Painted Roads:
A super-resolution study of the neuronal
cytoskeleton

ISBN: 978-94-632-3765-9
The studies described in this thesis were performed at the division of Cell Biology at the
Faculty of Science of Utrecht University, The Netherlands.
This work is supported by the European Research Council (ERC)
Printed by: Gildeprint, Enschede
Copyright by R.P. Tas, 2019
All rights reserved

Painted Roads:
A super-resolution study of the neuronal
cytoskeleton
Geschilderde wegen:

Een superresolutiestudie van het neuronale celskelet
(met een samenvatting in het Nederlands)

Proefschrift
ter verkrijging van de graad van doctor aan de
Universiteit Utrecht
op gezag van de
rector magnificus, prof.dr. H.R.B.M. Kummeling,
ingevolge het besluit van het college voor promoties
in het openbaar te verdedigen op
woensdag 4 september 2019 des middags te 2.30 uur
door

Roderick Prudent Tas
geboren op 15 juni 1991
te Den Helder

Promotoren:
Prof. dr. L.C. Kapitein
Prof. dr. C.C. Hoogenraad

TABLE OF CONTENTS
Chapter 1								7
General Introduction
Chapter 2								25
Purification and Application of a Small Actin Probe for
Single-Molecule Localization Microscopy
Chapter 3								43
Myosin-V Induces Cargo Immobilization and Clustering at
the Axon Initial Segment
Chapter 4								65
Three-Step Model for Polarized Sorting of KIF17 into Dendrites
Chapter 5								89
Activity-Dependent Actin Remodeling at the Base of Dendritic Spines
Promotes Microtubule Entry
Chapter 6								123
Differentiation between Oppositely Oriented Microtubules Controls
Polarized Neuronal Transport
Chapter 7								155
Exploring Cytoskeletal Diversity in Neurons
Chapter 8								161
Guided by Light: Optical Control of Microtubule Gliding Assays
Chapter 9								179
General Discussion
Addendum								201
Summary
Nederlandse samenvatting
Curriculum Vitae
List of Publications
Dankwoord

1
General Introduction

Roderick P. Tas1

1

Division of Cell Biology, Faculty of Science, Utrecht University, The Netherlands

General Introduction

GENERAL INTRODUCTION
The adult mammalian brain consists of hundreds of billions of neurons that are interconnected
into functional circuits. These circuits are able to process information in the form of
electrochemical stimuli and regulate the basal functions of our body, such as movement,
breathing and heart rate, but also more complex actions such as our thoughts, memories and
emotions.
To propagate the signals within these constantly changing circuits, neurons need to
develop highly specialized compartments. In the hippocampus, neurons consist of multiple
branched dendrites and a long single axon. The dendrites are able to receive multiple signals,
sent from axons of neurons upstream in the circuit. If enough signals are received, a threshold
is reached and a propagating signal from the initial segment of the axon is sent further along
the axon into the circuit. The fast propagating signal along the shaft of the axon and dendrites
is electrical, whereas the transmission of the signal from the axon to the dendrites of the next
neuron is chemical. The electrochemical conversion occurs at the contact points between
axons and dendrites that are called synapses. When the electrical signal of a firing axon
reaches a synapse, an influx of calcium is triggered, which in turn results in the release of
synaptic vesicles into the synaptic cleft. These vesicles contain neurotransmitters that bind to
the receptor at the dendritic spines, thereby activating these receptors and causing an influx of
ions. This triggers the propagation of a small electrical signal in the next neuron.
Cellular and molecular compartmentalization underlies biological functionality
The complex cascade of events during neuronal activation relies on the right proteins being at
the right compartment at the right time. For example, neurotransmitters need to be localized
exclusively to the presynapse in the axon, while their receptors need to be in dendrites. This
level of molecular compartmentalization is not unique to neurons. For instance, the DNA
of interphase cells is confined within the nucleus. Additionally, cellular metabolism, protein
sorting and synthesis are regulated within specific membrane-bound compartments such as
mitochondria, endosomes and the endoplasmatic reticulum. Another example of molecular
compartmentalization includes asymmetric distribution of proteins. This is necessary to set
up cellular polarity in for example epithelial gut cells and migrating cells, to determine the
apical site and leading edge, respectively[1, 2].
The examples mentioned above all show that cellular compartmentalization
underlies biological function. These compartments exist across multiple length scales.
Whereas an individual axonal compartment of a single neuron can extend up to a meter, most
cellular structures, such as the mitotic spindle, membrane-bound compartments, cilia or the
leading edge of a migrating cell, are compartmentalized on the length scale of only a few
micrometers. All of these compartments are built up by the distribution of single, nanometer
sized, molecules and their interactions. Therefore, one central challenge in molecular biology
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is to elucidate how the small molecules organize into the large cellular compartments.
One way in which cells control cellular organization is by intracellular transport of
cellular constituents. This is driven by motor proteins that can move over the cytoskeleton, a
network of protein-based biopolymers that gives cells their shape and mechanical properties.
For example, in neurons motor proteins can transport cargoes selectively into either axons or
dendrites. In this chapter, I will introduce the microtubule and actin cytoskeleton and their
associated motor proteins. I will highlight the unique features of the neuronal cytoskeleton and
the proposed principles involved in selective sorting. Next, advanced microscopy techniques
that can be used to study cytoskeletal organization beyond the diffraction limit are briefly
discussed. Finally, I will discuss the scope of this thesis and define the research questions that
I have addressed in this thesis.

THE CYTOSKELETON AND ITS MOTORS
Within the cells of all species, filaments of different proteins form an intricate network that
provide a skeletal framework to control cell shape and motility. These interconnected filaments
form the cytoskeleton and can rapidly reorganize to respond to cellular and environmental
cues. The cytoskeleton of eukaryotic cells is made up of filaments of actin, microtubules,
intermediate filaments and septins. In addition to their role in cell shaping and motility, actin
and microtubules play an important role in the distribution of cellular components. Unlike
intermediate filaments and septins, actin and microtubule filaments are polarized. During the
course of evolution, molecular motor-proteins have evolved to recognize this internal polarity
and use the actin and microtubule network as cellular highways for directed transport. This
active transport by molecular motors is important to regulate selective transport of specific
molecules between membranous organelles within the cytoplasm as well as for sorting
between cellular compartments such as the axon and dendrites. Furthermore, active transport
along the cellular highways can provide and remove essential molecules for cellular plasticity
much faster than diffusion. For example it would take a few weeks for diffusion to span an
axon of only one centimeter whereas it would take motor based transport only a few hours.
Additionally, a variety of motors with different properties can be used to selectively sort
molecules throughout the cells, as will be discussed below.
Microtubules
Microtubules are long hollow polymers that consist of αβ-tubulin heterodimers. The αβtubulin heterodimers assemble head to tail into filaments and typically 13 of these filaments
associate laterally to form a hollow polymer. As a consequence of the asymmetric building
blocks the microtubule itself is also an asymmetric structure. The α-tubulin subunit of the
dimer faces the so-called minus-end while the β-tubulin faces the plus-end [3]. In cells,
microtubule nucleation is believed to start with a template, such as the gamma tubulin ring
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complex. This complex mimics a pre-formed plus-end and allows for rapid polymerization of
a new microtubule. Subsequently, the minus-end of the newly formed lattice remains capped
or is stabilized by minus-end binding proteins to prevent depolymerization [4]. Because of
the stable minus-end, the dynamics of the microtubule is almost exclusively regulated at its
plus-end. After incorporation, the exchangeable GTP in the β-subunit is slowly hydrolyzed
to GDP, reducing the overall stability of the lateral interface. This delayed hydrolysis upon
incorporation of a tubulin dimer results in a GTP-cap at the polymerizing plus-end that
prevents the microtubule from depolymerization[3, 5]. Loss of the GTP-cap results in a
catastrophe event and reversible depolymerization of the microtubule. In order to properly
maintain the microtubule cytoskeleton, minus-end stability and the dynamic instability of the
plus-end need to be tightly controlled by specific proteins.
While each microtubule is generated by αβ-tubulin heterodimers, diversity can
be generated by incorporation of different tubulin isoforms, recruitment of microtubule
associated proteins (MAPs) and post-translational modifications (PTMs) [6, 7]. The
eukaryotic genome encodes for eight isoforms of both α- and β-tubulin that are expressed
differentially among tissues [8, 9]. Recently, it has been shown that the composition of tubulin
isoforms influences microtubule dynamics [8]. Furthermore, MAPs decorate the microtubule
tips and lattice to regulate microtubule dynamics and stability [3, 5, 10, 11]. MAPs can also
act to stabilize, bundle and localize microtubules or to indirectly recruit additional factors
[12-15]. Whereas MAPs rely on dynamic protein-protein interactions, PTMs covalently
decorate the microtubules. The C-terminus of the microtubule subunits is the major site of
modification, but modifications can also occur in the interface between the tubulin dimers or
the lumen of the microtubule. Several PTMs consist of the addition and removal of a single
chemical group, such as acetylation, phosphorylation and (de)tyrosination. Additionally, more
complex chains of glutamate, glycine or various amines can be added to the microtubules. In
general, stable microtubules are associated with a high level of PTMs, with detyrosination
and acetylation often serving as a marker for stable microtubules[6, 7]. Interestingly, recent
in vitro studies have shown that PTMs can directly alter the binding of modifying enzymes
and the mechanical stability of the microtubule[16, 17]. However, the direct relation between
microtubule stability and PTMs remains to be elucidated. Over the years, almost all the
enzymes responsible for PTMs have been identified, opening up possibilities to study the role
of microtubule modifications in cells and in vitro[7, 18].
The signature of isoforms, MAPs and PTMs on a microtubule is referred to as the
tubulin code [7, 19] and regulates its mechanical properties and functioning. As a consequence,
differential regulation of the tubulin code within the cell can create subsets of microtubules
that could act as functionally different highways for transport.
Actin
Each actin filament (F-actin) consists of actin monomers that polymerize into two
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protofilaments that are helically wrapped around each other. Actin filaments are often much
shorter than microtubules. Similar to microtubules, the ATP in actin is slowly hydrolyzed after
incorporation, resulting in a polymerizing, ATP-rich, plus-end and an ADP-rich minus-end
[20]. Since the spontaneous nucleation of F-actin within the cell is energetically unfavorable,
nucleators and regulators are necessary to initiate and elongate actin filaments[21]. Depending
on which proteins initiate actin polymerization, different networks can be formed. While
formins and spire proteins drive the polymerization of a single actin filament, Arp2/3 initiates
branched nucleation of actin from previously formed filaments. The mode of nucleation can
therefore determine the structure of a newly formed actin network. For example, single
filaments can be bundled either antiparallel or parallel to form contractile fibers or dynamic
protrusions, respectively. Alternatively, the branched actin network created by Arp2/3 is
necessary in lamellipodia to drive the leading edge during cell migration. These nucleating
factors are under the control of small GTPases such as Rac, Rho and Cdc42. The spatiotemporal
activation of each of these regulators by internal and external cues, results in a highly dynamic
and adaptable actin network[22]. Similar to microtubules, the multiple isoforms that encode
for actin (muscle and non-muscle specific) undergo a wide range of PTMs that modify the
dynamics, structural properties and functionality. The major actin PTMs are: methylation,
acetylation, ribosylation, oxidation, phosphorylation, ubiquitinylation, GlcNAcylation
and arginylation, but many more have been described. Disruption of actin PTMs has been
associated with altered dynamics and several disorders[23, 24].
In addition to the diversity described above, many actin-binding proteins exist
that can further regulate actin dynamics, cross-linking, accessibility and localization [25].
Tropomyosin isoforms are important regulators of the actin cytoskeleton. For example,
muscle cell troponin and tropomyosin, under the control of calcium ions, directly regulate
the accessibility of the myosin-binding site on actin. In other cell types, such as neurons and
epithelial cells of the gut, different tropomyosin isoforms localize to specific compartments
in different stages of development. The spatiotemporal distribution of tropomyosin isoforms
has been associated with embryogenesis, morphogenesis, cell-cell contacts and many more
essential cellular functions [26, 27]. Further work is necessary to determine the cellular
distribution, function and interplay of actin isoforms, modifications and binding proteins
like tropomyosin.
Motor proteins
Because of their structural asymmetry, microtubules and actin can serve as directional roads
for transport. Motor proteins serve as the molecular motors that carry cellular cargoes to
either the plus- or minus-end of microtubules and actin filaments. Kinesin and dynein motors
are responsible for long-range transport along microtubules. More than 40 genes divided into
14 families encode for the kinesin superfamily, most of which are responsible for plus-end
directed transport. In contrast, only two genes encode for the minus-end directed cytoplasmic
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dyneins [28, 29]. Dynein is structurally very different from kinesins and its activity depends
on the interaction with a multi-subunit complex containing microtubule recruitment factors,
activators and adapters [30]. Because the remainder of this thesis is mostly about kinesins, I
will not further discuss dynein.
Kinesins involved in transport of cargo mostly exist as dimers with two motor domains.
These domains are connected to a set of coiled-coil structures which induce dimerization and
interact with cargoes and other binding proteins directly or via a light chain. Each motor
domain uses the energy derived from ATP hydrolysis to cycle between different conformations
that have different affinities for the microtubule. In processive motors, intramolecular tension
between the two motor domains keeps these mechanochemical cycles out of phase to ensure
continuous attachment while stepping along the microtubules [31]. Each kinesin has unique
properties such as run length, speed and microtubule affinity. Without cargoes, most kinesins
remain auto-inhibited by folding upon themselves with their tail domain attached to the motor
domain. Activation occurs when this auto-inhibition is relieved, for example by binding of
cargo to the tail domain. Adapters that bind to the tail domain, determine which kinesin
binds to which cargo. Additional factors, such as MAPs and other interactors, can further
tune kinesin activity and localization. In turn, kinesin activity can modify the mechanical
properties of the microtubule[32, 33]. One interesting property is that different kinesins
have been described to prefer a specific subset of microtubules. For example, it has been well
established that Kinesin-1/Kif5 exclusively prefers stable modified microtubules, whereas
Kinesin-3/Kif1 prefers more dynamic microtubules[34-38]. Microtubule lattice conformation,
PTMs, MAPs and co-operative binding have been proposed to recruit and activate kinesins
on specific subsets of microtubules [32, 33, 39, 40]. The diversity in kinesins, generated by
differential activation and microtubule recognition, results in a highly tunable toolbox for
cellular transport in different compartments along specific microtubule tracks. Future work
will hopefully provide further insights how the complex microtubule environment affects
different motor proteins. Furthermore, the molecular mechanisms underlying microtubule
specificity need to be elucidated.
Myosins move along the actin cytoskeleton and are generally associated with
dynamics at short length scales. For example, Myosin-V is involved in short range cargo
transport and anchoring in actin dense regions such as cortical actin and the apical site of
endothelial gut cells [2, 41]. The myosin superfamily in mammals contains more than 40
genes that encode for many isoforms among 15 subclasses [42]. Famously, muscle Myosin-II
oligomerizes in thick filaments to work in ensemble in muscle contraction. Like kinesins,
dimeric myosins that are responsible for transport walk hand-over-hand and are dimerized
by a coiled-coil structure with a variable C-terminal domain, which can be involved in protein
interaction and cargo binding [43]. Furthermore, light-chains bind to the C-terminal portion
of the motor head and affect protein binding and myosin activity [28]. Interestingly, MyosinVI is the only subclass that walks towards the minus–end of actin filaments. Like kinesins,
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the activity of different myosins can also be tuned by a variety of factors. Actin accessibility,
binding of cargoes, interactors, light chains, actin binding proteins and small molecules such
as calcium all strongly affect myosin binding and motility [43].
Motor proteins that move along actin and microtubules regulate cellular process
at different length and time scales. In addition to active transport of molecular cargoes,
motors can organize the cytoskeleton to regulate cell division, differentiation, migration,
compartmentalization and many more vital processes of the cell. The fine tuning of these
processes relies on the recruitment and activation of the right motors at the right time. In
vitro it has been shown that recruitment of multiple motors with opposite directions will
result in a tug-of-war. Tuning the stoichiometry of opposing motors will alter the outcome
and dynamics of transport [44, 45]. However, the extent to which activity of different motor
proteins bound to the same cargo is coordinated in cells remains unclear. Defects in kinesins,
dyneins and myosins have been associated with a wide range of severe disorders such as
Alzheimer, ALS, multiple sclerosis and lissencephaly [46-48]. Understanding the individual
motor proteins and multi-motor assemblies will provide valuable insights in fundamental
biological processes and the disease phenotypes associated with the defects in these processes.

NEURONAL CYTOSKELETON ORGANIZATION
The polarized organization of neurons highly depends on selective transport by kinesins to
either the axon or dendrites. As described above, cytoskeletal organization directly underlies
directional transport by motor proteins[6, 49, 50]. Throughout neuronal development,
neurons adopt a highly specialized cytoskeleton. In non-neuronal cells and neurons of
lower organisms, the microtubule cytoskeleton is mostly organized uniformly. For example,
in proliferating and migrating cells most microtubules are organized radially around
the microtubule organizing center (MTOC) and in the epithelial gut cells, the majority
of microtubules is organized with the minus-end at the apical site[51]. Additionally, the
neuronal microtubules in C. elegans and Drosophila are uniformly organized in both axons
and dendrites. In these organisms, axonal microtubules are organized with their plus-end
outwards, whereas they are oppositely oriented in the dendrites. Because of the uniform
microtubule array in the aforementioned examples, kinesin- and dynein-driven transport will
lead to a predictable direction of transport; kinesin drives axon- selective transport whereas
dynein will only enter the dendrite [52-54]. In contrast, dendrites of mammalian neurons
contain microtubules of both orientations [55, 56] (Fig 1). This mixed microtubule array poses
immediate challenges for selective transport by kinesins into either the axon or dendrite. It
has been reported that kinesins from different superfamilies preferentially target the axon
while others target both the axon and dendrites[57-60]. Since microtubules in the axon are
still organized with their plus-end out, dynein driven transport will not enter the axons but
can drive dendritic transport via the minus-end out microtubules of the dendrites[61] (Fig 1).
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Figure 1: Neuronal microtubule cytoskeleton
A schematic representation of the neuronal microtubule cytoskeleton organization in the axon and dendrites.
Arrows along the neurites indicate the microtubule orientations observed in the axon and dendrites. Axons
contain plus-end out microtubules whereas dendritic microtubules are mixed. The box depicts cargo
transport along the plus-end out microtubules of the axon by kinesin and dynein. Molecular models of
motor proteins are adapted from [28].The right panel shows a super-resolved image of the intricate network
of microtubules in the neuronal cell body to illustrate the acentrosomal microtubule network in the neuron.
Image adapted from [10].

However, both the axon and dendrites contain plus-end out microtubules. Therefore, axon or
dendrite selectivity by different kinesins needs additional traffic rules.
These rules are likely to be dictated by the tubulin code. The specific distribution
of tubulin isoforms, MAPs and PTMs generates microtubule diversity throughout the
neuron that could locally recruit and activate specific motor proteins. For example, MAP2
localizes exclusively to the dendrites whereas Tau localizes to the axon[46]. Furthermore,
the microtubules in the pre-axonal exclusion zone and the initial segment are specifically
decorated and bundled by TRIM46, which in turn regulates axon differentiation and
identity[62, 63]. The MAPs in specific compartments of the neurons can alter microtubule
properties such as dynamics, lattice structure and accessibility, which can affect motor
proteins. In addition, motors can be directly regulated through interaction with specific
MAPs[64-66]. Recent reports have proposed a model in which the recruitment of MAPs
to the proximal neurites can differentially affect the activity of specific motor proteins to
prevent or assist entry or exclusion from neuronal compartments such as the dendrites[39,
40, 67]. Furthermore, neuronal microtubules are subjected to high levels of post-translational
modifications that are differentially distributed in the neurons. In general, the population of
axonal microtubules is more modified than the dendritic population[68]. Finally, it should
be considered that microtubules within the axon or dendrites can have different properties.
Microtubule stability, modification levels and MAP decoration can differ from microtubule
to microtubule. As a consequence different subsets of microtubules recognized by selective
motors can exist within the same compartment. However, so far the exact organization of
the different microtubule subsets in the dendrites and their effects on polarized sorting by
14
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kinesins have remained elusive.
Different actin structures have been observed throughout the compartments of
hippocampal neurons. For example, growth cones of developing neurons and dendritic
spines after maturation are highly enriched in actin. Axon outgrowth is driven by continuous
remodeling of the actin cytoskeleton to push the growth cone forward. Furthermore, actin in
dendritic spines serves as a scaffolding network for the post-synaptic density and regulates
spine size and dynamics. Interestingly, recruitment of Myosin-V leads to spine entries of
cargo, whereas Myosin-VI results in exits [69]. This suggests that the majority of actin is
organized with its plus-end pointed toward the spine, thereby serving as a directional
track for spine targeting by myosins. Other actin structures have also been identified using
advanced live- and super-resolution microscopy; actin-dense patches have been shown along
the length of the axon. In the proximal axon, myosins can prevent cargoes from entering the
axon by tethering them to these actin patches[70]. More distally, actin filaments (actin trails)
emerge from the actin-patches, suggesting different mechanisms of formation and function.
Recently, alternating ~190 nm spaced rings of actin and its cross linker spectrin have been
shown along the length of the axons and dendrites[71]. These rings have been observed
among many different types of neurons in a variety of species[72]. So far, it has been shown
that they provide mechanical support, preserve microtubule integrity, maintain axon caliber
and serve as a diffusion barrier for membrane proteins[73-76].
The function of actin in each of these compartments is highly dependent on its
exact dynamics and architecture. Additional binding proteins can affect actin organization or
use actin as a scaffold. For example, Ankyrin G binds neurofascin and sodium channels and
uses the actin rings in the initial segment as a tether[77]. Furthermore, actin remodeling is
associated with pre-synaptic release. However, the exact structure and function of presynaptic
actin need to be elucidated[78]. Similar to microtubules, the overall polarity of the actin
network directly affects transport by myosins. Even though the structures of the actin
network are now visualized using super-resolution techniques, more information about actin
orientation is necessary to determine its role in active directional transport.

SUPER-RESOLUTION TECHNIQUES TO STUDY CELLULAR
ARCHITECTURE
Visualizing the exact architecture of the neuronal cytoskeleton to understand its function has
always been a major challenge. Especially in neurons, microtubules and actin are organized
into dense arrays and cannot be visualized by diffraction-limited light microscopy techniques,
which have a maximum resolution of ~250 nm. Therefore, electron microscopy (EM) has been
used to study the smaller details of cytoskeleton organization. For example, EM preparations
revealed microtubule spacing of ~25 nm and ~65 nm in axons and dendrites respectively [12].
Despite its unmatched resolution, EM requires labor-intensive sectioning and reconstruction
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procedures and labelling of specific proteins or modifications has remained challenging. In
the last two decades, several diffraction-unlimited light microscopy techniques have become
available to study cellular processes at high resolution. Even though resolutions of ~150
and ~50 nm can be achieved by structured illumination microscopy (SIM) and stimulated
emission depletion (STED), respectively, the highest resolution is achieved using singlemolecule localization microscopy (SMLM)[79, 80].
Single Molecule Localization Microscopy
Instead of simultaneously imaging the ensemble of fluorophores that decorate a structure,
SMLM techniques image the individual probes sequentially. Subsequently, by fitting the point
spread function, the midpoint of each individual fluorophore can be determined with an
accuracy of a few nanometers. The individual localizations can then be accurately combined,
resulting in a super-resolved reconstruction with approximately a 10-fold resolution increase
[80] (Fig 2a).
Different strategies for SMLM exist. Single-particle tracking photo-activated
localization microscopy (sptPALM) is typically used to study the dynamics of single
molecules in living samples. Here, genetically encoded photo-switchable tags attached
to the protein of interest can be tracked with several nanometer accuracy to study the
localization and dynamics of individual molecules in the cell [81, 82] (Fig 2b). To map the
exact organization of cellular structures and to overcome photo-toxicity, bleaching and
structural fluctuations, SMLM strategies are often used on fixed cells. Fixed strategies are
compatible with high labelling densities, high laser powers and long imaging times to sample
the structure repeatedly. These advantages allow for a reconstruction using only the highest
accuracy localizations, increasing the resolution of the final image. Direct stochastic optical
reconstruction microscopy (dSTORM) and dynamically exchangeable probes targeted to the
structure of interest (often called: point accumulation for imaging in nanoscale topography,
PAINT) are used to achieve such high resolution reconstructions (Fig 2b). dSTORM relies
on an ensemble labelling of the structure of interest, followed by active transitioning the
majority of fluorophores into a ‘dark state’ so that only single molecule events remain [79].
In contrast, selective exchangeable probes stochastically bind and unbind the structure of
interest from solution. Therefore, fine-tuning the concentration of the probe in solution will
result in a regime where single molecules can be observed to transiently interact with the
structure of interest (Fig. 2b). One increasingly used example of this method is DNA-PAINT.
Here, a DNA docking strand is targeted to a structure using antibodies or functionalized
groups. Subsequently, a complementary imager sequence coupled to a fluorophore is added
to solution, which binds transiently to the docking strand[83]. More recently, labelled protein
fragments that transiently bind to their target after fixation have also been used[84].
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Figure 2: Single Molecule Localization microscopy
A) Principle of single molecule localization microscopy. Simultaneous imaging of excited fluorophores along
the target structure results in a diffraction limited image (left panel). During the single molecule localization
acquisition, single fluorophores are imaged along the target structured and the entire structure is sampled in
thousands of frames. These coordinates of the fluorophores can be determined by Gaussian fitting and the
localizations can be accurately determined (middle panel). Finally the localizations can be combined into a
single super resolved reconstruction (right panel).
B) Principle of STORM/ PALM and PAINT for single molecule localization microscopy.

SCOPE OF THIS THESIS
As described above, neuronal polarization and function rely on the proper sorting of cellular
cargoes. Molecular motors drive transport along the actin and microtubule cytoskeleton to
ensure selective transport to either axons or dendrites. In this thesis we explore the relation
between cytoskeletal organization and polarized sorting in neurons. Using advanced live- and
super-resolution microscopy, we elucidate the exact neuronal roadmap for active transport at
the nanoscale.
Small selective probes are one of the major requirements to image cytoskeletal
structures beyond the diffraction limit using SMLM. Chapter 2 focuses on an improved
purification and labelling method of a lifeAct probe to accurately image actin using SMLM.
Subsequently, application of this probe allowed us to study how different actin structures
in several compartments contribute to selective sorting in different neuronal compartments.
Chapter 3 explores the role of actin and myosins in the retention of cargoes in the initial
segment. We report that chemically-induced coupling of myosins to cargoes in the initial
segment resulted in immobilization or retrograde transport. Additionally, we use dual-color
nanoscopy to determine the actin structures that were associated with the myosin-coupled
cargoes. Furthermore, in Chapter 4, we examine the role of actin as a barrier to retain
kinesin-associated cargoes in the initial segment. We assessed the differential behavior of
peroxisomes after chemically-induced coupling to different truncations of the kinesin Kif17
in the presence or absence of actin. Based on the results, we propose a three-step model in
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which Kif17-based transport to dendrites depends on actin-dependent retention in the initial
segment and on dynein for subsequent dendritic targeting.
Compartmentalization and dynamics of dendritic spines are also strongly dependent
on actin organization. Previously, it has been shown that microtubule entries into spines
correlate with synaptic activity to potentially provide supply routes for synaptic cargo [85].
However, how spine activity enables microtubule entries has remained poorly understood. In
Chapter 5 we investigated whether activity-dependent actin dynamics and actin structures at
the spine base can facilitate microtubule entries. Furthermore, using nanoscopy, we visualized
the distinct actin structures at the spine base that could be responsible for microtubule
recruitment. Combining this with DNA-PAINT, we then further investigated the correlation
between these actin structures and a regulator involved in microtubule entries.
One of the central questions in neuronal sorting is why several kinesins only target
the axon, while others also enter the dendrites. For example Kinesin-1/Kif5 only targets
axons, while Kinesin-3/Kif1 targets both axon and dendrites and accumulates in dendritic
tips. We hypothesized that to achieve such selectivity, the identity of the microtubules
in either direction in the dendrites has to differ to provide distinct highways that can be
selectively recognized by different kinesins. In Chapter 6 we explore the relation between
microtubule orientation and identity using a novel assay, termed motor-PAINT, to directly
probe microtubule orientation along the entire lattice with nanometer resolution. This
revealed that minus-end out microtubules were more stable and subjected to acetylation. In
contrast, plus-end out microtubules were more dynamic and tyrosinated. These data support
a new model for selective sorting in which the preferred orientation of specific microtubule
subsets guides the direction of motor proteins that selectively recognize that subset. Chapter
7 reviews recent key contributions to the understanding of cytoskeleton diversity in neurons
and suggests avenues to further elucidate the range of cytoskeletal structures and functions.
Now that we start to understand how cytoskeletal organization contributes to its
functions, one next major challenge is to control it. Chapter 8 focuses on the optical control
of in vitro microtubules in gliding assays. Using light-sensitive protein-protein interaction,
spatiotemporal control of protein patterning and microtubule gliding activity was achieved.
Chapter 9 concludes with a summary of the key findings in this thesis and discusses remaining
research questions.
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Small Actin Probe for SMLM

ABSTRACT
The cytoskeleton is involved in many cellular processes. Over the last decade, super-resolution
microscopy has become widely available to image cytoskeletal structures, such as microtubules
and actin, with great detail. For example, Single Molecule Localizat ion Microscopy (SMLM)
achieves resolutions of 5-50 nm through repetitive sparse labeling of samples, followed by
Point-Spread-Function analysis of individual fluorophores. Whereas initially this approach
depended on the controlled photoswitching of fluorophores targeted to the structure of
interest, alternative techniques depend on the transient binding of fluorescently labeled
probes, such as the small polypeptide lifeAct that can transiently interact with polymerized
actin. These techniques allow for simple multi-color imaging and are no longer limited by a
fluorophore’s blinking properties. Here we describe a detailed step-by-step protocol to purify,
label and utilize the lifeAct fragment for SMLM. This purification and labeling strategy can
potentially be extended to a variety of protein fragments compatible with SMLM.
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INTRODUCTION
Cellular morphology, migration, division, polarization and differentiation are all processes
that require very specific cytoskeleton organization and dynamics. The exact organization of
microtubules and actin directly influences the available roads for active transport by kinesins/
dyneins and myosins respectively [1-3]. A specific actin organization is important during
cell migration, neuronal growth cone extension, brush border formation and many other
processes [4,5]. Different actin structures underlie different functions. For example, while
dense structures of actin in the axon initial segment of neurons can mediate myosin-mediated
anchoring of cargoes, cortical actin structures can drive directional motility in epithelial cells
[6,7]. Therefore, understanding the nanoscale organization of the actin and microtubule
cytoskeleton is important to understand the mechanisms and functions of these specialized
structures.
Conventional fluorescence microscopy is widely available and continues to be a
powerful tool to provide new insights in cytoskeleton organization and dynamics. Better
objectives, faster cameras as well as genetic tools and immunocytochemistry can be used to
label and image individual proteins with high specificity and temporal resolution. However,
conventional fluorescent microscopy is limited by the diffraction of light, which causes
fluorophores to be imaged as a spatially extended structure of 200-300 nm. This detected
pattern of a single fluorophore on the camera is called the Point Spread Function (PSF) which
is shaped like an airy disk. When two fluorophores emit light at the same time while they
are very close, the airy disks overlap and cannot be separated. This phenomenon limits the
distance at which you can separate two fluorophores or structures to approximately half the
wavelength of the detected light.
During the last decade several fluorescence based microscopy techniques have been
developed that are not limited by diffraction [8,9]. Single molecule localization microscopy
(SMLM) is a super-resolution technique based on the sequential detection of individual
fluorophores and subsequent midpoint determination with nanometer precision. All detected
fluorophores that label the structure of interest can result in a single reconstructed image
where all fluorophore locations are plotted with high precision [10]. Techniques that are based
on SMLM are PALM (Photoactivated Localization Microscopy - [11]), STORM (Stochastic
Optical Reconstruction Microscopy - [10] ), dSTORM (direct STORM - [12]), GSDIM
(Ground-State-Depletion and Single Molecule return -[13]) and PAINT (Point Accumulation
for Imaging in Nanoscale Topography - [14]). In fixed samples (d)STORM provides the highest
resolution and is therefore commonly used to study the exact architecture of the cytoskeleton
beyond the diffraction limit. One important breakthrough was the discovery of the periodic
actin and spectrin rings in the axon [15]. A major limitation of dSTORM is the limited
number of fluorophores compatible with robust multi-color imaging. Another limitation of
dSTORM is the use of high laser intensities to bring the majority of the fluorophores in a
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dark-state so that individual molecules can be detected. This results in overall bleaching of
fluorophores and reduces the amount of detections over time. Additionally, achieving such
high laser intensities often requires illumination of only a small area of the sample.
PAINT-like methods overcome these limitations. They rely on the transient binding
of fluorophores targeted to the structure of interest. Weakly interacting probes coupled to a
fluorophore will bind stochastically, serve as point emitter for a limited time and diffuse back
into solution (Fig 1a) [16]. The imaging solution can then be washed and a second structure
can be imaged using a similar or different fluorophore targeted to a different structure. The
overall advantage of this technique lies within the transient binding. Unlike dSTORM, there
is no need for high laser intensities to bring the majority of fluorophores to a dark state. In
addition, the probes on the target are continuously replaced by fresh probes from solution
resulting in a continuing imaging cycle not limited by bleaching. Furthermore, PAINT-like
SMLM can be performed using a wide variety of fluorophores for multi-color imaging.
A limiting factor for PAINT-type approaches is the need for proper transiently
interacting probes. Recently, a generic approach for PAINT, DNA-PAINT, was introduced in
which structures labeled with an antibody conjugated to single-stranded DNA can be imaged
very specifically with complementary DNA coupled to a fluorophore [14]. Alternatively,
protein-protein interactions can be used to target fluorophores to the desired structure. It has
been shown that using small protein fragments/peptides coupled to a fluorophore, SMLM by
transient binding could be performed on actin and other cytoskeleton structures. The major
advantage of these interactions is that they are highly specific and can rely on very small
probes. Recent work showed that using these transient protein-protein interactions, the actin
cytoskeleton can be visualized in high detail by lifeAct coupled to an Atto-dye [17]. LifeAct
is a small 17 amino-acid fragment of the yeast Abp140 protein that was found to label actin
[18]. Whereas this work used a commercially obtained synthesized lifeAct probe, we recently
developed an approach to purify the lifeAct peptide, either fused to fluorescent proteins or
conjugated with organic dyes after purification.
Here we describe a step-by-step protocol to purify the lifeAct domain for super
resolution microscopy. This method allows for SMLM using either a fused fluorescent protein
or using any organic fluorophore coupled by thiol-maleimide chemistry. For this a construct
that consists of “lifeAct-Cysteine-PreScission Cleavage Site-GFP-6x His” was created, as
shown in Figure 1. To perform SMLM using the fluorescent protein module (GFP) a rapid histag purification can be performed. To functionalize the small peptide with any organic dye,
thiol-maleimide chemistry on the introduced cysteine and subsequent proteolytic cleavage by
PreScission protease can be performed (Fig 1b). The generation of this versatile probe can be
extended to other protein fragments to label other structures of interest.
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Figure 1: Single-molecule localization microscopy (SMLM) by transient binding.
a) Principle of SMLM by transient binding. From solution, fluorophores targeted by a specific molecule
transiently bind to the structure of interest so that single molecules can be observed. These single molecule
events are recorded through time. Subsequently midpoint determination and reconstruction lead to a superresolved image.
b) Schematic representation of the purification and labeling lifeAct probe with GFP or organic dyes to label
actin. Arrow 1 represents purification through proteolytic cleavage. Arrow 2 represents the purification with
a GFP as fluorescent protein. Dashed line with scissors indicates PreScission cleavage site.

