic vesicles are particularly sensitive to NDEL1. 
Consistently, depletion of NDEL1 had only little impact on general axonal transport in hippocampal 
neurons and various other neuronal systems [24, 42, 43]. Additional layers of dynein regulation will 
certainly play a role in sorting dendritic cargos at the AIS, perhaps through a unique composition of 
individual dynein subunits or cargo-specific adaptor proteins [13]. An interesting concept comes from 
a recent study showing that the adaptor protein-1 (AP-1) complex specifically mediates somatodendritic 
sorting [44]. Future studies are required to systematically test the combined actions of NDEL1 with 
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cargo-specific motor and adaptor proteins. The recent advances in reconstituting highly processive 
mammalian dynein/dynactin/adaptor complexes in vitro [45, 46] will be very useful for dissecting the 
precise role of NDEL1 in regulating cargo-specific dynein motility. 

Dynein is known to associate with a large number of adaptor proteins that regulate its 
function and localization [47]. NDEL1 is one of the best-characterized dynein regulators and has been 
found to play an essential role during neuronal migration [48, 49]. Recent genetic studies identified 
mutations in the NDE gene family in patients associated with cerebral cortex malformation, with a 
common feature of microcephaly [50]. In this study we show that the dynein regulator NDEL1 
specifically localizes to the AIS and is required for regulating polarized cargo transport in differentiated 
neurons. We propose a model in which NDEL1 activates the retrograde dynein motors at the AIS to 
prevent somatodendritic transport cargos from entering the axon. Our current findings also show a 
role for NDEL1 as axonal gatekeeper and provide new insights into the filtering of intracellular transport 
at the AIS. Understanding the basic mechanisms of axon and dendritic transport is important for the 
understanding of a wide range of neurological diseases [14]. 

MATERIALS AND METHODS
Antibodies and reagents

The following antibodies were used in this study: rat-anti-NDEL1 (clones 4-9-C and 5-3-D, [51]), mouse-
and rabbit anti-LIS1 [52], rabbit-anti-βIV-spectrin [53] and rabbit-anti-LIC1/2 [54]. Details of other antibodies and 
reagents are in the Supplementary Materials and Methods.

DNA constructs
The NDEL1 and NDE1 expression constructs and their deletion mutants were generated by a PCR-based 

strategy using mouse NDEL1 cDNA (IMAGE clone 2646029) and human NDE1 cDNA (IMAGE clone 2820974). The 
following rat shRNA sequences were created and used in this study: NDEL1-shRNA#1 (5′-GCTAGGATATCAGCACTAA-3′), 
NDEL1-shRNA#2 (5′-GCAGGTCTCAGTGTTAGAA-3′), LIS1-shRNA#1 (5′-CAATTAAGGTGTGGGATTA-3′), LIS1-shRNA#2 
(5′-GAGTTGTGCTGATGACAAG-3′) and Ankyrin-G-shRNA (5′-GAGTTGTGCTGATGACAAG-3′).

Primary hippocampal neuron cultures and transfection 
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains. Cells were plated 

on coverslips coated with poly-L- lysine (35 μg/ml) and laminin (5 μg/ml) at a density of 100,000 or 50,000/well. 
Hippocampal cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 
μM glutamate and penicillin/streptomycin. Hippocampal neurons were transfected using Lipofectamine 2000 
(Invitrogen). 

Live-cell imaging and Fluorescence Recovery After Photobleaching (FRAP)
Simultaneous dual color time-lapse live cell imaging and TIRFM was performed on a Nikon Eclipse 

TE2000E microscope with CoolSNAP and QuantEM cameras (Roper Scientific). Neurons were maintained at 37ºC 
with 5% CO2 (Tokai Hit). The FRAP experiments were performed on a TIRF microscope system using the ILas2 
system (Roper Scientific). For details see Supplementary Materials and Methods.
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SUPPLEMENTARY INFORMATION “Cytoplasmic dynein regulator NDEL1 controls polarized 
cargo transport at the axon initial segment” by Kuijpers et al., (C.C. Hoogenraad corresponding 
authors)

SUPPLEMENTARY FIGURE LEGENDS 

Figure S1, related to Figure 1.  Dynein and dynactin antibodies show a diffuse cytoplasmic pattern while NDEL1 
localizes to the centrosome (young neurons) or AIS (old neurons) (A) Representative images of hippocampal 
neurons (DIV1) stained with indicated antibodies and transfected with GFP-pericentrin (PCNT) or stained for 
pericentrin to show the centrosome. The lower panel shows enlarged regions of the cells, as indicated by the 
white squares. Scale bar, 6 μm (B, C) Analysis of antibody stainings at the AIS of DIV3 (B) or DIV21 (C) 
hippocampal neurons. Fluorescence intensity plots provide a comparison of immunosignal strength of Ankyrin-G 
(AIS, green) and indicated antibody (red).
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Figure S1, related to Figure 1.  Dynein and dynactin antibodies show a di�use cytoplasmic 
pattern while NDEL1 localizes to the centrosome (young neurons) or AIS (old neurons). (A) Repre-
sentative images of hippocampal neurons (DIV1) stained with indicated antibodies and transfected 
with GFP-pericentrin (PCNT) or stained for pericentrin to show the centrosome. The lower panel shows 
enlarged regions of the cells, as indicated by the white squares. Scale bar, 6 μm. (B, C) Analysis of anti-
body stainings at the AIS of DIV3 (B) or DIV21 (C) hippocampal neurons. Fluorescence intensity plots 
provide a comparison of immunosignal strength of Ankyrin-G (AIS, green) and indicated antibody (red).
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Figure S2, related to Figure 1. NDEL1 immunohistochemistry on brain sections from adult mice shows AIS 
localization in all brain regions (A) Double labeling confocal immunofluoresence of NDEL1 and Ankyrin-G in the 
mouse hippocampus showing co-distribution of NDEL1 and Ankyrin-G in adult CA1 pyramidal neurons. The left 
image provides an overview of hippocampal NDEL1 immunostaining illustrating the preferential AIS localization in 
other hippocampal subfields and the dentate gyrus (DG) Scale Bars, left 250 μm, right, 25 μm, or, stratum oriens; 
py, stratum pyramidale. (B, C) Triple labeling of NDEL1, Ankyrin-G and neurofilament-H (NF-H) in the cerebral cortex 
(B) and striatum. Arrows indicate nodes of Ranvier outlined by Ankyrin-G labeling. Note the absence of NDEL1 
immunostaining in nodes and white matter areas. ic, internal capsule. Scale Bars B: 25 μm (left), 5 μm (right); C: 50 
μm (left), 10 μm (right). (D, E) Labeling of NDEL1 in the cerebellar cortex showing intense staining of the AIS of 
molecular layer (ml) interneurons (arrow heads) and Purkinje cells (arrows), and in Golgi cells in the cerebellar 
granule cell layer (gl) outlined by EGFP signal in a GlyT2-GFP transgenic mouse. Scale Bars D: 25 μm; E: 10 μm.
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Figure S2, related to Figure 1. NDEL1 immunohistochemistry on brain sections from adult 
mice shows AIS localization in all brain regions. (A) Double labeling confocal immuno�uores-
ence of NDEL1 and Ankyrin-G in the mouse hippocampus showing co-distribution of NDEL1 and 
Ankyrin-G in adult CA1 pyramidal neurons. The left image provides an overview of hippocampal 
NDEL1 immunostaining illustrating the preferential AIS localization in other hippocampal 
sub�elds and the dentate gyrus (DG) Scale Bars, left 250 μm, right, 25 μm, or, stratum oriens; py, 
stratum pyramidale. (B, C) Triple labeling of NDEL1, Ankyrin-G and neuro�lament-H (NF-H) in the 
cerebral cortex (B) and striatum (C). Arrows indicate nodes of Ranvier outlined by Ankyrin-G 
labeling. Note the absence of NDEL1 immunostaining in nodes and white matter areas. ic, inter-
nal capsule. Scale Bars B: 25 μm (left), 5 μm (right); C: 50 μm (left), 10 μm (right). (D, E) Labeling of 
NDEL1 in the cerebellar cortex showing intense staining of the AIS of molecular layer (ml) inter-
neurons (arrow heads) and Purkinje cells (arrows), and in Golgi cells in the cerebellar granule cell 
layer (gl) outlined by EGFP signal in a GlyT2-GFP transgenic mouse. Scale Bars D: 25 μm; E: 10 μm.
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Figure S3, related to Figure 3. NDEL1 localization in de AIS is dependent on Ankyrin-G (A) Representative images 
showing GFP-tau, GFP-Ankyrin-G or GFP-NDEL1 recovery after photobleaching in the AIS of hippocampal neurons 
at DIV7. (B) Fluorescence recovery plots showing the mean rates of GFP recovery in photobleached axons. 
Fluorescence intensity was normalized to the baseline intensity before bleaching.  (C) Quantification of the mobile 
and immobile fractions of GFP-tau, GFP-Ankyrin-G and GFP-NDEL1. Ten cells were analyzed for each condition. 
(D, E) Images of neurons treated with nocodazole (D) or latrunculin (E) fixed at DIV-5 labeled with antibodies 
against NDEL1 (green), neuron specific tubulin or actin (red) and Ankyrin-G (blue). Arrows indicate Ankyrin-G 
labeled AIS and insets show Ankyrin-G labeling. (F, G) Quantification of Ankyrin-G (F) and NDEL1-levels (G) in AISs 
of neurons expressing Ankyrin-G-shRNA for 4 days. 11 (control) or 13 (shRNA) cells were analyzed. Data are 
presented as means ± SEM, ***P<0.001. (H) Representative images of primary neurons (DIV10) transfected with 
empty pSuper or Ankyrin-G-shRNA and β-galactosidase (red) and stained for NDEL1 (green) and Ankyrin-G (blue). 
Scale bars: 20 μm.
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Figure S3, related to Figure 3. NDEL1 localization in de AIS is dependent on Ankyrin-G. (A) Representa-
tive images showing GFP-tau, GFP-Ankyrin-G or GFP-NDEL1 recovery after photobleaching in the AIS of hippo-
campal neurons at DIV7. (B) Fluorescence recovery plots showing the mean rates of GFP recovery in photo-
bleached axons. Fluorescence intensity was normalized to the baseline intensity before bleaching. (C) Quanti-
�cation of the mobile and immobile fractions of GFP-tau, GFP-Ankyrin-G and GFP-NDEL1. Ten cells were 
analyzed for each condition. (D, E) Images of neurons treated with nocodazole (D) or latrunculin (E) �xed at 
DIV-5 labeled with antibodies against NDEL1 (green), neuron speci�c tubulin or actin (red) and Ankyrin-G 
(blue). Arrows indicate Ankyrin-G labeled AIS and insets show Ankyrin-G labeling. (F, G) Quanti�cation of 
Ankyrin-G (F) and NDEL1-levels (G) in AISs of neurons expressing Ankyrin-G-shRNA for 4 days. 11 (control) or 
13 (shRNA) cells were analyzed. Data are presented as means ± SEM, ***P<0.001. (H) Representative images of 
primary neurons (DIV10) transfected with empty pSuper or Ankyrin-G-shRNA and β-galactosidase (red) and 
stained for NDEL1 (green) and Ankyrin-G (blue). Scale bars: 20 μm.
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Figure S4, related to Figure 3. NDEL1 is not required for the organization of the axonal cytoskeleton network      
(A) Images of AIS of hippocampal neurons transfected with GFP or GFP-NDEL1. Neurons are stained with antibodies 
against Ankyrin-G to highlight the AIS (blue, left panel) and dynein light intermediate chain (LIC1/2), p150 or LIS1 
(right panel). (B) Images of AIS of neurons transfected with empty pSuper or NDEL1-shRNAs and stained with 
antibodies against Ankyrin-G or βIV-spectrin to highlight the AIS (left panel) and dynein light intermediate chain 
(LIC1/2), p150 or LIS1 (right panel). (C) Representative images of neurons transfected with GFP or GFP-p150-cc1 
and labeled with anti-NDEL1 antibody. Scale bar: 10 μm. (D) Quantification of the number of EB3 comets in the AIS 
in control and NDEL1 knockdown situations (10 cells were analyzed for each condition). Representative images 
show AISs of neurons co-transfected with β-galactosidase (not shown) and empty pSuper or NDEL1-shRNAs. 
Neurons were labeled with anti-EB3 antibody and AIS were identified by Ankyrin-G staining (not shown). (E) 
Representative images of AISs of neurons co-expressing GFP and empty pSuper or NDEL1-shRNAs, stained for 
CAMSAP2 (red) and Ankyrin-G (blue). (F) Quantification of the direction of GFP-MT+TIP (GFP-MACF43) comets in 
the AIS of hippocampal neurons expressing empty pSuper or NDEL1-shRNAs. Representative kymographs along 
axons illustrate behavior of GFP-MT+TIP in the AIS. (G,H) Analysis of actin (568-phalloidin) intensity in the proximal 
axon of control neurons and NDEL1 knockdown neurons. For each condition 10 cells were analyzed. Data are 
presented as means ± SEM.
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Figure S4, related to Figure 3. NDEL1 is not required for the organization of the axonal cytoskeleton 
network. (A) Images of AIS of hippocampal neurons transfected with GFP or GFP-NDEL1. Neurons are stained 
with antibodies against Ankyrin-G to highlight the AIS (blue, left panel) and dynein light intermediate chain 
(LIC1/2), p150 or LIS1 (right panel). (B) Images of AIS of neurons transfected with empty pSuper or 
NDEL1-shRNAs and stained with antibodies against Ankyrin-G or βIV-spectrin to highlight the AIS (left panel) 
and dynein light intermediate chain (LIC1/2), p150 or LIS1 (right panel). (C) Representative images of neurons 
transfected with GFP or GFP-p150-cc1 and labeled with anti-NDEL1 antibody. Scale bar: 10 μm. (D) Quanti�-
cation of the number of EB3 comets in the AIS in control and NDEL1 knockdown situations (10 cells were 
analyzed for each condition). Representative images show AISs of neurons co-transfected with β-galactosi-
dase (not shown) and empty pSuper or NDEL1-shRNAs. Neurons were labeled with anti-EB3 antibody and AIS 
were identi�ed by Ankyrin-G staining (not shown). (E) Representative images of AISs of neurons co-express-
ing GFP and empty pSuper or NDEL1-shRNAs, stained for CAMSAP2 (red) and Ankyrin-G (blue). (F) Quanti�ca-
tion of the direction of GFP-MT+TIP (GFP-MACF43) comets in the AIS of hippocampal neurons expressing 
empty pSuper or NDEL1-shRNAs. Representative kymographs along axons illustrate behavior of GFP-MT+TIP 
in the AIS. (G,H) Analysis of actin (568-phalloidin) intensity in the proximal axon of control neurons and 
NDEL1 knockdown neurons. For each condition 10 cells were analyzed. Data are presented as means ± SEM.
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Figure S5, related to Figure 4. Dynein drives retrograde movement of cargo at the proximal axon. (A) Schematic 
representation of the inducible FKBP-FRB heterodimerization system. Fusion construct FKBP-mRFP-PEX contains a 
peroxisome targeting sequence and is incorporated into the membrane. Myosin or dynein motor proteins, via 
adaptor protein BICDN, are recruited to peroxisomes upon addition of rapalog heterodimerizer to assess the 
directionality of transport by each individual motor type. (B) Dissociated hippocampal neurons were transfected 
with GFP, FKBP-mRFP-PEX and BICDN-FRB or myoVb-MDC-FRB or myoVI-MDC-FRB at DIV6 and imaged at DIV8. AIS 
were visualized by staining of extracellular Neurofascin prior to imaging. Representative images of GFP fill (left 
panel) and extracellular Neurofascin staining (right panel) of proximal axon. Scale bar: 10 µm. (C) Representative 
kymographs showing motion of peroxisomes induced by BICDN or myosin Vb after addition of rapalog. Kymograph 
dimensions are 24 µm x 30 seconds.  (D) Graph showing retrograde, anterograde and bidirectional movements of 
peroxisomes coupled to either BICDN, truncated myosin V or truncated myosin VI. Percentages were calculated 
from the number of moving peroxisomes and normalized to movements before rapalog, i.e. before coupling of 
motor proteins. Movements were analyzed from kymographs drawn along the first 20-30 µm of the axon.
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Figure S5, related to Figure 4. Dynein drives retrograde movement of cargo at the proximal axon. (A) 
Schematic representation of the inducible FKBP-FRB heterodimerization system. Fusion construct  
FKBP-mRFP-PEX contains a peroxisome targeting sequence and is incorporated into the membrane. Myosin or 
dynein motor proteins, via adaptor protein BICDN, are recruited to peroxisomes upon addition of rapalog 
heterodimerizer to assess the directionality of transport by each individual motor type. (B) Dissociated hippo-
campal neurons were transfected with GFP, FKBP-mRFP-PEX and BICDN-FRB or myoVb-MDC-FRB or 
myoVI-MDC-FRB at DIV6 and imaged at DIV8. AIS were visualized by staining of extracellular Neurofascin prior to 
imaging. Representative images of GFP �ll (left panel) and extracellular Neurofascin staining (right panel) of 
proximal axon. Scale bar: 10 µm. (C) Representative kymographs showing motion of peroxisomes induced by 
BICDN or myosin Vb after addition of rapalog. Kymograph dimensions are 24 µm x 30 seconds. (D) Graph show-
ing retrograde, anterograde and bidirectional movements of peroxisomes coupled to either BICDN, truncated 
myosin V or truncated myosin VI. Percentages were calculated from the number of moving peroxisomes and 
normalized to movements before rapalog, i.e. before coupling of motor proteins. Movements were analyzed 
from kymographs drawn along the �rst 20-30 µm of the axon.
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SUPPLEMENTARY MATERIALS AND METHODS
Animals