MATERIALS
All imaging experiments are performed at room temperature unless indicated otherwise.
Solutions are dissolved in ultrapure water (~18 MΩ-cm at 25 °C). During purification, buffers
and samples are kept on ice to avoid protein degradation.
Purification and labeling
1.
E.coli BL21DE3 transformed with an IPTG inducible expression vector for lifeActcys-PreScission Site-GFP-6xHis (note 1).
2.
Resuspension/lysis Buffer: 20 mM HNa2PO4, 300 mM NaCl, 0.5% glycerol,
7% glucose, EDTA-free protease inhibitor (Roche Diagnostics GmbH), 1mM
dithiothreitol (DTT), pH 7.4. To a beaker containing a magnetic stir bar, add 100
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3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

ml water, 0.71 grams of HNa2PO4, 3.5 grams of NaCl, 14 grams of Glucose and 1
ml 100% Glycerol. Adjust pH to 7.4 and add water to a final volume of 200 ml and
readjust pH if necessary. Before purification add 1 tablet of EDTA-free protease
inhibitor (Roche Diagnostics GmbH) and 50 µl 1M DTT per 50 ml of buffer and
incubate on ice.
Wash Buffer: 10 mM HNa2PO4, 300 mM NaCl, 30 mM imidazole, 1mM DTT, pH7.4.
Prepare as previous step.
Labeling Buffer: 10 mM TCEP in PBS
Cleavage buffer: 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 7.0
Elution Buffer: 10 mM HNa2PO4, 300 mM NaCl, 300 mM imidazole, 1mM DTT, pH
7.4. Prepare as in the previous step.
Ni-NTA Agarose beads
10 mM (tris(2-carboxyethyl)phosphine (TCEP) in PBS
AlexaFluor®-Maleimide in anhydrous dimethyl sulfoxide (DMSO). Dissolve
AlexaFluor®-Maleimide in fresh DMSO to ~100 µM or as indicated by the company.
Glutathione-sepharose 4B beads in 20% ethanol (GE Healthcare Life Sciences)
PreScission protease in cleavage buffer + 20% glycerol (GE Healthcare Life Sciences)
LB Broth
1M Isopropyl β-D-1-thiogalactopyranoside (IPTG) in water
Shaking incubator
Probe-type Sonicator for cell disruption equipped with a tip suited for 50 ml tubes.
Cooled Centrifuge (18000 x g)

Fixation
Cultured cells grown on any surface that is compatible with TIRF imaging: e.g. epithelial cells
or neurons plated on glass coverslips (Note 2).
1. Cytoskeleton Buffer: 10 mM MES, 150 mM NaCl, 5mM MgCl2, 5mM EGTA, 5mM
Glucose, pH6.1 [15]
2. 16% Paraformaldehyde (PFA) dissolved in water
3. 1x d-PBS
4. Fixation Buffer: Cytoskeleton buffer supplemented with 0.5% Triton-X and 3% w/v PFA
5. Blocking solution: 3% w/v BSA in d-PBS
6. Optional: antibodies for detection of additional structures
Sample preparation
1. Tweezers
2. mounting chamber
3. d-PBS
4. purified lifeAct coupled to a fluorophore
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Microscope setup
1. Standard inverted fluorescence microscopy equipped with a high NA objective and a
total internal reflection fluorescence (TIRF) module.
2. Fluorescent filters for imaging GFP or the conjugated fluorophore.
3. Excitation lasers with the appropriate wavelength.
4. EMCCD camera or CMOS camera, sensitive enough to image single molecules
5. SMLM software for super resolution reconstruction: e.g. DoM Utrecht (Detection of
Molecules, https://github.com/ekatrukha/DoM_Utrecht [19]), QuickPalm, (http://
imagej.net/QuickPALM [20]), Thunderstorm (http://zitmen.github.io/thunderstorm/,
[21]), RapidSTORM (http://www.super-resolution.biozentrum.uni-wuerzburg.de/
research_topics/rapidstorm/, [22]), NIS Elements (Nikon instruments).
6. Microscope control via PC and dedicated software, for example Micromanager (https://
micro-manager.org/, [23] ).

METHODS
Expression and passivation on Ni-NTA beads
The correct expression and purification protocols vary between the two different options, i.e.
with or without GFP. Because lifeAct coupled to GFP is highly soluble, standard purification
protocols and buffers are used. For the lifeAct without GFP, the full recombinant protein
is bound to the Ni-NTA beads and the cysteine containing lifeAct fragment is cleaved off
by PreScission protease after on-bead labeling. Subsequently free PreScission is captured by
glutathione beads. Full recombinant protein coupled to GFP or the short lifeAct fragment
coupled to an Alexa dye by the maleimide-cysteine reaction can be obtained at high yields.
However, it should be noted that the free cysteine, which was introduced in the construct,
is prone to form disulfide bonds with other free cysteines in the samples, resulting in
precipitation. To overcome this problem, reducing reagents like DTT or TCEP are required at
all steps. A detailed step-by-step description of purification follows below.
1. Grow 0.8 L E.coli BL21DE3 containing the lifeAct expression plasmid to OD0.6 at 37 °C
from an overnight 4ml culture in LB. Induce protein expression by addition of 800 µL
1M IPTG to achieve a final concentration of 1mM. Incubate for 3.5 hours at 37°C or 16
hours overnight at 17°C.
2. After induction, transfer the bacteria into a centrifuge compatible bucket and spin at
4000 x g for 30 minutes at 4°C. Decant supernatant carefully and incubate pellet on ice.
Resuspend bacterial pellet in resuspension buffer supplemented with protease inhibitors
(5ml/gram bacterial pellet) and transfer to a 50 ml tube.
3. To lyse the bacteria, sonicate the bacterial suspension 5 x 1 minute with 5 minute intervals
on ice. Intermediate to high sonication powers can be used.
4. Following sonication, the soluble fraction of the bacterial suspension can be separated
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5.

6.

7.
8.

9.

from the insoluble sample fraction through centrifugation at 18,000 x g at 4°C for 40
minutes (Note 3).
During centrifugation wash 1.0 ml of Ni-NTA resin (0.5ml Beads) in resuspension buffer.
Beads can be centrifuged at 1000 x g for 3 minutes with slow deceleration. Supernatant
can then be removed by a vacuum pump or pipet and replaced by resuspension buffer.
Repeat the bead wash 3x in resuspension buffer with 10 times the bead resin volume (10
ml).
To separate the soluble fraction from the insoluble fraction after centrifugation, transfer
the supernatant into a 50 ml tube to separate it from pellet. Typically, the supernatant
of bacteria is a yellowish solution. However, because lifeAct is tagged with a GFP, the
supernatant can appear more greenish. The pellet should be brown/yellowish, but can
also be greenish because it can contain some aggregated protein or non-lysed expressing
cells.
Add the washed Ni-NTA beads to the soluble supernatant and incubate at 4°C while
gently rolling for 2 hours. The His-Tag of the recombinant lifeAct will bind to the beads.
After incubation spin the beads at 1,000 x g for 3 minutes with slow deceleration as
described before. The lifeAct-Cys-PreScissionSite-GFP-6xHis is now bound to the beads.
Supernatant containing all other soluble proteins that do not contain a His-Tag can be
discarded.
Wash the beads 3x as described above in wash buffer to reduce non-specific interactions
of proteins with the beads. The lifeAct recombinant fragment has 6xHis-Tag which binds
tightly to Ni-NTA. This specific interaction will not be disrupted by the 30mM imidazole
in the wash buffer.

Purification with GFP
1. To obtain the full lifeAct-Cys-PreScissionSite-GFP-6xHis for SMLM (Note 4), the
recombinant protein can be eluted by aspiration of the last wash step as described in
section 3.1. Addition of 3.5 ml Elution Buffer results in the elution of the recombinant
His-tagged protein from the beads after 10 minutes incubation. Beads can be spun down
and the supernatant containing lifeAct-GFP can be collected.
2. The eluted fraction can be used directly for SMLM as described in section 3.5. For longterm storage, exchange the buffer to PBS+1mM DTT using a buffer exchange column,
and add 10% glycerol. Snap-freezing followed by -80°C storage is recommended. The
purity of the final sample can be determined by SDS-page. Typically, this approach yields
highly pure samples.
Labelling and purification with organic dyes
The second mode in which this recombinant lifeAct fragment can be used is by labeling of
the introduced cysteine through a maleimide-thiol interaction. The lifeAct-Cys, coupled to
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the thiol, can subsequently be cleaved off the GFP-6xHis and further purified. The overall
advantage is that almost all organic dyes and other chemical modifications are available
conjugated to a maleimide. Therefore it can be used to label the lifeAct-Cys fragment with
a variety of stable fluorophores, resulting in a high photon yield. Below we describe how the
cysteine can be labeled with an Alexa647 through maleimide coupling on the beads, followed
by cleavage at the PreScission site.
1. After the third wash in wash buffer (section 3.1) wash the beads 3 additional times
with labeling buffer. Because DTT contains two thiol groups, it is not compatible with
maleimide coupling. Replacement with of DTT with TCEP is therefore essential for
protein solubility and coupling efficiency.
2. For labeling, aspirate the final wash and transfer the beads into a 2 ml Eppendorf. Add
1000µl labeling buffer supplemented with 80µl of ~100µM Alexa647-maleimide (~8
millimole Alexa647) in DMSO and incubate for 4 hours at room temperature. After
incubation add an additional 60µL ~100µM Alexa647-maleimide and incubate overnight
at 4°C. The maleimide-dye is added in excess and should, if incubation times are long
enough, label almost all free cysteines in the sample.
3. Remove excess dye after labeling through three 1ml washes in Cleavage Buffer. This
buffer allows optimal cleavage at the PreScission cleavage site, releasing lifeAct-Cysteine
labeled with Alexa647 while leaving GFP-6xHis bound to the beads.
4. Cleave lifeAct-Cys-Alexa647 from the Ni-NTA beads by replacing the final wash step with
70 µL PreScission protease in 500 µL Cleavage Buffer for 5 hours at 4°C (or overnight)
while gently rolling.
5. While cleaving, wash 250 µl glutathione beads with cleavage buffer as described above.
6. Capture PreScission protease on the glutathione beads by addition of the prewashed beads
to the sample. Now, both PreScission and the GFP-6xHis are bound to the glutathione
and Ni-NTA beads respectively while lifeAct-Cys-Alexa647 diffuses in the supernatant.
7. The supernatant containing soluble lifeAct-Cys-A647 can be collected. The final
concentration of the lifeAct peptide can be determined using the Bicinchoninic Acid
(BCA) protein assay [24]. The labeling efficiency can then be determined by measuring
the dye concentration by spectroscopy and application of Beer-Lambert’s law. Typical
concentrations of labeled lifeAct range from 0.1-1 µM (Note 5).
8. Finally, supplement the sample with a final concentration of 10% glycerol, snap-freeze in
liquid nitrogen and store at -80°C.
Sample Preparation
Because in super resolution all details and therefore also sample errors are visualized, optimized
sample preparation and dense label coverage are essential for a successful final reconstruction.
Fixations and staining protocols that would result in a smooth diffraction limited image
might result in sparsely labeled structures in super resolution. Sample preparation should
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therefore be optimized for each individual structure or co-labeling of multiple structures.
The buffer conditions during fixation also play an important role to preserve cytoskeletal
structures. Whereas microtubule fixations are preferentially performed in PEM80 buffer [25],
cytoskeleton buffer is the fixation buffer of choice for actin [17,15]. Finally, fixatives should be
chosen carefully and such that labeling is not perturbed and structures are maintained. Actin
structures are preferentially fixed by PFA or Glutaraldehyde [26]. Below a simple and fast
sample preparation is described with PFA in cytoskeletal buffer to preserve the actin network.
1. Pre-warm fixation buffer to 37°C. Remove the medium from the cells coated on coverslips
and gently add pre-warmed fixation buffer for 10 minutes. Triton-X ensures sufficient
permeabilization of the cells, resulting in release of cytoplasm which allows the lifeAct
probe to diffuse freely. Simultaneously, PFA fixes cellular structures like actin.
2. After fixation aspirate the fixation buffer and wash the sample with d-PBS for 5 minutes.
Even though the samples are fixed, pipet with care not to perturb the samples. Repeat the
wash 3x.
3. After washing, block the sample with blocking solution for at least 30 minutes at room
temperature. Blocking reduces the number of unspecific protein-protein interactions
reducing the background signal in the final image.
4. To stain for structures additional to actin, the samples can be further incubated with
antibodies after blocking. Antibodies compatible with PFA fixation can be diluted in
blocking solution and incubated on the sample for at least 1 hour at room temperature.
Subsequently, the primary antibody incubation can be stopped by 3 additional 5-minute
washes with d-PBS. Cells can then be incubated with a suitable secondary labeled
antibody in blocking solution to finish the staining for the desired structure (Note 6).
5. After blocking and optional staining, the samples are ready to be mounted in d-PBS +
DTT (Note 7). A suitable chamber that is compatible with the microscope stage can
be used. Open chambers like Ludin chambers for 18mm round coverslips provide easy
access to the imaging medium and allows for the addition or dilution of the lifeAct probe
during image acquisition
Imaging
1. Secure a sample on the microscope and select a position of interest. Before image
acquisition can be started, it is important to select the correct parameters for an optimal
super resolution image. Focusing before acquisition is important to image the correct
plane of interest. Because the low concentration of lifeAct used for imaging does not
provide a full overview of the cellular outline a co-transfection or staining of an additional
marker is favorable. Alternatively, an excess of lifeAct conjugated to a fluorophore can be
added to the sample which results in a faint outline of the cellular actin structures. If
the latter is applied, the concentration should be strongly reduced through dilution and
bleaching before SMLM acquisition to be able to visualize single molecules (Note 8).
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For an optimal super resolution acquisition carefully take the following parameters into
account. Optimizing each condition carefully every time can increase the signal to noise
ratio per imaging session:
a. Exposure time. For super resolution based on probe exchange, the on- and off- rates
should guide the exposure time. Low off rates allow for high exposure times and
collection of more photons. However, a single molecule binding event should not be
obscured by another molecule binding in the vicinity rendering the software unable
to detect them both as separate localizations. The latter has a higher chance at higher
on rates. Therefore, a balanced exposure time is necessary. For lifeAct the reported
half-life on the actin filaments is 23 ms [17] and it is preferentially imaged with 50100 ms exposure time.
b. Laser Power. Laser power and exposure time are co-dependent on each other and on
fluorophore stability. Fluorescent proteins like GFP are easily bleached compared to
organic dyes. It is important that a maximum amount of photons is collected from
one single molecule during the selected exposure time. Therefore, laser power can
be varied between probes with higher laser powers for more stable probes (Note
7). Because the sample is crowded with diffusing lifeAct-fluorophore molecules
the laser power should also be kept at moderate levels to minimize background.
Starting at low laser powers and gradually increasing them usually results in the
rapid recognition of the optimum laser power.
c. Number of collected frames. The more frames can be collected, the better.
Reconstruction of a single molecule image preferentially relies only on the most
accurate localizations, which can be filtered based on localization precision.
Collecting more frames at optimal settings allows more stringent filters on
localization precision, but care should be taken to minimize and correct sample
drift. Selecting only the most accurate detection already results in a full overview of
the image with high resolution. Typically we record 30,000-40,000 frames.
d. Fluorophore density. SMLM relies on the detection of individual fluorophores
conjugated to lifeAct that are binding sequentially. Therefore, lifeAct should be
diluted to a concentration such that every frame single molecules can be observed.
In 2D and 3D imaging the plane in focus will be the plane where the point spread
function of the single molecules are symmetrical. For SMLM imaging, labeled lifeAct
is typically diluted to 1-5 nM in d-PBS (Note 9).
e. Laser angle. Total Internal Reflection of the laser at the coverslip-sample interface
results in an evanescent wave of typically a few hundred nanometers, which prevents
excitation of out-of-focus fluorophores. Reducing the incident laser angle results
in a more oblique illumination field which yields deeper sample penetration and
fluorophore excitation. The latter can be favorable because of imaging depth, but
also increases background fluorescence. The incident laser angle should thus be
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adjusted dependent on required imaging depth and the background intensity that
is acceptable.
Analysis
The final super resolution image is created by accumulation of all single molecule positions
that were acquired during imaging. Single molecule positions can be accurately determined by
fitting the PSF to a Gaussian and determine the midpoint. The midpoint can be localized with
nanometer precision based on the width of the Gaussian. Detection/fitting and subsequent
reconstruction of the super resolved image is performed by dedicated software packages.
There are several freely available packages (e.g. DoM Utrecht [19], RapidSTORM [22],
ThunderSTORM [21], QuickPALM [20]) or commercially available packages to reconstruct
a super resolved image.
1. Detection and fitting of the imaged fluorophores is dependent on the image parameters
as well as on the recorded PSF. The software usually requires input of the pixel size and
several threshold values like estimated PSF size to exclude abnormal detections that
cannot result from single molecules. The midpoint of included localizations is then
determined with nanometer precision by fitting or maximum likelihood estimation.
2. The detection and fitting process results in a table that contains information about all
the individual detected fluorophores. Fluorophore parameters include: the x- and
y-coordinate, the image number in which it was acquired, PSF symmetry (in x and y),
PSF shape, PSF brightness etc.
3. Next, reconstruction of the super resolution image can be done based on this particle
table. All the stored x- and y-coordinate are used to plot the midpoint of these molecules.
The midpoint can be plotted as a small Gaussian of a constant size or each midpoint can
be plotted as a spot based on its individual localization error. This localization error can
be calculated from the fitting parameters and used as a threshold. Fluorophores with
more precise localizations can then be plotted as tight spots while less well localized
fluorophores are represented as more spread localizations. Several parameters should be
taken into account while reconstructing the final image. The pixel size of the reconstructed
image should be selected in such a way that they are at least half the size of the smallest
details according to the Nyquist criterion. Furthermore, the localizations used in the
final reconstruction can be filtered on the localization precision. It should be noted that
filtering too much or selecting a very low pixel size will eventually result in very sparse
localizations. Both these parameters can be varied and optimized per image to obtain a
successful and informative super resolution reconstruction.
4. Drift correction is a final important step in the analysis. Because of the nanometer
localization accuracy, any drift of the sample with respect to the objective will be clearly
visible in the final reconstruction. Long imaging times combined with small thermal
fluctuations will result in noticeable drift in the final reconstruction. The available
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5.

software packages usually support drift correction based on frame-to-frame crosscorrelation of fiducial markers or cross-correlation of intermediate super resolution
reconstructions [27,28]. The fiducial markers can be small particles like beads that are
fixed to the coverslip and do not move within the sample. When drift correction based
on intermediate super resolution reconstructions is applied, a frame interval should be
chosen in such a way that the images can be correctly correlated and drift can be detected
(Note 9).
An example of a successful super resolution reconstruction of actin, imaged with either
GFP or Alexa647 coupled to lifeAct is shown in figure 2.

Figure 2: Representative super resolution images obtained using the lifeAct probes.
Diffraction-limited overview (a), super-resolved image (b) and zooms of lifeAct-GFP used on a HeLa cell
(top) or lifeAct-AlexaFluor647 used on a COS7 cell (bottom). Scale bars in super resolved images are 5 µm
and 1 µm in the zooms.
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NOTES
1.

The Amino Acid sequence of the lifeAct-cysteine-PreScissionSite-GFP-6xHis construct is
M G VA D L I K K F E S I S K E E G S G S C E F L E V L F Q G P VS KG E E L F T G V V P I LV E
L D G D V N G H K F S VS G E G E G DAT YG K LT L K F I C T T G K L P V P W P T LV T T
LT YG VQ C F S RY P D H M KQ H D F F K S A M P E G Y VQ E RT I F F K D D G N Y K T R
A E V K F E G D T LV N R I E L KG I D F K E D G N I L G H K L E Y N Y N S H N V Y I M A D
KQ K N G I K V N F K I R H N I E D G S VQ L A D H YQ Q N T P I G D G P V L L P D N H Y L
S T Q S K L S K D P N E K R D H M V L L E F V TA A G I T L G M D E LY K L E H H H H H H

2.

Identifying cells of interest. Because low concentrations of
do not provide a full overview of the cellular structures,
or other cellular marker can be expressed to identify cells of interest.

3.

Optimizing protein yields.
a. A greenish bacterial pellet usually indicates sufficient expression.
b. During each step samples for SDS page can be taken to determine the presence of
recombinant protein.
c. Release of soluble protein after lysis can be increased by the addition of small
amounts of lysozyme to weaken the bacterial cell wall.
d. Overall low soluble protein levels can occur because the recombinant lifeAct can
enter into inclusions bodies at too high concentrations. This can be prevented
by reducing induction time to only a few hours at 20°C. In addition, DTT
concentration can be increased to prevent disulfide-bond formation after lysis.

4.

Alternative construct for fluorescent protein imaging only. When lifeAct is only
used conjugated to GFP or other fluorescent proteins, removal of the cysteine
and PreScission site could result in higher solubility and protein yields.

5.

In case of low labeling efficiency of lifeAct-Cysteine:
a. Measure the amount of labeled lifeAct by BCA assay and the concentration of labeled
lifeAct as described in section 3.4. When the protein concentration is much higher
than the concentration of the fluorophore, the sample is most likely unsaturated
due to an inefficient maleimide-thiol reaction or because too little dye was added
during the reaction. In the latter case, repeat the purification with an increased dye
concentration. The fluorophore to lifeAct-cysteine ratio should be 10-20.
b. In case of poor reaction efficiency, also check the pH of the buffers.
Furthermore, make sure that DTT is washed from the solution and
that TCEP exceeds the protein concertation approximately 10-fold to
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reduce unwanted disulfide bond formation of the available cysteines.
6.

Alternative protocol for multicolor super resolution:
a. Alternative to the protocol described in section 3.4 an extraction and fixation protocol
more optimal for co-staining with microtubules can be used. In Short: pre-extract in
0.25% glutaraldehyde + 0.3% Triton-X in PEM80 for 1 minute (37°C). Replace preextraction with 4% PFA in PEM80 (37°C) for 7 minutes. Proceed with washing as
described in section 3.4 and add an extra permeabilization step of 0.25% Triton-X in
d-PBS for 8 minutes followed by 3 more washes and blocking. Use primary labeled
antibodies or nanobodies against tubulin to speed up the staining process [19].
b. Secondary antibodies can be labeled with a variety of functionalized probes.
When super resolution imaging of actin by lifeAct needs to be combined
with dSTORM super resolution imaging of the second structure, Alexa647
is the best label to be used on the secondary antibody. Alexa647 has rapid
blinking properties in PBS supplemented with glucose oxygen scavenger
[25]. LifeAct based protein-PAINT is compatible with this buffer.

7.

The rapid blinking properties make Alexa647 extremely suitable for dSTORM.
However, when lifeAct-Cysteine is used for PAINT-like super resolution through
transient binding a more stable fluorophore is required. Labeling lifeAct-Cysteine
with other organic dyes might result in a higher photon yield. Alternatively,
addition of methylviologen (MV) and ascorbic acid (AA) in the imaging buffer
will stabilize Alexa647 significantly [29,30]. Concentrations of MV and AA can be
varied between 50 µM and 1 mM to optimize photon yield and binding properties.

8.

Cell morphology and structures appear to be affected after fixation. Handle samples
carefully. Samples are very fragile during extraction and fixation. Always pipet
at the sides of the dish and not directly on the sample because sheer stress can
perturb the cell integrity even when fixed. Take extra care while handling samples
that are sensitive to fixation techniques like neurons and thick samples.

9.

Super resolution reconstruction is unclear:
a. SMLM relies on the localizations of truly individual fluorophores. Too little
localizations will result in a dotty image that can be enhanced by an increase of the
pixel size. This will increase the amount of localizations per pixels. However, labeling
density can also be too high. When two fluorophores emit light too close together
the PSFs will obscure each other and result in mislocalization and poor localization
errors. False and poorly localized detections will result in a loss of details.
b. Adjust drift interval and other parameters of drift correction. Incorrect drift
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correction can be clearly visible as a jumped image but sometimes also more subtle
as a blurry reconstruction.
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Myosin-Mediated Retention of Cargo at the AIS

ABSTRACT
The selective transport of different cargoes into axons and dendrites underlies the polarized
organization of the neuron. Although it has become clear that the combined activity of
different motors determines the destination and selectivity of transport, little is known about
the mechanistic details of motor cooperation. For example, the exact role of myosin-V in
opposing microtubule-based axon entries has remained unclear. Here we use two orthogonal
chemically-induced heterodimerization systems to independently recruit different motors
to cargoes. We find that recruiting myosin-V to kinesin-propelled cargoes at approximately
equal numbers is sufficient to stall motility. Kinesin-driven cargoes entering the axon were
arrested in the axon initial segment (AIS) upon myosin-V recruitment and accumulated
in distinct actin-rich hotspots. Importantly, unlike proposed previously, myosin-V did not
return these cargoes to the cell body, suggesting that additional mechanism are required to
establish cargo retrieval from the AIS.
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INTRODUCTION
The selective transport of different cargoes into axons and dendrites underlies the polarized
organization of the neuron. Recent work has revealed that different motor proteins have a
different selectivity for axons and dendrites. For example, some kinesins selectively target
axons, while others target both axons and dendrites (Lipka, Kapitein et al. 2016, Huang,
Banker 2012). In addition, myosin-V has been implicated in selective targeting to dendrites
(Lewis, Mao et al. 2009). Expression of a dominant negative form of myosin-Va caused the
non-specific localization of cargo otherwise enriched in the somatodendritic compartment.
Furthermore, coupling a protein to a myosin-Va binding domain was sufficient to cause its
somatodendritic localization. More recent work has reported that vesicles with dendritic
cargoes often enter the axon, but stop and reverse in the axon initial segment (AIS) in a
process that depends on myosin-Va and an intact actin cytoskeleton (Al-Bassam, Xu et al.
2012). Nevertheless, the exact contribution of actin and myosin-V to axonal exclusion has
remained controversial, given that actin disruption also distorted the sorting of cargoes
into the proper carriers (Petersen, Kaech et al. 2014). In addition, whether recruitment or
activation of myosin-V is sufficient to cause the reversal of dendritic cargo has remained
unclear.
Although it has become clear that the combined activity of different motors
determines transport destination and selectivity, little is known about the mechanistic details
of motor cooperation. For example, it is not known whether acute activation or recruitment
of myosin-V is sufficient to oppose kinesin-based axon entries. More generally, how the
outcome of multiple motors depends on the relative amounts of motor proteins recruited to
cellular cargoes has remained unexplored. Elegant in vitro assays have used DNA origami
to assemble well-defined combinations of different motor proteins (Derr, Goodman et al.
2012), but similar control has not yet been achieved inside cells. Previously, acute recruitment
of different motor proteins using chemically-induced heterodimerization has been used to
probe combinatorial motor activity in non-neuronal cells (Kapitein, Schlager et al. 2010b,
Kapitein, van Bergeijk et al. 2013). These experiments revealed that, in non-neuronal COS7
cells, recruitment of myosin-V is sufficient to attenuate kinesin-propelled cargo (Kapitein,
van Bergeijk et al. 2013). However, in these assays, the motors could not be recruited
independently, which would enable sequential recruitment of different motors.
Here we introduce a new assay that allows the independent recruitment of
different motor proteins. We find that recruiting myosin-V to kinesin-propelled cargoes at
approximately equal numbers is sufficient to stall motility. Kinesin-driven cargoes entering
the axon were arrested in the AIS upon myosin-V recruitment and accumulated in distinct
actin-rich hotspots. Importantly, unlike proposed previously, myosin-V did not return these
cargoes to the cell body, suggesting that additional mechanism are required to establish cargo
retrieval from the AIS.
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RESULTS
To establish an assay for the independent recruitment of different motors, the FKBP-rapalogFRB heterodimerization system was combined with a recently introduced chemically-induced
heterodimerization system in which the cell-permeable, AM-modified plant hormone
gibberellin triggers the interaction between a GID1 and a GAI domain (Miyamoto, DeRose
et al. 2012). We chose this dimerization system over light-induced systems, because, similar
to the FKBP-rapalog-FRB system, the induced complex formation has been reported to be
essentially irreversible. As a result, the available sites on the cargoes will be quickly saturated
as long as the number of GAI-labeled motors in the cell is higher than the total number
of GID1-sites on the cargoes, irrespective of the exact concentrations. Therefore, if both
heterodimerization systems are combined in one peroxisome-targeting construct, PEX3mRFP-FKBP-linker-GID1, the FRB and GAI domains will be recruited with roughly equal
probabilities.
To test the independent recruitment of different motors, COS7 cells were transfected
with PEX3-mRFP-FKBP-linker-GID1, Kif17-GFP-GAI and MyoVb-iRFP-FRB (Fig. 1A, B).
Upon addition of gibberellin, Kif17-GFP-GAI was recruited to PEX3-mRFP-FKBP-linkerGID1 and peroxisomes were rapidly redistributed to the cell periphery (Fig 1C, middle
column). Similar to previous observations, peroxisomes in the cell periphery remained
mobile even after reaching the periphery of the cell (Kapitein, van Bergeijk et al. 2013). In
addition, contrary to FKBP-based heterodimerization, we noted that a subset of peroxisomes
was already mobile at the periphery before addition of gibberellin, indication some degree
of background heterodimerization. To still ensure independent recruitment of different
motors, gibberelin-based motor recruitment was always performed prior to rapalog-based
recruitment.
Twenty five minutes after addition of gibberellin to recruit kinesin, rapalog was added
to recruit myosin-V (Fig1A), resulting in an arrest of the kinesin-driven motility and the
accumulation of peroxisomes near the cell cortex (Fig1C, right column, Fig1D; Supplemental
Video 1). These effects were quantified using two previously introduced metrics (van Bergeijk,
Adrian et al. 2015). First, we calculated for all frames the radius required to include 90% of
the fluorescence intensity of the peroxisomes (R90%), which revealed that peroxisomes moved
rapidly to the periphery upon recruitment of kinesin, but did not move much further upon
recruitment of myosin-V (Fig. 1E, F). Second, we used image correlation analysis to measure
the overall frame-to-frame similarity during the experiment. In the absence of transport, two
subsequent images are largely identical and the correlation index will be close to 1, whereas
a value of 0 indicates that all organelles have moved to previously unoccupied positions. The
correlation index decreased upon kinesin recruitment, reflecting the increased peroxisome
mobility, whereas it increased after recruitment of myosin, indicating that peroxisome became
less motile (Fig. 1E, F). This decrease in motility was not observed without recruitment of
myosin although cargo reached the cell periphery. This is reflected in the correlation index
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which remains low without myosin recruitment. Thus, different heterodimerization systems
can be combined to independently recruit different motor proteins, and the recruitment of
myosin-V to kinesin motors at roughly equal numbers is sufficient to arrest kinesin-driven
motility.

3

Figure 1: Sequential recruitment of kinesin and myosin-V in COS7 cells
A) Assay: Sequential recruitment of kinesin and myosin-V by addition of gibberellin and rapalog,
respectively.
B) Overview of constructs. MD, motor domain; CC, coiled coil; NC, neck coil; GAI, gibberellin insensitive;
GID1, Gibberellin insensitive dwarf1.
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C) Peroxisome distribution before recruitment of motors and after sequential recruitment of kinesin and
myosin-V. Red curves indicate cell outline. Panels show individual frames of a cut out. Scale bar, 20 µm.
D) Radial kymograph indicating the redistribution of fluorescent peroxisomes relative to the cell axis.
Vertical lines indicate addition of gibberellin (blue) and rapalog (black). Scale bar, 10 µm.
E) Displacement (expressed in R90%) and correlation (frame-to-frame similarity from 0 to 1) versus time
for cells without added ligands (control, gray), cells with addition of gibberelin only (Gibberelin, black) and
cells with addition of gibberellin and rapalog (Gib + rapa, red). N=12, 16 and 14 cells for control, gibbellin
and gib+rapa groups respectively. Data was obtained from 2 experiments, mean ± s.e.m. Vertical lines
indicate time of addition of gibberellin (blue) and rapalog (black), if added.
F) Averages of ten frames of each cell at t=0-4.5 min (before, B), t=25-29.5 min (middle, M) and t=5559.5min (end, E). *P<0.05, **P<0.005, ***P<0.001, ****P<0.0001, Friedman test, Dunn’s post hoc test.