All animal experiments were performed in compliance with the guidelines for the welfare of experimental 
animals issued by the Federal Government of The Netherlands. All animal experiments were approved by the 
Animal Ethical Review Committee (DEC) of Utrecht University.

Antibodies and reagents
The following antibodies were used for immunocytochemistry: rat-anti-NDEL1 (clones 4-9-C and 5-3-D, 

generous gift from H. Arai [1]), mouse-anti-LIS1 and rabbit-anti-LIS1 (generous gift from O. Reiner [2, 3]), rabbit-
anti-βIV-spectrin (generous gift from M. N. Rasband [4]) and rabbit-anti-LIC1/2 (generous gift from R.B. Vallee [5]). 
The following antibodies were obtained from commercial sources: rabbit-anti-pericentrin (Covance), goat-anti-
PCM1 (Santa Cruz), mouse-anti-tau (Chemicon), mouse-anti-MAP2 (Sigma), mouse-anti-Ankyrin-G (Zymed), 
mouse-anti-Neurofascin (extracellular, Neuromab), rabbit-anti-tubulin (Covance), mouse-anti-p150 (Santa cruz), 
rabbit anti-CAMSAP2 (Proteintech), rabbit-anti-HA (Santa Cruz Biotechnology), rat-anti-HA (Roche), rabbit-anti-β-
galactosidase (MP Biomedicals), chicken-anti-β-galactosidase (Aves lab), chicken anti-Neurofilament M (Millipore), 
Alexa 568 phalloidin, Alexa Fluor 405–, Alexa Fluor 488–, Alexa Fluor 598–, Alexa Fluor 594–, and Alexa Fluor 647–
conjugated secondary antibodies (Invitrogen). The following antibodies were used for Western blot analysis: 
mouse-anti-p150 (Santa cruz), mouse-anti-IC74 (Santa cruz), rabbit-anti-GFP (Abcam); rabbit-anti-HA (Santa Cruz); 
mouse-anti-HA (Covance) and HRP conjugated secondary antibodies (Dako). Nocodazole was obtained from Sigma 
and latrunculin from Bioconnect.
Expression constructs and shRNA

The following mammalian expression plasmids have been described previously: FKBP-GFP-PEX, MyoV-
MDC-FRB, MyoVI-MDC-FRB and BICDN-FRB [6, 7], protein-biotin ligase BirA [8], pGW1-GFP and pβactin-HA-β-
galactosidase [6], pSuper vector [9], bio-GFP [10], TfR-GFP [11], NgCAM-GFP ([12], Addgene plasmid 45061), 
MARCKS-GFP [13], GFP-tau [14], GFP-MACF43 [15] and GFP-p150-cc1 [16]. GFP-PCNT-myc was generated by 
subcloning p3xFLAG-CMV10-GFP-PCNTB-myc [17] into a pGW2-expression vector. All other constructs were 
created using PCR based strategy. Mouse NDEL1 cDNA (IMAGE clone 2646029) and human NDE1 cDNA (IMAGE 
clone 2820974) were used to create the NDEL1 and NDE1 construct in pEGFP-C2 (Clontech). These constructs were 
used to generate all other NDEL1/NDE1 and NDEL1 truncation constructs and subcloned into HA-tagged GW1, bio-
GFP or pEGFP-C2 expression vectors. NDEL1N-GFP-FRB was generated by subcloning amino acids 1-166 of NDEL1 
into β-actin-HA-FRB [6, 7] to create NDEL1N-HA-FRB, and substituting HA with GFP from pEGFP-C1 (Clontech). HA-
NF186-mRFP-FKBP was made by subcloning HA-NF186-EGFP (kind gift from Dr. M. N. Rasband (Mathey et al. 2007)) 
into PEX-RFP-FKBP [6, 7]. Mouse LIS1 cDNA was obtained by RT-PCR from total mouse brain RNA and subsequently 
cloned into the bio-GFP vector. Full-length and truncated Ankyrin-G constructs were generated by PCR using 
Ankyrin-G-GFP [18] as template and cloned into HA- and GFP-tagged pGW2-expression vectors. mRFP-p150-cc1 
and HA-p150-cc1 were generated using GFP-p150-cc1 and subcloned into  pGW2-mRFP or pGW1-HA expression 
vectors. MARCKS-tagRFP was generated by inserting tagRFP-T (gift from Dr. R. Tsien) into the BamHI and XbaI sites 
of MARCKS-GFP. The following rat shRNA sequences were used: NDEL1-shRNA#1 (5’-GCTAGGATATCAGCACTAA-3’), 
NDEL1-shRNA#2 (5’-GCAGGTCTCAGTGTTAGAA-3’), LIS1-shRNA#1 (5’-CAATTAAGGTGTGGGATTA-3’), LIS1-shRNA#2 
(5’-GAGTTGTGCTGATGACAAG-3’) and Ankyrin-G-shRNA (5’-GAGTTGTGCTGATGACAAG-3’). shRNAs were designed 
based on previously published sequences [19-21]. Unless stated otherwise, NDEL1-shRNA #1was used for NDEL1 
knockdown experiments.

Hippocampal neuron cultures, transfection and immunohistochemistry
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains [16]. Cells were 

plated on coverslips coated with poly-L- lysine (35 μg/ml) and laminin (5 μg/ml) at a density of 100,000 or 50,000/
well. Hippocampal cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 

7
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12.5 μM glutamate and penicillin/streptomycin. Hippocampal neurons were transfected using Lipofectamine 2000 
(Invitrogen). DNA (1.8 μg/well in 12 well plate) was mixed with 3 μl Lipofectamine 2000 in 200 μl NB, incubated for 
30 min, and then added to the neurons in NB at 37°C in 5% CO2 for 45 min. Next, neurons were washed with NB 
and transferred back to conditioned medium and maintained at 37°C in 5% CO2. For latrunculin and nocodazole 
experiments, 30 μM nocozazole or 10 μM latrunculin was added to the culture medium 2 hours before fixing. For 
the inducible dimerization experiments with NDEL1N-GFP-FRB, neurons were treated with 100 nM rapalog 
(Clontech / Ariad Pharmaceuticals, AP21967) 35 minutes after transfection until fixation 72 hours later (DIV8).

For immunocytochemistry, neurons were fixed with 4% paraformaldehyde/4% sucrose in PBS, washed 
three times in PBS for 10 min and incubated with the indicated primary antibodies in GDB buffer (0.2% BSA, 0.8 M 
NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4°C. Neurons were then washed three times 
in PBS for 30 min, incubated with secondary antibodies in GDB for 1hr at room temperature and washed three 
times in PBS for 30 min. Coverslips were mounted using Vectashield mounting medium (Vector laboratories). For 
live labeling of the AIS an antibody recognizing an extracellular epitope of Neurofascin was used. Neurons were 
incubated with primary antibody in fresh NB for 10 minutes, washed twice with NB and incubated with a secondary 
Alexa-conjugated antibody for 10 minutes. Confocal images were acquired using a LSM700 confocal microscope 
(Zeiss) with a 20× (dry), 40× or 63× oil objective.  