We next switched to neurons to examine how activation of myosin-V alters the
kinesin-driven transport of peroxisomes into the axon. We used the kinesin-1 KIF5B, because
this motor has been reported to efficiently target cargoes selectively into the axon (Petersen,
Kaech et al. 2014, Kapitein, Schlager et al. 2010a, Song, Wang et al. 2009) (Supplemental Figure
1A-C). Indeed, the addition of gibberellin to dissociated hippocampal neurons expressing
PEX3-mRFP-FKBP-linker-GID1, Kif5-GFP-GAI and MyoVb-iRFP-FRB induced a burst of
peroxisome motility into the axon (n = 16, Fig. 2A-D). Remarkably, the subsequent addition
of rapalog to recruit myosin-V resulted in the appearance of several spots in the proximal
axon where axon-entering peroxisomes would cluster together, whereas further down the
axon (>35 µm) such clusters did not emerge (n= 15 cells, with ≥2 induced axonal clusters and
> 75 µm axon length imaged were included, Fig. 2A-D, Supplemental Video 2). Quantification
revealed that the percentage of cells that had more than two proximal axonal accumulations
increased from 6.25 to 75% during the first 40 minutes after addition of gibberellin (Fig.
2D). Thus, the acute, close-to-equimolar recruitment of myosin-V to kinesin-1 driven, axonentering cargoes clusters these cargoes in the proximal axon.
Previous work has suggested that myosin-V can drive retrograde axonal transport,
thereby returning to the cell body cargoes that have erroneously entered the axon (Watanabe,
Al-Bassam et al. 2012). In contrast, we observed that myosin-V induced the appearance of
cargo clusters that were largely immobile. To analyze the motility of the myosin-V induced
peroxisome clusters in more detail and test for retrograde motility, we traced individual
peroxisome clusters (Fig. 2E) and averaged their mean-squared displacements (MSD) for
different time intervals (Fig. 2F). The power dependence α of the MSD with increasing
time intervals τ, MSD ∝ τ α, is the anomalous diffusion exponent (Saxton, Jacobson 1997)
and indicates whether motility is completely random (a≈1, diffusive), directed (1<a≤2,
superdiffusive), or confined (0<α<1, subdiffusive). Our analysis revealed that the clusters
were confined and that the average displacement over > 13 minutes was less than 500 nm
(i.e. (0.25 mm2)1/2, Fig. 2F). Thus, myosin-V does not drive retrograde transport, but anchors
cargo at specific locations in the proximal axon.
To explore how myosin-V affects the motility of cargoes that autonomously travel
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Figure 2: Myosin-V anchors kinesin-1 propelled peroxisomes in the proximal axon and somatodendritic
compartment
A) Dissociated hippocampal neuron showing the distribution of PEX3-mRFP-FKBP-linker-GID1 before
(top), after the recruitment of Kif5-GFP-GAI through addition of gibberellin (middle) and after the
addition of rapalog to recruit MyoVb-iRFP-FRB (bottom). Red arrows indicate motile peroxisomes, black
arrows indicate non-motile peroxisome accumulations. Scale bar, 10 µm.
B) Zoom of the proximal axon of neuron in A before (left), plus gibberellin (middle), and plus rapalog
(right). Bottom row shows a maximum projection of a 5 minute interval before (left) or after the addition
of dimerizers (middle, right).
C) Sequential frames of the proximal axon of a dissociated hippocampal neuron treated and imaged as in
A. Manually annotated tracks are displayed superimposed on the bottom panel.
D) Number of stalled peroxisome accumulations in the axon before and after anchoring with MyoVb. n =
16 and n = 24 for control and +Rapalog, respectively ***, p<0.001 Fisher Exact test.
E) Relative displacements of myosin-V anchored clusters 10 minutes after the addition of rapalog. Negative
and positive displacement indicates retrograde and anterograde movement, respectively
F) Mean square displacement analysis of myosin-V anchored peroxisome clusters tracked for at least 25
intervals of 30 seconds mean ± sd (n=26). Red lines show example curves with slopes α = 1 and α = 0.5 (i.e.
log(MSD) ∝ α log τ ), representative of purely diffusive or confined motility, respectively.

into the axon, we next turned to Rab3-positive vesicles. When myosin-Vb was recruited to
Rab3 vesicles using the FKBP-rapalog-FRB system (Fig. 3A), we observed the emergence of
immobile clusters of Rab3-positive vesicles in the first part of the axon, whereas the motility
of vesicles in the distal axon did not appear affected, based on inspection of the kymographs
(Fig. 3B,C; Supplemental Video 3). In addition, motility arrest and clustering was observed
in the somatodendritic compartment (data not shown). Rab3 vesicle clustering was not
observed upon treatment with rapalog or gibberellin in the absence of MyoVb-iRFP-FRB
expression or without addition of rapalog in the presence of the motor (Supplemental Fig
2A,B). To test whether clustering was selective for the axon initial segment (AIS), we repeated
the experiment, followed by staining for the AIS marker Ankyrin-G (Fig 3D-E). Quantitative
analysis of the Rab3 cluster relative to the staining of Ankyrin-G revealed that 92 ± 17 % of
clusters were found in AIS (average ± sd, n=9 cells) (3F). MSD analysis revealed an anomalous
diffusion exponent of ~1 for time scales < 360 seconds (3G). At longer times, the MSD leveled
off, suggesting that Rab3 cluster motility was confined to 700-800 nm (i.e. (0.6 mm2)1/2). It is
important to note that the selective clustering in the AIS could be a trivial consequence of the
very low levels of myosin-V in the remainder of the axon (Fig. 3H). Nevertheless, these results
demonstrate that myosin-V induces cargo clustering, rather than retrograde transport.
Recent work has suggested a role for specialized actin structures in the AIS in
myosin-V based cargo retrieval (Watanabe, Al-Bassam et al. 2012). To examine the relation
between myosin-V induced cargo clustering and the actin cytoskeleton, we next performed
superresolution microscopy to image actin and Rab3 in MyoVb-GFP-FRB and FKBPtdTomato-Rab3c expressing neurons (Fig. 4A-B). To visualize actin, we purified GFP-tagged
Lifeact, a small probe that transiently interacts with polymerized actin and can be used to
achieve the repetitive low density labeling required for single molecule localization microscopy
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Figure 3: Myosin-V anchors Rab3 vesicles in the proximal axon of hippocampal neurons
A) Assay: Recruitment of myosin-V to Rab3 vesicles by addition of rapalog.
B) Rab3 positive vesicle distribution in the proximal axon. Upon coupling of myosin-Vb to vesicles by
addition of rapalog, Rab3 vesicles start accumulating in big puncta. Scale bar, 10 µm.
C) Kymographs of Rab3 vesicles in the proximal and distal axon. Short timelapses were acquired with 500
ms intervals before and after addition of rapalog. For imaging of distal axons after rapalog treatment, cells
were chosen 1 hr after rapalog addition that showed clear Rab3 anchoring in their proximal axon. Scale
bar, 5 µm.
D) Rab3 distribution after myosin-Vb recruitment, together with a staining for Ankyrin-G to indicate the
AIS. BFP was used as a fill to show the overall morphology. Scale bar, 10 µm.
E) Plot of the cumulative number of Rab3 accumulations found in the axon normalized to the AIS
determined for cells after rapalog addition to recruit myosin-Vb.
F) Number of accumulations found in the AIS and the distal axon as determined using Ankyrin-G staining.
The number of accumulation were determined in fixed cells with and without addition of rapalog Mean
±sd (n=9 for both conditions), 2-way ANOVA reveals Finteraction = 26.27, p = 0.0001. Post-hoc multiple
comparison testing: ****, p<0.0001.
G) Mean square displacement analysis of myosin-V anchored peroxisome clusters tracked for at least 25
intervals of 20 seconds. Mean ±sd (n=18).
H) Distribution of the MyoVb(1-1090)-EGFP-FRB construct. The axon is indicated by arrows.. Scale bar,
10 µm.
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(Kiuchi, Higuchi et al. 2015) . To visualize Rab3, we used DNA-PAINT, in which a secondary
antibody is labeled with an oligonucleotide that can transiently hybridize with a fluorescently
labeled complementary strand, which also ensures repetitive low density labeling (Jungmann,
Avendano et al. 2014). After optimization of the extraction and fixation protocols, this enables
us to perform two-color nanoscopy of the actin network and rab3 vesicles.
In control cells that were not treated with rapalog, we observed both regularly spaced
actin stripes, as described previously (Xu, Zhong et al. 2013), long actin fibers and distinct
actin patches with concentrated staining (Fig. 4A). No apparent colocalization between actin
and Rab3 was observed in these cells. In cells treated with rapalog, a clear colocalization
between Rab3 accumulations and actin-rich regions was observed (Fig. 4B). The diameter
of Rab3 structures that were colocalized with actin patches was about two times greater
compared to Rab3 structures outside these patches or in cells without rapalog treatment (Fig.
4C). This suggests that multiple vesicles have coalesced on these patches, consistent with our
live imaging data of cluster formation (Fig. 3B, C). Furthermore, Rab3 clusters were only
observed in the proximal and not the distal axon (Fig 4D-E). These data demonstrate that
actin patches are the site of myosin-mediated anchoring.

DISCUSSION
We have developed an assay for the sequential recruitment of motor proteins to specific
cargoes. Using this assay, we were able to show that recruiting myosin-V to kinesin-1-driven
cargo is sufficient for myosin to attenuate kinesin-driven motility of peroxisomes in COS7
cells. Future work will be directed towards exploring the myosin-kinesin ratio at which stalling
still occurs. In addition, the outcome of other motor combinations could also be explored, for
example kinesins and dyneins or combinations of different kinesin motors.
We were able to show a similar anchoring behavior in neurons where peroxisomes
coupled to kinesin entered the axon, but were subsequently anchored at the Axon Initial
Segment by myosin-V recruitment. Similar results were obtained upon recruitment of
myosin-V to Rab3-positive vesicles. No reversals of myosin-V anchored peroxisomes back
into the cell soma were observed. These results support a model in which myosin-V stalls
the motility of dendritic vesicles that erroneously entered the axon, but also demonstrate
that recruitment of myosin-V is not sufficient to bring these cargoes back into the soma to
facilitate delivery to their proper destination. These finding are consistent with earlier work
demonstrating that the coupling of a myosin-Va binding domain of Melanophilin to vesicles
with no specific localization increases their halting frequency in the AIS but not the frequency
of reversals (Al-Bassam, Xu et al. 2012).
Myosin-V-induced anchoring was also observed in the dendrites and soma,
suggesting that this anchoring does not depend on specific feature of the AIS, but will occur
whenever cargoes with active myosin-V enter actin-rich regions. Indeed, actin hotspots in the
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Figure 4: Myosin-V-anchored Rab-3 vesicles accumulate on actin patches in the proximal axon.
A,B) Single molecule localization microscopy of sequentially imaged lifeAct-GFP protein-PAINT and
DNA-PAINT to visualize actin and Rab3, respectively. DIV10 neurons overexpressing MyosinVb-HAFRB and Rab3-tdTomato-FKBP, post-stained for TdTomato and AnkyrinG. Axons were identified by
AnkyrinG staining. Super-resolution images are shown for the regions indicated in the widefield images
(top panel). Control (A) and MyosinVb coupled Rab3 vesicles (B) are imaged together with actin (middle
3 panels). Scale bar: top panel 10 µm, middle panels 2 µm, zooms 0.2 µm
C) Quantification of the FWHM of Rab3 structures in control and rapalog-treated cells. Myosin-coupled
Rab3 vesicles were separated based on their colocalization with actin patches. Mean±sd are depicted (n =
8-10 for 2 cells per condition).
D) Super-resolution image and zoom of Rab3 cluster colocalization with actin in the somatodendritic
compartment. Scale bar: left panel 2µm, right panel 0.2µm
E) Super resolution image and zoom of Rab3 vesicles and actin in the distal axon. Scale bar: left panel
2µm, right panel 0.2µm

distal axon were also described by others (Ganguly, Tang et al. 2015). We do not exclude that
recruitment of other proteins could also affect the transport of cargoes, for example due to
steric effects. However, myosin-5 is recruited to kinesin that is already attached to an organelle
and therefore the increase in size is not as dramatic compared to recruiting myosin-5 to a
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free kinesin. More importantly, myosin-5 recruitment stalls transport on actin patches, which
suggests that this effect is at least specific to a actin-binding protein. Although myosin-V
based anchoring is not restricted to the axon, the actin in the AIS still establishes an important
vesicle filter, because it enables the halting of cargo that is not supposed to enter the axon.
This suggests that the cargo recruitment and/or activation state of myosin-V determines
whether the cargo is allowed to pass the AIS. Upon anchoring, the subsequent recruitment
of dynein could return the cargo to the cell body. This is consistent with recent work on the
dynein regulator NDEL, which was shown to localize to the AIS via an interaction with the
scaffolding protein Ankyrin-G and facilite cargo reversal (Kuijpers, van de Willige et al. 2016).

EXPERIMENTAL PROCEDURES
DNA constructs and protein purification
DNA constructs used in this study were cloned in pGW1-CMV and pβactin-16-pl vectors.
The pβactin-PEX3-mRFP-FKBP-linker-GID1 construct was made by PCR amplification of
the GID1 domain with addition of a linker (SAGGSAGGSAGG), then ligated into the SpeI
and NotI sites of the pβactin-PEX3-mRFP vector described previously (Kapitein, Schlager et
al. 2010b), followed by PCR amplification of FKBP(1x) and insertion into the EcoRI and SalI
sites of the construct. The FKBP encoding fragments were described previously (Kapitein,
Schlager et al. 2010b).
pβactin-MyoVb-(amino acid 1-1090)-GFP-FRB was described before (Kapitein, van
Bergeijk et al. 2013). MyoVb-(1-1090)-iRFP-FRB (myosin-Vb) was generated by replacing the
GFP by iRFP using the EcoRI and SpeI sites. Kif17md-GFP-GAI was generated by insertion
of Kif17MD (aa 1-547 of human KIF17) in AscI and SalI sites, GFP in SalI and SpeI sites,
and GAI(1-92) in SpeI and NotI sites of pβactin. FKBP-tdTomato-Rab3c was generated by
insertion of PCR-amplified tdTomato in Sal and SpeI site, Mouse Rab3c in SpeI and NotI sites
and FKBP(1x) in BamHI and SalI sites of the pβactin-16-pl vector.
To visualize actin using single molecule localization microscopy lifeAct-GFP was
purified and used as a transient binding probe(Kiuchi, Higuchi et al. 2015). In brief, lifeActGS linker -GFP was cloned into a PET28a vector with a C-terminal 6x His sequence and
transformed into BL21DE3 bacteria. Bacteria were grown until OD0.6 and induced with
1mM IPTG overnight at 17 ͦ C. Cells were then pelleted and resuspended in resuspension
buffer (20 mM HNa2PO4, 300 mM NaCl, 0.5% glycerol, 7% glucose, EDTA-free protease
inhibitor (Roche Diagnostics GmbH), 1mM dithiothreitol (DTT), pH 7.4). Cells were lysed
by sonication and the soluble and insoluble fraction were separated by centrifugation. NiNTA (Roche) beads were washed with resuspension buffer and incubated with the soluble
supernatant for 1.5 hours at 4 ͦ C. After incubation, the beads with bound proteins were
washed 5 times with wash buffer (10 mM HNa2PO4, 300 mM NaCl, 30 mM imidazole, 1mM
DTT, pH7.4). Finally lifeAct-GFP was eluted in Elution Buffer (10 mM HNa2PO4, 300 mM
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NaCl, 300 mM imidazole, 1mM DTT, pH 7.4) and snap-frozen at -80 ͦ C with 10% glycerol.
Cell cultures and transfection
COS-7 cells were cultured in DMEM/Ham’s F10 (1:1) medium containing 10% FCS and
penicillin/streptomycin. Cells were plated on 18-mm diameter coverslips 2–4 days before
transfection. Cells were transfected with Fugene6 transfection reagent (Roche) according to
the manufacturer’s protocol and imaged one day after transfection.
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat
brains. Cells were plated on coverslips coated with poly-L-lysine (30 mg ml−1) and laminin
(2 mg ml−1). Hippocampal cultures were grown in Neurobasal medium (NB) supplemented
with B27 (Invitrogen), 0.5 mM glutamine, 12.5 mM glutamate, and penicillin plus
streptomycin. Transfections of hippocampal neurons were performed 48 h before imaging with
lipofectamine 2000 (Invitrogen). DNA (1.8 μg per well) was mixed with 3.3 μl lipofectamine
2000 in 200 ml NB, incubated for 30 min, and added to the neurons in NB supplemented with
0.5 mM glutamine at 37 °C in 5% CO2. After 60-90 min neurons were washed with NB and
transferred to the original medium at 37 °C in 5% CO2 for 2 days. Transport assays in neurons
were imaged at day-in-vitro 12-16.
Live-cell imaging
Time-lapse live-cell imaging of peroxisomes in hippocampal neurons was performed on a
Nikon Eclipse TE2000E (Nikon) equipped with an incubation chamber (Tokai Hit; INUG2ZILCS-H2) mounted on a motorized stage (Prior)(Kapitein, van Bergeijk et al. 2013).
Coverslips (18 mm) were mounted in metal rings covered with conditioned medium. Cells
were imaged every 30 s for 60 min using a 40× objective (Plan Fluor, numerical aperture
(NA) 1.3, Nikon) and a Coolsnap HQ2 CCD camera (Photometrics).
Peroxisomes in COS7 and neurons were images using a 40x objective (Plan Fluor,
numerical aperture (NA) 1.3, Nikon) in Ringer’s solution (10 mM HEPES, 155 mM NaCl, 5 mM
KCl, 1 mM CaCl2, 1 mM MgCl2, 2 mM NaH2PO4 and 10 mM glucose, pH 7.4) or conditioned
culture medium respectively. Rab3 vesicles in neurons were imaged in conditioned medium
using a 100× objective (Apo TIRF, 1.49 NA, Nikon). A mercury lamp (Osram) and filter wheel
containing ET-GFP (49002), ET-dsRed (49005), ET-mCherry (49008) and ET-GFPmCherry
(59022) emission filters (all Chroma) were used for excitation. Rab3 in neurons were imaged
on a CoolSNAP MYO CCD camera (Photometrics) and peroxisomes in neurons and COS7
cells with a Coolsnap HQ camera (Photometrics, Tucson, AZ). During imaging, all cells were
maintained at 37 °C, as well as 5% CO2 when using conditioned medium.
Cell-permeable gibberellin (GA3IAM, a gift from Dr. T. Inoue (Miyamoto, DeRose
et al. 2012) and Rapalog (AP21967 from Ariad Pharmaceuticals) were added during image
acquisition to reach a final concentration of 150-300 nM and 100 nM respectively at the
indicated time points. In hippocampal neurons, the axon was identified based on morphology
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and Rab3 vesicle enrichment. The proximal axon was defined as the first part of the axon
before branching, whereas distal axon refers to axonal segments after at least 2 branch points.
To identify the axon in live cell imaging experiments (Figure S1), neurons were stained
for extracellular Neurofascin before imaging. Coverslips were placed in cultured medium
containing anti-neurofascin (Neuromab, mouse, 1/200) for 10 minutes. Coverslips where
then washed 5 times by briefly dipping them in neurobasal. Subsequently, coverslips were
incubated with anti-mouse AlexaFluor405 (Life Technologies, anti-mouse, 1/100) for 10
minutes. After 5 additional washes cells were place back into their cultured medium before
imaging.
Cell fixation and single molecule localization imaging
Cells transfected with Rab3-TdTomato-FKBP, MyosinVb-HA-FRB and a BFP fill (Fig. 3D-H)
were fixed with 4% PFA in PBS for 10 min at 37 °C. Subsequently, cells were washed 2 times
with PBS, permeabilized with 0.25% triton in PBS for 10 minutes and washed again 3 times
with PBS. After washing, cells were blocked for 45 minutes in blocking solution (2% w/v BSA,
0.2% w/v gelatin, 10 mM glycine, 50 mM NH4Cl in PBS, pH 7.4) and incubated overnight
with anti-Ankyrin-G (1/200, mouse, Life technologies). Cells were further incubated with
anti-mouse Alexa647 (1/400, Life technologies) and mounted for imaging in mowiol.
To determine the localization of the Rab3 accumulation (Fig. 3) samples were imaged on a
Nikon eclipse TI upright microscope with a 40x objective (UPLFLN, NA 1.3). Myosin-Vb
localization was imaged on an Olympus BX53 upright microscope with a 60x objective (oil,
UPLSAPO, NA1.35).
For simultaneous super-resolution imaging of Rab3 and actin (Fig. 4) cells
overexpressing Rab3-TdTomato-FKBP and MyosinVb-HA-FRB (either treated with rapalog
or not), were pre-extracted 1 minute with 0.35% glutaraldehyde and 0.25% triton-x in
cytoskeleton buffer (Xu, Zhong et al. 2013). Cells were then further fixed with 4% PFA.
Subsequently, samples were washed 3x with PBS followed by 10 minutes permeabilization
in PBS + 0.25% triton-x. After 3 more 5 minute washes in PBS, samples were blocked in 3%
BSA for 45 minutes followed by overnight 4 ͦ C staining with anti-AnkG (1/200, mouse, Life
technologies) and anti-RFP (1/500, rabbit, Rockland) in blocking buffer. After incubation
cells were washed 3 times 10 minutes in PBS and incubated with secondary anti-mouse
AlexaFluor488 (1/400, Life Technologies) and anti-rabbit-D2 from the Ultivue-2 super
resolution 2-plex kit (1/100, Ultivue) for 1.5 hours at room temperature in blocking buffer.
After 3 additional washes samples were mounted in a Lundin chamber in Imaging Buffer
(Ultivue). Single-molecule microscopy was performed on a Nikon Ti-E microscope equipped
with a 100x Apo TIRF oil immersion objective (NA. 1.49) and Perfect Focus System 3.
Excitation was achieved via a custom illumination pathway with a Lighthub-6 (Omicron)
containing a 638 nm laser (BrixX 500 mW multimode, Omicron), a 488nm laser (Luxx 200
mW, Omicron), and a 405 nm laser (Luxx 60 mW, Omicron). Emission light was separated
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from excitation light with a quad-band polychroic mirror (ZT405/488/561/640rpc, Chroma),
a quad-band emission filter (ZET405/488/561/640m, Chroma), and an additional single-band
emission filter (ET525/50m for green emission and ET655lp for far-red emission, Chroma).
Fluorescence was detected using a sCMOS camera (Hamamatsu Flash 4.0v2). Samples were
positioned in the x- and y-direction with an M-687 PILine stage (PI).
For super-resolution imaging, first cells expressing Rab3-TdTomato were selected
and AnkyrinG was imaged to identify the axon. LifeAct-GFP and Imager strand I2-650
(Ultivue) were diluted so that single molecule binding events could be observed for both
channels. Subsequently, the relatively weak AnkyrinG AlexaFluor488 staining was completely
bleached and LifeAct based protein-PAINT (Kiuchi, Higuchi et al. 2015)was performed by
observing single binding and unbinding effects. Subsequently, DNA-PAINT was performed
similarly for Rab3 structures stained with rabbit-D2 and Imager strand I-2. For both channels
between 8000 and 15000 frames were acquired with a 100 ms exposure time to reconstruct
super resolved images of both actin and Rab3. Images were then reconstructed using our
ImageJ plugin called DoM (Detection of Molecules, https://github.com/ekatrukha/DoM_
Utrecht) which has previously been described in detail(Yau, van Beuningen et al. 2014,
Chazeau, Katrukha et al. 2016).
Image processing and analysis
Images of live cells were processed and analyzed using MetaMorph (Molecular Devices),
LabVIEW (National Instruments) software and ImageJ (NIH). Drift correction was applied
using the StackReg plugin for ImageJ (Thevenaz, Ruttimann et al. 1998) for time series during
which multiple positions were recorded using a motorized stage.
To generate the radial kymograph, pixels that were above the set threshold were inserted into
a histogram representing the intensity versus the distance from the center of the cell. This
was done for each video frame using the camera pixel size as bin size (Kapitein, Schlager et
al. 2010b).
For analysis of redistribution dynamics in COS7 cells, cells were masked to exclude
contributions from neighboring cells to the analysis. A threshold was set for all images of
a time-lapse recording at ~6-12 times the standard deviation of the background above the
background to yield binary images. These thresholds were set manually such that individual
peroxisomes were suprathreshold (by a experimenter who was not blind to experimental
group). The same thresholds were set for analysis of the R90% and calculations of the correlation
index. To quantify peroxisome redistribution upon recruitment of motor proteins in COS7
cells, the radius required to include 90% of the total intensity of the cell, R90%(t), was calculated
for each frame as described previously (Kapitein, Schlager et al. 2010b). To quantify changes in
the dynamics of peroxisomes upon recruitment of (additional) motor proteins, we calculated
the time-dependent frame-to-frame correlation indexcτ(t) as described before (van Bergeijk,
Adrian et al. 2015). A value of 1 for cτ(t) indicates that particles are completely anchored and
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thus their position is unchanged after a time τ, whereas a value of 0 means that all particles
moved to locations that were previously unoccupied. For statistical analysis on R90% and
correlation index, average values of 10 frames at t=0-4.5min, 25-29.5min and 55-59.5 min
were used. Friedman test was performed with Dunn’s posthoc test.
To quantify the movement of the peroxisome or Rab3 accumulations formed
after recruiting Myosin-V in the proximal axon (Fig. 2E and Fig. 3G), their positions were
analyzed between 10 and 25 minutes after the addition of rapalog with 30 seconds interval
acquisition. The spots were tracked using the trackmate plugin for ImageJ. For every time
point the x-position relative to the initial position was plotted. For these trajectories, mean
square displacement analysis was performed using the MSDanalyzer (Tarantino, Tinevez et
al. 2014) class for MATLAB, including tracks that were at least 25 time points long (n=26 for
2E and 18 for 3G)).
To analyze Rab3 clustering (Figure 3E-F), the number of bright isolated spots as
shown in Fig. 3D were compared between the proximal axon (colocalizing with the AIS marker
Ankyrin-G, which marked a segment with visibly identifiable boundaries) and more distal
segments (further than the second branch), both in the presence and absence of rapalog. For
the quantification of the Rab3 accumulations relative to the AIS, the AIS length was measured
manually based on the bright Ankyrin-G staining that defines the AIS. Subsequently, the
location of the rab3 accumulation was divided by the measured length of the AIS.
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SUPPLEMENTARY FIGURES

3

Supplemental figure 1. Corresponds to Fig. 2
A) GFP fill (left) and live neurofascin staining (middle) of a cell expressing GFP, Pex3-mRFP-FKBP and
Kif5-GFP-FRB.
B) Partial maximum projections of the peroxisome-redistribution experiment performed on the cell in (A),
before (left) and after rapalog addition (right). Red arrows indicate the axon identified by neurofascin.
C) Percentage of cells with peroxisome targeting into the axon or both axon and dendrite, after recruitment
of kif5-GFP-FRB. In all cases the axon was identified by the live neurofascin staining as in (A,B). n=21
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Supplemental figure 2. Corresponds to Fig. 3
A) Rab3 positive vesicle distribution in the proximal
axon of a neuron that co-expressed myosin-Vb, but
was not treated with ligands (left panels), or did not
express myosinVb and was treated with Gibberellin
(middle panels) or rapalog (right panels). In these
control conditions Rab3 vesicles do not accumulate
in big puncta as seen by selective recruitment of
myosinVb. Scale bar, 10 µm.
B) Kymographs of Rab3 vesicles in the proximal
axon of cells co-expressing myosin-Vb with and
without addition of rapalog, or cells without
myosinVb and treated with Gibberellin or Rapalog.
Timelapse images were acquired with 20 s intervals.
Arrows indicate Rab3 accumulations appearing after
rapalog addition. Scale bar, 5 µm.

LEGENDS TO SUPPLEMENTARY VIDEOS
Supplemental video 1: sequential recruitment of kinesin and myosin-V in a COS7 cell
This video corresponds to Figure 1. Anchoring of kinesin propelled cargo by Myosin-V in a COS7 cell.
Total time: 60 minutes. Acquired with 30 seconds between frames. 600x sped up.
Supplemental video 2: Myosin-V anchors kinesin-1 propelled peroxisomes in the proximal axon
This video corresponds to Figure 2. Anchoring of kinesin propelled cargo by Myosin-V in a hippocampal
neuron. Total time: 60 minutes. Acquired with 30 seconds between frames. 600x sped up.
Supplemental video 3: Myosin-V anchors Rab3 vesicles in the AIS of hippocampal neurons
This video corresponds to Figure 3. Anchoring and clustering of Rab3 vesicles in the proximal axon of
hippocampal neurons. Total time: 40 minutes. Acquired with 10 seconds between frames. 200x sped up.
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Three-step Model for Polarized Sorting of KIF17 into Dendrites

ABSTRACT

Kinesin and dynein motors drive bidirectional cargo transport along microtubules and have
a critical role in polarized cargo trafficking in neurons [1, 2]. The kinesin-2 family protein
KIF17 is a dendrite-specific motor protein and has been shown to interact with several
dendritic cargoes [3-7]. However, the mechanism underlying the dendritic targeting of KIF17
remains poorly understood [8-11]. Using live cell imaging combined with inducible trafficking
assays to directly probe KIF17 motor activity in living 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 actin cytoskeleton at the
axon initial segment (AIS) prevents KIF17 vesicles from moving further into the axon. Third,
dynein-based motor activity is able to redirect KIF17 coupled cargoes into dendrites. We
propose a three-step model for polarized targeting of KIF17, in which the collective function
of multiple motor teams is required for proper dendritic sorting.
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RESULTS AND DISCUSSION
Full length KIF17 localizes to dendrites and tailless KIF17 targets the axon
Consistent with previous findings [4, 5], we found that endogenous KIF17 and exogenously
expressed full length KIF17 (KIF17-FL) localized to the dendritic compartment (MAP2
positive) of mature hippocampal neurons in culture (Figure 1A-E and S1A). Quantification
revealed that endogenous KIF17 is localized to dendrites in developing (DIV6) and mature
(DIV15) neurons; only ~5% of the cells show accumulations in axon tips and no AIS (NF186 positive) enrichment is observed (Figure 1A,F). Interestingly, overexpressed KIF17FL targeted the axon (~85%) in young neurons (DIV6), while in more mature neurons
(DIV15) the localization of KIF17-FL was largely dendritic (~10% of neurons with axonal
tip accumulation and no AIS accumulation) (Figure 1F and S1B,C). As reported [8-11], a
truncated form of KIF17 containing the motor domain and dimerization region (amino acid
1-547) but lacking the tail domain, 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 1E-H). Together, these data demonstrate that the motor domain is selective for the
axon and the tail region regulates the dendritic targeting of KIF17 in mature 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 domain and prevents motor activity [12-16]. 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 [17,
18]. Expression of KIF17-FL in COS7 cells showed a diffuse cytoplasmic pattern without any
microtubule labeling (Figure 2A). In contrast, both the KIF17-MD and coiled-coil 2 (CC2)
mutant KIF17-G754E, which has no autoinhibition [16], showed a strong microtubule staining
in the periphery of the cell (Figure 2A) and displayed fast motility towards the microtubule
plus-ends (Figure 2B). 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 cargounbound 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)[11, 19]. 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 [20]. 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 (Figure 2F,G and S2A-E) showed that the onset of motility of KIF17-FL is markedly
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Figure 1: Full length and truncated KIF17 constructs localize to different neuronal compartments.
A) Hippocampal neurons at DIV15 co-stained for endogenous KIF17, dendritic marker MAP2 and axon
initial segment marker NF-186.
B) Hippocampal neurons at DIV11+3 co-transfected with pSuper control or KIF17 shRNAs and
β-galactosidase (β-gal) to highlight neuronal morphology and stained for endogenous KIF17 and β-gal.
C) Quantification of KIF17 mean intensity in dendrites of neurons expressing pSuper control or KIF17
shRNAs (n =34-38).
D) Polarity index of NF-186, MAP2 and KIF17 in DIV15 neurons (n =12).
E) Hippocampal neurons at DIV19+2 co-transfected with β-gal and KIF17-FL-GFP or KIF17-MD-GFP.
Inserts show zooms of axon tips.
F) Percentage of cells with accumulations in at least 2 axon tips in young (DIV6) and mature (DIV15)
neurons with endogenous KIF17 and overexpressed KIF17-FL-GFP and KIF17-MD-GFP (n = 22-30).
G) Representative individual fluorescent intensity profile of KIF17-FL-GFP (black) and KIF17-MD-GFP
(red) at the tip of the axon.
H) Average normalized fluorescent intensity profiles of KIF17-FL-GFP (n =20) and KIF17-MD-GFP (n=
20) at the tip of the axon.
Blue arrowheads indicate axons and red arrowheads indicate dendrites. Scale bars: 20 µm (A,B,E), 10 µm
(inset A) and 5 µm (inset B,E). Error bars indicate SEM; ***p < 0.001 (Mann Whitney test). See also Figure
S1.

slower (t½ = 10.6 ± 3.0 min) compared to KIF17- G754E (t½ = 5.5 ± 2.9 min) and KIF17MD (t½ = 4.7 ± 2.2 min). 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) [4, 21]. These data
indicate that the KIF17 motor domain alone and the non-autoinhibited KIF17 mutant quickly
initiate cargo transport in living cells. These observations are consistent with the proposed
role of the CC2 region in regulating KIF17 activity [16].
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 [11]. Without rapalog-induced
motor coupling, the peroxisomes are largely immobile in hippocampal neurons (Figure
S3A). 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, KIF17MD efficiently drove transport through the proximal axon. Earlier work established that the
actin-rich AIS localized in the beginning of the axon functions as barrier for membranebound proteins [22], as well as transported cargoes [9, 23]. It was observed that dendritic
cargoes halt and reverse in the AIS, suggesting that the AIS barrier prevents ‘unwanted’ cargoes
from entering the axon [24]. Furthermore, it has been shown that the actin cytoskeleton is
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Figure 2: Cargo binding activates full length KIF17
A) COS7 cells transfected with KIF17-FL-GFP, KIF17-MD-GFP or KIF17-G754E-GFP and stained with
tubulin.
B) Still frames and kymograph (3.2µm x 5s) of KIF17-G754E-GFP moving towards the tip of a microtubule.
Histogram of average speeds of KIF17-G754E-GFP (n=31 tracks) was fitted with a Gaussian function.
C) Schematic representation of rapalog-induced coupling of KIF17-GFP-FRB to PEX-RFP-FKBP.
D) Cargo transport efficiency of indicated KIF17-GFP-FRB constructs. Left and middle panels show
maximum projections of peroxisome motility before and after rapalog. Right panels are time-coded color
plots.
E) Kymographs (35µm x 30 min) of PEX-RFP-FKBP and KIF17-GFP as indicated in (D; yellow boxes)
F) Graphs showing R90 displacement value (red) and correlation index (green) of peroxisomes over time
(n=11-13).
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G) Graph showing t½ of indicated KIF17 constructs (n=11-13).
H) Still frames of a single KIF17-FL coupled peroxisome in COS7 cells at 10 fps. Tracked path of a processive
nd an immobile peroxisome are indicated.
I) Histograms showing the average speeds of processive peroxisomes coupled to KIF17-FL, KIF17-MD and
KIF17-G754E (n=113-121 tracks) were fitted with a Gaussian fit.
Scale bar: 20 µm (A,D), 5 µm (A, inset) and 0.5 µm (B,H). Error bars indicate SEM. See also Figure S2
and Movie S1.

important for the function of the AIS cytosolic barrier [9, 23, 24]. Next, we treated neurons
with Latrunculin B (LatB) to depolymerize actin or expressed Ankyrin G (AnkG) shRNA to
disrupt the AIS (Figure S1D,E) and analyzed the behavior of KIF17-FL coupled peroxisomes.
We observed that disrupting the actin cytoskeleton or the AIS increased cargo motility and
allowed axon transport comparable to KIF17-MD (Figure 3C and Movie S3). These data
support the existence of an actin-based barrier at the AIS that regulates the entry of specific
vesicles into the axon [9, 23]. Since LatB treatment did not affect KIF5- or dynein-coupled
peroxisome motility (Figure 3E,F), the actin cytoskeleton is responsible for the specific KIF17FL-coupled cargo accumulations in the AIS. 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 S2). Interestingly,
rapalog-induced coupling of both truncated KIF5 motors (KIF5-MD-GFP-FRB) and the
KIF17-tail region (KIF17(266-1029)-GFP-FRB) to peroxisomes induced cargo stalling in the
proximal axon (Figure 3G,H). Moreover, the KIF17-tail region also stalls KIF5-MD-induced
Rab3 positive vesicles at the AIS, which can be suppressed by actin depolymerization (Figure
S3B-E). Furthermore, expression of the KIF17-tail region (as a dominant negative approach,
without coupling to cargo) suppresses KIF17-FL-GFP-induced Rab3 stalling at the AIS (Figure
S3F,G). These results indicate that the tail region of KIF17 is responsible for AIS anchoring.
One other possibility is that deactivation of KIF17 motor activity by back folding
may cause cargo stalling at the AIS. However our data argue against this option: KIF17-G754E
shows strong axonal tip accumulation when overexpressed in neurons but still anchors at
the AIS (Figure 3D and S2). However, local deactivation of KIF17 may still be achieved via
additional mechanisms, such as inhibiting microtubule binding or ATP hydrolysis of the
kinesin motor via local activation of regulatory protein in the AIS.
KIF17 vesicles are redirected into dendrites by cytoplasmic dynein
Next we examined how KIF17 vesicles transported out of the proximal axon and into the
dendrites and tested whether other motors present on the same cargo could redirect KIF17
transport. We first determined whether the retrograde motor dynein via recruitment of dynein
adaptor BICD2 drives KIF17-bound vesicles out of the axon towards the soma. We expressed
KIF17-FL-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
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Figure 3: The KIF17 tail region mediates cargo stalling at the AIS
A) Hippocampal neurons co-transfected with PEX-RFP-FKBP and KIF17-FL-GFP-FRB or KIF17-MDGFP-FRB and live stained for AIS marker Neurofascin. Cells expressing KIF17-FL were treated with 10 µM
Latrunculin B (LatB) for 1-2 h before imaging. Maximum projections of peroxisomes motility before and
after rapalog addition (top panels) and color plots of peroxisome distributions (bottom panels) are shown.
B) Kymographs (31µm x 31sec) showing movement of peroxisomes in the proximal axon.
C) Percentage of neurons with motile (moving) or non-motile (stopping) peroxisomes in the proximal axon
expressing the indicated constructs (n=11-16).
D) Behavior of the various KIF17 constructs after peroxisome coupling characterized as percentage of cells
with axon targeting and non-motile (stopping) peroxisomes in the proximal axon.
E) Hippocampal neurons co-transfected with PEX-RFP-FKBP and KIF5-MD-GFP-FRB before/after
rapalog addition, with/without LatB treatment. Images show maximum projections.
F) Percentage of neurons with moving or stopping peroxisomes in the proximal axon after rapalog-induced
coupling with KIF17-FL-GFP-FRB, KIF5-MD-GFP-FRB or BICD2N-GFP-FRB, with/without LatB
treatment (n= 11-16).
G) Hippocampal neurons co-transfected with PEX-RFP-FKBP, KIF5-MD-GFP-FRB and KIF17(2661029)-GFP-FRB before and after rapalog addition, with/without LatB treatment.
H) Percentage of neurons with moving, stalling or stopping peroxisomes in the proximal axon after rapaloginduced coupling of KIF5-MD-GFP-FRB together with indicated KIF17 constructs (n=12-30).
Scale bars: 10 µm (A,E,G). See also Figure S3 and Movie S2 and S3.

of peroxisomes in the proximal axon (Figure 4A-C) from ~20% in neurons with KIF17-FL
alone to ~50% in cells with KIF17-FL and BICD2N (Figure 4G). We next determined whether
dynein also redirects KIF17 bound 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 4D-F and Movie S4, S5). Under these conditions, all
neurons showed dendrite localization of KIF17-FL, while in the absence of BICD2N dendrite
targeting is rare (Figure 4H). These results demonstrate that KIF17 vesicles can be redirected
into dendrites by dynein motor activity.
Previous studies have analyzed the movements of KIF17 bound vesicles in neurons
and therefore concluded that KIF17 actively transports cargoes into dendrites [3, 4]. Since
various motor types (dynein, kinesin and myosin) can simultaneously bind to cargo, it is
challenging to interpret endogenous vesicle motility in neurons. Particularly in dendrites,
where the microtubule cytoskeleton has opposite polarity orientations [25]. Moreover, motors
attached to cargo can exist in active and inactive states and many regulators can influence
their local motor activity [26]. By directly probing KIF17-mediated cargo movements, we
found that full length KIF17 does not target dendrites but steers cargo into the axon, where
it anchors at the AIS. We also demonstrate that dynein can drive KIF17-bound vesicles out
of the axon and redirect them into the dendrites. These data fit well with the basic model
for polarized transport where most kinesins are responsible for transport into axons and
dynein motors are responsible for transport into dendrites [1, 2]. Thus, the dendrite specific
localization of KIF17 is not due to active KIF17 transport from the soma to the dendrite
but to decreased axonal entry and the use of dynein activity to target dendrites. What is the
role of KIF17 in dendrite specific cargo trafficking? First of all, in contrast to many other
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kinesin family members, KIF17 is a unique plus-end directed motor that prevents cargoes
from entering the axon by AIS anchoring. The decreased axonal targeting emphasizes the
importance of the actin-rich AIS in preventing ‘unwanted’ cargoes from entering the axon
and setting up the polarized distribution of somatodendritic proteins. Second, dynein helps to
bring KIF17 into dendrites. However, once the more distal dendrites are reached, KIF17 may
take over from dynein and deliver cargo towards the more distal dendritic regions. This idea
is consistent with the observed motility of KIF17-bound cargoes within dendritic branches
[11, 27]. Moreover, our data is in line with previous studies on polarized channel trafficking
showing that KIF17 is required for K+ channel Kv4.2 transport in dendrites but does not, by
itself, specify dendritic localization of the channel [5]. However additional studies are needed
to determine whether the transport kinetics of KIF17-attached peroxisomes can be compared
to a bona fide KIF17 cargo. Within dendrites, KIF17 may play a role in the spatial and
temporal fine-tuning of receptor and/or channel trafficking to synapses [27-29]. Together, the
data suggest that cooperativity between different motors is an important part of the polarized
sorting mechanism. However, it remains an open question how coupling between KIF17 and
dynein is regulated. Several studies have shown that interaction between different motor types
occurs via adaptor proteins, which act as a ’switch’ between two motors to mediate trafficking
[26, 30]. Future research will have to clarify how KIF17 and dynein interact with adaptors and
which regulators are involved to achieve targeted trafficking.

EXPERIMENTAL PROCEDURES
Animals and Ethics Statement
All animal experiments were performed in compliance with the guidelines for the welfare

Figure 4: Dynein redirects KIF17 to dendrites
A) Schematic representation of rapalog-induced co-coupling of KIF17-FL-GFP-FRB and dynein adaptor
HA-BICD2N-FRB to PEX-RFP-FKBP.
B) Still frames of retrograde peroxisome movement in the proximal axon at 30s interval after simultaneous
recruitment of HA-BICD2N-FRB and KIF17-FL-GFP-FRB.
C) Kymographs (25µm x 45 min) show increased retrograde movement of KIF17-FL-coupled peroxisomes
in proximal axon in the presence of BICD2N-FRB. Illustrations of manually traced cargo displacements
are indicated.
D) Maximum projections of KIF17-FL-GFP and peroxisomes movements in neurons expressing PEX-RFPFKBP, HA-BICD2N-FRB and KIF17-FL-GFP-FRB before and after rapalog addition.
E-F) Maximum projections before and after rapalog of dendrites of neurons expressing PEX-RFP-FKBP
and KIF17-FL-GFP-FRB with and without HA-BICD2N-FRB.
G) Percentage of neurons with retrograde and anterograde movement in proximal axon expressing the
indicated constructs.
H) Percentage of neurons with KIF17-FL positive peroxisomes in dendrites expressing the indicated
constructs.
Scale bars: 20 µm (D), 5 µm (E,F) and 3 µm (B). See also Movie S4 and S5.
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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.
DNA Constructs, shRNA sequences and Antibodies
The KIF17 expression constructs were generated by a PCR-based strategy using the
human KIF17 cDNA (accession NM_020816; IMAGE clone 6171598). The shRNA
sequences used in this study are rat KIF17 shRNA1 (5’-GCCACCAAGATTAACCTGT-3’),
rat
KIF17
shRNA2
(5’-GACAGGACAAAGCTCAACA-3’),
rat
KIF17
shRNA3
(5’-CCATCAACATCGAGATCTA-3’)
and
AnkyrinG
shRNA
(5'-GAGTTGTGCTGATGACAAG-3'). Details about the FRB/FKB constructs can be found
in [11]. The following antibodies were used: rabbit-anti-KIF17 (K3638, Sigma and H-280,
Santa Cruz) and mouse-anti-AnkyrinG (Invitrogen). See the Supplemental Experimental
Procedures.
Cell culture, Transfections and Live Cell Imaging
Primary hippocampal neurons were harvested from rat E18 embryos, cultured on polyL-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 and transfected
with Lipofectamine 2000 (Invitrogen). Imaging experiments 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. See the Supplemental Experimental Procedures.
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SUPLEMENTAL EXPERIMENTAL PROCEDURES
DNA and shRNA constructs
KIF17 constructs were generated by PCR-based strategy using human KIF17 cDNA sequence
(accession NM_020816). PEX-RFP-FKBP construct contains human peroxisomes membranetargeting sequence (accession NM_003630). HA-BICD2N-FRB construct was generated using
BICD2N(1-594) from mouse cDNA (accession AJ250106). Further details about the motor
constructs and the FRB/FKBP system can be found in [S1-S4]. KIF17tail(266-1029)-GFP-FRB,
KIF17tail(737-1029)-GFP-FRB and KIF17(847-1029)-GFP-FRB were AscI/SalI subcloned
into pβactin-GFP-FRB. FKBP-tdTomato-Rab3c was generated by insertion of PCR-amplified
tdTomato in Sal and SpeI site, mouse Rab3c [S5] in SpeI and NotI sites and FKBP(1x) in
BamHI and SalI sites of the pβactin-16-pl vector [S1]. The following shRNAs were cloned in
pSuper [S6] and used in this study: rat KIF17 shRNA1 (5’-GCCACCAAGATTAACCTGT-3’),
rat
KIF17
shRNA2
(5’-GACAGGACAAAGCTCAACA-3’),
rat
KIF17
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shRNA3
(5’-CCATCAACATCGAGATCTA-3’)
(5'-GAGTTGTGCTGATGACAAG-3').

and

AnkG

shRNA

Antibodies and reagents
The following antibodies were used: mouse-anti-tubulin alpha (Sigma), mouse-anti-βgalactosidase (Promega), chicken anti-β-Galactosidase (BGL-1040, Aves Labs), mouse-antiAnkyrinG (Invitrogen), mouse anti-pan-Nav (clone K58/35, S8809, Sigma), rabbit-antiGFP (Sanbio), rabbit-anti-KIF17 (K3638, Sigma used in figure 1A-C), rabbit-anti-KIF17
(H-280, Santa Cruz used in Figure S1A) mouse-anti-MAP2 (Sigma), chicken anti-MAP2
(ab5392, Abcam), mouse-anti-Neurofascin-pan (NF-186, Neuromab) for fixed samples and
mouse-anti-Neurofascin-pan Extracellular (Neuromab) for live experiments, mouse-antitau (Chemicon) and Alexa405-, Alexa488-, Alexa568- and Alexa647- conjugated secondary
antibodies (Life Technologies).
Cell culture and transfections
Primary hippocampal neurons were harvested from rat E18 embryos and cultured on polyL-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 [S2]. Mature
neurons (>DIV14) were used for all experiments unless otherwise indicated. Cells were
transfected with Lipofectamine 2000 (Invitrogen) and fixed with 4% PFA+sucrose or ice-cold
100% methanol / 1 mM EGTA / 4% PFA+sucrose after 2-3 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.
Immunofluorescence staining
After fixation, cells were washed three times for 5 min in PBS and incubated with primary
antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, and 30 mM phosphate
buffer, pH 7.4) overnight at 4°C [S1]. Neurons were then washed three times in PBS for 5
min at room temperature and incubated with secondary antibodies in GDB buffer for 1 h
at room temperature. After three washes in PBS, coverslips were mounted in Vectashield
(Vector Laboratories). Images were acquired using a wide-field fluorescence microscope
(Eclipse 80i; Nikon) or a LSM510 confocal laser-scanning microscope (Zeiss) with 40x or
63x oil objectives. For fluorescence intensity comparison, settings were kept the same for all
conditions. Quantifications were performed using Image J.

Live cell imaging
Live cell imaging experiments were performed on Nikon Eclipse TE2000E microscope
equipped with 40x oil objective, Coolsnap CCD camera (Photometrics), perfect focus system
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and imaging chamber [S2]. 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 Ringer’s medium. 100 nM rapalog was added during imaging at t = 00:00 (mm:ss).
Cells were imaged at 30s intervals for 30-45 minutes. Movement of single peroxisomes and
fast motility of KIF17-G754E 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.
Quantification of induced peroxisome transport in COS-7 cells. Image analysis of peroxisome
trafficking assay has been described before [S4,S7]. Images of live cells were processed using
MetaMorph (Molecular Devices) or LabVIEW (National Instruments) software. The R90
displacement value is calculated by measuring the diameter of a circle to enclose 90% of all
intensity relative to the cell center. The average dispersion speed does not reflect the actual
velocity of KIF17 but is the average speed with which KIF17 translocates cargo from cell
center to cell periphery. t½ is the time needed for the peroxisomes to reach halfway to the
periphery of the cell. Correlation index shows the correlation between consecutive frames (CI
≈ 1: high correlation between frames; CI ≈ 0: low correlation between frames).
Quantification of induced peroxisome transport in neurons. Percentage of neurons with
moving, stopping (non-motile) or stalling (irregular, slowly moving) peroxisomes in the
proximal axon. Kymographs were drawn along the first 20-30 µm of the axon and peroxisome
movement at 30s interval was analysed. We would like to emphasize that that not all KIF17FL coupled peroxisomes accumulate at the AIS and stay in this axonal region. Some KIF17coupled peroxisomes escape AIS stalling; they stop in the proximal axon and are released
after some time, while others only slow down and move through the AIS. The peroxisomes
that make it to the more distal axons are usually motile and are most likely driven by KIF17
motor activity.
Polarity index. Polarity index was calculated using the average dendrite intensity (Id) and
average axonal intensity (Ia), using PI=(Id-Ia)/(Id+Ia) [S7]. For non-polarized proteins Id=Ia
(PI=0), whereas PI>0 or PI<0 indicates polarization towards dendrites or axons, respectively.
Analysis of KIF17 and AnkG knockdown. DIV11 hippocampal neurons were transfected with
either pSuper control or a mix of three shRNAs for KIF17 or AnkG shRNA, together with a
fill (GFP or β-galactosidase). Neurons were fixed 72 h after transfection and stained for KIF17
or AnkG. Mean intensities of KIF17 or AnkG signals were quantified in dendrites or the axon
initial segment, respectively, of control and depleted neurons using ImageJ software.
Analysis of KIF17 distribution in neurons. Plot profiles were created from segmented lines
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traced in axonal tips or from the soma along the axon using Image J. Data processing and
statistical analysis were done in Excel and GraphPad Prism (GraphPad Software).

SUPPLEMENTARY FIGURES
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Figure S1, related to Figure 1. Exogenous KIF17 constructs (without inducible cargo attachment) do
not accumulate at the AIS
A) Cultured hippocampal neurons at DIV6 stained for endogenous KIF17 in combination with MAP2 and
Tau. Axon is indicated with blue arrows, dendrite with red arrows. Bottom two panels show zooms of a
MAP2 positive dendrite and Tau positive axon. Scale bars are 20 µm (top panels) and 5 µm (bottom two
panels).
B) DIV15 hippocampal neurons transfected with GFP, KIF17-FL-GFP, KIF17-MD-GFP and KIF17-tail
and stained for voltage-gated Na+ channels (NaV), as marker for the axon initial segment. Axons are
indicated with blue arrow. Scale bars are 20 µm.
C) Average normalized fluorescent intensity profiles in the proximal axon of diffuse cytosolic GFP
(n=21), KIF17-FL-GFP (n=23), KIF17-MD-GFP (n=22) and KIF17-tail (n=11). Grey area indicates the
localization of the axon initial segment, calculated from an average of fluorescent intensity profiles of NaV
staining (n=21).
D) Zoom of the proximal axon of hippocampal neurons transfected with pSuper control or AnkG shRNA,
together with GFP, and stained for AnkG. Scale bars are 5 µm.
E) Quantification of AnkG mean intensity in proximal axons of neurons expressing pSuper control (n =27)
or AnkG shRNA (n=27). Error bars indicate SEM; ***p < 0.001 (unpaired t-test)
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Figure S2, related to Figure 2. Behavior of KIF17 constructs in COS7 cells and neurons
A1-E1) Analysis of the inducible peroxisome trafficking assay in COS7 cells for full length KIF17 and
various KIF17 deletion constructs. Color plots (left panel) show displacement of peroxisomes over time and
graph (right panel) indicates peroxisome displacement (R90, red curve) and Correlative index (CI analysis,
green curve).
A2-E2) Expression of various KIF17 constructs in hippocampal neurons and stained for MAP2. Blue
arrows indicate axon, yellow arrows indicate accumulation of KIF17 in tips.
F) t½ as measured in COS7 cells (n=11–13 cells from 2 independent experiments).
G) Percentage of cells with accumulations in axon tips in hippocampal neurons (n=18-23 cells from 2
independent experiments).
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Figure S3, related to Figure 3. KIF17-tail region stalls KIF5-MD-induced Rab3 vesicles at the AIS
A) Left panels. Typical example of a cultured hippocampal neuron expressing PEX-RFP-FKBP (without
exogenous motor constructs). Note that the peroxisome distribution before and after rapalog addition
is very similar, indicating that peroxisomes are largely immobile in hippocampal neurons. Scale bar is
10µm. Right panel. Quantification of percentage of moving peroxisomes (PEX-RFP-FKBP) in the axon
before and after recruitment of KIF5-MD (now with exogenous motor constructs) using rapalog (N=2,
n=11 cells). 5 minute intervals were analyzed for each condition. Note that the peroxisome distribution
after rapalog addition (KIF5-MD recruitments) is strongly increased (from ~15% to ~75% mobility). The
results without rapalog again show that peroxisomes are largely immobile in hippocampal neurons without
exogenous motor attachment. Graph represents mean ± SEM. Statistical significance was determined using
an unpaired t-test with
Mann-Whitney correction (*** p<0,001)
B) Schematic diagram showing the coupling of KIF17-GFP-FRB to FKBP-TdTomato-Rab3c vesicles upon
rapalog addition.
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C) Hippocampal neurons were transfected with KIF17-FL-GFP-FRB and FKBP-TdTomato-Rab3c and
imaged and analyzed after 2 days. Images show stills from neurons expressing KIF17-FL-GFP-FRB and
FKBP-TdTomato-Rab3c before and after rapalog addition. Most KIF17-FL-coupled cargos stop in the
proximal axon (yellow arrowheads). In parallel experiments, neurons were treated with 10µM latrunculin
B for 1-2 h before imaging. Depletion of actin allows KIF17-FL-coupled cargos to move through the
proximal axon. Scale bar is 10µm.
D) Images show stills from hippocampal neurons expressing KIF5-MD-GFP-FRB, KIF17 (266-1029)-GFPFRB and FKBP-TdTomato-Rab3c before and after rapalog addition. Rapalog-induced coupling of Rab3c
to KIF5-MD-GFP-FRB and KIF17(266-1029)-GFP-FRB induces stalling (also indicated as delayed KIF5MD-induced cargo movements) of vesicles in the axon (top panel). Coupling of KIF17(847-1029)-GFPFRB does not stall or stop KIF5-MD induced Rab3c vesicle movement. Scale bar is 10µm.
E) Percentage of neurons with moving, stalling or stopping Rab3c vesicles along the axon, when coupled
to KIF5-MD-GFP-FRB and the indicated KIF17 truncations (n=11–17 cells from at least 2 independent
experiments).
F) Coupling of Rab3c vesicles to KIF17-FL-GFP-FRB in the presence or absence of KIF17 tail domain
(KIF17(266-1029)-GFP; note that this construct contains the FRB domain). Images show maximum
projections of the timelapse acquired for 10 minutes. The KIF17 tail domain acts as a dominant negative
construct and prevents the accumulation and stopping of KIF17-FL-GFP-FRB coupled Rab3 vesicles in the
proximal axon. Scale bar is 10µm.
G) Percentage of neurons with moving, stalling or stopping Rab3c vesicles along the axon in the presence
or absence of the KIF17 tail domain (KIF17(266-1029)-GFP) after rapalog-induced coupling of KIF17-FLGFP-FRB (n=26-27 neurons from at least 2 independent experiments).

LEGENDS TO SUPPLEMENTARY VIDEOS
Supplementary Video 1. Related To Figures 2D and 2E.
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 to induce coupling of KIF17-FL motors to peroxisomes. Images were
taken at 30 s interval. Movie playback is 10 fps. Scale bar is 10 μm.
Supplementary Video 2. Related To Figures 3A-C.
KIF17-FL Does Not Directly Target Dendrites but Is Anchored at AIS. Adult hippocampal neuron with
zoom of the proximal axon. Neurons were transfected with PEX-RFP-FKBP (red) and KIF17-FL-GFP-FRB
(green) and imaged after 2 day overexpression. 100 nM rapalog was added during acquisition. Images were
taken at 30 s interval. Movie playback is 10 fps. Stalling peroxisomes are indicated with red arrows. Scale
bars are 10 μm in full image and 5 μm in zoom.
Supplementary Video 3. Related To Figures 3C.
Disrupting the AIS by AnkG KD Eliminates Stalling of KIF17-FL-Coupled Peroxisomes. Zooms of the
proximal axon of neurons transfected with PEX-RFP-FKBP and KIF17-MD-GFP-FRB or KIF17-FL-GFPBRF with or without AnkG shRNA. Neurons were imaged after 2 day overexpression and 100 nM rapalog
was added during acquisition. Images were taken at 30 s interval. Movie playback is 10 fps. Scale bar is 5
μm.
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Supplementary Video 4. Related To Figures 4A, 4D and 4E.
KIF17-FL Vesicles Are Redirected into Dendrites by Dynein. Neuron were transfected with PEX-RFP-FKBP
(red), HA-BICD2N-FRB and KIF17-FL-GFP-FRB (green). Neurons were imaged after 2 day overexpression
and 100 nM rapalog was added during acquisition to induce simultaneous coupling of KIF17-FL and
dynein motors to peroxisomes. Images were taken at 30 s interval. Movie playback is 10 fps. Scale bar is
10 μm.
Supplementary Video 2. Related To Figures 4A, 4D and 4E.

KIF17-FL Colocalizes with Peroxisomes in Dendrites after Coupling to BICD2N. Zoom of the
proximal dendrite of a neurons transfected with PEX-RFP-FKBP (red), HA-BICD2N-FRB and
KIF17-FL-GFP-FRB (green). Neurons were imaged after 2 day overexpression and 100 nM
rapalog was added during acquisition. Images were taken at 30 s interval. Movie playback is 10
fps. Scale bar is 5 μm.
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Activity-Dependent Actin Dynamics Promote Microtubule Entry into Spines

ABSTRACT

In neurons, microtubules form dense bundles and run along the length of axons and dendrites.
Occasionally, dendritic microtubules can grow from the shaft directly into dendritic spines.
Microtubules target dendritic spines that are undergoing activity-dependent changes, but the
mechanism by which microtubules enter spines has remained poorly understood. Using livecell imaging, high-resolution microscopy and local glutamate uncaging, we show that local
actin remodeling at the base of a spine promotes microtubule spine targeting. Microtubule
spine entry is triggered by activation of NMDA receptors and calcium influx, and requires
dynamic actin remodelling. Activity-dependent translocation of the actin remodelling
protein cortactin out of the spine correlates with increased microtubule targeting at a single
spine level. Our data shows that the structural changes in the actin cytoskeleton at the base of
the spine are directly involved in microtubule entry, and emphasize the importance of actinmicrotubule crosstalk in orchestrating synapse function and plasticity.
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INTRODUCTION
Microtubules are critical structures for stable neuronal morphology. They can serve as tracks
for cargo transport, provide dynamic and mechanical functions, and control local signaling
events [1]. In dendrites, microtubules polymerize from their plus ends along the length of
the dendrite in both anterograde and retrograde directions [2]. Equal numbers of opposing
microtubule orientations throughout the dendritic processes have been reported in vitro and
in vivo [3]. Occasionally, microtubules can polymerize from the dendritic shaft directly into
dendritic spines [4, 5]. Even though microtubules enter spines spontaneously, subsequent
studies have shown that these microtubule invasions of spines are regulated by synaptic
activity. Recent work has shown that microtubule invasion frequency increases after induction
of chemical long-term potentiation (cLTP) [6]. In contrast, applying a paradigm that induces
chemical long-term depression (cLTD) results in a loss of microtubule dynamics in dendritic
spines [7]. However, the mechanistic link between neuronal activity and microtubule entry
into spines remains largely unclear.
Dynamic microtubule entry in dendritic spines has been thought to contribute to
processes related to synaptic maintenance and plasticity. For instance, recent data showed
that microtubules entering dendritic spines provide a direct route for microtubule-based
motor-driven transport of selective synaptic cargo into spines [8]. Under basal conditions,
the frequency of microtubule-spine invasions is relatively low, making actin-based transport
a more generic way of driving cargo trafficking in spines. For example, it has been shown that
endoplasmic reticulum and recycling endosomes use myosin V motors to enter spines [9-11].
However, kinesin-3 family proteins (KIF1A and KIF1C) can act as microtubule-base motors
that transport cargo along newly polymerized microtubules directly into spines [8, 12]. The
mechanism by which microtubules enter dendritic spines has remained poorly understood.
In this study we investigate which processes regulate microtubule entry into spines.