 To visualize NDEL1 in mouse brain tissue we used the brains from a 3 month old  non-transgenic C57Bl6 
and GlyT2-GFP transgenic mice [22] perfused transcardially with 4% paraformaldehyde. Brains were sectioned at 
40 μm with a freezing microtome, and sections were processed double- and triple-labeling immunofluorescence of 
NDEL1 (labeled with Mab5-3D) with Ankyrin G or Neurofilament-M. Images were collected with a Zeiss LSM700 
confocal laser scanning microscope.

Biotin-streptavidin/GFP pull-down and mass spectrometry
HEK293T cells were cultured in DMEM/Hams-F10 (50/50%) medium containing 10% FCS and 1% 

penicillin/streptomycin and were transfected using Max Pei (Polysciences). Cells were lysed 24 h later in 20 mm 
Tris-HCl pH 8.0, 150 mm KCl, 1% Triton X-100, and protease inhibitors (Roche). Cell lysates were centrifuged at 
13,000 rpm for 15 min and the supernatants were incubated with Dynabeads M-280 streptavidin (Dynal; Invitrogen) 
or GFP-trap magnetic beads (Chromotek) for 30 min. Beads were separated using a magnet (Dynal; Invitrogen) and 
washed in lysis buffer. Brains were obtained from adult female rats and homogenized in 10x volume/weight in the 
same lysis buffer. Brain lysates were centrifuged at 16,000 g for 15 min at 4ºC and the supernatant was incubated 
with the Dynabeads containing bio-GFP-constructs for 2 hrs at 4ºC and washed with lysis buffer for three times. For 
protein elution, the beads were boiled in NuPAGE LDS 4 sample buffer (Invitrogen), separated, and supernatants 
were run on a 4-12% NuPAGE Bis-Tris gel (Invitrogen). Gels were stained with the Colloidal Blue staining kit 
(Invitrogen) and mass spectrometry was performed as described previously [8]. Proteins present in the negative 
controls (pull-down assays with bio-GFP alone) were regarded as background.

For Western blot analysis, samples were eluted in SDS sample buffer, equally loaded onto SDS-PAGE gels 
and subjected to western blotting on polyvinylidene difluoride membrane. Blots were blocked with 5% non-fat milk 
and 0.05% Tween 20 in PBS for 1 hour at RT and incubated with primary antibodies at 4°C overnight. Blots were 
washed with 0.05% Tween 20 in PBS three times for 10 min at room temperature and incubated with either anti-
rabbit or anti-mouse IgG antibody conjugated to horseradish peroxidase (conjugated to horseradish peroxidase 
(HRP; Dako). Blots were developed with enhanced chemiluminescent Western blotting substrate (Pierce).

Live cell imaging 
Live cell imaging of GFP-MACF43 (GFP-MT+TIP), TfR-GFP and NgCAM-GFP was performed on a spinning 

disk microscope; an inverted research microscope Nikon Eclipse Ti-E (Nikon) with perfect focus system (PFS) 
(Nikon), equipped with Plan Apo VC 100x N.A.1.40 oil objective (Nikon), CSU-X1-A1 Spinning Disk (Yokogawa) and 
Photometrics Evolve 512 EMCCD camera (Roper Scientific). 
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Inducible cargo trafficking assay
The inducible cargo trafficking assay was performed to probe the transport directionality of specific 

motor protein groups when coupled to endogenous peroxisomes [6, 7]. Dissociated hippocampal neurons were 
transfected with FKBP-mRFP-PEX, containing a peroxisome targeting sequence, and BICDN-FRB or myoVb-MDC-
FRB or myoVI-MDC-FRB at DIV6 and imaged after 2 days. To induce specific binding of FRB and FKBP constructs, 
cell-permeabilizable heterodimerizer rapalog (AP21967, Clontech/ Ariad Pharmaceuticals) was added to the cell 
medium during acquisition. The axon initial segment (AIS) was stained extracellularly with Pan-Neurofascin 
(extracellular) (Neuromab) prior to imaging. Individual neurons were imaged at 1 fps using an epi-fluorescence 
microscope: an inverted research microscope Nikon Eclipse Ti-E (Nikon) with perfect focus system (PFS) (Nikon), 
equipped with Plan Fluor 40x/1.30 Oil objective (Nikon), and Photometrics CoolSNAP HQ2 CCD camera (Roper 
Scientific). MicroManager and FIJI software were used to acquire and process images. 

Photobleaching experiments
For quantitative fluorescence recovery after photobleaching (FRAP) experiments, neurons were 

transfected as described before, and imaged on an inverted research microscope Nikon Eclipse Ti-E (Nikon) with 
perfect focus system (PFS) (Nikon), equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon), CoolSNAP 
HQ2 CCD camera  (Roper Scientific) and controlled by MetaMorph 7.7 software (Molecular Devices). The FRAP 
experiments were performed using the ILas2 system (Roper Scientific). Coverslips (24 mm) were mounted in metal 
rings and maintained at 37°C and 5% CO2 in a stage top incubator INUBG2E-ZILCS (Tokai Hit). A 3x3 µm ROI on the 
proximal axon was photobleached with high laser power. 

Image analysis and quantification
 Confocal images were processed using maximum intensity projections. For all of the analysis background 

subtraction of the image was applied. Image processing, kymographs, and various quantifications were performed 
using ImageJ, MatLab software or SynD [23]. Images were prepared for publication using Adobe Photoshop. Statistical 
analysis was performed using nonparametric Mann–Whitney U test in SPSS software. P<0.05 was considered significant.

Analysis of FRAP experiments. To analyze the recovery of fluorescence, the bleached area was selected 
and background subtracted frame-by-frame by subtracting the intensity of an empty, non-bleached area. Recovery 
R was then calculated as R = (I(t)-I(directly after bleaching))/(I(before bleaching)-I(directly after bleaching), with I 
denoting total intensity. After normalization, the final recovery (Rfinal) for each individual trace was determined as 
the level at the end of the recording. The immobile fraction was then calculated as 1-Rfinal. 

Quantification of endogenous antibody staining in neurons. To determine intensities from endogenous 
staining in an image (acquired with LSM700 63x objective), ImageJ was used to measure average intensity of signal 
in the cell body, axon or dendrites. To control for background signals we measured the intensity near the axon, 
dendrite or cell body (same ROI size) and subtracted the random fluorescence intensity in these images. Intensities 
were averaged over multiple cells and normalized. ImageJ plugin ComDet was used to quantify the number of EB3 
comets (https://github.com/ekatrukha/ComDet).

Quantification of vesicle mobility. Neurons were stained for Neurofascin to highlight the AIS. For vesicle 
motility in the AIS, movies (4-5 frames/sec) were used to manually quantify the direction of moving vesicles. Only 
vesicles that were observed to enter the AIS during the movie were taken into account.

Analysis of morphology. For the morphometric analysis of axon and dendrite morphology, we used 
β-galactosidase or GFP as an unbiased cell fill. Analysis of neuron morphology was performed using SynD [23].

Analysis of inducible cargo trafficking assay. Neurons were imaged at 1fps before and after addition of 
rapalog. % of retrograde, anterograde and bidirectional were calculated from kymographs drawn along the first 
20-30 µm of the axon (as identified by extracellular NF staining). FIJI plugin multiple kymograph was used to draw 
kymographs (http://www.embl.de/eamnet/html/body_kymograph.html). Percentages were calculated from the 
number of moving peroxisomes and normalized to movements before rapalog, i.e. before coupling of motor 
proteins.

7

Proefschrift_M.Franker_final3.indb   145 16-9-2015   17:00:57



Chapter 7

146

REFERENCES

1.  Yamaguchi, N., et al., Expression of NUDEL in 
manchette and its implication in spermatogenesis. 
FEBS Lett, 2004. 566(1-3): p. 71-6.

2.  Sapir, T., et al., LIS1 is a microtubule-associated 
phosphoprotein. Eur J Biochem, 1999. 265(1): p. 181-8.

3.  Sapir, T., M. Elbaum, and O. Reiner, Reduction of 
microtubule catastrophe events by LIS1, platelet-
activating factor acetylhydrolase subunit. EMBO J, 
1997. 16(23): p. 6977-84.

4.  Ogawa, Y., et al., Spectrins and ankyrinB constitute a 
specialized paranodal cytoskeleton. J Neurosci, 
2006. 26(19): p. 5230-9.

5.  Tynan, S.H., et al., Light intermediate chain 1 defines 
a functional subfraction of cytoplasmic dynein 
which binds to pericentrin. J Biol Chem, 2000. 
275(42): p. 32763-8.

6.  Kapitein, L.C., et al., Mixed microtubules steer 
dynein-driven cargo transport into dendrites. Curr 
Biol, 2010. 20(4): p. 290-9.

7.  Kapitein, L.C., et al., Myosin-V opposes microtubule-
based cargo transport and drives directional motility 
on cortical actin. Curr Biol, 2013. 23(9): p. 828-34.

8.  Lansbergen, G., et al., CLASPs attach microtubule 
plus ends to the cell cortex through a complex with 
LL5beta. Dev Cell, 2006. 11(1): p. 21-32.

9.  Brummelkamp, T.R., R. Bernards, and R. Agami, A 
system for stable expression of short interfering 
RNAs in mammalian cells. Science, 2002. 296(5567): 
p. 550-3.

10.  Jaworski, J., et al., Dynamic microtubules regulate 
dendritic spine morphology and synaptic plasticity. 
Neuron, 2009. 61(1): p. 85-100.

11.  Burack, M.A., M.A. Silverman, and G. Banker, The 
role of selective transport in neuronal protein 
sorting. Neuron, 2000. 26(2): p. 465-72.

12.  Sampo, B., et al., Two distinct mechanisms target 
membrane proteins to the axonal surface. Neuron, 
2003. 37(4): p. 611-24.

13.  De Paola, V., S. Arber, and P. Caroni, AMPA receptors 
regulate dynamic equilibrium of presynaptic 
terminals in mature hippocampal networks. Nat 
Neurosci, 2003. 6(5): p. 491-500.

14.  Lu, M. and K.S. Kosik, Competition for microtubule-
binding with dual expression of tau missense and 
splice isoforms. Mol Biol Cell, 2001. 12(1): p. 171-84.

15.  Honnappa, S., et al., An EB1-binding motif acts as a 
microtubule tip localization signal. Cell, 2009. 
138(2): p. 366-76.

16.  van Spronsen, M., et al., TRAK/Milton motor-adaptor 
proteins steer mitochondrial trafficking to axons and 
dendrites. Neuron, 2013. 77(3): p. 485-502.

17.  Lee, K. and K. Rhee, PLK1 phosphorylation of 
pericentrin initiates centrosome maturation at the 
onset of mitosis. J Cell Biol, 2011. 195(7): p. 1093-101.

18.  Zhang, X. and V. Bennett, Restriction of 480/270-kD 
ankyrin G to axon proximal segments requires 
multiple ankyrin G-specific domains. J Cell Biol, 
1998. 142(6): p. 1571-81.

19.  Hedstrom, K.L., et al., Neurofascin assembles a 
specialized extracellular matrix at the axon initial 
segment. J Cell Biol, 2007. 178(5): p. 875-86.

20.  Raaijmakers, J.A., M.E. Tanenbaum, and R.H. 
Medema, Systematic dissection of dynein regulators 
in mitosis. J Cell Biol, 2013. 201(2): p. 201-15.

21.  Shu, T., et al., Ndel1 operates in a common pathway 
with LIS1 and cytoplasmic dynein to regulate 
cortical neuronal positioning. Neuron, 2004. 44(2): 
p. 263-77.

22.  Zeilhofer, H.U., et al., Glycinergic neurons expressing 
enhanced green fluorescent protein in bacterial 
artificial chromosome transgenic mice. J Comp 
Neurol, 2005. 482(2): p. 123-41.

23.  Schmitz, S.K., et al., Automated analysis of neuronal 
morphology, synapse number and synaptic 
recruitment. J Neurosci Methods, 2011. 195(2):  
p. 185-93.

Proefschrift_M.Franker_final3.indb   146 16-9-2015   17:00:58



147

CHAPTER 8
GENERAL DISCUSSION

Intracellular transport is essential to deliver cargoes throughout the cell, for example 
organelles, vesicles containing receptors, signaling molecules, or building blocks for the cell [1]. 
Neurons are especially vulnerable to defects in transport because of their highly specialized 
morphology and the large distances that cargoes must travel to their destination. Many 
neurodegenerative and neurological diseases such as Lissencephaly, Amytropic Lateral Sclerosis (ALS), 
spinal muscular dystrophy, and others have been linked to defects in transport (Chapter 2). Thus, 
understanding the basic mechanisms that underlie intracellular transport in neurons is essential to 

understand the pathophysiology behind neurological disease and will better equip us to treat them. 
The mechanisms of transport are difficult to elucidate, because of their enormous complexity. 

Nonetheless, much progress has been made over the past decades using a variety of approaches. The 
chapters in this thesis present different types of regulation utilized by neuronal cells. In addition to the 
basic stepping mechanism of motor proteins, many regulators contribute to active transport. We are 
learning that every type of motor has its own set of regulatory proteins and its own unique modes of 
regulation. Hence, various different pathways contribute to active transport and many of them are not 

mutually exclusive. 
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8.1 THE ROLE OF THE MICROTUBULE CYTOSKELETON IN NEURITE FORMATION
It is easy to imagine that the role of the microtubule cytoskeleton is a passive one, there only 

to maintain cell shape and to serve as a ‘road system’ for motor proteins. However, increasing evidence 
shows that the dynamics of the cytoskeleton actively contributes to essential processes like neurite 
formation or neuritogenesis [2, 3]. Both actin and microtubules undergo fast polymerization and 
depolymerization events. This dynamic instability generates the forces that power neurite extension 
and determine directionality of growth [4, 5]. Although we will focus mainly on the microtubule 
cytoskeleton in this paragraph, an interesting aspect in neuritogenesis is the coupling between 
microtubules and actin. The neurite tips, from where neurites extend, are filled with a dense actin 
network [4, 5]. While microtubules are usually excluded from these actin-dense regions, (local) 
destabilization of actin with drugs (latrunculin B or cytochalasin D) allows microtubules to push 
through to the plasma membrane and extend outward [6]. These treatments induce the formation of 
multiple axons in neurons in culture [6]. Studies suggest that coupling between actin and microtubules 
is mediated by actin/microtubule cross-linking proteins like MAP1B and MAP2C that locally regulate 
actin and microtubule dynamics [7-9]. In addition, it has recently been shown that dynamic 
microtubules that enter the post-synaptic spines can regulate the morphology and the activity of 
these actin-rich sites [10, 11].

Besides the classical MAPs that bind along the lattice of microtubules (MT), microtubule 
plus-end binding proteins (+TIPs) are essential to regulate the dynamics of the growing microtubule 
plus-end. Microtubule dynamics are controlled by four rates: polymerization rate (growing), 
catastrophe rate (transition from growing to shrinking), depolymerization rate (shrinking) and rescue 
rate (transition from shrinking to growing). Together, these four rates determine the dynamics of the 
microtubule. A large complex of +TIPs interacts with the MT plus-end and regulates these dynamics 
[12-14]. In Chapter 3 we investigated the role of +TIP protein SLAIN2 in neurite development. An 
earlier study established that SLAIN2 directly interacts with EBs (the core MT +TIP protein) at its 
C-terminus and with ch-TOG at its N-terminus, functioning as a cofactor for ch-TOG and recruiting it to 
the MT plus-end [15]. ch-TOG/ XMAP215 family proteins polymerize microtubules by adding tubulin 
subunits to the growing microtubule plus-end [16]. Disrupting the SLAIN2-ch-TOG complex with RNAi 
or overexpression of a dominant negative construct increases the microtubule catastrophe rate and 
decreases MT growth velocity, resulting in a defect in axonal outgrowth (Chapter 3). Due to the vast 
array of +TIPS, there is a lot of redundancy in their function [13, 14]. Our findings in Chapter 3 show 
that SLAIN2 is a critical mediator of microtubule dynamics. For neurites to grow out properly, rather 
than merely promoting polymerization it is essential that the right balance between the four rates of 
microtubule dynamics is maintained. Depletion of SLAIN2 or chTOG significantly decreases the total 
neurite length in developing neurons, indicating that SLAIN2-ch-TOG complex is an important mediator 
in the balance between microtubule polymerization and depolymerization. The stability and the 
dynamics of microtubules play an important role in different diseases, including neurodegenerative 
diseases, spinal cord injuries and cancer, and microtubule-targeting agents could provide a valuable 
tool for treatment of these diseases [17-19]. Future experiments geared towards identifying which 
+TIP factors are involved in disease and how their interactions are altered in the disease model, can 
provide us with essential information to help cure these diseases. 

8
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 In Chapter 4 we study another microtubule associated protein called Trim46. In this study, 
we demonstrate that Trim46 functions as a unique axonal microtubule organizer. Trim46 was identified 
by performing mass spectrometry experiments on sera of patients with a severe auto-immune disease 
[20, 21]. Our work revealed that Trim46 specifically localizes to microtubules in the axon initial segment 
(AIS) proximal to Ankyrin G (AnkG) and bundles microtubules in a parallel fashion. We show that 
Trim46 is involved in establishing axon identity by forming the characteristic unidirectional (plus-end 
out) array at the beginning of the axon [22, 23]. The organization of the microtubules differs in axons 
and dendrites: while axonal microtubules have a primarily plus-end out organization, microtubules in 
dendrites have mixed orientation. Depletion of Trim46 induces a mixed microtubule array in the axon 
comparable to that found in the dendrites. During development, all neurites initially have a uniform 
plus-end out orientation and dendrites acquire mixed orientation in stage 4 [24], suggesting that plus-
end out orientation does not acquire active maintenance. Our findings argue against this and show 
that the axonal microtubule organization is actively maintained by Trim46. By extension, it is plausible 
that a specialized MAP exists to establish and maintain mixed orientation in dendrites. An obvious 
candidate is dendritic MAP2. Studies have shown that MAP2 and tau control the spacing of parallel-
oriented microtubules in vivo and in vitro [25, 26]. Although clearly MAP2 is important for the bundling 
and stability of microtubules, these data suggest that it does not directly regulate the mixed orientation 
of the microtubule array in dendrites and a yet unidentified MAP could be responsible for this. 
Interestingly, although Trim46 is located exclusively at the proximal axon, depletion of Trim46 alters 
the microtubule orientation in the proximal and in the distal axon. It is still unclear how this information 
is transferred into the distal axon. A possible scenario is that Trim46 acts as a ‘loading dock’ for specific 
cargoes or motor proteins at the proximal axon. As such, Trim46 could direct the transport of other 
MAPs (like tau [27] or short microtubules [28, 29]) to ensure the parallel orientation of microtubules 
in the distal. Indeed, depletion of Trim46 can affect transport, at least of synaptic Rab3 vesicles 
(Chapter 4). Future research will have to determine if the transport of other cargoes or MAPs is also 
affected in the absence of Trim46. 

In addition, depletion of Trim46 in developing neurons disrupts the formation of the AIS. 
Arising before AnkG, Trim46 so far is the earliest axonal marker reported. Depletion of Trim46 causes 
a decrease in AnkG positive neurons and depletion of AnkG results in mislocalization of Trim46. Thus 
AnkG and Trim46, although confined to spatially distinct regions on the plasma membrane and on 
microtubules, appear to function interdependently. This indicates that there is crosstalk between 
microtubules and the plasma membrane. Interesting candidates that could possibly mediate this 
crosstalk are septins. Septins are known to directly interact with membranes [30], function as 
microtubule organizers [31, 32], and as actin organizers [33, 34]. A recent study showed that septin 6 
and 7 mediate axonal branching [35]. It will be interesting to see if septins are involved in the crosstalk 
between microtubules and the axon initial segment, for example if depletion of septins abrogates the 
interdependency of Trim46 and AnkG localization.

8.2 THE AXON INITIAL SEGMENT AS GATEKEEPER FOR CARGO TRANSPORT
The first part of the axon, the AIS, forms a distinct neuronal compartment. The AIS protein 

AnkG functions as a scaffolding protein and targets other proteins to the AIS [36, 37]. Multiple studies 
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suggest that the AIS functions as a selective filter for dendritic cargoes [38, 39], inducing the stalling and 
reversal of these cargoes in or close to the AIS [38, 40, 41]. The data presented in Chapter 5 and 6 
support this hypothesis and show that the AIS functions as a gatekeeper to keep ‘undesired’ (dendritic) 
cargoes out of the axon. Specifically, in Chapter 5 we show that cargo transported by dendrite-specific 
motor KIF17 stalls in the AIS and can be re-directed into dendrites by dynein. Preliminary data suggests 
that KIF17 adaptor protein Mint1/ X11α (characterized in Chapter 6) controls the stalling of KIF17-
coupled cargoes (Figure 1). KIF17 has been shown to transport NMDA receptor vesicles in dendrites via 
the Mint1-Lin7-Cask adaptor complex and binds directly to Mint1 [42, 43]. Using the inducible FRB-
FKBP system, we find that depletion of Mint1 in neurons abolishes stalling in the AIS and enables KIF17-
coupled peroxisomes to enter the distal axon, while depletion of Lin7 or Cask has no effect (Figure 1). 

Figure 1 Depletion of Mint1 allows KIF17 to transport cargoes into the distal axon. (A) PEX-assay was performed 
on adult hippocampal neurons. Cropped images are shown of peroxisomes in the proximal axon before and after 
addition of rapalog and time coded color plot. Images are representative cells expressing PEX-RFP-FKBP and KIF17-
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Figure 1 Depletion of Mint1 allows KIF17 to transport cargoes into the distal axon. (A) 
PEX-assay was performed on adult hippocampal neurons. Cropped images are shown of peroxi-
somes in the proximal axon before and after addition of rapalog and time coded color plot. 
Images are representative cells expressing PEX-RFP-FKBP and KIF17-MD-FRB or KIF17-FL-FRB with 
or without Mint1 shRNAs. The axon is indicated with blue arrows. Scale bar is 10 µm. (B) Kymo-
graphs of cells in A showing movement of peroxisomes at 30s interval. Dimensions are 22 µm x 
41 minutes. (C) Analysis of the percentage of cells in each condition with ≥ 50% stalling peroxi-
somes.
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MD-FRB or KIF17-FL-FRB with or without Mint1 shRNAs. The axon is indicated with blue arrows. Scale bar is 10 µm. 
(B) Kymographs of cells in A showing movement of peroxisomes at 30s interval. Dimensions are 22 µm x 41 minutes. 
(C) Analysis of the percentage of cells in each condition with ≥ 50% stalling peroxisomes.

 We hypothesize that Mint1 regulates specific interactions between the KIF17-tail and the 
AIS. This interaction stalls KIF17 in the AIS and prevents the transport of (dendritic) cargoes into the 
axon. To further test this hypothesis, a chimera of KIF5-motor domain (an axonal cargo transporter) 
and KIF17-tail domain can be used. Furthermore, in Chapter 7 we show that dynein activator NDEL1 
specifically localizes to the AIS and activates retrograde transport by dynein in the AIS to re-direct 
dendritic cargoes out of the axon and into the dendrites. Collectively, these data suggest that re-
directing cargoes from the axon to dendrites includes the following steps 1) the AIS functions as a 
sorting device that specifically stops unwanted cargo from entering the axon, 2) retrograde transport 
out of the axon is activated and 3) transport into the dendrites is activated. However, there are still 
several missing links. 

 First, how does the axon initial segment detect ‘unwanted’ cargo? An obvious hypothesis is 
that actin filaments may function as a filter for specific cargos. Actin is involved in maintaining the 
scaffold for the AIS proteins [36, 44]. Recently, it has been shown that actin forms discrete ring-like 
structures along the AIS [38, 45, 46]. These actin rings likely penetrate within the cavity of the AIS. In 
contrast to other studies on myosin function, it was proposed that myosin induces long-range 
retrograde transport in the AIS [41, 47]. In this actomyosin model, myosin motors are present on 
dendritic cargoes but not on axonal cargoes [41] or myosin motors must be specifically activated in the 
AIS when a dendritic cargo is detected. Future research will have to investigate these possibilities. 
Several other studies, however, show that myosin motors induce short-range movements of cargoes 
and tether cargoes by interaction with actin [38, 48-53], a mechanism that is essential in docking and 
fusion of synaptic vesicles. It is plausible that the ‘stop’ signal for cargoes in the AIS is (partially) 
mediated by myosin and actin. 