RESULTS
Microtubules enter dendritic spines in cultured neurons and organotypic slices
The invasion of dendritic spines by dynamic microtubules was recently shown in developing
neuron culture systems [4-6, 13]. Using a lentivirus-based inducible expression system we
demonstrate microtubule entry in spines in mature rat dissociated hippocampal neuron
cultures (up to DIV45) and in dentate gyrus granule cells of organotypic mouse hippocampal
slice cultures (Figure 1A). We observed frequent microtubule invasions in spines in both
culture types and at different stages of maturation, indicating that this phenomenon is
not limited to a transient phase during development (Figure 1B). The average spine entry
frequency in slices was about half of the observed value for dissociated neuron cultures
(Figure 1B), which is partially explained by a higher spine density compared to the number
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Figure 1. Microtubules invade spines in mature cultured neuron and organotypic slice
A) Dendrites from lentiviral-transduced hippocampal dissociated neurons (rat) and dentate gyrus
granule cells of a hippocampal slice culture (mouse) expressing a marker for dynamic microtubules
(MT+TIP, top) and cellular morphology (mTagRFP, middle). The top panel shows maximum projections
of average-subtracted time-lapse recordings of MT+TIP comets (6 min). Arrowheads highlight examples
of microtubules entering spines. The middle panel shows average projections of the full time-lapse and the
line displays the dendritic sections used for kymographs. Bottom panels show kymographs of the MT+TIP
comets from the top panels. Magenta circles indicate microtubules invading spines.
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B) Quantification of spine entry frequency in cultured neurons and slice cultures. Cultured neurons DIV18:
n = 10, DIV35-45: n = 25, slices: n = 37 analyzed neurons.
C) Quantification of spine number per 10 µm dendrite (n = identical to B).
D) Density of MT+TIP comets per 10 µm dendrite.
E) Histogram of distance travelled by MT+TIP comets entering a spine in neuron (left graph) and slice
cultures (right graph). Bin size = 5 µm, neurons: n = 131 comets, slices: n = 149 comets.
F) Orientation of microtubules invading spines (n = identical to E).
G) Distribution of anterograde and retrograde oriented MT+TIP comets in neurons and slice cultures.
DIV35-45: n = 1140 comets, slices: n = 859 comets.
H) Average distance MT+TIP comets travelled before entering a spine.
I) Probability of MT+TIP comets entering a spine relative to its orientation (pooled data).
D-I Make use of the same dataset. Cultured neurons DIV18: n = 14 dendrites from 2 preparations, DIV3545: n = 25 dendrites from 2 preparations, slices: n = 21 dendrites from 6 preparations.
J) Maximum intensity projection of MT+TIP comets time-lapse recording in slices. The spine outline was
generated from mTagRFP signal. Arrowheads indicate microtubule entries in spines.
K) Kymograph of the MT+TIP comets shown in J. Microtubule catastrophes within spines are highlighted
by magenta circles, catastrophes without detectable spine entries (shaft) by cyan circles. Bottom graph shows
a drawing of the kymograph using the same color code. Gray lines represent microtubule traces without
observable catastrophes. The scale and time lapse length is identical to J.
L) Localization of microtubule catastrophes in dendrites of slice cultures. Right graph is corrected for false
positive shaft catastrophes resulting from limited z-resolution. n = 203 comets of 12 dendrites from 10 slices
of 4 preparations.
M) Summary of findings: Spine targeting is not selective for microtubule polarity but the higher number of
anterograde growing microtubules results in a more frequent targeting of this orientation. Spines represent
preferred localizations for microtubule growth termination.
Scale bars, 10 µm. Vertical arrows, 4 min. Bars diagrams show mean + s.d.

of dynamic microtubules in granule cells (Figure 1C and 1D). We found that microtubules
grew over remarkable distances before entering a spine (Figure 1E). This was even more
pronounced in slice cultures, where 25% of all spine entries were preceded by growth
episodes of 20-50 microns. Furthermore, a considerable number of comet traces crossed
the acquisition borders in time and/or space, which means that the actual length of many
comets was actually underestimated. This observation is in conflict with a recent publication
where it is reported that microtubules travel short distances before spine invasions [14]. This
discrepancy could be explained by the limited z-resolution of TIRF microscopy used in the
aforementioned study. The bidirectional polarity of growing microtubules in dendrites [3]
could entail that one orientation is preferential for spine entries. However, the polarity of
microtubules entering spines (Figure 1F) was identical to the orientation of the total dynamic
microtubule population (Figure 1G). Consistently, microtubules of opposed polarity did not
show differences for the covered distances before spine entries (Figure 1H) and spine entry
probabilities (Figure 1I). These data demonstrate that the polarity of microtubules is not a
determinant factor for the targeting of dendritic spines (Figure 1M).
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Spines are hotspots of microtubule catastrophes in mature dendrites
The growth and shrinkage of microtubules is controlled by a variety of regulatory proteins
that interact with the plus-tip or the microtubule lattice [15]. In slice cultures the majority of
microtubule catastrophes were not followed by a microtubule rescue event (see for instance
the kymograph in Figure 1K). As spine entries always result in a microtubule catastrophe,
we asked to which extent this scenario accounts for the termination of microtubule growth
in the dendrite. Based on kymographs, we identified microtubule catastrophes in slices and
analyzed if these occur within the dendrite or in spines (Figure 1J and 1K). Surprisingly, more
than 40% of the microtubule catastrophes could directly be associated with entries in spines
(magenta circles in Figure 1K). However, this number reflects only spine entries identified
in x,y dimensions because we limited imaging to one z-plane to capture the rapid dynamics.
We therefore applied a z-correction factor that was determined by the assumption that spine
entries cannot be resolved if the spine is more than ± 60 degrees out of the imaging plane. This
correction increased the proportion of catastrophes occurring in spines to more than 60%
(Figure 1L), suggesting that spine entries may represent the default pathway of terminating
the growth of dynamic microtubules in mature neurons.
Increasing dendritic calcium levels increase microtubule entries in spines
Previous studies in dissociated neurons suggest a regulatory effect of synaptic activation on
spine invasions by microtubules [6, 7, 14]. To verify this in slices, we applied pharmacological
treatments that modulate the pattern of synaptic activation in hippocampal slice cultures
and analyzed microtubule dynamics in spines. While decreasing (TTX) or increasing (PTX)
network activity did not affect spine entry frequencies in slices, we observed a small but
significant decrease using low concentrations of DHPG, known to induce chemical LTD
in slices (Figure 2A). The most striking effect was found after application of the muscarinic
agonist methacholine (MCh). Cholinergic stimulation has been used by several groups to
induce LTP in hippocampal slice cultures and acute slices via G protein-coupled release of
calcium from IP3-sensitive stores [16, 17]. Following methacholine stimulation we observed
a doubling of spine entry events compared to control conditions (Figure 2A-C; Video S1).
Interestingly, TTX-induced blocking of action potentials did not abolish the potentiating
effect of methacholine, suggesting that the MCh-induced increase of intracellular calcium is
sufficient to increase microtubule invasions in spines (Figure 2A and 2C). We did not observe
a significant change in microtubule dynamics and density as a result of the MCh stimulation
protocol (Figure 2D and 2E). Our data is in agreement with a recent study demonstrating an
increase of microtubule invasions in spines of dissociated cultures after stimulation with a
glycine-based chemical LTP protocol [14]. To confirm the role of dendritic calcium levels in
this process, we applied brief local application of NMDA on TTX-silenced neuron cultures
(Figure 2F). Quantifications of spine entry frequencies before and after application revealed
a significant increase following NMDA-induced increase in calcium levels (Figure 2G).
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Figure 2. Specific synaptic activation modulates microtubule invasions in spines
(A) Synaptic activation in slice cultures was altered by indicated pharmacological treatments. Cultures were
transduced with lentivirus expressing GFP-tagged MT+TIP marker and mTagRFP. Red points represent
the mean values of the dataset. *p<0.05, **p<0.01, paired t-test; control: n = 11, TTX: n = 8, PTX: n = 6,
DHPG: n = 13, methacholine (MCh): n = 12, MCh+TTX: n = 6 dendrites.
(B) Example of MCh-stimulated dendrite showing projections of MT+TIP comets (upper panel) and
dendrite morphology (lower panel), before and after stimulation in slice cultures. Arrowheads indicate
examples of MT-+TIP entries in spines. See also Video S1.
(C) Relative change of spine entry frequency in slice cultures (stimulation/baseline) for each treatment in a.
*p<0.05, ***p<0.0001, one-way ANOVA with posthoc Dunnett’s test.
(D) Kymographs of the MT+TIP comets shown in B before and after MCh stimulation (both 8:15 min
recordings).
(E) Quantification of MT+TIP comet density per 10 µm dendrite in slice cultures. n.s. = not significant,
paired t-test; n = 15 dendrites.
(F) Neuron culture infected with virus expressing MT+TIP marker and mTagRFP. Dendrite recorded 4 min
before and after local puff-application of NMDA. Panels are arranged as in B.
(G) Quantification of spine entry frequency before and after local NMDA application. **p<0.01, paired
t-test; n = 12 dendrites.
Scale bars, 5 µm. Bars diagrams show mean + s.e.m. See also Video S1.
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Together, these experiments suggest that intracellular calcium is involved in the regulation of
spine targeting by microtubules.
Regulation of spine targeting on the level of single synapses
To our knowledge, all previous studies addressing the effects of synaptic activity on microtubule
dynamics in spines were performed using global stimulation protocols. The above-described
local NMDA applications were our first attempts to target individual synapses. However,
recordings of calcium dynamics showed that the majority of synapses within the field of view
became activated and NMDA stimulation evoked calcium waves extending throughout the
dendrite. To activate only a small population of synapses along a dendrite, we performed
glutamate uncaging on cultured neurons. Two-photon uncaging in slice cultures is associated

Figure 3. NMDA receptor activation triggers microtubule entry in spines
A) Still frames of a dissociated neuron expressing mTagRFP. The first and last images represent time points
before and after single-photon glutamate uncaging. Uncaging intervals were 0.5 Hz starting from 0 sec for
1 min. The white/yellow line marks the uncaging spot; arrowhead indicates a targeted spine and the arrows
point to examples of spines that do not respond by size changes.
B) The targeted spine in A at higher magnification. Spine outline was traced and the last image shows an
overlay of the before and after uncaging situation.
C) Quantification of the change in spine head size in response to the uncaging stimulus over time. Targeted
spines lay in close proximity to the uncaging spot, while control spines were chosen with a maximum
possible distance to this position. Left graph shows the results of the standard uncaging protocol (targeted: n
= 21, control: n = 26 spines). Middle graph represents a control condition in which the light pulse is applied
in the absence of caged glutamate (targeted: n = 9, control: n = 9 spines) and right graph shows the uncaging
experiment in the presence of the NMDA-receptor blocker APV (targeted: n = 10, control: n = 11 spines).
Error bars indicates s.e.m.
D) Dendrite morphology before (left) and during glutamate uncaging (middle). Based on the morphological
response to the stimulation, spines were classified as “activated” (white box) and “non-activated” (dashed
box). White/yellow line marks the uncaging spot and the circles indicate the distance to the center of the
uncaging region. See also Video S2.
E) Maximum projection of the MT+TIP comets time-lapse recorded after the uncaging session. Magenta
arrowheads show MT-+TIP spine entries in activated spines, white arrowheads in a non-activated spine.
See also Video S2.
F) Quantification of spine entries following glutamate uncaging. Entry frequencies for activated and nonactivated distant spines are shown separately, while this separation was not made for APV experiments.
Right graph shows the individual experiments, where each point represents the mean spine entry frequency
of an uncaged dendrite. ***p<0.0001, one-way ANOVA with posthoc Tukey’s test; uncaged: n = 25, APV
silenced: n = 17 dendrites.
G) Average spine numbers of the analyzed experiments and the fraction considered activated.
H) Histogram showing the relative frequency of spine entries in relation to the localization of spines to the
uncaging region. Microtubule dynamics were recorded for 8 min after uncaging. Invaded and non-invaded
spines were quantified together with their distance to the uncaging region. Data is presented in bins of 3 μm
intervals for uncaged control and APV treated dendrites (uncaged: n = 20, APV: n = 17 dendrites).
I) Histogram showing the relative spine entries frequency relative to the time point of microtubule entry.
Spines previously identified as activated are compared to APV silenced spines (activated: n = 39 dendrites
with 153 entries, APV: n = 17 dendrites with 103 entries).
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J) Maximum projection of a Lifeact-GCaMP6s time-lapse acquired during uncaging of glutamate. The
levels are strongly enhanced to identify all spines on the dendrite (left). The color coded sum projection
allows the identification of activated spines (right). Yellow line marks the uncaging region, insert in top right
corner shows lookup table for the color code. See also Video S3.
K) Projection of MT+TIP comets time-lapse recorded after the uncaging session. Microtubule entries in
activated spines are highlighted with magenta arrowheads, entries in non-activated spines with white
arrowheads. See also Video S3.
L) Quantification of spine entry frequency following glutamate uncaging. Activated and non-activated
spines are identified on their GCaMP6s signal. ***p<0.0001, Mann Whitney test; n = 12 dendrites. The
scatter plot on the right shows the results of the individual experiments.
M) Average total and activated spine numbers of the analyzed experiments.
Scale bars, 3 µm. Bars diagrams show mean + s.e.m.
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with an NMDA-dependent increase in spine size [18, 19]. We used spine growth as readout of successful single-photon glutamate uncaging in our neuronal cultures. Spines close
to the uncaging region showed an almost 2-fold increase in size while distant control spines
were unchanged (Figure 3A-D). Additional control experiments demonstrated that the spine
size changes were not a direct result of the 355 nm laser excitation but depended on the
activation of NMDA receptors (Figure 3C). Next, we combined the uncaging protocol with
subsequent recording of microtubule dynamics (Figure 3D and 3E; Video S2). Quantifications
of microtubule invasions showed that the MT entry frequency on activated spines was almost
two-fold increased when compared to distant spines (Figure 3F). Uncaging in the presence
of APV resulted in a lower invasion frequency, which was similar to distant spines. As an
alternative quantification, we determined the spine entry frequency relative to the distance to
the uncaging center, which confirmed that spines in close proximity to the uncaging region
were more frequently targeted than more distant spines (Figure 3H). This effect was absent
when APV was applied. The spine entry promoting effect could be observed starting from 1
min after the end of the uncaging stimulus and lasted for about 3 min (Figure 3I). Although
these uncaging experiments strongly suggest that local activation induces local targeting, our
approach could not indisputably resolve the activation state of individual spines. To overcome
this we combined the uncaging experiments with a read-out of the NMDA-evoked calcium
transients. A fusion construct of Lifeact and GCaMP6s resulted in a highly specific indicator
for calcium signals in spines. The combined recording of calcium signals and microtubule
dynamics (Figure 3J and 3K; Video S3), showed a strong correlation between activated spines
and microtubule targeting events in the uncaging experiments (Figure 3L). Both approaches
to identify activated spines showed similar numbers (Figure 3G and 3M). In summary, the
activation of a small number of dendritic spines using glutamate uncaging yielded direct
evidence for a coupling between synaptic activation and increased probability of targeting by
dynamic microtubules on the level of single spines.
Microtubule targeting in spines depends on actin remodeling
The actin cytoskeleton in spines is a major downstream target of activity-induced plastic
changes at synapses [20]. To determine whether actin plays a role in microtubule entries
in spines, we pharmacologically interfered with actin dynamics. We monitored spine size
and actin in neuron cultures expressing the actin marker Lifeact in control conditions
and after incubation with the actin stabilizing drug jasplakinolide. The treatment did not
increase spine size but reduced actin-based motility of the spine heads [21] (Figure 4A).
Interestingly, microtubule entries in spines were strongly increased by jasplakinolide, while
the total number of comets remained stable but the relative comet density decreased (Figure
4A, 4B and S2A-C). In contrast, disruption of actin structures with latrunculin B induced a
significant decrease of spine entry frequency in dissociated neurons (Figure 4B). We found
similar results in slice cultures, in which jasplakinolide also increased spine entry frequency
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(Figure 4C). Remarkably, the methacholine-induced potentiating effect on spine entry in
slices (Figure 2A) was completely abolished in the presence of latrunculin B (Figure 4C).
These data demonstrate a clear involvement of actin in the microtubule invasion of spines.
The localization of endoplasmic reticulum (ER) in spines is another actin-dependent
process [11] that is affected by synaptic activity [22], reminiscent of our microtubule spine
invasions. As microtubule plus-tips can interact with the ER [23] we wondered if growing
microtubules were guided into spines by following previously established ER-structures.
To address this possibility, we overexpressed a dominant negative MyosinVa construct in
dissociated neuron cultures to disrupt spine targeting of ER. Although we noticed a more
than 5 times reduction of ER positive spines in these experiments, there was no effect on the
microtubule spine entry frequency (Figure S1), indicating that microtubule invasions occur
independent of ER in spines.
End-binding proteins (EBs) recognize growing microtubule plus-tips and could be
involved in the microtubule spine targeting process through specific protein interactions via
their acidic C-terminal tail region [15]. We therefore tested if only disrupting these EB3interactions would interfere with microtubule spine invasions. We observed full rescue of
spine targeting after endogenous EB3 depletion and expression of EB3-CΔAC (Figure
4D), putting forward the idea that microtubule-actin interlinking proteins are not directly
required in this process. Control experiments with co-expression of EB3 shRNA and the
MT+TIP marker did not allow recording of microtubule comets, indicating strong depletion
of endogenous EB3. Next, we investigated if the knockdown of specific actin interacting/
regulating proteins affects the targeting of spines by microtubules. Cortactin, MARCKS
and MyosinIIb represent important regulators of actin dynamics in spines [24-26], while
Drebrin and MACF2 were chosen due to their ability to directly interact with actin and
growing microtubule plus-ends [27, 28]. Lentiviral induced RNAi of the actin-interacting
candidate proteins differentially affected spine morphology and density (Figure 4E and
S2E). Interestingly, only the knockdown of Cortactin resulted in a significant effect on
microtubule spine entry frequency in dissociated neuron cultures (Figure 4F). To exclude
potential off-target effects of the used Cortactin-shRNA, we performed rescue experiments
using a knockdown-resistant version of Cortactin, which resulted in a comparable spine entry
frequency as in control conditions (Figure 4G). Pharmacological blockade of the Cortactin
downstream target Arp2/3 complex (CK-666), as well as inhibition of upstream Src kinase
(PP2) resulted in a significant decrease of spine targeting by microtubules (Figure 4H) [29].
The involvement of the actin regulator Cortactin suggests that the actin cytoskeleton per se
may facilitate microtubule spine targeting and that actin-microtubule interactions may be
of less importance. An activity-dependent redistribution of Cortactin and/or the underlying
actin remodelling [24, 29, 30] may be linked to a role for Cortactin in activity-dependent
targeting of microtubules to spines. Using glutamate uncaging in combination with Cortactin
knockdown, we found a significant reduction of microtubule spine targeting confirming the
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importance of Cortactin regulated actin dynamics in promoting spine entries (Figure 4I and
4J). While overexpression of exogenous Cortactin alters spine morphology, microtubule spine
targeting and cortactin redistribution after glutamate uncaging is observed (Videos S4, S5)
Actin remodelling at the base of the spine
Actin dynamics have been extensively studied in the spine head but relatively little data exists
about actin remodelling at the base of the spine. Electron microscopy has demonstrated a
branched actin network at the base of the spine, which often overlapped with microtubules
at the intersection between the spine neck and dendritic shaft [31]. We reasoned that the
base of the spine is an important area for guiding microtubule entry into spines and we
analysed actin dynamics at single spine level in greater detail. Glutamate uncaging-induced
stimulation of spines in control neurons markedly increased actin fluorescence intensities
(Lifeact) in spine heads and at the spine base (Figure 5A). Interestingly, the knockdown of
Cortactin significantly blocked the actin increase at the spine head and spine base in response
to stimulation (Figure 5A-C and S3; Video S6). These data suggest that the reduction of
microtubule entries in spines observed after knockdown of Cortactin (Figure 4E and 4F)
may result from disturbed actin dynamics at the spine base. To test if microtubule entries in
spines correlate with actin dynamics at the base of the spine, we recorded actin dynamics in
neuron cultures under baseline conditions. We frequently observed increased actin dynamics
at the base of spines that were invaded by microtubules in the analysed time-lapses (Figure
5D and 5E; Video S6). Analysis of the signal intensities for actin and dynamic microtubules
confirmed these observations (Figure 5F and 5G). Quantifications of the live-imaging data
demonstrated that 77% of the invaded spines exhibit increased actin dynamics at the spine
Figure 4. Actin is important for mediating microtubule entries in spines
A) Dendrite of a dissociated neuron before and after treatment with jasplakinolide. Neurons were infected
with virus co-expressing MT+TIP marker and Lifeact. Top panel shows the projection of the MT+TIP
comets, middle panel is a still frame of the Lifeact signal and bottom panel is a projection of the standard
deviation of the complete Lifeact time-lapse recording. Note that following jasplakinolide treatment there
is a reduction in the number of MT+TIP comets and spine head dynamics but no increase in spine size.
B) Effects on spine entry frequency in neuron cultures treated with DMSO (left) or actin targeting drugs
jasplakinolide (middle) and latrunculin B (right). Red points represent the mean values of the dataset.
***p<0.001, n.s. = not significant, paired t-test; Jasp.: n = 16, Lat B: n= 14 dendrites.
C) Slice culture experiments with either Jasp. (left) or a combination of MCh and Lat B (right). *p< 0.05,
paired t-test; Jasp.: n = 9, MCh+Lat B: n = 12 dendrites.
D) Neuron cultures coinfected with EB3 shRNA virus and either the full-length GFP-EB3-rescue or GFPEB3-CΔAC virus. Not significant, unpaired t-test; EB3-rescue: n = 21, EB3-CΔAC: n = 22 dendrites.
E) Representative examples of dendritic morphology after lentivirus-mediated depletion of indicated target
proteins in cultured neurons. Neurons were coinfected with virus expressing indicated shRNAs and virus
expressing mTagRFP and the MT+TIP marker.
F) Quantification of microtubule invasion frequencies in knockdown conditions. ***p<0.001, one-way
ANOVA with posthoc Dunnett’s test; scrambled: n = 45, Drebrin: n = 21, MACF2: n = 7, Cortactin: n = 20,
MARCKS: n = 15, Myosin IIb: n = 17 dendrites.
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G) Quantification of MT+TIP spine entries in baseline, Cortactin-knockdown or Cortactin-rescue
conditions. Neurons were depleted for endogenous Cortactin with lentivirus and spines identified based on
the Lifeact or the shRNA-resistant Cortactin signals. ***p < 0.0001, one-way ANOVA with posthoc Tukey’s
test; Lifeact: n = 17, Lifeact+shRNA: n = 13, Cortactin-rescue+shRNA: n = 14 dendrites.
H) Quantification of MT+TIP spine entries in control conditions (DMSO), with Arp2/3 complex inhibitory
drug CK-666, and Src inhibitory drug PP2. **p<0.01, ***p<0.001, one-way ANOVA with posthoc Dunnett’s
test; DMSO: n = 14, CK-666: n =18, PP2: n = 15 dendrites.
I) Glutamate uncaging experiment in control (upper) and Cortactin-knockdown (lower) neuron cultures.
Neuron cultures were coinfected with the Cortactin-shRNA virus and virus expressing the MT+TIP
marker and Lifeact-GCaMP6s. Left panel shows a sum projection of the Lifeact-GCaMP6s signal recorded
during the glutamate uncaging protocol (yellow/white line marks uncaging region). The majority of spines
within the field of view were activated because of a slightly stronger uncaging stimulation as in previous
experiments (same color coding as in A. Right panel shows a projection of MT+TIP comets acquired after
the uncaging session. Magenta arrowheads indicate microtubule entries in spines.
J) Spine entry frequency after uncaging of glutamate for control and Cortactin knockdown neurons.
***p<0.0001, unpaired t-test; scrambled: n = 15, Cortactin: n = 16 dendrites.
Scale bars, 5 µm. Bars diagrams show mean + s.e.m. See also Figure S1 and S2; Video S4 and S5.
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base (Figure 5H). Using the same quantification criteria, we found that 40% of all spines
showed actin dynamics at the spine base (Figure 5I). By combining both quantifications, we
found a significant association between microtubule entries and actin dynamics at the spine
base (*p<0.001, Fisher’s exact test).
Consistent with the live-imaging data, single molecule reconstructions of endogenous
actin, using purified Lifeact, revealed actin structures and cables at the base of a subset of
spines [32, 33] (Figure 6A). These structures could also be observed with dSTORM imaging of
labelled Lifeact-Myc after expression in neuronal cultures (Figure S4A). To further investigate
if Cortactin can potentially influence actin dynamics by directly localizing to the spine base,
two color super resolution was performed. This revealed that expressed Cortactin frequently
colocalizes with the observed actin structures at the spine base and in the spine head (Figure
6B and S4B). Together, our results suggest that increasing the dynamics and remodeling of a
specialized actin organization at the base of the spine enables microtubule entry into spines.

DISCUSSION
Here we have identified a mechanism by which synaptic activity locally regulates microtubule
entry into spines. We found that microtubule-spine entry is regulated by NMDA receptor
activation and calcium influx and that actin remodeling is directly involved in microtubule
entry. Our data demonstrate that structural changes in the actin cytoskeleton at the base of
the spine allows for microtubule entry.

Figure 5. Actin dynamics at the spine base
A) Glutamate uncaging in neuron cultures expressing virus delivered Lifeact and either scrambled or
Cortactin shRNAs. First two columns show still frames before and after uncaging and the yellow line
indicates uncaging region. Next, subtraction of the pre- from the post-uncaging Lifeact signals to visualize
the increases in fluorescence intensity. Right column is a projection of the Lifeact signal s.d. over the full 5
min recording to visualize hot spots of actin dynamics. Arrowheads point to the same position at the base of
the spine. Scale bar, 1 µm. Full length recordings of these and additional examples are shown in Video S6.
B) Quantification of Lifeact average intensities at the spine head in response to glutamate uncaging.
Relative signals for activated spines in control or Cortactin knockdown conditions and non-activated
spines in control conditions are plotted over time. Data points represent mean ± s.e.m.; ***p<0.001, twoway ANOVA with posthoc Bonferroni test; scrambled activated: n = 20 spines, Cortactin activated: n =
19 spines, scrambled non-activated: n = 22 spines. Spines from each condition were imaged from ≥ 15
dendrites of two independent cultures.
C) Same dataset representation as in B showing quantified intensities for the corresponding spine bases.
*p<0.05, two-way ANOVA with posthoc Bonferroni test
D) Still frames of two example neurons expressing MT+TIP and Lifeact. The moment of spine entries are
indicated by a cyan arrow in the upper rows. Arrowheads indicate actin dynamics at the spine base. Note
that time intervals change within the panel as indicated. Full time-lapse recordings of both examples can
be found in Video S6.
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E) Maximum projection of the MT+TIP channel (upper) and a projection of the s. d. of the Lifeact signal to
highlight actin dynamics (bottom). Scale bar, 2 µm.
F) Schematic representation of the regions of interest (ROIs) used in the quantification of actin and MT+TIP
comets signals (left).
G) Measurements of actin and MT+TIP signals of two targeted (examples from D) and two non-targeted
spines. Curves represent the mean signal intensities measured in the ROIs at the spine base or spine base
and neck. Asterisks indicate microtubules entering spines, while circles depict comets that passed by in the
shaft.
H) Manual quantification of actin dynamics in spines targeted by microtubules. Correlation was considered
positive when actin dynamics at the spine base coincide in a window of 1 min before the microtubule enters
the spine. In 21 dendrites we analyzed 43 invaded spines of which 33 showed actin dynamics at the spine
base.
I) The same dendrites were classified for actin dynamics independent of microtubule invasions. All spines
were analyzed for actin dynamics at the spine base within the same 1 min time window as in the previous
analysis. Spines: n = 217 positive and n=323 negative for actin dynamics. See also Figure S3.
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Microtubule spine entry is triggered by activation of NMDA receptor and calcium influx
We used a lentivirus-based inducible expression system of fluorescently labeled microtubule
plus-ends combined with fast live cell imaging to examine microtubule entry in dendritic
spines in mature neurons in dissociated cultures and in organotypic hippocampal slices.
Our findings demonstrate that microtubule entry into spines not only occurs in a transient
episode during neuronal development, but that it is very common and perhaps even the
default pathway for terminating dendritic microtubule growth in adult neurons. We found
that at least 40% of the microtubule catastrophes is directly associated with entries in spines
under baseline conditions. Anterograde or retrograde growing microtubules did not show
differences in spine entry probabilities, indicating that the polarity of microtubules in
dendrites is not a determinant factor for the targeting of dendritic spines. Previous studies
in dissociated neurons suggest a regulatory effect of synaptic activity on microtubule spine
entry [6, 7, 14]. To investigate whether synaptic activity correlates with microtubule spine
entry at the level of individual spines, we applied pharmacological treatments that modulate
the pattern of synaptic activation in hippocampal slice cultures and analyzed microtubule
dynamics in spines. We found that microtubule spine entry frequency was strongly increased
following cLTP protocols which increase intracellular calcium levels. In addition, using
glutamate uncaging in neuron cultures we showed direct evidence for a coupling between
NMDA-dependent synaptic activation and increased microtubule targeting on the level of
single spines. Together, these data indicate that dynamic microtubules preferentially target
dendritic spines that have recently experienced NMDAR-mediated calcium increase.
Local actin remodeling links synaptic activity and microtubule spine entry
Calcium influx through NMDA receptors has been shown to alter the actin dynamics within
dendritic spines [20]. Previous findings suggested that the microtubule plus-end binding
protein EB3 through the interaction of microtubule actin-associated protein Drebrin is
involved in dendritic spine entries [14]. These conclusions are largely based on Drebrin
overexpression experiments, where increased levels of Drebrin promote microtubule
invasion frequency and the number of spines invaded by microtubules [14]. Super resolution
microscopy imaging revealed that actin filaments at the spine base extend throughout the
dendritic shaft. Consistent with microtubule-actin cooperation in various other cellular
processes [34], it is possible that the actin filaments directly guide the entry of microtubules
in dendritic spines. Our data also indicate that EB3 knockdown can be rescued by an EB3
construct lacking the C-terminal SxIP binding site. These results indicate that SxIP-mediated
interactions between microtubule plus-ends and components of the actin cytoskeleton are not
required for microtubule spine targeting. Therefore, we propose a model in which structural
changes in the actin cytoskeleton at the base of the spine are through steric interactions, rather
than specific protein-protein interactions involved with microtubule entry (Figure 6C). In
this way, activity-dependent remodeling of the actin cytoskeleton at the base of the spine may
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Figure 6. Super-resolution imaging of actin in dendrites
A) Untreated neuron cultures were fixed and imaged through transient binding of purified Lifeact-GFP or
Lifeact-mNeonGreen. Regions of interest were identified through sparse labelling with Phalloidin 568. Top
panel shows a super-resolved reconstruction of the dendritic shaft and spines. Bottom panels show more
examples of actin structures in individual spines. Green arrowheads indicate examples of actin structures
at the spine base; Magenta arrowheads indicate actin cables.
Scale bar: overview 1 µm, zooms 0.5 µm
B) 2-color super-resolution images of actin and cortactin in spines of DIV18+ neurons transfected with
Cortactin-dsRed. Magenta arrowheads indicate cortactin in the spine head or at the base. Corresponding
linescans along both structures are shown for the area indicated in the middle panel. Scale bar: 0.5 µm
C) Model illustrating potential mechanisms of microtubule entries in spines. Dynamic microtubules can
interact with bundles of stable microtubules and/or dendritic actin cables. Synaptic stimulation enhances
actin structures at the base of the spine, thereby connecting to stable microtubules and/or actin cables and
leading to increased chances of microtubule targeting. See also Figure S4.

allow for regulated microtubule targeting. Obviously, actin-binding proteins remodeling the
actin cytoskeleton are indirectly involved. An increase in actin dynamics at the spine base has
also been observed using glutamate uncaging combined with actin photoactivation [35]. In
approximately half of the stimulated spines, an outflow of actin and release of actin filaments
from the spine head into the dendritic shaft was observed [35]. These data are consistent
with an activity-dependent redistribution of Cortactin [24, 29, 30] and the interpretation
that local actin remodelling facilitates microtubule spine entries. Together our data show that
dynamic microtubules preferentially target spines that are undergoing actin reorganization in
an activity-regulated manner.
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SUPLEMENTAL EXPERIMENTAL PROCEDURES
Animals
All experiments were approved by the DEC (Dutch Experimental Review Committee),
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performed in line with institutional guidelines of the University Utrecht and were conducted
in agreement with Dutch law (Wet op de Dierproeven, 1996) and European regulations
(Guideline 86/609/EEC). Female pregnant Wistar rats were delivered from Janvier, aged at
least 10 weeks at the time of delivery. Female pregnant C57BL/6 mice were delivered from
Janvier, aged at least 15 weeks at the time of delivery. Upon delivery, animals were kept at SPF
facilities in a controlled 12 h light-dark cycle with a temperature of 22±1°C and given access
to food pellets and water ad libitum. The animals were housed in small groups in transparent
plexiglass cages with wood-chip bedding and paper tissue for nest building.
Primary neuron culture and viral transduction/transfection
Hippocampal neuron cultures were prepared from embryonic day 18 rat brains [3] (Wistar,
both genders). Cells were plated on coverslips coated with poly-L-lysine (37.5 mg/mL) and
laminin (1.25 mg/mL) at a density of 100,000/well and cultured at 37°C in 5% CO2. Cultures
were fed weekly by replacing 1/3 of the medium with fresh Neurobasal medium (NB)
supplemented with 2% B27, 0.5 mM glutamine, and 1% penicillin/streptomycin. Experiments
were performed with mature rat neuron cultures ranging from DIV 25-45, except for the
analysis of spine entry frequencies in DIV18 neurons. Lentiviral infections were carried out
8-14 days before experiments. Inducible expression systems were triggered 2-4 days prior
imaging by application of 500 ng/mL doxycycline. All infections with shRNA containing
virus were carried out 8-9 days before experiments. Dendrites in knockdown experiments
were routinely checked for clear mEBFP2 signals, confirming the infection with shRNA virus,
before starting the actual experiments. Transfections were only applied for Video S4. Briefly,
0.9 µg GW2_Lifeact-GFP and 0.9 µg βactin_Cortactin-dsRed-exp vector were mixed with
3.3 µl Lipofectamine 2000 (Invitrogen) and incubated for 30 min. The mixture was added to
coverslips placed in fresh NB and incubated for 45 min. Finally, neurons were washed in NB
and translocated back into the original culture medium.
Primary tissue culture
Hippocampal organotypic interface slice cultures were generated from P5-6 mice pups
(C57BL/6, both genders). Dissected hippocampi were cut in 350 µm sections and positioned
on FHLC membrane patches (Millipore, FHLC01300) laying on Millicell culture inserts
(Millipore, PICM0RG50). Viral infection was carried out within 2 hours after platting. Slices
were fed every 2-3 days with culture medium containing 47.75% MEM, 25% HBSS, 25%
horse serum, 1.25% 1M HEPES, 1% 3M D-glucose, pH 7.2 and osmolality of 310-320 mOsm.
Detailed information about slice preparation and viral transduction has been published
recently [36]. Experiments were made with slices kept for 2-4 weeks in culture.
DNA plasmids and lentivirus
Fluorescently tagged constructs were generated for subsequent subcloning in a bicistronic
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expression cassette. Membrane-targeted TagRFP-T (mTagRFP, generated from N-terminal
first 41 amino acids of MARCKS) and the microtubule plus-tip marker (MT+TIP) GFPMACF18 have been described previously [36]. Tomato-MACF18 is identical to GFP-MAC18
except for the replacement of GFP by tandem dimer Tomato (also called MT+TIP). LifeactTagRFP-Myc was PCR generated by cloning the 17 amino acid (aa) Lifeact sequence [37]
linked by a 7 aa linker (GDPPVAT) to the N-terminus of TagRFP-T (Evrogen). The TagRFP-T
stop codon was replaced by a 4 aa linker (SSGS) followed by the 10 aa Myc sequence. LifeactGCaMP6s was based on the pGP-CMV-GCaMP6s (addgene #40753) vector. The start
codon within this construct was replaced by the Lifeact sequence by a PCR based strategy.
The TagRFP-ER construct is composed of the 17 amino acid rat calreticulin signal sequence
fused to the N-term of TagRFP-T and a C-terminally located ER retention signal (KDEL).
GFP-EB3-ΔAc and GFP-EB3-rescue constructs are identical to our previous publication
[4]. Membrane-targeted EBFP2-HA was generated with a cryptic splice site corrected
version of EBFP2 containing a C-terminal HA-tag. Cortactin-dsRed [38] was made shRNA
resistant by introducing silent mutations in the target sequence using a PCR based strategy
(GCATTGCTCTCAGGTGGAT).
Lifeact-GFP for super-resolution microscopy was generated using a bacteria codon optimized
Lifeact fragment that was N-terminally inserted by PCR into a pET28a vector containing
an EcoRI/XhoI flanked GFP or mNeonGreen sequence. The full vector was amplified with
the LifeAct fragment and the template was digested with DPN1. The resulting construct was
transformed into competent bacteria and sequenced.
Bicistronic expression constructs were generated based on the attenuated IRES site, derived
from pIRES (Clonetech). This design allows high expression of the coding sequence upstream
of the IRES site and relative low expression of the inserted downstream construct. The
following plasmids were generated by conventional cloning strategies: mTagRFP_IRES_
GFP-MACF18, mTagRFP_IRES_GFP-EB3-rescue, mTagRFP_IRES_GFP-EB3-ΔAc, LifeactTagRFP-Myc_IRES_GFP-MACF18, Lifeact-GCaMP6s_IRES_Tomato-MACF18, TagRFPER_IRES_GFP-MACF18, Cortactin-dsRed_IRES_GFP-MACF18. Equal expression of two
constructs was achieved in the mEBFP2-HA_P2A_Myc-MyoVa-tail construct by using the
2A sequence of the porcine teschovirus-1 [39].
Lentiviral transfer vectors are based on the pSIN-TRE-MCS-Synapsin-rtTA2 plasmid
[36]. The bicistronic expression cassettes described above were subcloned in the multiple
cloning site resulting in a TET-On inducible expression of the target proteins. Full sequence
information of all constructs can be provided on request.
RNAi-induced knockdown of target genes by lentivirus was based on a modified pLVTHM
(addgene #12247) transfer vector, named pLVTHPS-mEBFP2-HA_shRNA. The original
EF-1α promotor and GFP sequences were replaced by a central polypurine tract/central
termination sequence (cPPT/CTS), followed by a short 0.5kb Synapsin promoter and
mEBFP2-HA. Individual shRNA sequences were subcloned from the original pSuper
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vectors via BamHI and ClaI sites. Following shRNA target sequences were used: scrambled
GGTTTATATCGCGGTTATT, Cortactin GCACTGCTCACAAGTGGAC [24], Drebrin
GAGAACCAGAAAGTGATGTAC [27]e></EndNote>, EB3 ACTATGATGGAAAGGATTAC
[40], MACF2 GCCGTGGTCAGAGTTGCTGAT , MARCKS CTGTACCAGTCAGTAATTA
[25], Myosin IIb GATCAAAGTTGGCCGAGAT [26].
Lentiviral particles were generated by transfecting the transfer plasmid together with the
packaging plasmids p.MDG2 (addgene #12259) and psPAX2 (addgene #12260) in HEK293T
cells. The supernatant was collected two days after transfection and concentrated using
tangential flow filtration (Amicon Ultra spin filters, Millipore #UFC910024). Detailed
information about the lentivirus production has been described elsewhere [36].
LifeAct-GFP purification
LifeAct-GFP-6xHis was purified using standard His-tag purification methods. E. coli
BL21DE3 were induced at OD 0.6 for overnight expression at 20 degrees. After pelleting
the cells were lysed through sonication in the presence of lysozyme and a protease inhibitor
cocktail (Roche). The soluble fraction was filtered and bound to a His-Trap HP 1 mL column
(GE healthcare). Elution was performed on an AKTAxpress (GE healthcare). After buffer
exchange to PBS the pure protein sample was frozen in 10% glycerol.
Pharmacological treatments
The 1st control imaging session in neuron cultures was performed in the original culture
medium. Jasplakinolide (10 μM) or latrunculin B (1 μM) were diluted in 100 μL preconditioned
culture medium, transferred into the recording chamber and incubated for 30 min before
the 2nd recording session was started. For Cortactin inhibition experiments, neurons were
preincubated in either DMSO (1:1000) for 30 min or 3 hours, CK-666 (100 μM) for 30 min,
or PP2 (25 μM) for 3 hours. Next, neurons were transferred to the recording chamber and
imaged in the presence of the drug.
The 1st control recordings of organotypic slice cultures were acquired in ACSF composed
of 126 mM NaCl, 3 mM KCl, 2.5 mM CaCl2, 1.3 mM MgCl2, 1.25 mM Na2HPO4, 26 mM
NaHCO3, 20 mM glucose, and 1 mM Trolox (Sigma, 238813). For slice experiments, all drugs
were diluted in ACSF and applied as continuous perfusion of the imaging chamber using a
peristaltic pump. Following application pattern have been used. Control application: 0.1%
DMSO incubated for 30min before start of 2nd recording session; TTX: 1 μM tetrodotoxin
incubated for 30 min before 2nd recording; PTX: 100 μM picrotoxin incubated for 30 min
before 2nd recording; DHPG: 50 μM dihydroxyphenylglycine incubated for 5 min + 5 min
washout with ACSF before 2nd recording was started; MCh: 25 μM methacholine incubated
for 15 min + 15 min washout before 2nd recording started; MCh + TTX: 10 min preincubation
of 1 μM TTX then application of 25 μM MCh & 1 μM TTX incubated for 15 min + 15 min
washout => 2nd recording started; MCh + LatB: 15 min preincubation of 10 μM latrunculin
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B then application of 25 μM MCh & 10 μM LatB incubated for 15 min + washout in the
presence of LatB + 15 min incubation in ACSF => 2nd recording started; Jasp: 10 μM
jasplakinolide incubated for 20 min => 2nd recording. Drugs were purchased from Abcam
(TTX), Bio-Connect (latrunculin B), Sigma (Methacholine, NMDA), Tocris (APV, CK-666,
DHPG, jasplakinolide, MNI-Glutamate, Picrotoxin, PP2).
Live-cell imaging
Spinning-disk confocal microscopy was performed on an inverted Nikon Eclipse Ti with
a Perfect Focus System. Glutamate uncaging experiments were imaged with a S Fluor
100×, 0.5–1.3 NA oil, all other neuron cultures with Plan Fluor 40×, 1.3 NA oil-immersion
objective; slice cultures with a CFI Apo Lambda S LWD 40×, 1.15 NA water-immersion
objective (all Nikon). The Yokogawa spinning disk confocal scanning unit (CSU-X1-A1NeE)
is equipped with a triple-band dichroic mirror (z405/488/568trans-pc; Chroma) and a filter
wheel (CSU-X1-FW-06P-01; Yokogawa) containing ET-BFP2 (49021), ET-GFP (49002), ETmCherry (49008) emission filters from Chroma. Excitation is based on Vortran Stradus 405
nm (100 mW), Cobolt Calypso 491 nm (100 mW) and Cobolt Jive 561 nm (100 mW) lasers,
photoactivation on a Teem Photonics 355 nm Q-switched pulsed laser. The UV laser light
is controlled by the Ilas-2 system (Roper Scientific, France) and is tunable in intensity via
an AOTF filter. Images were acquired in sequential mode with a Photometrics Evolve 512
EMCCD camera equipped with an additional 2.0× lens (Edmund Optics) resulting in a final
resolution of 66 nm/pixel. Neuron and slice cultures were imaged in the type 1 Ludin chamber
(LIS, Switzerland), positioned in a Tokai Hit Stage Top Incubator (INUBG2E-ZILCS), which
is mounted on a ASI motorized stage MS-2000-XYZ enabling multi-position imaging. Slice
cultures were positioned upside down on an empty coverslip and kept in place by a ring
of platinum laying on the edge of the FHLC membrane patch. The camera, lasers and all
motorized parts are controlled by MetaMorph software.
Imaging of microtubule entries in spines and actin dynamics was performed with following
parameters. Neuron cultures were imaged in full conditioned medium at 37°C and 5% CO2
with 5 sec intervals and z-stacks of 0.7 μm step sizes (4-7 depending on the z orientation of
the dendrite). Slices were recorded with the same settings except for a continuous perfusion
with ACSF (oxygenated with 95% O2, 5% CO2).
For local NMDA applications, dissociated neurons were silenced with 1 μM TTX for 1418 hours prior recording. MT+TIP comets were recorded for 4 min at 5 sec intervals and
mTagRFP only every 5th frame in the original culture medium. Puff-applications of 10 mM
NMDA through a patch pipette were applied for 2x 50 ms (with a 10 sec break) using a
Picospritzer III (Parker). The second imaging session was started 1 min after application with
the same settings as in the first recording.
Single photon glutamate uncaging of neuron cultures was performed in modified Tyrod’s
buffer composed of 119 mM NaCl, 5 mM KCl, 2 mM CaCl2, 10 mM HEPES, 10 mM glucose,
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1 μM TTX; pH 7.25 and osmolarity of 0.265 mOsm. MNI-glutamate was added in 100 μL
buffer to the darkened recording chamber on the microscope stage to a final concentration
of 0.5 mM. Uncaging regions were defined as lines with about 2 μm in length and a distance
of 1-1.5 μm to the spine head. The stimulation time-lapse recording contained several time
points before and after the uncaging session, in which images were taken in 2 sec intervals
with 4×0.8 μm z-stacks. The 355 nm uncaging pulse (0.5 Hz for 1 min) lasted for 3-4 ms
and preceded the recording of mTagRFP/GCaMP6. The laser power was adjusted to activate
around 30% of the imaged spines, except for the uncaging experiments in combination with
Cortactin knockdown (Figure 4I and 4J), where a slightly stronger activation stimulus was
used. The subsequent imaging of MT+TIP and mTagRFP/GCaMP6 was recorded at 5 sec
intervals with the same stack size as before.
We want to point out that successive imaging of different neurons/dendrites on the same
coverslip sometimes varied in the cellular response to the uncaging stimulus (based on
mTagRFP/GCaMP6 readout). We believe that this most likely represent artefacts of the
single-photon uncaging, as for instance light scattering by optical dense structures in the light
path. For this reason, suspicious recordings with unusual mTagRFP/GCaMP6 dynamics were
excluded from the quantification of microtubule dynamics. The intensity of the uncaging
laser is sufficient to bleach mTagRFP signals within a few frames if the uncaging region is
directly targeted on the spine head (data not shown). Since we never observed spine bleaching
in our uncaging experiments, we conclude together with our control experiments in Figure
3C that the observed morphological changes of spines were not an artifact of light stress. The
dependence on NMDA receptor activation was tested by uncaging glutamate in the presence
of 150 μM DL-2-amino-5-phosphonopentanoic acid (APV).
Super resolution imaging
For dSTORM imaging of lentiviral infected neurons expressing Lifact-TagRFP-Myc, DIV18+
neurons were fixed with 4% PFA. After fixation cells were washed and permeabilized with
0.25% triton-X in PBS. After 3 washes the samples were blocked for 1 hour at RT in PBS with
2% BSA, 0.2% gelatin, 10mM glycin, 50mM NH4Cl; pH 7.4. Cells were incubated overnight
at 4°C with a combination of two mouse anti-myc primary antibodies (Santa Cruz; 9E10 and
Oncogene; AB-1 both diluted 1:400). After three more washes in PBS the cells were incubated
with secondary anti-mouse Alexa647 for 1 hour at room temperature and washed 3 more
times. Super resolution imaging was performed in buffer optimal for Alexa647 as described
before [41, 42].
To perform super resolution of actin by transient binding of diffusing Lifeact-GFP [33] or
Lifeact-mNeonGreen, cells were first extracted in 0.35% triton-x and 0.15% glutaraldehyde
in CB (10 mM MES, 150 mM NaCl, 5mM MgCl2, 5mM EGTA, 5mM Glucose; pH 6.1) for 1
minute at 37 degrees. Cells were fixed in 4% PFA in CB at 37°C, washed 3 times and blocked in
3% BSA for 30 min. To visualize regions for imaging, cells were mildly stained with Phalloidin
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568 (Life Technologies, 1/1000). After 3 thorough washes in PBS cells were mounted in PBS
supplemented with low concentrations of Lifeact-GFP or Lifeact-mNeonGreen. In this way,
transient single molecule binding could be observed with 60-100 ms exposure time. For
2 color-imaging of actin and cortactin, cells transfected with Cortactin-dsRed were fixed,
blocked and stained with anti-RFP (1:400, rabbit, Rockland, 600-401-379) overnight at 4°C.
Next, neurons were washed 3x in PBS and stained with secondary anti-rabbit-D2 (Ultivue).
After 3 more washes coverslips were mounted and supplemented with Lifeact-mNeonGreen
and I2-560 imager strand (Ultivue) so that single molecule binding events could be observed
with 60-100 ms exposure. Regions of interest could be identified based on the dsRed signal of
cortactin. Images were reconstructed using DoM Utrecht (Detection of Molecules, https://
github.com/ekatrukha/DoM_Utrecht) [43].
Image analysis and quantification
Image processing
The four dimensional time-lapse data was reduced in complexity by generating average
z-stack projections before additional image processing and quantifications were performed
in FIJI. Time-lapse recordings were corrected for x-y drifts using the MultiStackReg plugin
whenever required. Curved dendrites in Figure 1J, 3D, 3I and Video S2 were straightened
because of space limitations or for better illustration using the FIJI “Straighten” plugin.
Quantification of microtubule spine entries
Time-lapse recordings of MT+TIP comets were processed with a moving average subtraction
and additional low pass filtering to amplify comet signals [36]. Spine entries were manually
identified based on maximum intensity projections of the processed data and visually
confirmed in the videos. Spine entry frequency is presented as “Spine entries / spine / hour”
in order to compensate for variations in recording time and spine density between dendrites.
Multiple targeting of the same spine within short time intervals is often caused by alternating
catastrophe and rescue events of the same microtubule. Because we here rather focused on
the microtubule targeting mechanism than on the functional consequences for the spines, we
counted multiple spine targeting as a single event if the imaging data did not clearly confirm
independent microtubules as the source of multiple invasions.
Quantification of MT+TIP comet properties
Kymographs were generated from average subtracted and low pass filtered MT+TIP
recordings using the FIJI “KymoResliceWide” plugin. The FIJI “Cell Counter” plugin was
used to label the start and end points of individual microtubule traces. All coordinates were
exported to Matlab and used to calculate microtubule density, orientation and length. It is
important to state that a substantial proportion of microtubule traces crossed the observation
limits in space or time. Therefore, our analysis underestimates the actual length of some of
the microtubule traces before entering a spine, which should be kept in mind for a correct
interpretation of the results presented in Figure 1E and 1H.
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Correlation study of spine entries and catastrophes
Time-lapse recordings were processed as in the previous section with the exception that
curved dendrites were additionally straightened using the corresponding function in FIJI.
All endings of microtubule traces in the kymograph were visually verified in the videos for
coincidental spine entries.
Spine size changes following glutamate uncaging
Recordings of mTagRFP were bleach corrected (exponential fit method) and thresholded
(percentile method) using corresponding FIJI plugins. ROIs were defined around the heads
of activated and distant non-activated spines. Areas corresponding to the spine head sizes
were quantified over time using the “Analyze Particles” function. Data was normalized to the
average spine size of the first 10 time points representing baseline conditions.
Spine head and base actin quantifications
Mean intensities of the Lifeact signals over time were quantified in manually defined regions
of interest (ROI) at the spine base and head. Resulting mean intensities were adjusted for
bleaching based on the mean Lifeact signals of the full image over time and then normalized
to the first time point in the time-lapse. The graph in Figure 5B and 5C presents averaged
signals from 10 sec intervals (5 time points) for a better visual arrangement, while Figure S3C
shows the raw data of all quantified ROIs.
Visualization of actin and MT+TIP signals at the spine base/neck
ROIs covering the spine base (Lifeact) or spine base and neck (MT+TIP) of the same spine
were defined and mean intensities quantified (scheme in Figure 5F). The same method for
bleach correction and normalization was used for both channels as described in the previous
section. Peaks in the MT+TIP intensities were rechecked in the time-lapse recordings
whether they represent spine entries or passing microtubule comets.
Correlation of actin dynamics at the spine base with MT entries
Moving average subtraction and low pass filtering were applied to the MT+TIP recordings to
improve comet signals. Spine entries were identified by the maximum intensity projections
of the improved time lapses. Using the MT comets trajectory and the position of the spine
head and neck structures, we verified that the recorded z-stack included the presumed
position of the spine base within the dendrite. We further excluded dendritic sections with
high spine densities that did not allow to clearly identifying the spine base of an individual
spine. In combination, this excluded a considerable number of spine targeting events for this
analysis. In 21 dendrites we found 43 spines being targeted by microtubules which met the
above criteria. Next, we visually inspected the corresponding spine base for increased actin
dynamics within a time window of 1 min before the microtubule entered the spine.
As control we analyzed all 540 spines of the 21 dendrites for comparable actin dynamics at
the spine base. For each dendrite we choose the time point of a spine invasion and analyzed
for 1 min in reverse.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Data processing, statistical analysis and diagrams were done in Excel and Prism (GraphPad)
software. The assumption of normality was tested with D’Agostino-Pearson omnibus
normality test. All statistical details of experiments, including the definitions, exact values
of n, and statistical tests performed, can be found in the corresponding figure legends. The
experiments were independently repeated three or more times to ensure consistency and
reproducibility. No specific strategy for randomization and/or stratification was employed.
The studies were blind in data analysis. No samples were excluded from analysis if not stated
explicitly in the corresponding analysis section.

Figure S1. ER structures do not guide microtubules into spines. Related to Figure 4.
A) Neuron cultures were double infected with virus expressing a TagRFP-ER and MT+TIP, as well as
mEBFP2 (control) or mEBFP2 and MyosinVa-tail (dominant negative construct).
B) Quantification of ER positive spines for both conditions.
C) Spine entry frequencies were quantified based on MT+TIP signals.
D) Spine density quantification.
***p<0.0001 all others not significant, unpaired t-test; control: n = 12, MyosinVa-tail: n = 15 dendrites.
Scale bars, 5 µm. Bars diagrams show mean + s.e.m.

Figure S2. Interfering with actin dynamics. Related to Figure 4.
A) Kymographs of MT+TIP comets recorded before and after jasplakinolide treatment in neuron cultures.
B) Quantification of absolute MT+TIP comets number in the same dendrite section before and after
jasplakinolide treatment, n.s. = not significant, paired t-test.
C) Relative MT+TIP comet density per 10 µm dendrite quantified from the same dataset as in B. Red points
represent the mean values of the dataset.***p<0.0001 paired t-test.
D) Spine entry frequencies after depletion of candidate proteins potentially mediating microtubule invasions
in spines. Each data point shows the spine entries for an individual recorded dendrite. Average values for
each condition are identical to the bar diagram shown in Fig 4F.
E) Effects of the depletion of actin interactors on spine density. *p<0.05, **p<0.01, ***p<0.001, n.s. = not
significant, one-way ANOVA with posthoc Dunnett’s test.
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F) Efficiency of lentivirus induced shRNA knockdown for Drebrin (upper) and Cortactin (lower) by Western
Blot. The reduction of signal intensities compared to controls and normalized to the Tubulin signals were as
follows: Drebrin: 15% and Cortactin: 47% remaining signal after 8 days.
G) Individual experiments for the Cortactin-rescue experiments from Fig. 4G.
H) Quantification of spine density in control, knockdown and Cortactin-rescue conditions (8 days of kd).
While the expression of Cortactin-rescue restores microtubule entries in spines it does not recover the loss
in spine numbers. One-way ANOVA.
I) Individual experiments for the EB3-rescue experiments from Fig. 4D.
J) Spine density does not vary between the used EB3-rescue constructs. Unpaired t-test.
K) Individual experiments for the uncaging experiment in control and Cortactin knock down conditions.
Each data point represents the mean spine entry frequency for an individual dendrite. ***p<0.0001,
unpaired t-test; scrambled: n = 15, Cortactin: n = 16 dendrites.
Scale bar, 5 µm. Bars diagrams show mean + s.e.m.
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Figure S3. Actin dynamics at the spine base. Related to Figure 5.
A, B) Additional examples of glutamate uncaging-induced actin dynamics in spines for control (A)
and Cortactin knockdown (B). The first two columns show still frames before and after uncaging. Next,
subtraction of the pre- from the post-uncaging Lifeact signals to visualize the increases in fluorescence
intensity. Right column is a projection of the Lifeact signal s.d. over the full 5 min recording to visualize hot
spots of actin dynamics. Arrowheads point on the same position at the base of a spine. Scale bar, 1 µm. Full
length movies of these and the example in Fig. 5A are shown in Movie S6.
C) Single traces of mean intensities in spine heads (upper panel) and base (lower panel) for all quantified
spines. Scrambled activated: n = 20 spines, Cortactin activated: n = 19 spines, scrambled non-activated:
n = 22 spines.
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Figure S4. Super-resolution imaging of actin in dendrites. Related to Figure 6.
A) Lentiviral infected neurons expressing Lifeact-TagRFP-Myc were fixed and stained against the Myctag with a primary and a secondary Alexa647 antibody. Top panel shows a diffraction limited and a
dSTORM reconstruction of the dendritic shaft and spines. Bottom panels shows additional examples of
actin structures in individual spines. Green arrowheads indicate examples of actin structures at the spine
base; magenta arrowheads indicate actin cables. Scale bar: top: 1 µm, bottom 0.5 µm.
B) Additional examples of dendritic spines where Cortactin is colocalized with actin in the spine head only
or to the spine head and base. Arrowheads indicate Cortactin structures. Scale bar: 0.5 µm.

SUPPLEMENTAL FIGURES
LEGENDS TO SUPPLEMENTARY VIDEOS
Video S1. Methacholine stimulation in slice cultures, Related to Figure 2
Time-lapse recording of MT+TIP marker and mTagRFP in a hippocampal organotypic slice culture. The
granule cell was infected with lentivirus and the same neuron is shown before and after stimulation with
methacholine. MT+TIP comets were imaged with 5 sec intervals (middle), while mTagRFP was recorded
only for every 5th frame (right). The left side shows a maximum projection of the MT+TIP recording to
better localize spine entries. Dashed box marks the dendritic region shown in Figure 2B. Time runs as
indicated with 20 fps. Spine entry frequency strongly increased after stimulation with methacholine.

Video S2. Local spine stimulation with glutamate uncaging increases spine targeting by
microtubules, Related to Figure 3
Example dendrite of a dissociated neuron expressing mTagRFP during photoactivation. The
uncaging laser was targeted to the white line and is active with appearance of the asterisk. Spines
in close proximity to the uncaging region respond with morphological changes, while more distant
spines are not affected. Time-lapse was recorded at 2 s intervals and is identical to the example
shown in Figure 3D. After a break of 30 sec the same dendrite was recorded for MT+TIP and
mTagRFP at 5 sec intervals. Arrowheads highlight spines targeted by dynamic microtubules.
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Video S3. Glutamate uncaging combined with calcium imaging, Related to Figure 3
Two dendrites from the same dissociated neuron expressing Lifeact-GCaMP6s and MT+TIP.
While recording for Lifeact-GCaMP6s in 2 sec intervals the uncaging was triggered at the white
line with appearance of the asterisk (left). The center image represents the sum projection of the
recorded GCaMP6s signals shown in Figure 3J. After a break of 30 sec, the same dendrite was
recorded for MT+TIP in 5 sec intervals (right). Comet signals were improved using a running
average subtraction and low-pass filtering. Dendritic outline was drawn based on a maximum
projection of the calcium signals during uncaging. Spines receiving microtubule entries and being
classified as activated were labeled with magenta arrowheads, while white arrowheads indicate
non-activated spines.
Video S4. Combined movement of Cortactin and actin to the spine base after glutamate
uncaging, Related to Figure 4
Dual imaging of Lifeact-GFP and Cortactin-dsRed in transfected DIV 19 neuron culture. The
moment of glutamate uncaging is shown next to the white line representing the uncaging region.
The white framed inserts shows a magnification of the targeted spine for each channel. The
uncaging induced a simultaneous translocation of Cortactin and actin towards the spine base.
The overexpression of Cortactin seems to boost the overall high actin dynamics in these relatively
young neuron cultures.
Video S5. Recording of microtubule and Cortactin dynamics, Related to Figure 4
Example of a transduced DIV 39 neuron expressing MT+TIP marker and Cortactin-dsRed
in baseline conditions. Arrowheads point to spines that are targeted by microtubules while an
asterisk indicates the time point of microtubule invasion. Arrows point to regions of Cortactin
dynamics at the base of targeted spines.
Video S6. Actin dynamics at the base of the spine, Related to Figure 5
Part1: Actin dynamics induced by synaptic activation. Individual spines expressing LifeactTagRFP were recorded during uncaging of glutamate in neuron cultures co-expressing scrambled
shRNA (upper panel) or Cortactin shRNA (lower panel). First spines on the left side represent
the examples shown in Figure 5A.The appearance of asterisks indicate the time of uncaging and
white lines mark the regions of photoactivation. Spines were imaged with 2 sec intervals in the
presence of TTX. The transient increase of actin dynamics in spine head and base is considerably
reduced in Cortactin knockdown conditions.
Part2: Actin dynamics in spines invaded by microtubules. Full time sequences of the MT+TIP
and Lifeact imaging shown in Figure 5D. The orange asterisks in the Lifeact channel appear 1
min before a microtubule comet enters the spine and turn red during the invasion period. Images
were acquired at 5 sec intervals in sequential mode. Increased actin dynamics at the base of the
spines precede the invasion of microtubules in spines.
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Oppositely Organized Microtubules Control Selective Transport

ABSTRACT
Microtubules are essential for polarized transport in neurons, but how their organization
guides motor proteins to axons or dendrites is unclear. Because different motors recognize
distinct microtubule properties, we used optical nanoscopy to examine the relation between
microtubule orientations, stability and modifications. Nanometric tracking of motors to
super-resolve microtubules and determine their polarity revealed that in dendrites, stable and
acetylated microtubules are mostly oriented minus-end out, while dynamic and tyrosinated
microtubules are oriented oppositely. In addition, microtubules with similar orientations and
modifications form bundles that bias transport. Importantly, because the plus-end directed
Kinesin-1 selectively interacts with acetylated microtubules, this organization guides this
motor out of dendrites and into axons. In contrast, Kinesin-3 prefers tyrosinated microtubules
and can enter both axons and dendrites. This separation of distinct microtubule subsets
into oppositely oriented bundles constitutes a key architectural principle of the neuronal
microtubule cytoskeleton that enables selective sorting by different motor proteins.
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INTRODUCTION
The polarized organization of neurons depends on the selective targetting of cargoes to
either axons or dendrites, driven by motor proteins that move selectively towards either the
plus or minus end of microtubules (Bentley and Banker, 2016; Britt et al., 2016; Hirokawa
et al., 2010; Kapitein and Hoogenraad, 2011; Stiess and Bradke, 2011; Vale, 2003). For some
axonal cargoes selective targeting is established by non-selective transport to axons and
dendrites, followed by selective endocytosis in dendrites, while other cargoes are directly
targeted to axons and do not enter dendrites (Bentley and Banker, 2016; Sampo et al.,
2003; Wisco et al., 2003). In lower organisms, such as Drosophila or C. elegans, microtubule
orientations in dendrites and axons are both uniform, but of opposite orientation (Kapitein
and Hoogenraad, 2015; Maniar et al., 2012; Rolls, 2011). Here, plus-end outward oriented
microtubules in axons enable kinesin-driven anterograde transport, whereas transport into
dendrites depends on minus-end directed motors because the microtubule orientations
are reversed (Harterink et al., 2016; Rolls, 2011). In contrast, in dendrites of mammalian
neurons microtubules are equally mixed between both orientations (Baas et al., 1988; Kleele
et al., 2014; Yau et al., 2016). Remarkably, several plus-end directed motor proteins can
nevertheless selectively enter axons, while others target both axons and dendrites (Huang
and Banker, 2011; Jacobson et al., 2006; Kapitein et al., 2010a; Lipka et al., 2016; Nakata
and Hirokawa, 2003). While it is widely assumed that these fundamental differences in
selectivity are encoded by the neuronal microtubule network (Janke, 2014; Verhey and
Gaertig, 2007), the design principles that ensure axon-selective transport have remained
unresolved (Bentley and Banker, 2016; Britt et al., 2016; Kapitein and Hoogenraad, 2011;
Stiess and Bradke, 2011).
It has been reported that certain members of the kinesin superfamily can
preferentially interact with microtubule subsets that carry specific chemical modifications
or associated proteins (Atherton et al., 2013; Cai et al., 2009; Konishi and Setou, 2009;
Sirajuddin et al., 2014). For example, the axon-selective Kinesin-1 has been shown to prefer
stable microtubules marked by acetylation and detyrosination (Cai et al., 2009; Konishi and
Setou, 2009), while the non-selective Kinesin-3 has been suggested to preferentially bind
to tyrosinated microtubules (Guardia et al., 2016; Lipka et al., 2016). Nevertheless, these
properties alone cannot explain the axon-selectivity of Kinesin-1, given that acetylated and
detyrosinated microtubules are also abundantly present in dendrites (Hammond et al., 2010).
The mild enrichment of these microtubules in proximal axons versus proximal dendrites
(Hammond et al., 2010) is insufficient to explain why Kinesin-1 exclusively enters axons and
fails to enter dendrites (Kapitein et al., 2010a). Thus, despite the accumulating evidence for
and understanding of the selective binding of motors to specific subsets of microtubules, the
link between selective microtubule binding and selective axonal entry has remained unclear.
The axon selectivity of the plus-end directed Kinesin-1 could be explained if the
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microtubules preferred by this motor would be largely oriented minus-end out in dendrites.
Likewise, if the microtubule subset preferred by non-selective motors would be oriented plusend out, this would explain why these motors can drive anterograde transport in dendrites.
To test this, we here use novel optical nanoscopy techniques to dissect the relation between
microtubule orientations, stability and modifications in neurons. Using nanometric tracking
of motor proteins running over an extracted cytoskeleton to super-resolve microtubules
and determine their polarity, we find that dendritic microtubules are organized in polarized
bundles that locally bias transport. In dendrites, these polarized bundles with opposite
orientations differ in overall stability and composition, with minus-end out microtubules
being more stable and more acetylated. We also show that Kinesin-1 selectively binds to
these minus-end out oriented microtubules, which explains why this plus-end directed motor
cannot drive cargo transport into dendrites. In addition, we find that Kinesin-3 preferentially
binds to microtubules that are mostly oriented plus-end out, which explains why this motor
can enter dendrites. Thus, the separation of distinct microtubule subsets into oppositely
oriented bundles constitutes a key architectural principle of the neuronal microtubule
cytoskeleton that enables selective sorting by different motor proteins.