Second, how does the signal travel from the AIS to the motor? Our data suggest a model 
where reversals in the AIS are mediated by retrograde microtubule motors like dynein. It however 
remains unclear how the signal travels from the AIS to the motor. We suggest the presence of cytosolic 
factors as messengers between the AIS and the cargo-bound motors. Binding of these messengers 
could induce a conformational change in the motor protein (for example; relieve auto-inhibition, 
Chapter 5) or induce modifications that influence motility (for example phosphorylation, [54]). A 
possible messenger for dynein is LIS1. LIS1 attaches dynein to microtubules and mediates processivity 
of the motor [55]. In our model, NDEL1 is strongly bound at the membrane in the AIS and locally 
activates LIS1. Active LIS1 can freely diffuse to the cargo and activates dynein (Figure 2A-B). It has been 
shown that introducing NDEL1 to the LIS1-dynein complex in vitro activates dynein at lower LIS1 
concentrations [55] and simultaneous knock down of NDEL1 and LIS1 completely abolishes retrograde 
transport in cells [56]. These results indicate that NDEL1 and LIS1 cooperate to drive dynein transport; 
however, the precise mechanism at the AIS remains to be investigated.

Finally, how is the coupling between motors achieved on the cargo? Re-directing a vesicle 
form the axon to the dendrites would require deactivation of the plus-end directed motors and 
activation of the minus-end directed motors. Several studies have shown that adaptor proteins on 
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cargoes can function as a ‘switch’ between different motor groups [57-60]. One possibility is that 
Mint1 functions as a switch between KIF17 and dynein (Figure 2A); however this has not yet been 
investigated. Interestingly, mass spectrometry experiments performed on KIF17 show direct interaction 
with dynein heavy chain and dynein light chain (DHC, DLC) (Figure 2C). A similar interaction has been 
shown between dynein intermediate chain (DIC) and kinesin-1 light chain (KLC) [61]. This suggests that 
coupling can also be achieved by direct force sensing between motors. Future research will have to 
investigate these hypotheses and identify the interaction partners involved.
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KIF17 in the AIS. The AIS locally sequesters or activates cytosolic factors that can freely di�use to the vesicle 
and activate Mint1. Activation of Mint1 causes KIF17 vesicles to stall in the AIS, possibly through deactiva-
tion of the motor. (B) NDEL activates retrograde transport by dynein. AIS bound protein NDEL activates a 
cytosolic factor, possibly LIS1, which di�uses to the vesicle and activates dynein. Now driven by dynein, the 
cargo switches direction and is transported into dendrites. (C) Interaction partners of KIF17 tail domain. 
Mass spectrometry was performed on KIF17 tail (a.a. 266-1029) and tailless construct (a.a. 266-846). The 
proteins shown are hits that are speci�c for the tail domain and normalized to GFP control. Interactors are 
grouped by function and the relative font size of the proteins represents the relative number of unique 
peptides identi�ed.

Figure 2 (A-B) Working models of regulation in the axon initial segments (AIS). Trim46 bundles and organizes the 
microtubules in the AIS into a polarized plus-end out array. (A) Mint1 mediates stalling of KIF17 in the AIS. The AIS 
locally sequesters or activates cytosolic factors that can freely diffuse to the vesicle and activate Mint1. Activation 
of Mint1 causes KIF17 vesicles to stall in the AIS, possibly through deactivation of the motor. (B) NDEL activates 
retrograde transport by dynein. AIS bound protein NDEL activates a cytosolic factor, possibly LIS1, which diffuses to 
the vesicle and activates dynein. Now driven by dynein, the cargo switches direction and is transported into 
dendrites. (C) Interaction partners of KIF17 tail domain. Mass spectrometry was performed on KIF17 tail (a.a. 266-
1029) and tailless construct (a.a. 266-846). The proteins shown are hits that are specific for the tail domain and 
normalized to GFP control. Interactors are grouped by function and the relative font size of the proteins represents 
the relative number of unique peptides identified.
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8.3 FUNCTION AND MECHANISM OF MOTOR PROTEINS: A CASE STUDY OF KIF17
Investigating the function of individual types of motor proteins is difficult, because different 

motors simultaneously attach to endogenous cargoes and their mechanistic pathways often overlap. 
Although in some cases there is redundancy between motors, many of them have distinct functions. 
In the following paragraph we will use KIF17 as a case study and discuss its possible functions and 
mechanisms in neurons. 

KIF17 is involved in memory formation and learning. In dissociated hippocampal neurons, 
depletion of KIF17 causes some interesting polarity defects: the abnormal development of the 
dendrites, the occurrence of spine-like protrusions on the proximal axon and defects in the localization 
of AIS proteins (Chapter 6). Studies of KIF17 knock out mice (KIF17-/-) have shown that, although the 
brain (including the hippocampus) develops normally [62], depletion of KIF17 or impairment of the 
KIF17-NR2B release mechanism results in reduced synaptic NMDA, impaired neuronal plasticity, and 
impaired spatial memory in the mice [62, 63]. Moreover, overexpression of KIF17 enhances memory 
and learning in mice and upregulates NR2B expression [64]. This suggests that KIF17 plays an important 
role in learning and memory formation through the transport of NMDA receptors. NMDA receptors 
are trafficked in and out of active synapses via endo- and exocytosis in response to environmental 
signals [65]. This process is mediated by the vesicle fusion machinery. Our mass spectrometry results 
for KIF17 show interactions with several members of the vesicle trafficking and fusion machinery, 
including clathrin, dynamin, syntaxin (t-snare) binding protein and Rab GTP binding protein Rab11fip2 
(Figure 2 C). In addition, increases in synaptic activity upregulate the CamKII [66, 67] and MAPK/ ERK 
[68, 69] mediated signal transduction pathways to activate gene transcription in the nucleus and KIF17 
shows interaction with these kinases in our mass spec (Figure 2 C). Collectively these findings suggest 
that KIF17 may play roles in multiple pathways, including maintenance of neuronal polarity, receptor 
transport, and vesicle fusion at the synapse. Future research will have to further investigate these 
possibilities. 

KIF17 mediates intraflagellar transport in primary cilia. Cilia are long, thin protrusions that 
project from the surface of cells. Immotile or primary cilia are found on almost all cells including 
neurons. First thought to be a rudimentary structure, studies have shown that the primary cilium has 
important sensory functions [70]. Defects in cilia structure or function result in a variety of diseases 
collectively called ciliopathies, for example Joubert syndrome [71]. 

The cilium consists of three regions: the transition zone immediately adjacent to the basal 
body, the axoneme doublet MT zone and the axoneme singlet MT zone. The axoneme is built and 
maintained by intraflagellar transport (IFT) used to transport building blocks from the soma to the tip 
of the cilium and waste products back to the soma [72]. The transition zone of the cilium functions as 
a periciliary barrier and proteins are specifically imported using a cilliary import complex [73, 74]. 
Heterotrimeric KIF3A/KIF3B/KAP (kinesin-2) motors mediate anterograde IFT in the doublet MT zone 
and KIF3 and KIF17 cooperate to facilitate IFT in the singlet MT zone. Retrograde IFT is mediated by 
cytoplasmic dynein-2 (not to be confused with cytoplasmic dynein-1 which mediates cytoplasmic MT 
transport) [75, 76]. Other kinesins function as co-factors (kinesin-4) [77]. A ciliary localization signal 
(CLS) located in the tail region of KIF17 is recognized by importin-β2 and used to import KIF17 into the 
cilium [78]. Ran GTPase activity dissociates KIF17 from importin-β2 inside the cilium, where it can dock 
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to IFT particles. Interestingly, this mechanism bears great resemblance to the nuclear pore complex 
[78, 79] and KIF17 tails (containing the CLS) can also be imported into the nucleus [78]. Although some 
studies suggests that kinesin-2 (KIF3) and OSM-3 (KIF17) have redundant functions in ciliogenesis in C. 
elegans [80], perturbations of KIF17 in vertebrates suggest a minor role for KIF17 and results mainly in 
the loss of cilia of photoreceptor cells [81]. This suggests that the specific function of KIF17 in 
ciliogenesis may be species and tissue specific and further research will have to clarify these matters.

Conditional knock out or ablation of cilia in mice results in defects in postnatal brain 
development, including development of the hippocampus [82-84]. These mice show defects in spatial 
learning and memory formation [84, 85]. Studies show that the loss of cilia results in a decrease in 
Hedgehog signaling (an essential developmental signaling pathway) in neuronal progenitor cells and 
causes pre-mature cell cycle exit and a decrease in neurogenesis [83, 84, 86]. Although further 
investigation is necessary to clarify the exact mechanisms behind these processes, it appears that the 
cilia functions as an ‘antenna’ to detect environmental signals during the development of neural 
precursors and IFT by kinesins plays an essential role in ciliary maintenance. 

From function to mechanism. KIF17 has been shown to mediate the transport of different 
dendritic cargoes, including spatial/ Tbata [87, 88], potassium Kv4.2 channel [89], kainite receptor 
GluR5 [90] and NMDA receptor subunit NR2B [43, 91] and it is generally accepted that KIF17 is a 
dendrite-specific motor. We have found that a somewhat counter-intuitive and multi-layered 
regulation exists for KIF17 transport. When coupled to cargo, KIF17 appears to have an intrinsic 
preference for the axon (Chapter 5). This behavior raises an interesting question: does KIF17 have a 
function in the axon? Our depletion studies show that KIF17 indeed plays important roles in maintaining 
the AIS and the axon, so far an unknown function of KIF17 (Chapter 6). However, KIF17 does not 
specifically localize to the AIS. The observed stalling of full length KIF17 in the proximal axon leads us 
to believe that KIF17 specifically interacts with a protein in the AIS through its tail domain (Figure 1), 
but this partner remains to be identified.

Subsequently, KIF17-coupled cargoes are re-directed into the dendrites by other motor 
proteins such as dynein (Chapter 5). Although it does not appear that KIF17 is necessary to transport 
cargoes into dendrites, we suspect that KIF17 controls the spatial and temporal fine-tuning during 
transport in the dendrites to ensure proper delivery of the cargoes. In addition, we propose a new 
function for KIF17: perhaps KIF17 functions as a retrograde signaling molecule that mediates synapse-
to-nucleus communication. Increased synaptic activity induces long-term structural changes in the 
synapses and results in the sequestering of various structural components, receptors, and scaffolding 
proteins. In order for this synaptic strengthening to occur, the information is passed from the synapses 
to the nucleus and gene expression in the nucleus is activated [92]. It has been shown that a range of 
messenger proteins, including Jacob and CREB2, mediate synapse-to-nucleus communication in 
response to NMDA receptor activation [93, 94]. Almost all of these messengers contain an NLS and are 
imported into the nucleus in an importin-dependent manner [92, 95]. For Jacob, it has been shown 
that a complex containing Jacob, α-internexin, ERK/MAPK, and importin-α is transported towards the 
nucleus by dynein [96]. Synaptic activation of NMDA results in Jacob phosphorylation by MAPK. Once 
imported into the nucleus, phosphorylated Jacob induces gene expression that leads to synaptic 
strengthening. It is attractive to speculate that KIF17 could function in a similar manner, carrying 
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information from the dendrites to the soma (perhaps in concert with dynein) and into the nucleus to 
turn on signaling cascades and gene transcription, a mechanism that could be at the heart of memory 
consolidation. 

However, investigating these hypotheses could prove quite challenging. The first hurdle to 
overcome is to acquire better antibodies for KIF17. Several commercially available antibodies were 
tested during the course of the studies presented in this work; however, they had low affinity for the 
motor and gave variable results. With a good KIF17 antibody, a straightforward experiment could test 
how the localization of endogenous KIF17 is affected by synaptic activity, for example if KIF17 enters 
the nucleus after NMDA stimulation. In addition, measuring MAPK in the nucleus after stimulation in 
the presence or absence of KIF17 could give insights into this possible function of KIF17. To further 
understand the mechanism behind this, live cell assays may also be employed where spines are locally 
stimulated and the behavior of KIF17 vesicles in the vicinity of those spines is observed. In the studies 
presented in this thesis, we have made significant progress in understanding the mechanism of KIF17 
by using the inducible PEX-assay. Modifying this assay to couple KIF17 to NR2B vesicles and coupling a 
KIF17 motor that can be (de)activated with light [97] could greatly increase our understanding of KIF17 
transport in response to synaptic activity. Interesting questions to address are: how does KIF17 
contribute to the delivery of cargoes to the synapses? Does KIF17 also function as a retrograde 
transport motor in the dendrites? How does synaptic activity influence these functions?