RESULTS
Motor-PAINT: super-resolution imaging of microtubules and their orientation
To test whether axon-selective kinesins only interact with the subset of microtubules that is
oriented minus-end out in dendrites, we set out to explore the relation between microtubule
orientations, stability and modifications in neurons. Super-resolution microscopy (Hell,
2007; Huang et al., 2009; Molle et al., 2016; Patterson et al., 2010) enables resolving
individual microtubules in dense networks (Mikhaylova et al., 2015) and can also detect
specific microtubule modifications, but robust detection of microtubule orientations has not
yet been demonstrated. We reasoned that using nanometric tracking of plus-end directed
motor proteins would super-resolve microtubules and also reveal their polarity. Because this
approach requires detecting thousands of single-molecule events over the course of several
minutes and any concurrent microtubule rearrangement would blur the final image, we
tested whether motor proteins could still move over microtubules after chemical fixation
of the cytoskeleton (Brawley and Rock, 2009; Sivaramakrishnan and Spudich, 2009) (Fig.
Figure 1: motor-PAINT: super-resolution imaging of microtubules and their orientation
A) Assay: after extraction and fixation, purified and fluorescently labeled motors are added and map out
the microtubule array by unidirectional runs. See also Figure S1 - S2
B) Super-resolved image of an extracted U2OS cell obtained by subpixel localization of thousands of
motor binding events.
C) Left: Super-resolution reconstruction of the same cell with all microtubule segments colored according
to their absolute orientation. Legend arrows point in the direction of the plus end. Right: Zooms showing
free microtubule plus and minus end. See also Figure S2
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D) Orientation mapping of a centrosomal microtubule array obtained after nocodazole washout in a
COS7 cell.
E) Motor-based super-resolution reconstruction of microtubules in dendrites and axons of cultured rat
hippocampal neurons (DIV 16-17). Top images are based on all binding events (> 42405 events per
image). Bottom images are color coded for absolute orientation. Track interpolation was used for all runbased images.
F) Quantification of inward and outward moving kinesins in 5 µm long proximal, middle and distal
dendritic segments, reflecting the number minus-end outward and inward oriented microtubules,
respectively.
G) Percentage of minus-end out oriented microtubules in proximal, middle and distal dendritic segments,
based on the graphs shown in F.
H) Average percentage of minus-end out oriented microtubules in proximal, middle and distal dendritic
segments (Mean ±SEM, n= 7 segments from 7 neurons for every category).
Scale bars: 5 µm (B); 1 µm (D,E).
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1A). COS7 or U2OS cells were permeabilized using detergent, extracted, and fixed using
paraformaldehyde and real-time imaging was used to carefully optimize buffer conditions
for extraction and fixation (Fig. S1). This resulted in a procedure to successfully preserve
microtubule organization without any noticeable rearrangements or depolymerization (Fig.
1A, Fig. S1-2, Supplemental Video 1). Subsequent addition of purified and fluorescently
labeled kinesin molecules (DmKHC-GFP) resulted in numerous transient events of motors
binding to the microtubule and running over it for hundreds of nanometers with a speed of 7.5
± 3.0 · 102 nm/s (average±SD) (Fig. 1A, Fig. S2, Supplemental Video 2). Thus, motor proteins
can still move over a chemically fixed cytoskeleton to report microtubule orientations.
Next, we analyzed these binding events using single-molecule localization and
tracking algorithms to construct a diffraction-unlimited image of the microtubule array in
which the absolute orientation of each microtubule is known along the entire microtubule
lattice (Fig. 1B-D, Fig. S2). Line scans across individual microtubules revealed a full width
at half maximum (FWHM) of 52 ± 5 nm (mean±SD for n=30 profiles, Fig. S2), suggesting
a lateral resolution of the same magnitude, because microtubule FWHM is a good predictor
of lateral resolution in case of sufficient labeling density (Mikhaylova et al., 2015). To
validate the motors trajectories as reliable readout of microtubule polarity, we treated cells
with the microtubule destabilizing agent nocodazole. Subsequent washout induced rapid
regrowth of microtubules nucleated by the centrosome, resulting in a well-defined radial
array of microtubules with all plus ends oriented outward. Indeed, the motor-based superresolution image obtained for these cells unambiguously confirmed this organization, with
100% of centrosome-associated microtubules attached with their minus end (Fig. 1D; 141
microtubules in 3 cells). Thus, motors moving over an extracted cytoskeleton reliably report
the polarity of microtubules and can be used to reconstruct a super-resolved image. Because
our method is conceptually related to transient binding approaches that can be classified as
PAINT variants (point-accumulation-for-imaging-in-nanoscale-topography) (Giannone
et al., 2010; Jungmann et al., 2014; Kiuchi et al., 2015; Molle et al., 2016; Sharonov and
Hochstrasser, 2006), we termed it motor-PAINT.
Dendritic microtubule arrays form bundles of preferred polarity
We next used our methodology to explore the microtubule organization in the dendrites and
axons of rat hippocampal neurons. Consistent with earlier reports (Baas et al., 1988; Stepanova
et al., 2003; Yau et al., 2016), microtubules in axons were uniformly oriented, whereas
microtubules in dendrites were oriented both ways (Fig.1E; Movie S3). Comparing the
number of outward and inward runs in 5-mm stretches in proximal, middle and distal regions
of dendrites revealed that 50% of the microtubules were oriented minus-end out throughout
the dendrite (Fig.1E-H). Interestingly, the separate images created for minus-end outward
and minus-end inward oriented microtubules were not identical. Often, spatially separated
bundles of microtubules in dendrites would be enriched for one orientation, indicating local
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Figure 2: Dendritic microtubule arrays spatially segregate by orientation and modification
A) Three examples of dendrites demonstrating bundles of preferred polarity (left-right). Motor-based
super-resolution reconstructions, based on either all binding events (top), inward runs (middle right),
outward runs (middle left) or runs of both directions (bottom). Track interpolation was used for the runbased images.
B) Intensity profiles for inward and outward pointing microtubules along the lines indicated in A. See also
Figure S3.
C) Ratio between outward and inward runs or inverse for regions marked with 1 or 2 in A. Mean ±SEM.
D) STED image from the soma of a DIV2 neuron immunostained for tyrosinated and acetylated MTs
(top) and the individual tyrosinated (bottom left) and acetylated channel (bottom right).
E) Zooms from DIV2 and DIV7 neurites highlighting spatial segregation between tyrosinated and
acetylated MTs. Corresponding intensity profiles along the indicated line is shown next to the image on
the right. See also Figure S4.
Scale bars: 1 µm (A,E); 5 µm (D)
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orientational order (Fig.2A-B). Spatial correlation analysis and intensity quantification (Fig.
S3, see Methods) revealed that at lateral length scales below 600 nm dendritic microtubules
are enriched 2-4 fold for a specific orientation, suggesting a 66/33% - 80/20% ratio between
microtubules of opposing orientations (Fig. 2C). Thus, the dendritic microtubule array
is comprised of bundles of preferred polarity, while overall both orientations are equally
abundant.
Minus-end-out-oriented microtubules are more stable and more acetylated
To explore the relation between microtubule modifications and orientations, we first
performed nanoscopy of markers for different microtubule subsets. Immunolabeling of
tyrosinated tubulin reveals freshly polymerized microtubules in which most α-tubulins have
not yet lost their C-terminal tyrosine nor their penultimate glutamate, whereas staining for
acetylated tubulin or D2-tubulin (detecting loss of the C-terminal tyrosine and glutamate)
labels stable microtubules (Janke, 2014). STED (stimulated emission depletion) microscopy
(Fig. 2D-E) and localization microscopy (Fig. S4) revealed that acetylated microtubules and
tyrosinated microtubules form spatially separated subsets both in the cell soma and within
dendrites. In addition, tyrosinated microtubules did not overlap with D2-tubulin, while the
EB1-positive stretches that label growing microtubules were enriched in regions with strong
tyrosinated tubulin signals (Fig. S4). These results demonstrate that dendritic microtubules
spatially segregate into bundles with either dynamic or stable microtubules.
So far, motor-PAINT revealed bundles enriched for plus or minus-end out
microtubules, while immunolabeling revealed bundles enriched for stable or dynamic
microtubules. To resolve the connection between these different bundles and directly
explore whether stable microtubules have a preferred orientation, we treated neurons with
4 µM nocodazole for 2.5 hours to selectively preserve stable microtubules and subsequently
performed motor-PAINT microscopy. Immunolabeling confirmed the loss of tyrosinated
microtubules, while the acetylated microtubule network was still intact (Fig. 3A-B). MotorPAINT microscopy on the remaining network of stable microtubules revealed that minus-end
out microtubules were approximately twice as abundant as plus-end out microtubules (66%
versus 34% for plus and minus end out, respectively, Fig. 3C-E). In addition, to explore the link
between microtubule stability and orientation without microtubule destabilization, motorPAINT microscopy on unperturbed networks was followed by immunolabeling of acetylated
tubulin, which revealed that acetylated microtubules predominantly overlapped with minusend out oriented microtubules (Fig. 3F-G, Fig. S5). Together, these results demonstrate that
the spatially segregated stable and dynamic microtubules networks are enriched in minusend out and plus-end out oriented microtubules, respectively.
Kinesin-1 and Kinesin-3 prefer different microtubule subsets in neurons
Kinesin-1 has been shown to prefer stable microtubules marked by acetylation and
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Figure 3: Minus-end out oriented microtubules are more stable and more acetylated
A,B) Overview and zoom of DIV9 neurons immunostained for tyrosinated and acetylated microtubules
in control conditions (A) or following 2.5 hours incubation with 4 uM nocodazole (B).
C,D) motor-PAINT performed on a dendritic segment in control conditions (C) or after nocodazole
treatment (D).
E) Percentage of minus-end out oriented microtubules in dendritic segments in control and nocodazoletreated neurons. Mean ±SD, control: n=7, nocodazole: n=16 acquired in 3 independent experiments.
T-test: ***, P<0.001.
F) Correlative reconstructed images of minus-end in (left), minus-end out (middle) and acetylated
microtubules (right) of a dendritic segment. See also Figure S5
G) Intensity profiles measured for both microtubule orientations and the acetylated tubulin channel.
Scale bars: 5 µm (A,B); 1 µm (C,D,F).

detyrosination (Cai et al., 2009; Konishi and Setou, 2009), while the non-selective Kinesin-3
has been suggested to preferentially bind to tyrosinated microtubules (Guardia et al.,
2016; Lipka et al., 2016). Together with our findings that stable and dynamic microtubules
are predominantly oriented minus-end outward and plus-end outward, respectively, this
would explain why Kinesin-1 cannot enter dendrites, while Kinesin-3 enters dendrites and
accumulates at their tips. Nevertheless, the exact binding bias of Kinesin-1 and Kinesin-3 in
neurons has not yet been determined. To measure this, we overexpressed a rigor mutant of
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Kinesin-1 (Kif5a-rigor), which can bind to microtubules but not walk nor detach (Farias et
al., 2015). Kinesin-1 showed a very dramatic colocalization with acetylated tubulin, whereas
staining for tyrosinated tubulin highlighted a microtubule network that was completely devoid
of Kinesin-1 (Fig. 4A-B, Fig. S6). At moderate over-expression levels, the motor was largely
bound to acetylated/non-tyrosinated microtubules in the cell body and near the axon entry,
whereas at very high levels it was also present in dendrites, but still selective for acetylated/
non-tyrosinated microtubules (Fig. 4A-B). Thus, Kinesin-1 selectively binds to those dendritic
microtubules whose plus ends are mostly oriented towards the cell body, which prevents entry
into dendrites and ensures axon selectivity.
For Kinesin-3, we found that a rigor construct (Kif1a-Rigor-GFP) (Guardia et
al., 2016) was about 1.5- to 2-fold enriched on tyrosinated microtubules versus acetylated
microtubules in COS7 cells (Fig. S6D-F). Because this motor is not completely excluded

Figure 4: Kinesin-1 prefers stable, acetylated microtubules in neuronal axon and dendrites
A,B) STED images of DIV4 polarized neuronal soma (A) or neurites (B) after 1 day expression of GFPkif5a rigor stained for GFP and acetylated-tubulin or GFP and tyrosinated-tubulin. See also Figure S6.
C) Cartoon illustrating the existing and new model for dendritic microtubule organization. Arrow heads
on microtubules depict plus ends. Kinesin-1 and Kinesin-3 preferentially move over stable/acetylated and
dynamic/tyrosinated microtubules, respectively.
D) The new model can explain the selective entry of Kinesin-1 into axons. Arrows depict bias in transport
directionality (see also Fig. S7).
Scale bars: 2 µm (A,B)
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from acetylated microtubules, assessing preferential binding in neurons was challenging,
given the high density of microtubules. However, in somatic regions where tyrosinated and
acetylated microtubules were clearly separated, we could analyze the binding preference and
again found a nearly twofold enrichment on tyrosinated microtubules (Fig. S6G-H). Given
that tyrosinated microtubules are preferentially oriented plus-end out, this enrichment is
sufficient to bias transport to the distal end (Fig. S6I). As shown in Figure S7, even a small
difference in inward versus outward runs (e.g. p+ = 0.55-0.6) will already direct most motors
to the distal end of the dendrite (Fig. S7).

DISCUSSION
Existing models of the dendritic microtubule array suggest that microtubules of different
orientations are randomly distributed and have a similar composition, often consisting of
a stable, chemically modified segment followed by a dynamic, tyrosinated end (Fig. 4C)
(Baas et al., 2016; Conde and Caceres, 2009; Nirschl et al., 2017). We here used novel optical
nanoscopy techniques to dissect the relation between microtubule orientations, stability
and modifications in neurons (Balabanian et al., 2017). This revealed unanticipated local
orientational order in dendrites where microtubules are organized in multiple polarized
bundles, whose properties depend on their absolute orientation. Minus-end out oriented
microtubules are more stable and more modified, while the plus-end out microtubule are
more dynamic.
The finding that the microtubules preferred by Kinesin-1 are predominantly
oriented minus-end out in dendrites solves how this motor can be axons-selective, while the
microtubules it prefers are also found in dendrites (Fig. 4C-D). In addition, the finding that
dynamic microtubules are largely oriented plus-end out explains why motors that interact with
these microtubules, such as Kinesin-3, not only enter dendrites (Jacobson et al., 2006; Kapitein
et al., 2010a; Nakata and Hirokawa, 2003), but also accumulate at dendrite tips (Huang and
Banker, 2011; Jacobson et al., 2006; Lipka et al., 2016) (Fig. 4C-D). Our results thus support
the tubulin-code hypothesis by showing that microtubules with different modifications and
associated proteins have different functional roles (Janke, 2014; Verhey and Gaertig, 2007).
In addition, for motors without a preference for specific microtubule subsets,
the bundles of uniform polarity that we identified promote persistent motility in a certain
direction, because once moving within a bundle, motility will be biased despite potential
switching between different microtubules within a bundle. Mathematical modeling revealed
that even a small asymmetry will create a directional bias for motors (Kapitein et al., 2010a)
(Fig. S7). For example, when plus-end out microtubules are twofold enriched, 50% of kinesindriven cargoes would accumulate in the last 20% or 9% of the bundle for a bundle length of
20 or 50 mm, respectively (Fig. S7).
Given that dendrite-entering motors can also enter axons, additional mechanisms
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are required to prevent axonal entry of dendritic cargoes, which are most likely mediated by
the minus-end directed microtubule motor dynein and by myosin motors that can oppose
microtubule-based transport (Arnold and Gallo, 2014; Kapitein et al., 2010a; Kapitein et al.,
2013; Kuijpers et al., 2016; Watanabe et al., 2012), possibly augmented by specific filtering
properties of the Axon Initial Segment (Leterrier and Dargent, 2014; Rasband, 2010; Song
et al., 2009). Furthermore, how motors selectively recognize specific microtubule subsets
remains poorly understood. Current models implicate direct effects of different modifications
or important roles for different microtubule-associated proteins (MAPs) in loading motors
to specific microtubules (Atherton et al., 2013; Bentley and Banker, 2016; Janke, 2014;
Lipka et al., 2016). In addition, the mechanisms by which the sophisticated organization of
dendritic microtubules is established are unknown, but they likely depend on a multitude
of MAPs and microtubule-organizing motors that collectively phase separate and polarity
sort different microtubule populations (Kapitein and Hoogenraad, 2015). Regardless the
mechanisms, our finding that microtubules with opposite orientations differ in stability and
chemical composition constitutes a key architectural principle of the neuronal microtubule
cytoskeleton that enables selective sorting by different motor proteins.
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SUPLEMENTAL EXPERIMENTAL PROCEDURES
Cell Lines and Tissue Culture
COS7 cells were cultured in DMEM/Ham’s F10 (1:1) medium containing 10% FCS and
penicillin/streptomycin.
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat
brains (Kapitein et al., 2010b). Cells were plated on coverslips coated with poly-L-lysine (37.5
µg ml−1) and laminin (1.25 µg ml−1). Hippocampal cultures were grown in Neurobasal medium
(NB) supplemented with 2% B27 (Invitrogen), 0.5 mM glutamine, 15.6 µM glutamate, and 1%
penicillin plus streptomycin.
The sex of cells was not determined.
DNA constructs and Protein purification
To generate DmKHC(1-421)-GFP-6xHis, amino acids 1-421 of the Drosophila kinesin heavy
chain were inserted in a pET28a-GFP-6xHis expression vector in the NcoI and EcoRI site.
GFP was previously inserted between the EcoRI and XhoI sites. The construct was verified by
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sequencing and transformed in the BL21DE3 bacterial strain. The GFP-Rigor-KIF5A cloned
into a peGFP vector was a gift from Ginny Farías (Farias et al., 2015). pβactin-Kif1a-FRB was
described previously (Lipka et al., 2016). Kif1a-Rigor-GFP-FRB was cloned by PCR of the
N-terminus (AA1-253) and the fused C-terminus (AA253-383-GFP) of Kif1a, substituting
glutamic acid to lysine at amino acid 253. Both fractions were fused through Gibson assembly
(addgene) and ligated into pβactin restricted with AscI/SpeI.
To express the DmKHC(1-421)-GFP-6xHis, a 2L culture was grown until OD0.6.
Expression was induced with 1mM of IPTG and cells were grown for 0.5 hours at 37 0C
and 3.5 hours at 20 0C. Cells were then pelleted by centrifugation and resuspended on ice in
resuspension buffer (20mM Pipes, 150mM NaCL, 4 mM MgSO4, pH7.0) supplemented with
lysozyme and protease inhibitor cocktail (Roche). Subsequently, cells were lysed through 5
rounds of 30 seconds sonication. The soluble fraction containing the expressed protein was
separated through 40 minutes centrifugation at 20000g and incubated with NiNTA beads
(Roche) for 1 hour at 4 0C.
Beads were washed 3 times in resuspension buffer supplemented with 50 µM ATP
and in the last wash 60mM imidazole was added. Recombinant protein was eluted for 15
minutes in Elution buffer (80mM Pipes, 4mM MgSO4, 300mM imidazole, 50µM ATP, pH7.0).
The supernatant was concentrated to 0.5 ml and recombinant protein was further purified and
buffer exchanged through gel filtration on a superdex75 column (GE Healthcare, Superdex 75
10/300) equilibrated with PEM80 buffer (80 mM Pipes, 4mM MgCl2, 1 mM EGTA). Fractions
containing DmKHC(1-421)-GFP-6xHis were identified by SDS-page, collected and stored at
-80 0C in 10% glycerol after snap-freezing in liquid nitrogen.
Cell transfection
COS7 and U2OS cells were plated on 18-mm diameter coverslips 2–4 days before
transfection. Cells were transfected with Fugene6 transfection reagent (Roche) according to
the manufacturer’s protocol and imaged one day after transfection.
Transfections of hippocampal neurons were performed 24 h before imaging with
lipofectamine 2000 (Invitrogen). DNA (1.8 μg per well) was mixed with 3.3 μl lipofectamine
2000 in 200 ml NB, incubated for 30 min, and added to the neurons in NB supplemented with
0.5 mM glutamine at 37 °C in 5% CO2. After 60-90 min neurons were washed with NB and
transferred to the original medium at 37 °C in 5% CO2 for 1 day.
Kinesin motility assay
To prepare cellular microtubule cytoskeletons for the kinesin motility assays, the cytoplasm
of COS7-cells or hippocampal neurons was extracted for 1 minute in extraction buffer (1M
sucrose + 0.15% Triton-X in PEM80) at 37 0C. Subsequently, an equal amount of fixation
buffer (2% PFA in PEM80 at 37 0C) was added and the solution was gently mixed by pipetting
for 1 minute. The extraction and fixation buffer were then replaced by washing solution
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(PEM80 + 100nM Paclitaxel 37 0C) for 1 minute. After three more 1-minute washes imaging
buffer (1.7% w/v glucose, 185 µg/ml glucose oxidase, 40 µg/ml catalase, 5mM ATP, 1mM
DTT, 100mM Paclitaxel in PEM80 buffer at 37 0C) was added.
mCherry-tubulin expressing cells were selected for imaging and after a conventional
preacquisition of cherry-tubulin, 1 µl of approximately 30nM DmKHC(1-421)-GFP-His
was added above the location of acquisition and 10000-20000 frames were acquired at 10
Hz using stream acquisition. Because the concentration of visible kinesins at the selected
position gradually decreased because of diffusion and photobleaching, recombinant kinesin
was supplemented during imaging to increase the number of localizations of motile kinesins.
For the Nocodazole washout experiments (Figure 1D), COS7 cells were
treated with 10 µM nocodazole (M1404, Sigma-Aldrich) for 1 hour at 37 0C followed by 1 hour
incubation at 4 0C. Samples were washed 6x times with cold culturing medium. Subsequently,
microtubules were allowed to polymerize for ~6 minutes at 37 0C. Finally, extracted
microtubule cytoskeletons were prepared as described earlier. Nocodazole treatments in
neurons were performed by using 4 µM nocodazole in the culture medium for 2.5 hours.
Most samples were imaged on a Nikon Ti-E microscope equipped with a 100x Apo
TIRF oil immersion objective (NA. 1.49) and Perfect Focus System 3. Excitation was achieved
with a mercury lamp or via a custom illumination pathway starting with a Lighthub-6
(Omicron) containing a 638 nm laser (BrixX 500 mW multimode, Omicron), a 488nm laser
(Luxx 200 mW, Omicron) and using an optical configuration that allowed tuning the angle of
incidence. In most instances, total internal reflection or highly inclined laser illumination was
used. Emission light was separated from excitation light with a quad-band polychroic mirror
(ZT405/488/561/640rpc, Chroma), a quad-band emission filter (ZET405/488/561/640m,
Chroma), and an additional single-band emission filter (ET525/50m for GFP emission,
Chroma), and detected using a sCMOS camera (Hamamatsu Flash 4.0v2). In some cases, a
very similar microscope that has been previously described (Chazeau et al., 2016) was used
in the same configuration (see section “Immunocytochemistry, (correlative) SMLM, confocal
and gSTED). All components were controlled by Micromanager software (Chazeau et al.,
2016).
Immunocytochemistry, (correlative) SMLM, confocal and gSTED imaging
Extraction, fixation and immunocytochemistry (ICC) were performed as previously
described (Chazeau et al., 2016). Briefly, cells were incubated for 90 seconds in a extraction
buffer preheated at 37 °C (80 mM pipes, 2 mM MgCl2, 1 mM EGTA, 0.3% Triton® X100 and
0.25% glutaraldehyde, pH 6.9), followed by incubation with 4% PFA preheated at 37 °C for
10 minutes. Neurons were further permeabilized with 0.25% Triton® X100 and blocking was
performed with 2% w/v bovine serum albumin (BSA), 0.2% gelatin, 10 mM glycine, 50 mM
NH4Cl in PBS, pH 7.4. Primary and secondary antibodies were incubated for 1h at room
temperature in blocking buffer. For SMLM (single-molecule localization microscopy), samples
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were post-fixed in 2% PFA for 10 minutes. Primary and secondary antibodies used in this
study are the following: rat monoclonal anti tyrosinated tubulin (Abcam, [YL1/2], ab6160),
mouse monoclonal anti acetylated tubulin (Sigma, [6-11B-1], T7451), rabbit polyclonal anti
∆2 tubulin (Millipore, AB3203), mouse monoclonal anti EB1 (BD Bioscience, [clone 5],
610535), Rabbit polyclonal anti GFP (MBL Sanbio, 598),Alexa Fluor® 647 Goat Anti-Rat IgG
(H+L) (Molecular Probes®, Life TechnologiesTM A21247), Alexa Fluor® 488 Goat Anti-Rat IgG
(H+L) (Molecular Probes®, Life TechnologiesTM A11006), Alexa Fluor® 647 Goat Anti-Mouse
IgG (H+L) (Molecular Probes®, Life TechnologiesTM A21236), Alexa Fluor® 594 Goat AntiMouse IgG (H+L) (Molecular Probes®, Life TechnologiesTM A11032), Alexa Fluor® 568 Goat
Anti-Mouse IgG (H+L) (Molecular Probes®, Life TechnologiesTM A11031), Alexa Fluor® 568
Goat Anti-Rabbit IgG (H+L) (Molecular Probes®, Life TechnologiesTM A11036), Alexa Fluor®
594 Goat Anti-Rabbit IgG (H+L) (Molecular Probes®, Life TechnologiesTM A11032).
Gated STED (gSTED) imaging of acetylated and tyrosinated MTs (Figure 2) was
performed with a Leica TCS SP8 STED 3X microscope using a HC PL APO 100x/1.4 oil STED
WHITE objective. For excitation of Alexa647 and Alexa594, a pulsed white laser (80MHz)
was used at 641 nm and 594 nm, respectively, whereas a 775 nm pulsed laser was used for
depletion. Images were acquired in 2D STED mode with the vortex phase mask. Depletion
laser power was equal to 35% and 70% of maximum power for Alexa647 and Alexa594,
respectively. We used an internal Leica GaAsP HyD hybrid detector with a time gate (tg) of
0.3 ≤ tg ≤ 6 ns and 0.8 ≤ tg ≤ 8 ns for Alexa647 and Alexa594, respectively. Confocal two color
imaging was performed on the same setup using the same white laser excitation and emission
settings from LAS X controlling software library. Alternatively, for Figure S4C,D confocal
images were acquired using a LSM 700 confocal laser-scanning microscope (Zeiss) with a
63×1.4 N.A. oil objective.
To correlate microtubule orientations and acetylated tubulin using SMLM,
motor-PAINT was performed as described above on DIV9/DIV10 neurons. Subsequently the
imaged positions were saved and the sample was removed from the microscope but kept in the
imaging chamber. To remove the motors from the microtubule lattice the sample was washed
two times in PEM80 supplemented with 100 nM paclitaxel and 5 mM ATP. Cells were fixed
in 0.3% Glutaraldehyde, 2% PFA and 100 nM paclitaxel in PEM80 for three minutes. After
fixation the sample was washed three times in wash buffer (PEM80 with 100 nM paclitaxel)
followed by a 30 minute block in blocking buffer (3% BSA, 100 nM paclitaxel in PEM80).
Cells were then incubated for one hour with 1/400 mouse anti-acetylated antibody in blocking
buffer. After incubation cells were washed three times in washing buffer and incubated for
one hour with secondary anti-mouse AlexaFluor647 1/400 in blocking buffer. After three
more washes in wash buffer, the buffer was exchanged for imaging buffer (50-100mM MEA,
5% w/v glucose, 700 µg/ml glucose oxidase, 40 µg/ml catalase in PEM80). The sample in the
imaging chamber was placed back on the microscope in exactly the same position and the
regions where motor-PAINT was performed were imaged by SMLM as described below for
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Alexa647.
Two color SMLM imaging (Fig. S4A,B) was performed as previously described
(Chazeau et al., 2016) on a Nikon Ti microscope equipped with a 100x Apo TIRF oil objective
(NA. 1.49), a Perfect Focus System and an additional 2.5x Optovar to achieve an effective pixel
size of 64 nm. Oblique laser illumination was achieved using a custom illumination pathway
with a 15 mW 405 nm diode laser (Power Technology), a 50mW 491 nm DPSS laser (Cobolt
Calypso) and a 40 mW 640 nm diode laser (Power Technology). Fluorescence was detected
using a water-cooled Andor DU-897D EMCDD camera and ET series Cy5 filter (Chroma
Technology). All components were controlled by Micromanager software (Edelstein et al.,
2010). The composition of the imaging buffer was 100mM MEA, 5% w/v glucose, 700 µg/
ml glucose oxidase, 40 µg/ml catalase in PBS buffer. Alexa Fluor 647 and Alexa Fluor A488
were imaged sequentially, using continuous illumination with 640 nm and 491 nm light,
respectively. During acquisition, the sample was illuminated with 405 nm light at increasing
intensity to keep the number of fluorophores in the fluorescent state constant. Between 10000
and 20000 frames were recorded per acquisition with exposure time of 30/40 ms.
Antibody combinations
Primary Antibodies

Secondary Antibodies

Technique/Microscope

Figure 2D-E

Rat anti tyrosinated
tubulin
Mouse anti acetylated
tubulin

Anti Rat Alexa 647
Anti Mouse Alexa 594

Confocal and gSTED/
Leica TCS SP8

Figure 3A-B

Rat anti tyrosinated
tubulin
Mouse anti acetylated
tubulin

Anti Rat Alexa 488
Anti Mouse Alexa 568

Confocal/ Zeiss LSM
700

Figures 3F and Figure
S5

Mouse anti acetylated
tubulin

Anti Mouse Alexa 647

SMLM/ Nikon Ti

Figure S4

Rat anti tyrosinated
tubulin
Mouse anti acetylated
tubulin

Anti Rat Alexa 488
Anti Mouse Alexa 647

SMLM/ Nikon Ti

Figure S4C

Rat anti tyrosinated
tubulin
Rabbit anti ∆2 tubulin

Anti Rat Alexa 488
Anti Rabbit Alexa 568

Confocal/ Zeiss LSM
700

Figure S4D

Rat anti tyrosinated
tubulin
Mouse anti EB1

Anti Rat Alexa 488
Anti Mouse Alexa 568

Confocal/ Zeiss LSM
700
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Figure 4B and Figure
S6B

Mouse anti acetylated
Rabbit anti GFP

Anti mouse Alexa 647
Anti rabbit Alexa 594

gSTED/ Leica TCS SP8

Figure 4A-B and
Figure S6C

Rat anti tyrosinated
tubulin
Rabbit anti GFP

Anti Rat Alexa 647
Anti rabbit Alexa 594

gSTED/ Leica TCS SP8

Figure S6A

Mouse anti tubulin
Rabbit anti GFP

Anti mouse Alexa 647
Anti rabbit alexa 594

gSTED/ Leica TCS SP8

Figure S6D-H

Rat anti tyrosinated
tubulin
Mouse anti acetylated
Rabbit anti GFP

Anti Rat Alexa 594
Anti Mouse Alexa 647
Anti rabbit Alexa 488

gSTED/ Leica TCS SP8

Simulations
Simulations of motors on microtubule orientations with different ratios of plus and minus end
out oriented microtubules were performed as described previously (Kapitein et al., 2010a).
In the same reference, we also derived the mathematical expression for the distributions
of kinesin-propelled cargoes on different arrays as a function of the fractional orientation
probabilities p+ and p- and the average run length before switching microtubules l:

c( x) = c0 eα x , with α =

p+ − p−
l

Integrating this to calculate the number of particles n at xn gives

n=

1 α xn
e −1
α

(

)

From this, the dendritic coordinate L50% at which the number of particles before that
position equals the number of particles beyond that position can be found by solving

1 α L50 %
1 α Ldendrite
e
−1 =
e
− 1 , which gives
α
2α

(

)

(

L50 % / Ldendrite = α1 ln
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Single molecule localization and track orientation analysis
Images were analyzed using our custom ImageJ plugin called DoM (Detection of Molecules,
https://github.com/ekatrukha/DoM_Utrecht), which has been described in detail previously
(Chazeau et al., 2016; Yau et al., 2014). Briefly, each image in an acquired stack was convoluted
with a two dimensional Mexican hat-type kernel that matches the microscope’s point spread
function (PSF) size. Spots were detected by thresholding the images and their sub-pixel
positions were determined by fitting a 2D Gaussian function using unweighted nonlinear
least squares fitting with the Levenberg-Marquardt algorithm. Drift correction was applied
by calculating the spatial cross-correlation function between intermediate super-resolved
reconstructions.
To link localizations into motor trajectories, the linking function of DoM was used
as described previously (Sharma et al., 2016). Briefly, linking was performed using a nearest
neighbor algorithm were the maximum permitted distance between detected molecules in
two subsequent frames, was 3 pixels (~192 nm). No frame gap was permitted within a track.
Only individual tracks that could be observed for at least 3 subsequent frames were included
for further analysis. In addition, trajectories in which the angle between two segments was
larger than 75 degrees were discarded.
Next, trajectories were separated into different tables based on their direction.
For non-neuronal cells, localizations belonging to validated tracks were separated into
four different particle tables defined by four criteria for the total displacement in x and y
coordinates of the track (i.e. ∆x>0 ^ ∆y>0; ∆x>0 ^ ∆y<0; ∆x<0 ^ ∆y>0; ∆x<0 ^ ∆y<0). For
neuronal cells, particle tables were separated into two particle tables corresponding to the axis
of the dendrite. The resulting particle tables were subsequently reconstructed using DoM into
different super-resolved images that represented all microtubules with similar orientations.
Because the average frame-to-frame displacement of motors was 75 ± 30 nm, tracks
appeared as a series of dots when rendered at small pixel sizes. To better visualize these tracks,
additional localizations were inserted with a spacing of 15 nm by interpolating between two
subsequent localizations within tracks. The localization precision was set as the average of the
two observed localizations. Nevertheless, to avoid potential artefacts, all quantifications were
performed on the non-interpolated data sets and images.
Correlation analysis
To determine the degree of overlap between images obtained from the retrograde and
anterograde runs, the correlation coefficient Cin/out was calculated as
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X

C in / out =

Y

∑∑ i
x =1 y =1
X
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x =1

2
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( x, y )iout ( x, y )
Y

2
( x, y )∑ iout
( x, y )
y =1

Where iin(x,y) and iout(x,y) are the intensities of the images based on anterograde and retrograde
runs at pixel (x,y), respectively. Similarly, the correlation coefficient Codd/even was calculated
from the intensities iodd(x,y) and ieven(x,y) of the images based on odd and even localizations
within tracks (see Fig. S2). The curves of C against different pixel sizes were fitted in Graphpad
Prism 5 using the functions described in the legends.
Ratio analysis
Ratios of minus-end out versus minus-end in microtubules were determined based on the
intensity of the localizations in either direction. Every detected motor localization in a valid
track was normalized to an intensity of 1, so that for both orientations the sum value per image
reflected the number of localizations in a specific direction. Subsequently a 5µm segment of
a dendrite was selected. These sum values could be presented as arbitrary values along the
segment (e.g. Fig. 1F) or the total intensity in the minus-end out versus minus-end in was
plotted against each other (e.g. Fig. 1G) or the ratio of each trace was averaged and used as a
single data point (e.g. Fig. 1H).
Statistical parameters are included in the figures or corresponding legends. The number of
measured segments from different cells is indicated. All quantified data is obtained from at
least 3 independent experiments from neurons cultured from different batches. ***, P <0.001
as tested by a T-test or non-parametric Mann-Whitney test.
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SUPPLEMENTARY FIGURES

6

Figure S1 (related to Figure 1): Preservation of the microtubule cytoskeleton during extraction
Optimization of the extraction protocol to preserve microtubule organization in COS7 cells expressing
cherry-tubulin. Images shown were obtained before extraction (left), 25 seconds after extraction (middle),
or 50 seconds after extraction and before fixation (right). Extraction was performed in the presence of 0.10.15% Triton-X in PEM80 buffer (A), supplemented with NaCl (B,C) or sucrose (D). The conditions in d
were used for all subsequent experiments.
Scale bar: 2 µm
Figure S2 (related to Figure 1): Super-resolution imaging of microtubules and their orientations
A) COS7 cell expressing mCherry-tubulin shown before extraction (left), during extraction (middle) and
after fixation (right). Zoom indicates the region of interest for which the microtubule orientations are
determined in b.
B) Three subsequent frames from a 10.000 frame recording of the zoom region in a.
C) Median-filtered (0.3 pixel size) standard deviation projection of the complete 10.000 frame recording of
the zoom region in A (also see Supplemental Video 1).
D) FWHM of cross sections of microtubule imaged by motor tracking (mean±s.d.: 52±1 nm, n=30 profiles).
E) Zoom of cell shown in A expressing mCherry-tubulin (left) and corresponding super-resolved image
obtained by subpixel localization of thousands of motor binding events (middle, 255466 localizations).
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F) Super-resolution reconstruction with all microtubule segments colored according to their absolute
orientation. Legend arrows point in the direction of the plus end. Directional image obtained from 19511
motor trajectories with 72846 localizations and created using track interpolation (see methods).
G) Particle tables containing single molecule information are linked to generate tracks and the resulting
tracks are sorted based on the orientation. Optionally, tracks are interpolated to enhance visualization.
For neuronal acquisitions tracks are sorted in two bidirectional tables. To analyze the overlap, control
particle tables are created by sorting even and odd localizations, irrespective of orientations. Subsequently,
the correlation coefficient is calculated for the orientation images or the reference images. (related to Figure
1,2,3,4).
Scale bar: 2 µm
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Figure S3 (related to Figure 2): Correlation-based analysis of the spatial extent of orientational order
A) Motor-based super-resolution reconstructions of a dendritic segment, based on inward runs (left and left
zoom) or outward runs (right and right zoom) and rendered at different pixel sizes.
B) Motor-based super-resolution reconstructions of the same segment, based on all even (left and left zoom)
or odd (right and right zoom) localizations, irrespective of direction, and rendered at different pixel sizes.
C) Degree of overlap as a function of reconstruction pixel size, obtained by calculating the correlation
coefficient between reconstructions of minus-end in and minus-end out tracks (Cin/out), or reconstructions
of even and odd localizations, irrespective of direction (Codd/even). Solid black and dotted red lines are fits of
C = A(1 − exp( p / l ) , whereas the solid red line is a fit with C = A(1 − B exp( p / l1 ) − (1 − B) exp( p / l 2 ). Error bars
of SE fall within symbol size.