8.4 OUTLOOK: HOW CAN WE UNRAVEL THE COMPLEXITY OF INTRACELLULAR 
TRANSPORT?

Soon after observing the bi-directional, saltatory movements of vesicles [98, 99] it became 
clear that vesicular transport is far more complicated than it seems. A large field of study arose and 
many excellent labs have dedicated themselves to solving intriguing questions in the field. The 
complexity of intracellular transport is immense and each new study seems to uncover yet another 
mechanism of regulation. Still, great strides have been made in the past decades largely due to the 
constant development of new and improved techniques.  

 Single molecule in vitro studies have greatly increased our understanding of the basic 
stepping mechanisms of motors [100, 101]. The use of purified, isolated systems continues to give us 
insights into the direct effect of regulators on motor activity and cytoskeletal dynamics [102-104]. 
Electron microscopy (EM) techniques have given us the most detailed structural understanding of 
organelles and the cytoskeleton in the cell context to date [105]. In the past decades, super resolution 
microscopy (SRM) and the use of photoactivatable dyes have arisen as the next step in high-resolution 
data acquisition. Although super resolution microscopy cannot obtain the same high resolution 
structural information as EM can, SRM can be employed to study dynamic interactions in living samples 
[106]. This combination of high spatial and time resolution will greatly increase our understanding of 
protein interactions in cells. 

 In addition, several techniques are now being created to manipulate transport, and as such 
investigate the effects of transport in living cells under specified conditions. Examples such as induced 
recruitment assays, for example the PEX-assay [107], synchronized Golgi-release assays [41, 108] and 
recently also light-induced assays have been established [97, 109-112], allowing us to (locally) ‘steer’ 
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transport. In combination with (local) drug treatment experiments, this can improve our understanding 
of the effects of short- and long-term perturbations in transport. Finally, genetic studies and biochemical 
assays have also proven invaluable in elucidating the mechanisms of transport, for example, the vast set 
of molecular and genetic tools used to study D. melanogaster have increased our understanding of 
various transport-related processes, including organelle transport and exocytosis [113-116].

The complexity of transport seems to increase with every new puzzle piece uncovered. The 
next task is to further clarify the particular molecular mechanisms behind individual pathways and, 
perhaps more importantly, the interconnection between different pathways. In order to do this, future 
studies must continue to be a true interdisciplinary effort, bundling the expertise of different labs to 
tackle these remaining big questions. Interdisciplinary approaches, like the ones presented in this 
thesis, enable us to elucidate transport on a molecular level and to identify key players that are 
involved in disease. This information gives us directed clues where we might intervene in the disease 
mechanism and helps us develop therapies to cure neurological and neurodegenerative diseases. In 
combination with the new advanced techniques now at our disposal, it can only be expected that 
progress will continue until the entire puzzle of transport regulation is solved. 
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TRANSPORT, A SIMPLE ANALOGY
When you hear the word transport, the first image that probably enters your mind is that of 

a car taking people from one place to another. Say that this car, with mom, dad and their two kids 
inside, left the house after they got a call from grandma inviting them over for dinner. Grandma lives 
in another city and to reach her, the car needs to get onto the freeway, drive to the other city and then 
navigate a network of small suburban streets to reach grandma’s house in time. 

This image is not that different from how transport happens inside our cells and we can use 
it as a conceptual metaphor to understand this process in global terms. Inside our cells there is also a 
network of roads, we call this the cytoskeleton. There are different types of roads for example 
microtubules (the freeways) and actin filaments (the small suburban streets). Motor proteins (the 
cars) use ATP (fuel) to move along these roads and carry things from one place to another. The motor 
proteins move or stop depending on the cues they receive (a phone call from grandma inviting the 
family over for dinner; or maybe she cancels because something else came up). Like the car in our 
example, motor proteins can encounter different things on the way to their destination. Roads may 
change (due to maintenance) or there can be obstacles that hinder the transport (uh oh, a traffic 
accident). Depending on the situation the motor proteins will have to find another road or other 
proteins may come in to assist (call the ANWB!). Finally, the motor protein delivers its cargo (mom, dad 
and the kids) on time and to the right destination (grandma’s house). 

TRANSPORT IS EXTENSIVELY REGULATED
Of course, this is a somewhat over-simplified representation of transport inside cells. Research 

shows that the complexity of this process is enormous. For example, there are over 40 different types of 
motor proteins, the little machines that carry around different cargoes in the cell. Even though all motor 
proteins function in a similar way, there are important differences between them. For example, each 
motor protein preferentially attaches to certain types of cargoes and thus the same motor protein will 
not transport all cargoes. Cargoes are usually membrane vesicles that contain building blocks for the cell 
or receptors. Receptors translate signals from the outside world to the inside of the cell. For example, the 
things we hear, feel or see are communicated to the cells of our body by receptors. Also more complicated 
processes, like learning a new language, happen via receptors. 

The surface of membrane vesicles is often bound by several types of motor proteins. As a result 
the motor proteins on vesicles can influence each other: they can cooperate or work against each other. 
In addition, motor proteins can be influences in several other ways. They can be activated or deactivated 
or they can be targeted into a particular direction. Other proteins are often responsible for this additional 
regulation. Ultimately, a combination of these processes determines where cargoes end up.  

TRANSPORT IN THE BRAIN
 Transport is particularly important in the cells of the brain, the neurons. A neuron is shaped 

a bit like a star with several thin protrusions coming from the center. The peculiar shape of neurons is 
important for their function: they are specialized in sending and receiving signals in the form of 
electrical impulses. One of the protrusions, the axon, is the sender while the dendrites, the other 
protrusions, are the receivers. The first part of the axon, the axon initial segment, forms a barrier 

&

Proefschrift_M.Franker_final3.indb   163 16-9-2015   17:01:06



Appendix

164

between the axon and the dendrites and maintains the polarity of the neuron. Neighboring neurons 
make contacts between their axons and dendrites via small contact points called synapses. Specialized 
proteins in synapses (including receptors) make sure that the information is passed on from cell to cell. 

 The axon can become up to 1 meter long in an adult human or even 30 meters in a blue 
whale. The middle of the cell, the cell body, is where most of the building blocks are made and it is 
about 50 nanometers wide. This is 20 million times smaller than the length of the axon in humans or 
even 600 million times smaller than the axon in the whale! The motor proteins must travel these 
enormous distances in order to deliver their cargoes. It is therefore quite a feat to make sure that 
transport in neurons happens correctly.  

WHAT HAPPENS TO TRANSPORT IN THE DISEASED BRAIN?
It is essential that the peculiar shape of neurons and their function is maintained throughout 

the adult life. Contrary to cells of other organs, mature neurons in the brain cannot divide. For example, 
cuts in the skin are healed after new skin cells are made. When neurons are damaged and die, they are 
not replaced. 

Why do neurons die? Damage to neurons can happen after trauma, for example, after a hard 
blow to the head, or due to damage within the cells themselves. Damage inside the cells can occur 
when important processes are defective. Motor protein transport is one of these important processes. 

Dysregulation of motor protein transport is an important factor in several neurodegenerative 
diseases like Amyotrophic Lateral Sclerosis (ALS), Parkinson’s and Alzheimer’s disease. It is, however, 
difficult to determine the exact cause of these diseases, because it is difficult to distinguish between 
the underlying processes. If we understand how these processes work and why they fail, we can design 
better strategies to cure and even prevent disease. 

WHAT IS DISCUSSED IN THIS THESIS?
In this thesis we have performed different studies concerning transport in neurons. Our goal 

is to understand how motor protein transport works, which regulatory mechanisms exist, and how 
motor proteins work together to deliver their cargoes. Because proteins are too small to observe with 
the naked eye we have used specialized techniques to study them such as fluorescent tagging, protein 
depletion, and advanced microscopy techniques that enable us to follow the movements of membrane 
vesicles at high speed in living cells. 

Observing the movements of membrane vesicles directly only shows you the end result of 
the different contributions of the transport molecules (the motor proteins and their regulators). In this 
way, it is difficult to differentiate between the underlying mechanisms that take place. Understanding 
this, however, is very important! As I alluded to in the previous paragraph, defects in different 
mechanisms can give rise to different diseases.  In this thesis, we employed a special induction assay. 
With this assay we can recruit a specific type of motor protein to cargoes at a pre-determined moment. 
This allows us to directly see how this motor protein behaves and how it transports its cargoes. 

By combining the different techniques mentioned above, we were able to study several 
regulatory processes that influence motor proteins in depth. Our evidence indicates that each motor 
protein may have its own specific modes of regulation.

Summary for the layman
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TRANSPORT, EEN SIMPELE METAFOOR
Als je het woord transport hoort, denk je waarschijnlijk als eerste aan een auto waarmee 

mensen zich van de ene naar de andere plek verplaatsen. Bijvoorbeeld, een auto met moeder, vader 
en hun twee kinderen, is op weg naar oma’s huis omdat het gezin is uitgenodigd voor de koffie. Oma 
woont in een andere stad en om haar te bereiken moet de auto de snelweg op en daarna door een 
aantal kleine straatjes. 

Dit beeld is conceptueel vergelijkbaar met hoe transport in het lichaam plaats vindt. Ons 
lichaam is opgebouwd uit miljoenen cellen. In deze cellen zit een netwerk van wegen, dit noemen we 
het cytoskelet. Er zijn verschillende soorten wegen in de cel, zoals microtubuli (de snelwegen) en 
actine filamenten (de kleine straatjes dichtbij oma’s huis). Motor eiwitten (de auto’s in de cel) 
gebruiken ATP (benzine) om zich voort te bewegen over deze wegen en transporteren stofjes (het 
gezin in de auto) van de ene naar de andere plek in de cel. De motor eiwitten bewegen of stoppen aan 
de hand van signalen die zij van buitenaf krijgen (een belletje van oma om langs te komen of misschien 
belt oma of het wat later kan). Net als auto’s op de weg, kunnen motor eiwitten onderweg verschillende 
obstakels tegenkomen. De wegen kunnen veranderen (bijv. door wegwerkzaamheden) of er liggen 
obstakels op de weg (ojee, een ongeluk!). Afhankelijk van de omstandigheden, zal het motor eiwit een 
andere weg moeten nemen of schieten andere eiwitten te hulp (bel de ANWB!). Uiteindelijk levert het 
motor eiwit zijn lading (ma, pa en de kinderen) op tijd en op de juiste plek af (oma’s huis). 

TRANSPORT WORDT OP VERSCHILLENDE MANIEREN GEREGULEERD
 Transport in cellen is een gecompliceerde zaak. Ten eerste zijn er meer dan 40 verschillende 

soorten motor eiwitten, de kleine machientjes die stoffen in de cellen transporteren. Hoewel deze 
kleine machientjes globaal op een vergelijkbare manier werken, zijn er ook belangrijke verschillen. Zo 
heeft elke soort motor eiwit een voorkeur voor een bepaald type lading. De lading van een motor eiwit 
is bijv. een membraanblaasje met bouwstoffen voor de cel of met receptoren. Receptoren vertalen de 
signalen van de buitenwereld voor in de cel. Denk hierbij aan het gehoor, gevoel, of zicht. Ook andere, 
ingewikkeldere processen, zoals een nieuwe taal leren, gebeurt via de receptoren in de hersenen. 

Op een membraanblaasje zitten er vaak meerdere soorten motor eiwitten. De motor eiwitten 
op een membraanblaasje kunnen elkaar beïnvloeden: ze kunnen samenwerken maar ze kunnen elkaar 
ook tegenwerken. Naast hun eigen eigenschappen, worden motor eiwitten ook op verschillende 
manieren gereguleerd. Zo kunnen ze aan of uit gezet worden of ze worden gedwongen om een 
bepaalde richting op te gaan. Vaak komen een reeks andere eiwitten eraan te pas bij deze regulatie. 
De regulatie van motor eiwitten bepaald voor een groot deel waar een motor eiwit met zijn de lading 
uiteindelijk terechtkomt. Je kunt je voorstellen dat door deze verschillende processen, transport erg 
ingewikkeld is.

TRANSPORT IN DE HERSENEN
 Bij de cellen in de hersenen, de zenuwcellen, is transport extra belangrijk. Als je kijkt naar de 

vorm van een zenuwcel, dan ziet het er een beetje uit als een ster met verschillende dunne uitlopers 
die van het midden afkomen. De speciale vorm van zenuwcellen is heel belangrijk voor hun functie: 
het versturen en ontvangen van signalen. Een van de uitlopers van de zenuwcel, het axon, is de zender 
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en de dendrieten, de andere uitlopers van de zenuwcel, zijn de ontvangers. Het begin van het axon, 
het axon initieel segment, vormt een barrière tussen axon en dendrieten en houdt de polarisatie van 
zenuwcellen intact. Zenuwcellen maken contact met elkaar tussen axon en dendriet via kleine 
contactpunten die we synapsen noemen. Speciale eiwitten in deze synapsen (waaronder receptoren) 
zorgen ervoor dat het signaal doorgestuurd wordt. 

Het axon kan erg lang worden: tot 1 meter in een volwassen mens of zelfs 30 meter in een 
walvis! Het cellichaam, het midden van de cel, is de plek waar de meeste bouwstoffen vandaan komen 
en is ongeveer 50 nanometer breed. Dit is 20 miljoen keer kleiner dan de lengte van het axon in de 
mens, of zelf 600 miljoen keer kleiner dan het axon in de walvis! De motor eiwitten moeten deze 
enorme afstanden afleggen om hun lading af te leveren. Het is dus een behoorlijke taak om ervoor te 
zorgen dat transport goed verloopt in een zenuwcel.

WAT GEBEURT ER MET TRANSPORT BIJ NEUROLOGISCHE ZIEKTEN?
Het is heel belangrijk dat de ingewikkelde vorm en daarbij de functie van zenuwcellen 

gehandhaafd wordt gedurende je hele leven. Volwassen zenuwcellen kunnen zich niet meer delen. Dit 
is bij andere organen vaak wel het geval. Een goed voorbeeld is de huid. Bij een snee in de huid, 
worden nieuwe huidcellen aangemaakt en wordt de huid weer hersteld. Als zenuwcellen in de 
hersenen dood gaan, worden zij niet meer vervangen.

Waarom gaat een zenuwcel dood? Dit kan gebeuren bij schade, bijv. door een harde klap van 
buiten of door schade in de zenuwcel zelf. Schade in de zenuwcel kan ontstaan als belangrijke 
processen in de cel niet meer goed werken. Motor eiwit transport is een van deze belangrijke 
processen.

Bij verschillende neurodegeneratieve ziekten zoals Amytrofische Laterale Sclerose (ALS), de 
ziekte van Parkinson en de ziekte van Alzheimer, zijn er defecten geconstateerd in het transport in de 
zenuwcellen. We weten bij deze ziekten nog niet precies wat er misgaat bij het transport in de 
zenuwcellen, omdat het erg moeilijk is om de verschillende transport processen van elkaar te 
onderscheiden. Als we begrijpen welke processen misgaan bij een bepaalde ziekte, dan kunnen we 
deze ziekten beter behandelen en misschien zelfs voorkomen.

WAAR GAAT DIT PROEFSCHRIFT OVER?
In dit proefschrift hebben we verschillende onderzoeken uitgevoerd met betrekking tot 

transport in zenuwcellen. Ons doel is om te begrijpen hoe transport door motor eiwitten werkt, welke 
regulatie processen er zijn en hoe motor eiwitten met elkaar samenwerken om hun ladingen correct 
te transporteren. Omdat eiwitten te klein zijn om met het blote oog te zien, hebben we speciale 
technieken gebruikt om ze te kunnen bestuderen zoals het zichtbaar maken van motor eiwitten met 
fluorescerende moleculen, eiwit depletie en geavanceerde microscopie technieken waarbij we op 
hoge snelheid de bewegingen van membraanblaasjes in levende cellen kunnen filmen. 

Als je rechtstreeks naar de bewegingen van membraanblaasjes in cellen kijkt, dan zie je vaak 
alleen het eindresultaat van de contributies van alle transportmoleculen (de motor eiwitten en hun 
regulatoren). Het is daarom lastig om onderscheid te maken tussen de verschillende processen. Toch 
is dit belangrijk! Zoals in de vorige paragraaf aangestipt werd, zijn er vaak specifieke processen die mis 
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gaan bij een bepaalde ziekte. Om de verschillende processen in transport van elkaar te kunnen 
onderscheiden, hebben we in dit proefschrift ook gebruik gemaakt van een speciale inductie methode. 
Hiermee kunnen we een bepaald type motor eiwit op een gewenst moment op de membraanblaasjes 
vastzetten. Op deze manier kunnen we zien wat dit type motor eiwit doet en hoe het de 
membraanblaasjes transporteert.

Door deze verschillende methoden toe te passen, hebben we een aantal regulatie processen 
in detail bestudeerd. Het lijkt er zelfs op dat verschillende motor eiwitten hun eigen specifieke regulatie 
processen kennen. 

 
 

&
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PhD portfolio 

In‐depth courses 

Introduction course  at UU, Utrecht  IB graduate school  2011 

Imaging life at molecular level  at UU, Utrecht  ONWAR graduate school  2011 

Digital pictures: data integrity and display  at UU, Utrecht  CGDB graduate school  2011 

Developmental neurobiology  at UMC, Utrecht  ONWAR graduate school  2012 

Degenerative diseases of the nervous system: 
from clinic to bench 

at NIN, Amsterdam  ONWAR graduate school  2012 

       

Conferences: presentations and attendance 

ISN conference:  
The synapse from physiology to pathology 

Stresa, Italy    2011 

BSCB autumn meeting:  
Mechanochemical cell biology 

Cumbria, UK    2013 

Dutch biophysics meeting  Veldhoven, The Netherlands  Invited speaker, poster 
presentation 

2011, 
2013, 
2014 

EMBO conference:  
Microtubules: structure, regulation and functions 

Heidelberg, Germany    2014 

Biomembranes (IB) AIO day  Lunetten, The Netherlands  Invited speaker  2014 

       

Attended workshops, seminars and symposia 

Phace event: PhD activating career event  at UU, Utrecht    2012, 
2014 

Prout PhD day  at UU, Utrecht    2012, 
2013 

Women in science, workshop 1 and 2  at UU, Utrecht    2013 

Neuro‐retreat  at UU, Utrecht    2014, 
2015 

Analytical storytelling (by Priscilla Brandon)  at UU, Utrecht    2015 

       

Teaching activities 

Student supervisor assay writing  Neurobiology  BSc3  2012, 
2014 

Student supervisor practical and report writing   Molecular cell biology  BSc3  2012 

Student supervisor practical   Light microscopy  BSc3  2012 

Daily supervisor of Theodora Panagaki   Research internship  
(6 months) 

MSc2  2012 ‐ 
2013 

Daily supervisor of Rosanna Denis   Research internship  
(9 months) 

BSc3/ MSc1  2014 ‐ 
2015 

 

Proefschrift_M.Franker_final3.indb   169 16-9-2015   17:01:07



Appendix

170

Heesterveld 121 • 1102 SC Amsterdam, Netherlands • (+31)(0)641304623 • mamfranker@gmail.com

Mariella Franker
Website:  www.mariellafranker.com
LinkedIn:  linkedin.com/in/mariellafranker/en
Date of birth:  21 March 1986

“My biggest driving forces in life are curiosity and creativity. 
Ideally, I like to work in a small team where each individual brings 
his or her expertise to the group in order to reach a common goal. 
I believe in understanding my subject in depth and in exploring 
different options to find the best solutions. My personal philosophy 
is that you can always learn from any situation.”

Key skills and competences

• In-depth knowlegde of microscopy,
 cell biology, and biochemistry
• Strong analytical abilities
• Excellent writing and presentation skills

• Keen eye for detail
• Independent worker
• Very organized
• Creative personality

Working experience

1. Lab researcher at Cell Biology department - Utrecht University (UU), Netherlands
    Jan 2011 - May 2015
 • Independently designing and performing scientific experiments
 • Writing reports and scientific publications
 • Presenting findings to scientists in and outside of the field

2. Managing short and long term research projects - Utrecht University (UU), Netherlands
    Jan 2011 - May 2015
 • Performing literature research on various topics 
 • Designing an experimental approach to advance the project
 • Assessing the outcome of the projects in collaboration with other scientists

3. Teaching assistant and daily student supervisor - Vrije Universiteit (VU) and Utrecht University 
    (UU), Netherlands
     2007 - 2015
 • Daily training and supervision of master students during 9 month internships
 • Instructing groups of bachelor students during small research projects 
 • Individual student tutoring at VWO (pre-university education) level

https://www.linkedin.com/in/mariellafranker/en?locale=en_US&trk=profile_view_lang_sel_click
http://www.mariellafranker.com/
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Achievements

 • Published several publications in peer review journals
 • Succesfully supervised Bsc and Msc students during research internships
 • Personal scholarships awarded for international internship

Education

PhD in Cell Biology - Utrecht University (UU), Netherlands, Jan 2011 - Oct 2015
A PhD candidate is capable of performing cutting edge research independently and in collaberation with 
other researchers in the field. The title of my dissertation is: Getting the upper hand: Regulating motor 
protein transport and their tracks in neurons

Msc in Biomolecular Sciences - Vrije Universiteit (VU), Netherlands, Sept 2007 - Febr 2011

This master further expands the understanding of biological processes on a molecular level and develops 
a critical scientific attitude. My area’s of specilization were Biophysics and Molecular Cell Biology.

Bsc in Medical Natural Sciences - Vrije Universiteit (VU), Netherlands, Sept 2004 - Aug 2007

This interdisciplinary Bachelor covers various aspects of chemistry, pharmaceutical sciences, physics, 
mathematics, computer sciences and medicine. My area of specilization was Biophysics.

Interests

I have always been passionate about art and I enjoy making my own clothing. Recently, I started a 
portfolio website, www.scrppdbymar.com, to display projects I work on in my spare time. After practicing 
classical ballet for 10 years, I now still enjoy different dance styles such as salsa and contemporary 
ballet and I am a regular practitioner of yoga. Over the past few years, I have become increasingly 
interested in communication sciences and have taken related courses such as ‘Analytical Storytelling’ 
at UU and online courses via coursera.org such as ‘Introduction to communication science’ from UVA and 
‘Think again, how to reason and argue’ from Duke University. 
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EPILOGUE
“Sooo, are you still having fun with that PhD of yours??”

 I was asked this question a lot during my PhD and the result was often a full minute of 
stunned silence (my sincere apologies to everyone who had to suffer through this!)… There are few 
PhD candidates I know who would describe their journey as ‘fun’. But you may hear other words like: 
‘exciting’, ‘interesting, ‘challenging’, ‘tough’, and ‘frustrating’.  Every PhD knows that science comes 
with many ups and downs and you need a strong support network to keep you going. I am fortunate 
to have had many people around me who have supported me throughout these years. Without them, 
the completion of this thesis would not have been possible and I would like to take the opportunity 
here to thank them. 

First a special thank you to my promotor Casper and my co-promotor Lukas. Casper, 
ondertussen ben ik een van de laatste AIOs die bij jou in Rotterdam begonnen is. Ik leerde jou kennen 
als een betrokken groepsleider die ook wel in was voor een lolletje :) Toen kwam de mooie gelegenheid 
om naar Utrecht te verhuizen. Er is door de jaren heen veel veranderd. De groep groeide enorm, we 
kregen het maar druk met studenten en opleidingsprogramma’s en het contact werd minder. Ik heb 
veel van jou geleerd: wat het betekent om een groepsleider en professor te zijn van een alsmaar 
groeiende groep, wat erbij komt kijken tijdens het verhuizen en herstructureren van een compleet lab 
en hoe je een moeilijk onderwerp op een pakkende manier kunt opschrijven. Dankjewel!

Lukas (‘the font-man’ ;)) Kapitein. Jouw enthousiasme voor de wetenschap werkt soms 
aanstekelijk. Ik bewonder je out-of-the-box-thinking en je talent voor het ontwikkelen van nieuwe 
technieken. Dankjewel voor je kritische houding ten opzichte van onze resultaten en je oprechte 
interesse in ‘gave’ dingen. Ondanks dat we misschien net iets te veel sessies besteed hebben aan het 
aanpassen van de font groottes in de figuren (;)), bestaat er geen twijfel aan dat elk stuk beter werd 
nadat jij ernaar gekeken had.

Erwin, jou wil ik ook speciaal bedanken. Ik begon bij jou ruim 7 jaar geleden als master 
student. Samen met Andrea heb je me van alles geleerd over hoe het DNA reparatie mechanisme. 
Jaren later heb ik kunnen delen in jullie vreugde toen dit werk gepubliceerd werd. Na ons project 
samen, heb je me aanbevolen voor een stage in de US en vervolgens bij Lukas voor een PhD positie. 
Door jouw opbouwende kritiek heb ik veel geleerd over wat het betekent om een wetenschapper te 
zijn. Ik ben dankbaar dat je ook nu nog een rol speelt bij mijn promotie: dat je dit proefschrift wilde 
lezen en deel wilde uitmaken van mijn promotiecommissie. Maar bovenal wil ik je bedanken voor je 
vertrouwen in mij en voor je enthousiasme waardoor ik geïnspireerd raakte om verder het onderzoek 
in te gaan.

Anna, toen ik bij de groep in Rotterdam solliciteerde kreeg ik al tijdens mijn eerste praatje de 
meest interessante vraag van jou. Dat is door de jaren heen steeds zo gebleven. Tijdens de vrijdag 
ochtend en de maandag lunch meeting kreeg je het elke keer voor elkaar om meteen het zwakke punt 
in mijn verhaal te identificeren; het zwakke punt dat ik zelf nog niet gezien had. Ik heb veel bewondering 
voor de manier waarop jij onderzoek benadert en voor de expertise die je daarbij brengt. Bedankt 
voor je kritische blik op mijn project door de jaren heen en voor je evenzeer zo kritische blik bij het 
lezen van dit proefschrift.
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To the members of the Akhmanova lab. Helma, mijn energie-maatje, veel succes met het 
afronden van je PhD. Maak je er maar niet te veel zorgen over, want het komt helemaal goed. Andrea, 
congratulations with recently finishing your PhD! You are a strong person and a capable scientist. All 
the best in the US, I am confident that we will see great things from you in the future. To the other 
(former and current) members of the Akhmanova lab: Qing Yang, Jing Chao, Ivar, Amol, and Chao good 
luck with finishing your PhD! Babet, Ilya, Ben, Kai, Maud, Hari, Ruddi, Ankit, Carol, and Renu all the 
best for the future!

Sander, ook jou wil ik van harte bedanken voor het lezen van mijn proefschrift en dat je deel 
wilt zijn van mijn commissie. Als C. elegans expert had jij altijd net een andere kijk op de zaak en hielp 
je mijn inzicht te verbreden. 

Thijs en Selma, op de valreep heb ik jullie iets beter leren kennen. Ik ben hier dankbaar voor! 
Bedankt voor de leuke, open gesprekken bij de koffie en heel veel succes in de toekomst in Boston en 
Nijmegen! To the other members of the Developmental Biology group: Mike, Inge, Suzanne, Suzan, 
Adri, Vincent, Lars-Eric, João, Aniek, Ruben, Juliane, Herman, Helena, and Jana best of luck to you!

Nog een speciaal dankjewel aan de andere leden ¬van mijn promotiecommissie: Jeroen 
Pasterkamp en Judith Klumperman. Dankjewel voor het lezen van mijn manuscript, voor jullie 
deelname aan mijn commissie en voor jullie steun bij het publiceren van dit proefschrift. 

Paul, dankjewel dat je me scherp hield ;) Van je onverwachte vragen tijdens de maandag 
meeting tot aan je bezielde verhalen bij de lunch, het is altijd wel lachen met jou. Rachid, onze gangster 
met een gouden hart ;), we missen je op het lab! Veel geluk in de toekomst en we hopen je snel weer 
terug te hebben in het Kruytgebouw. Sofia, the coolest Greek technician I know, best of luck! Sabrina, 
thank you for your kind encouragement every time we spoke. Purvi, Bram and Dušan all the best to you!

Fons, ik zal het geneurie op de gang missen… Geniet van je pensioen, ook al kun je maar geen 
genoeg van het Kruytgebouw krijgen ;)

Aan de originele N502 homies: Phebe, Kah Wai en Sam, ik zal jullie missen. Phebe, onze salsa 
queen, moeder van het lab. Het was een eer om als een van de uitverkorenen bij jou op de kamer te 
mogen zitten. Door de jaren heen hebben we veel open gesprekken gehad, dankjewel voor je 
eerlijkheid en dat ik ook altijd eerlijk tegen jou kon zijn!  En ik blijf het zeggen: zonder Casper kan het 
lab blijven draaien, maar zonder Phebe niet!

Kah Wai, je bent een aantal nieuwe uitdagingen aangegaan dit jaar: een nieuwe baan, een 
nieuw huisje en een bruiloft. Heel veel succes met alles, blijf altijd je relaxte zelf en ik hoop snel ook bij 
jouw promotie aanwezig te mogen zijn!

Sam, we zijn eigenlijk heel verschillend en daarom denk ik dat we zo goed met elkaar kunnen 
opschieten :) Dankjewel voor de eerlijke gesprekken, voor de bier-training ;) en dat je me af en toe een 
spiegel voorhoudt. En dankjewel dat je mijn paranimf wilt zijn!

Aan de nieuwe N502ers Margriet en Rene. Ik heb jullie maar heel kort mogen meemaken op 
de kamer, maar het is alsof ik jullie al veel langer ken. Heel veel succes met alles!

Rosanna, ik weet nog heel goed hoe we ons voor de kerst allebei uit de naad werkten om de 
KIF17 KD proeven zoveel mogelijk af te krijgen. Dankzij jouw hulp konden die proeven allemaal netjes 
aan hoofdstuk 6 toevoegd worden. Dankjewel voor al je inzet voor het project en heel veel succes met 
wat je hierna gaat doen.
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Joanna, you joined the lab half way through your PhD, but is seems like you were with us 
from the very beginning. You quickly became someone with whom I could share all the troubles of a 
PhD student’s life with; the only other person in the lab doing PEX assays as intensively as I was. Thank 
you for your critical eye during our shared monthly meetings and for all the heart felt talks outside of 
the meeting as well. From our first shared PEX assay session in the dark microscope room to your 
amazing wedding with Jan in Poland that I was honored to be a part of! I wish you the best of luck with 
your defense (in a few weeks!) and all the best in life, where ever it may take you.

Marta, we’ve already had quite some adventures together. We shared an office in Rotterdam, 
we were almost left behind in Stresa after the conference, and we shared many deep thoughts over 
coffee and during parties in Utrecht (thanks for letting me crash at your place!). Good luck with 
finishing up (I am not worried ;)) and don’t forget to celebrate the successes, as small as they may be!

Cátia, good luck with finishing your PhD. Don’t be nervous (this probably doesn’t mean 
much, because so was I! But really, don’t be), because it will all work out. I know you like taking care 
of others but don’t forget to take care of yourself dear. 

Inês, thank you for your kind advices about life and about science (and for proof reading my 
intro and discussion!) You are like a big sister to me. I was honored to attend your wedding in lovely 
Portugal. Best of luck in your career and much love and happiness together with Roland. 

Bart, Elena, Lena, Martin, Harold, Gabi and Amélie: best of luck in the future! Corette, 
dankjewel voor de brainstormsessie over mijn titel en veel succes verder met je groep. Esther, dankjewel 
dat je altijd een luisterend oor bood. Ik wens je het allerbeste en heel veel succes. Phil, thank you for 
your honesty and enjoy your lovely family. Laura, take care of yourself and best of luck to you. 

To Lukas’ crew: Bas, Petra, Max, Roderick en Anne, veel succes met het afronden van jullie 
PhD. Jullie zijn al goed op weg en ik ben benieuwd wat voor moois de toekomst voor jullie zal brengen. 
Wilco and Anaël, best of luck to you guys! Of course I cannot say Lukas’ crew without mentioning 
Eugene and Marina. Eugene, after starting in Anna’s lab we were happy you stayed with us and joined 
Lukas. Thanks for your relaxed attitude and your curiosity. Marina, I admire your versatility and 
dedication. You have probably worked on all the projects in our department at some point and all that 
with great enthusiasm and plenty of giggles :) All the best with your own lab in Hamburg! 

To the other PhD students in Casper’s group. Riccardo, thank you for explaining mass spec to 
me. Josta, ik bewonder je vastberadenheid en dat je duizend-en-één dingen tegelijk kan doen. 
Marleen, ik respecteer het enorm dat je met een kleintje thuis die PhD even onder handen neemt. 
Succes en houd je taai. Dieudonnée, ik bewonder je vastberadenheid. Dankjewel voor je inzet voor 
o.a. het NDEL paper! Cao Yujie, thank you for kindly teaching Rosanna and I how to culture cortical 
neurons. Hai Yin, we zijn allemaal trots op de manier waarop jij je hierdoor heen slaat. Ik bewonder je 
doorzettingsvermogen en je positiviteit. Blijf wie je bent! En ik hoop dat je snel weer gaat 2-photon-
laseren. To all of you: good luck with finishing your PhD! 

To all the other 5th floor dwellers, current and former, especially Smiriti (hori bung sisa), Ava 
(bosi nanga brasa), Raymond, Erik, Aram, Alex, Jarno, Marta, Christian (lekker blijven swingen!), 
Michael, Myrrhe (wanneer is de volgende popup expositie? ;)), my previous student Dora, Karin, 
Marijn, Jan Andries, Karin (prachtig die initial segments in EM!), Marjolein, Frits, Ronald, onze heren 
en dames van het magazijn en de schoonmaak, thank you and good luck!
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Robert, je bent al een tijdje weg uit het lab, maar elke keer als wij elkaar spreken is het alsof 
ik je pas nog gezien heb. Dankjewel voor je oprechtheid en voor de open gesprekken waarin we 
ontdekten dat we veel gemeen hebben. Dank ook aan jou en Willianne voor jullie gastvrijheid. Heel 
veel geluk met jullie prachtig gezinnetje en ik hoop ook binnenkort jouw promotie te mogen bijwonen! 

Harriët, volgens mij was jij de eerste persoon met wie ik sprak toen ik, voor het eerst in 
Nederland, aan de collegebank aanschoof. Hierna volgden uren aan werkgroepen, een studiereis in 
Geneve, toetjesfestijnen en talloze etentjes, lunchafspraken en koffies. Dankjewel dat ik alles met je 
kan delen en dat je me een hart onder de riem steekt. En dankjewel dat je mijn paranimf wilt zijn!

Aan al mijn andere MNW-vrienden, in het bijzonder Linda, Arna, Sjoerd, Hans en Hanneke, 
dankjewel dat jullie mij op mijn gemak stelden toen ik pas in Nederland aankwam, dat ik af en toe 
mocht afkijken tijdens de werkgroepen ;) en voor alle mooie herinneringen ook na onze studie.

Aan de ‘Groovy Brains’: Lisa, Ashni, Jurgen en Suraj: ik hoop dat we altijd samen blijven 
grooven. Sur, dankjewel voor je steun, voor je begrip en dat je mijn geraas en getier elke keer 
trotseerde. Without you I would have had a terrible time with it. Thank you. Ash, samen de basisschool 
door, herenigd toen we beiden in Nederland gingen studeren en samen het werkende leven in. 
Contacten met andere vrienden verwateren, maar jij en ik weten elkaar steeds weer te vinden. Het 
teken van een sterke vriendschap. Mijn lieve bubbly Lisa, blijf altijd wie je bent, Jurgen, blijf schieten 
voor het (bijna ;)) onmogelijke. 

Michael, dankjewel dat je tijdens onze bachelor mijn study buddy was en urenlang met me 
geploeterd hebt in de bibliotheek. To Siti, Vivian, Tanya en Dwight, thank you for being in my life. 
Raoul, hermanito, tegen jou hoef ik eigenlijk helemaal niks te zeggen. Juist daarvoor bedankt. 

Aan mijn familie in Nederland: de Frankers, de Lie Hon Fongs, de Ho’s, de Lo Fo Sangs, de 
Slijngaards en de Omars, dankjulliewel voor alle telefoontjes, voor alle leuke familiebijeenkomsten en 
voor alle bakjes met eten voor de volgende dag! Het lijken kleine gebaren, maar jullie steun de 
afgelopen jaren heeft enorm veel voor mij betekend. 

Aan mijn ouders, mama en papa, dankjewel. Dankjewel dat jullie me altijd gepushed hebben 
om het beste uit mezelf te halen. Wie had gedacht dat toen jullie 10 jaar geleden besloten om mij in 
Nederland te laten studeren, dat wij nu hier zouden staan. Dankjewel dat jullie ook die moeilijke 
beslissing met mijn bestwil in gedachten hebben genomen. Zonder jullie steun ook de jaren daarna en 
de vrijheid die jullie me gegeven hebben om mijn eigen beslissingen te nemen, had ik deze mijlpaal 
nooit bereikt. Deze mijlpaal is ook jullie mijlpaal. Nanga heri mi ati, Grantangi. 

To all my family and friends from around the world:
Thank you! Bedankt! Grantangi! Obrigado! Dziekuje! Xie Xie! Gracias! Merci! Spasiba! 
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