D) Ratio between Cin/out and Codd/even for pixel sizes >100 nm and fitted with C = A(1 − exp( p / l ) . Error bars
of SE fall within symbol size.
Scale bar: 1 µm
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Figure S4 (related to Figure 2): Imaging
of tyrosinated, acetylated, ∆2-positive
and EB1 decorated MTs in dendrites
A) DIV5 neurons immunostained for
tyrosinated (top left) and acetylated (top
middle) tubulin. Top right: merge. A
zoom from the merged image (bottom
left) is compared to the merged SMLM
reconstruction (bottom middle). Bottom
right: Intensity profiles from tyrosinated
and acetylated MT along the line indicated
in the SMLM image.
B) Similar to a, but for DIV9 neurons.
C) DIV6 neurons immunostained for
tyrosinated (left) and ∆2 (middle) tubulin.
Right: merge.
D) DIV6 neurons immunostained for
tyrosinated tubulin (left) and EB1 (middle).
Right: merge.
Scale bar: 5 µm (A), 1 µm (B), 10 µm (C),
2 µm (D)
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Figure S5 (related to Figure 3). Minus-end out microtubules are more acetylated
A) Three additional examples showing correlative motor-PAINT and SMLM for acetylated tubulin. After
motor-PAINT cells were stained for acetylated tubulin.
B) Line scans corresponding to each individual channel in A.
Scale bar: 1 µm
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Figure S6 (related to Figure 4): Kinesin-1 and Kinesin-3 prefer different microtubule subsets
A,B) STED imaging of COS7 cells after 1 day expression of GFP-kif5a rigor stained for GFP and acetylatedtubulin (A) or GFP and acetylated-tubulin (B). Cellular overview (left) and Zooms of (right) are shown.
C) Linescans across the minor neurite (I) and longest neurite (II) for the segments shown in Fig. 4A for
tyrosinated-tubulin and the kif5a rigor.
D) STED imaging of COS7 cells after 1 day, low-level, expression of Kif1a-Rigor-GFP stained for GFP,
acetylated- and tyrosinated-tubulin. Predominantly acetylated microtubules are indicated by red arrows,
tyrosinated microtubules by green arrows.
E) Paired Kif1a-Rigor intensities on neighboring microtubules that are predominantly tyrosinated
compared to acetylated microtubules, within the same imaged region. n= 26 pairs, N= 2, Paired Wilcoxon
non-parametric test: ***, p<0.001
F) Kif1a-Rigor enrichment index in Cos7 cells for Tyrosinated microtubules calculated for data in (E).
Calculated by substracting the Kif1a-Rigor intensity on acetylated microtubules from tyrosinated
microtubules subsequently divided by the total signal on both populations. Positive values mean enrichment
on tyrosinated-tubulin, negative values on acetylated microtubules, Mean ±SEM. Mean = 0.223
corresponding to a 1.58 fold enrichment on tyrosinated microtubules.
G) STED imaging of DIV 3 neurons after 1 day expression of kif1a Rigor-GFP stained for GFP, acetylatedand tyrosinated-tubulin.
H) Zoom of region in (G) and corresponding quantification of Kif1a-Rigor microtubule preference. Red
arrows indicate exclusively acetylated microtubules, green arrows indicate tyrosinated microtubules.
Quantification as in (F) but measured on individual tyrosinated, acetylated microtubule pairs in neurons.
Mean ±SEM, n= 12 pairs, N= 2, paired T-test performed on the raw paired intensities (as in (E)) shows p =
0.0062 confirming statistical significance of Kif1a-Rigor preference in neurons. Mean = 0.223 corresponding
to a 1.63 fold enrichment on tyrosinated microtubules.
I) DIV 10 neuron overexpressing a mCherry fill and Kif1a-GFP to assess Kif1a localization. Asterisks in
zoom indicate axonal tips.
Scale bars: 20 µm (I); 5 µm (A,B overview); 2 µm (A,B,C zooms and D,G)
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Figure S7 (related to Figure 4). Orientational order and directional transport
A) Illustration depicting the influence of microtubule organization on directional transport.
B) Simulated kymographs of kinesin-driven transport on microtubules arrays with different fractions of
plus-end out oriented microtubules p+, as indicated. A small asymmetry in orientations results in a strong
directional bias. Total dendrite length Ldendrite is 100 µm and average run length l before selecting a new
direction is 2 µm.
C) Expected distributions of kinesin-driven cargoes for different fractions of plus-end out oriented
microtubules p+ and for three different dendrite length (20, 50, 100 µm). Distributions follow the stated
equation and are normalized to maximum density. Numbers indicated in the graph denote the specific p+
for each curve.
D) Graph of the relative dendritic coordinate, L50%/Ldendrite, at which the number of particles before that
position equals the number of particles beyond that position. L50%/Ldendrite is shown against p+ for three
dendritic lengths. Except for p+=0.5, where L50%/Ldendrite = 0.5, the functional form plotted is

L50 % / Ldendrite = α1 ln( 12 eαLdendrite + 12 ) / Ldendrite , with α =
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LEGENDS TO SUPPLEMENTARY VIDEOS
Supplementary Video 1. Related to Figure 1.
Video demonstrating the real-time extraction and fixation of a COS7 cell expressing mCherry-tubulin.
Supplementary Video 2, Related to Figure S2.
Video demonstrating motor movements on the extracted microtubule cytoskeleton of the zoom of the cell
indicated in Fig. S2. This video corresponds to Fig. S2. Imaged at 10 frames per seconds, total time is 16
seconds. Scale bar is 1 µm. 4 x sped up.
Supplementary Video 3, Related to Figure 1E.
Video demonstrating motor movements on the extracted dendritic microtubule cytoskeleton of a
hippocampal neuron. This video corresponds to Figure 1E. Imaged at 10 frames per seconds, total time is
16 seconds. Scale bar is 1 µm. 4x sped up.
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MAIN TEXT
Often in biology, form follows function. For example, the ability of a neuron to receive, process
and transmit information depends on its polarized organization into axons and dendrites.
The cytoskeleton and associated motor proteins shape cells and establish spatial organization.
Microtubules (MTs) and actin are core components of the cytoskeleton and are assembled by headto-tail polymerization of α- and β-tubulin heterodimers and actin monomers, respectively, resulting
in asymmetric, polarized polymers with two different ends, called plus and minus ends. The
spatially regulated polymerization of MTs and actin can drive morphological transitions, such as
local protrusion of the plasma membrane to drive cell migration or the development of specialized
extensions, such as axons or dendrites and their branches. In addition, the structural asymmetry of
MTs and actin enables cytoskeletal motor proteins (myosin, kinesin and dynein) to walk towards
a specific end of the fibers. Given the extreme dimensions and functional compartmentalization
of neurons, such active transport is critical to sort and distribute cellular cargoes. Recently, several
studies have used advanced microscopy to reveal how the cytoskeleton takes many different forms
to facilitate local functions in neurons.
Actin is strongly enriched in the tip of growing axons, termed growth cones, during
development or regeneration and in the small protrusions along dendrites, called spines, that
harbor most excitatory synapses. Therefore, research often focused on exploring actin organization
and function in relation to axon outgrowth and synaptic organization and plasticity. More recently,
techniques that enable diffraction-unlimited microscopy have provided surprising new insights
into the organization of the axonal actin cytoskeleton in neurons. Most notably, this revealed a
periodic matrix of actin and its cross-linking partner spectrin, alternating in ~190 nm spaced rings
along the entire axon of hippocampal neurons (1). Similar structures have been reported in the
cell body and dendrites of different neuronal subtypes (2) and it has been shown that they provide
mechanical support, maintain axon diameter and can serve as a diffusion barrier for membrane
proteins (2).
Other actin-based structures, such as actin-rich patches or ‘hot spots’, have also been
identified in axons of hippocampal neurons (2-4). Different actin nucleators have been implicated
in their formation (3, 4) and further away from the cell body, they often form around stationary
endosomes (intercellular sorting vesicles) (4). Interestingly, more elongated and dynamic actin
filaments, termed actin trails, emerge from these distal actin patches (4). How these different actin
structures contribute to intracellular transport is not fully understood. Myosin-V motor proteins
can oppose axonal transport by tethering cargoes onto proximal actin patches, thus serving as a
filter for axonal transport (3, 5). Whether myosins can drive directional transport on actin trails is
not known. Furthermore, little is known about the exact organization of actin at the pre-synapse,
the site where neurotransmitter-containing vesicles are released for interneuronal signaling. More
work is needed to further resolve the nano-architecture of the neuronal actin cytoskeleton, including
the polarity of filaments, which determines the direction of motor proteins, and the distribution of
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actin-binding proteins that can nucleate, stabilize, bundle or destabilize actin to create functional
diversity among different actin networks.
MTs are often much longer than actin filaments and facilitate long-range transport
driven by the kinesin and dynein motor proteins (6). Even though each MT is composed of αand β-tubulin heterodimers, diversity can be generated by the incorporation of different tubulin
isotypes, the recruitment of MT associated proteins (MAPs), and by posttranslational modifications
(PTMs), such as detyrosination, polyglutamylation and acetylation (6). Indeed, the neuronal MT
cytoskeleton is heterogeneous and features dynamic MTs that are turned over as well as stable
MTs that are highly modified. This has led to the tubulin code hypothesis, which proposes that
the genetic and chemical diversity of tubulin regulates MT properties and functioning (6). For
example, PTMs can change the mechanical properties of MTs (7) or alter the binding of MAPs
(6, 8), which can in turn affect MT stability or activate specific motor proteins. Consequently,
by recruiting motor proteins that prefer specific MT subsets, cargoes could ensure delivery to
the proper compartment, such as axons, dendrites, dendritic spines or growth cones. Moreover,
dynamic MTs recruit specific proteins to their growing plus end that can establish local signaling
networks that promote actin remodeling and result in outgrowth or branching (6). Nevertheless,
in most cases the exact functions of different MT populations are still unknown. In addition, how
MTs with different properties emerge and co-exist is unclear.
In many cell types, MTs are generated by a MT organizing center (MTOC), such as
the centrosome, where γ-tubulin ring complexes (γ-TuRCs) and other MAPs nucleate tube-like
structures that then quickly elongate through polymerization at the plus end. This results in a
radial array with most MTs pointing towards the cell periphery. In such cells, minus-end directed
dynein drives retrograde transport towards the cell center, whereas outward, anterograde transport
is driven by the mostly plus-end directed kinesin family members. Nonetheless, in developing
neurons the centrosome quickly loses its role as MTOC, suggesting that most MTs are nucleated
throughout the whole cell (9). Local MT formation requires mechanisms to stabilize labile minus
ends, which could be achieved by nucleating MTs from structures to which they remain anchored.
For example, Golgi outposts have been proposed as potential sites of non-centrosomal nucleation
in fruitfly (Drosophila melanogaster) neurons, although active mispositioning of these structures
did not alter MT organization (10). Understanding the birth and fate of neuronal MTs requires
dissecting the frequency, spatial distribution and mechanisms of local MT nucleation. In systems
with small numbers of MTs, such as axons in the nematode worm, Caenorhabditis elegans, careful
analysis of intensity patterns, recently used to determine MT density and length, might also reveal
nucleation events (11). However, for more dense MT arrays, the development of live-cell markers
that highlight nucleation is needed.
Local nucleation also requires additional mechanisms to control the proper orientation
of newly formed MTs within the existing cytoskeleton. Because MT orientation determines
motor protein directionality, one would assume that efficient long-range transport requires that
most MTs in a cellular compartment have similar orientations. Indeed, MTs are largely uniformly
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Examples of Cytoskeletal network diversification in a neuron.
Oppositely oriented microtubules in dendrites have different properties and recruit different plus-end
directed motor proteins. Parallel MT organization in the axon is established through parallel bunding by
TRIM46 in the axon initial segment and by Augmin-mediated oriented nucleation. Actin in the axon is
organized in rings that provide mechanical support, as well as (endosome-associated) patches or hot spots
and longer trails that might contribute to arresting or promoting directional transport.

oriented plus-end outward in the axons, ensuring that kinesin activation results in anterograde
cargo transport, whereas retrograde transport is driven by dynein. Recent work has shown that
this uniform organization depends on the Augmin complex, which can position γ-TuRCs along
existing MTs so that newly nucleated MTs have the same orientation (12). In addition, TRIM46
(tripartite motif 46) is important for generating parallel MT bundles near the axon initial segment
(AIS), a specialized zone involved in the generation of action potentials and filtering of membrane
proteins and intracellular cargoes (13).
In fruitflies and worms, also dendrites have a uniform MT array, but oriented oppositely
relative to the axon. In such systems, kinesins drive axon-selective transport, whereas dynein
drives transport into dendrites (14). Remarkably, in dendrites of mammalian cells MTs have mixed
orientations. How do motor proteins navigate such a network to still ensure directional transport?
Recent work has addressed this question by introducing a new super-resolution technique, called
motor-PAINT (point accumulation for imaging in nanoscale topography), that enabled mapping
both MT orientations and PTMs (15). This revealed that although overall both orientations are
equally abundant, MTs locally cluster into bundles with a more uniform orientation. This ensures
that motor proteins will mostly persist in the direction dictated by the bundle orientation, even
when they occasionally switch to neighboring MTs. In addition, stable and modified MTs were
predominantly oriented minus-end outward, whereas dynamic MTs were mostly oriented plusend out (15). Because these MT subsets facilitate transport by distinct kinesins, this creates an
overall inward or outward bias for different plus-end directed kinesins. Whereas kinesin-1 would
mostly move inward over stable MTs, kinesin-3 would move outward over dynamic MTs. These
findings explain why some kinesins only transport cargoes to axons, whereas others target both
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axons and dendrites.
Despite these important insights, why certain motor proteins selectively interact with
specific MTs remains unresolved. Motor proteins could recognize specific combinations of PTMs
and/or MAPs or particular features of the MT lattice. Recent progress in the purification of tubulin
isotypes and the reconstitution of different PTMs now allows for teasing out the differential effects of
PTMs and MAPs on MT dynamics, mechanics and MT-based transport (7, 8, 16). Such controlled
in vitro reconstitution experiments will hopefully lead to a structural understanding of motor
protein selectivity. Similar experiments might also provide hints towards the mechanisms through
which MT heterogeneity is established. Why do some MTs become modified and stabilized and
others not? How can MTs with different chemical properties have opposite orientations? Resolving
these questions will also require visualization of the developmental dynamics of different MT
subsets, both at the time scale of single MT turnover (minutes to hours) as well as the time scale of
dendrite differentiation (several days). Here, developing markers for live-cell imaging of different
subsets would provide exciting new opportunities.
Although frequently studied independently, actin and MTs often are functionally
connected and also interconnect with other cytoskeletal structures, such as neurofilaments and
septins, the functions of which are much less explored. In addition, these cytoskeletal components
often interact with different organelles, including endosomes, the Golgi apparatus and the
endoplasmic reticulum. How such interactions contribute to the compartment-specific shaping of
the heterogenous neuronal cytoskeleton or the communication between organelles is an important
topic for future studies. Although mammalian cytoskeletal studies have largely focused on cultured,
dissociated neurons, it will be important to explore cytoskeletal form and function in more intact
model systems in vivo. This might also enable unraveling the mechanisms by which cytoskeletal
organization and intracellular transport are affected during neuronal degeneration and suggest
avenues for modulation.
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Optical Control of Microtubule Gliding

ABSTRACT
Force generation by molecular motors drives biological processes such as asymmetric cell
division and cell migration. Microtubule gliding assays, in which surface-immobilized motor
proteins drive microtubule propulsion, are widely used to study basic motor properties as well
as the collective behavior of active self-organized systems. Additionally, these assays can be
employed for nanotechnological applications such as analyte detection, bio-computation and
mechanical sensing. While such assays allow tight control over the experimental conditions,
spatiotemporal control of force generation has remained underdeveloped. Here we use lightinducible protein-protein interactions to recruit molecular motors to the surface to control
microtubule gliding activity in vitro. We show that using these light-inducible interactions,
proteins can be recruited to the surface in patterns, reaching a ~5-fold enrichment within
6 seconds upon illumination. Subsequently, proteins are released with a half-life of 13
seconds when the illumination is stopped. We furthermore demonstrate that light-controlled
kinesin recruitment results in reversible activation of microtubule gliding along the surface,
enabling efficient control over local microtubule motility. Our approach to locally control
force generation offers a way to study the effects of non-uniform pulling forces on different
microtubule arrays and also provides novel strategies for local control in nanotechnological
applications.
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MAIN TEXT
Force generation by molecular motors on the microtubule cytoskeleton drives biological
processes such as asymmetric cell division and cell migration. To better understand these
processes, in vitro reconstitution assays are often used to decipher the underlying interactions
and principles1-3. Microtubule gliding assays, in which motor proteins are immobilized on the
surface to propel microtubules, are a widely used example of such experiments. Applications
of these assays range from studying basic properties of motor proteins to exploring collective
and swarming behavior of self-organized systems4-8. Additionally, microtubule gliding assays
are being developed for a variety of nanotechnological applications such as analyte detection,
bio-computation and mechanical sensing9-11. These assays have been shown to be very robust
and sensitive enough to detect and analyze very small molecular fluctuations. Controlling
these assays with both spatial and temporal precision has however remained a longstanding
challenge. Previous studies used microfabricated or pre-patterned surfaces to spatially confine,
guide, and steer microtubules12-16. Furthermore, temporal control to activate microtubule
gliding on pre-defined structures has been achieved through electric field manipulation17
and heat responsive polymer tracks18-19, while slow light-controlled gliding (10-20 nm/s) of
actin filaments has been achieved using engineered myosin motors20. Additionally, control of
microtubule gliding has been achieved using a light-to-heat converting layer in combination
with heat-responsive polymers that compact upon heating and allow access of microtubules
to surface-attached motors21. Furthermore, azobenzene switches fused to inhibitory peptides
have been used to control kinesin-dependent motility with light22-23. However, the majority
of these approaches requires extensive surface modifications or complicated molecular
engineering, leaving simultaneous spatial and temporal control of force generation on nonpredefined patterns underdeveloped.
Here we report local activation of microtubule gliding by direct light-inducible
recruitment of kinesins to the surface (Fig. 1). Previously, it has been shown that tunable,
light-controlled interacting protein tags (TULIPs) can be efficiently used for light-induced
heterodimerization to control intracellular protein recruitment and intracellular transport24-25.
The interaction is based on the unfolding of the Jα-helix from the LOVpep core to interact
with an engineered PDZ (ePDZ) domain upon blue light illumination24, 26. We argued that
light-inducible interactions based on TULIPs can be used to reversibly control local protein
recruitment in vitro. Therefore, we generated recombinant proteins fused to TULIPs to induce
local heterodimerization under the control of blue light (Fig. 1). We demonstrate that purified
recombinant ePDZ-tagged proteins can be recruited to the coverslip with high spatiotemporal
precision. Furthermore, upon recruitment of kinesin-ePDZ, microtubule gliding could be
reversibly induced. This approach allows for spatiotemporal control of microtubule gliding on
homogeneously coated surfaces providing an adaptive platform to manipulate microtubule
motility.
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Figure 1: Schematic representation of the experimental assay for light-controlled microtubule
propulsion. The LOVpep domain undergoes a conformational change upon illumination with blue light,
which facilitates the binding of Kinesin-mCherry-ePDZ and induces controlled microtubule gliding.

First, to test whether the TULIP based interactions are sufficient for spatiotemporal
control of protein recruitment in vitro, we designed an optical readout of ePDZ recruitment
to the surface. We purified the LOVpep fused to biotin, which was immobilized on a
microscopy coverslip functionalized with PLL-PEG-biotin and streptavidin. Subsequently,
local blue light application was used to recruit purified ePDZ-mCherry from solution (Fig.
2A). Indeed, when a small square region was briefly exposed to blue laser light, we observed
a ~5-fold enrichment of ePDZ-mCherry in that region, compared to a ~1.2-fold increase
in a region 15 mm away from the activation light. Upon arrest of illumination, complete
dissociation of ePDZ-mCherry was observed (Movie S1, Fig. 2B, D). This could be efficiently
repeated for multiple cycles where maximum recruitment was reached within ~6 seconds
and dissociation rapidly occurred with a half-life of ~13 seconds in the illuminated area
(Fig. 2C,D). Furthermore, protein recruitment was not limited to a single shape but could be
structured into a variety of patterns (Fig. 2E, F). Thus, these light-induced interactions allow
for sequential, reversible and custom patterning in situ with high contrast and precision.
Next, we tested whether we could efficiently induce microtubule gliding activity by
recruitment of an ePDZ domain fused to kinesin (Fig. 1). After immobilization of biotinLOVpep to the coverslip, rhodamine labelled microtubules and kinesins were added to
the reaction solution. Total internal reflection fluorescence (TIRF) imaging was then used
to image the microtubules close to the surface in the absence and presence of a global 200
ms blue light pulse between each frame (Movie S2, Fig. 3A,B). In the absence of blue light,
microtubules displayed non-directional movement near the coverslip with only occasional
directional events. The strong microtubule enrichment near the coverslip was due to the
presence of methylcellulose27 (Figure S1), while the directional events were presumably due
to dark-state activation or nonspecific adsorption of the motors to the surface. In contrast,
upon global recruitment of kinesins to the coverslip with blue light, microtubules began to
move in long directional runs along the coverslip (Fig. 3A,B). Activation was reversible and
induction of microtubule gliding could be repeated multiple times in the same region (Fig.
3A,B). Processive microtubule gliding readily increased and decreased upon the start and stop
of blue light illumination. However, complete mobilization or immobilization was observed
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on average after 50-100 seconds (Fig. S1B). Determination of the fold-increase of DmKHCmCherry-ePDZ during such illumination periods showed a gradual increase and decrease of
the motor at the coverslip upon illumination or in the dark. On average a ~2 fold-increase was
observed and sufficient to efficiently propel microtubules (Fig. S1C,D).
To better understand the dynamics of the system, we traced individual microtubules
for a more detailed analysis of light activated microtubule motility. Activation of microtubule
gliding led to an increase of the average velocity from ~150 to ~450 nanometer per second,
which decreased again when blue light illumination was stopped (Fig. 3C). Importantly, without
blue light illumination the motility of most microtubules lacked an overall directionality,
because their frame-to-frame displacement did not have consistent direction in subsequent
frames. This was revealed by an analysis of the mean squared displacement (MSD), which
reports the squared displacement as a function of time interval. The power dependence α of
the MSD with increasing time intervals τ, MSD ∝ tα, is the anomalous diffusion exponent
and indicates whether motility is completely random (α ≈ 1, diffusive), directed (1 < α ≤
2, superdiffusive), or confined (0 < α < 1, subdiffusive)28. Indeed, a log-log plot of MSD(τ)
averaged over all traced microtubules of the represented movie revealed that the average slope
for non-illuminated microtubules (α = 1.43) increased after activation (α = 1.89) (Fig. 3D).
We also calculated the MSD(τ) for individual microtubules of three independent experiments
and fitted the curve to MSD ∝ tα, which revealed a significant increase in the value of α in

Figure 2: Spatiotemporal control of protein recruitment through light-induced heterodimerization.
A) Schematic representation of the experimental setup to recruit ePDZ-mCherry to the coverslip.
B) Locality and reversibility of ePDZ-mCherry surface binding using patterned blue light.
C) Background-corrected average intensity traces for a similar movie as shown in B. Intensities
over time were measured in the illumintated square (black line) and in the non-illuminated corner of
the field of view ~20µm apart (grey line). Single light pulses were given after 60 and 260 seconds.
D) Fold-increase of ePDZ-mCherry upon illumination in the illuminated center and the nonilluminated corner of the field of view of 7 traces of 3 independent experiments. Median:IQR.
E) Repetitive ePDZ-mCherry recruitment in different patterns during the same acquisition. See also Movie S1.
F) Background corrected line scan along the yellow line indicated in D. Scale bars: 5 µm.
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the presence of light (Median:IQR 1.91: 1.72-1.97) compared to the dark state (1.44: 1.041.78).These results are consistent with an increase in directed microtubule displacement upon
illumination (Fig. 3E,F).
Finally, we tested whether our experimental setup does not only allow for temporal
control but can also provide spatial control of microtubule propulsion. We used a lower
magnification epifluorescence microscope equipped with a digital mirror device (DMD). In
contrast to local illumination by scanning with a FRAP module, a DMD device is able to
achieve fast patterned episcopic illumination, compatible with any magnification. This results
in local optical control over a large field of view with low light intensities29. We designed an
experiment where global microtubule gliding was followed by two episodes of local activation

Figure 3: Global reversible control of microtubule gliding assays by blue light
A) Temporal color coded maximum projections of 100 1-second interval frames
in the absence (white box) and presence (blue box) of light. Arrowheads indicate
start (blue) and stop (black) of blue light illumination. See also Movie S2.
B) Zooms of representative 20-second tracks from the regions marked by the white boxes (A).
C) Average velocity of microtubules in A in the absence and presence (blue boxes) of light. Average ± s.e.m.
For the five subsequent time windows 26, 53, 43, 55 and 40 microtubule tracks were analyzed, respectively.
D) Mean squared displacement (MSD) of microtubules in (A) in the absence (black
lines) or presence (blue lines) of light. Grey lines depict lines with slopes α of 1 and 2,
indicative of diffusive/non-directional or linear/directional movement. Average ± s.e.m.
E) Fitted values of α for all individual microtubule tracks (≥ 16 consecutive frames) between
the indicated timepoints. For the five subsequent time windows in the graph 25, 52, 41, 55 and
36 microtubule tracks of 3 independent experiments were analyzed, respectively. median:IQR
F) Frequency distribution of pooled values of α in the absence or presence of blue light. 102 (dark) and 107
(light) microtubule tracks of 3 independent experiments were analyzed. Scale bars: A – 10 µm; B – 2 µm.
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at different locations. Again efficient gliding of microtubules was observed upon global
activation (Movie S3, Fig. 4A, left panel). Because of the episcopic illumination, signal-tonoise levels were reduced compared to the previous global gliding assays imaged in TIRF
at higher magnification. Therefore, to visualize and better understand microtubule motion,
we developed an automated method to detect microtubules based on cross-correlation with
microtubule templates of different orientations (Fig. 4A, right panel, Fig S2, Movie S4). This
automated detection resulted in an accurate representation of the microtubule positions and
enabled microtubule tracking (Fig. 4B).
To measure the efficiency of light-induced gliding within the assay, directional and
non-directional motility were categorized into separate groups and represented by different
colors, green and red respectively (Figure 4C, Fig S2, Movie S4). Microtubule movement was
classified as directional when the velocity was higher than 250 nm/s and when two consecutive
velocity vectors were oriented with an angle whose cosine was larger than 0.6 (Fig. 4C).
The other microtubules were classified as non-directional and include slow directional and
diffusive, non-directional movement. This analysis allowed us to discriminate microtubule
motion under different illumination schemes where the surface was first globally illuminated
with blue light and subsequently the left and right area were illuminated to induce local
gliding (Figure 4D). During global illumination, the majority of microtubules was moving
directionally across the entire field of view (75-85% directional runs). Conversely, upon local
illumination, confined microtubule gliding was observed in the activated areas. Quantification

Figure 4: Local control of microtubule motility
A) Temporal color-coded maximum projection of gliding microtubules after global activation. Raw data
(left panel) and detected microtubules (right panel) over a time period of 200 seconds as indicated by the
color-coded scale bar. See also Movie S3.
B) Zooms of the indicated regions in (A).
C) Rules for motion classification of gliding microtubules.
D) Maximum projections of classified tracks upon global and local illumination over 200 seconds Directional
microtubule tracks are depicted in green, and non-directional tracks in red. The blue box on top shows the
illuminated area during different episodes.
E) Fraction of processive microtubules in illuminated (blue) and non-illuminated (grey) areas during each
illumination episode. 234, 165 and 150 tracks were analyzed during the global, left and right illumination
episode respectively. Scale bars: A - 20 µm; B – 5 µm.
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of the fraction of processive microtubules showed that during local activation, 77 and 67% of
the microtubules were gliding directionally in the left and right area, respectively (Fig. 4D,E).
Furthermore, during the local illumination episodes, less than 27% of microtubules were
processive in the non-illuminated regions. Our results show that the use of light-inducible
protein interactions provides robust spatiotemporal control of microtubule gliding assays.
Here we have developed light-inducible motor patterning on a homogeneously coated
surface to directly control microtubule gliding . This approach allows for both spatial and
temporal control of microtubule gliding activity within minutes on micrometer length scales
with high efficiency. First, we showed that proteins fused to an ePDZ domain can be reliably
coupled to surface immobilized LOVpep. Using an ePDZ-kinesin fusion, motors could be
recruited to the coverslip upon activation with light to propel microtubules along the surface.
Furthermore, kinesins could be locally recruited to achieve spatial control of microtubule
gliding without the need for a pre-patterned surface. While previous studies mostly focused
on either spatial or temporal control12-15, 17-19, our adaptive platform now offers simultaneous
optical control of both, opening up new possibilities for microtubule gliding assays. Our
approach is complementary to a previously developed approach in which a light-to-heat
converting layer was used in combination with heat-responsive polymers that compact upon
heating and allow access of microtubules to surface-attached motors21. However, the current
approach requires less surface modifications and does not induce local temperature changes.
Compared to previous developments that have used custom-engineered myosin motors to
achieve slow (10-20 nm/s) light-controlled gliding of actin filaments, the use of a generic
heterodimerization approach makes our approach readily applicable to a variety of different
motor proteins20.
Our approach can be used to reconstitute and understand biological processes
that rely on asymmetric forces on complex microtubule arrays. For example, light-inducible
control of forces can be used to locally impose forces on reconstituted spindle-like structures
or confined microtubule networks to guide the formation of complex microtubule arrays
or to study cortical pulling forces30-31. Furthermore, light-inducible force generation could
directly influence collective motion of microtubules serving as an experimental model for
collective and swarming behavior. Future work could explore different light sensitive modules
to improve the level of control. For example, phytochrome-based protein interactions enable
red-light sensitivity29, 32 and bidirectional control, which could help to improve both temporal
and spatial precision. The use of light inducible interactions to control microtubule gliding
assays therefore provides exciting new possibilities for reconstituting and understanding
complex biophysical and biological processes.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Plasmids
GST-ePDZ-mCherry, GST-aviTag-LOVpep, GST-DmKHC-mCherry-ePDZ were cloned
into a pGEX-6p-1 vector linearized with BamHI and XhoI restriction enzymes for GSTPreScission purification. GST-ePDZ-mCherry and GST-aviTag-LOVpep were cloned by
PCR amplification of the individual domains, restriction digestion and ligation into the
vector. A HindIII restriction site was amplified between inserts. GST-DmKHC-mCherryePDZ was cloned by PCR amplification of DmKHC (AA1-421), mCherry and ePDZ were
ligated via Gibson assembly.
Protein expression and purification.
Protein purification was performed in BL21 DE3 cells. For GST-ePDZ-mCherry and GSTaviTag-LOVpep, bacteria were induced at OD0.6 with 1mM IPTG and grown overnight at
20 degrees Celsius in dark conditions. For purification of GST-aviTag-LOVpep, the bacterial
culture was supplemented with 50µM D-biotin. All subsequent purification steps were
performed under red light-only in order to prevent activating the LOVpep. After induction,
bacteria were pelleted by centrifugation. The supernatant was discarded and bacteria were
resuspended in 5ml/gram lysis buffer (PBS supplemented with 10 mM EGTA, 10 mM
EDTA, 250 mM NaCl, 1 tablet/50 mL Complete Protease Inhibitor and 0.2 mg/ml lysozyme
to compromise the bacterial cell wall). After ~15 minutes incubation cells were sonicated 5
times for 45 seconds with 1-minute intervals, followed by addition of DTT (dithiolthreitol)
to a final concentration of 1mM and centrifugation of the extract at 20.000 x g for 45
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minutes and the supernatant was incubated for 1.5-2 hours with Glutathione Sepharose 4B
GST-tagged beads (GE healthcare) that had been washed 3x in lysis buffer. Next, beads were
washed 5x with PreScission Cleavage buffer (50 mM Tris-HCl, 150mM NaCl, 1mM EDTA,
1mM DTT, pH 7.0). The washed beads were incubated overnight at 4 degrees Celcius with
PreScission Protease to allow full cleavage of the PreScission sequence. Finally, the beads
were spun down and the supernatant was snap-frozen with 10% glycerol. Expression and
purification of GST-DmKHC-mCherry-ePDZ was performed with a different lysis buffer
(20mM Pipes, 150mM NaCl, 4 mM MgSO4, pH 7.0, supplemented with lysozyme and
Complete protease inhibitors) and cleavage buffer (BRB80: 80 mM Pipes, 4mM MgCl2, 1
mM EGTA, 1mM DTT, 50µM ATP, pH 6.8). The final protein concentrations in the purified
samples were 11µM, 22µM and 20µM for aviTag-LOVpep, ePDZ-mCherry and DmKHCmCherry-ePDZ, respectively, as determined by standard BCA assay (ThermoFisher).
Light-inducible patterning and gliding assays
After activation of the coverslips with a plasma cleaner (Harrick), flow chambers were
sequentially functionalized with 0.2 mg ml−1 PLL-PEG-biotin (Susos AG, Switzerland),
1 mg ml−1 streptavidin (Thermo Fisher) and 2 wash-ins of biotin-LOVpep. Flow chambers
were further blocked with 1 mg ml−1 κ-casein. For light-inducible patterning of ePDZmCherry, the reaction mix with purified proteins (BRB80 buffer supplemented with 1µM
ePDZ-mCherry, 100 μM imidazole, 0.2 mg ml−1κ-casein, 0.1% methylcellulose and oxygen
scavenger mix (50 mM glucose, 400 μg ml−1 glucose oxidase, 200 μg ml−1catalase and 4 mM
DTT)) was added to the flow chamber after centrifugation. Alternatively, for light induciblegliding assays the reaction mix composed of 1-3 µM DmKHC-mCherry-ePDZ, 0.1-0.15%
methylcellulose, 2 mM ATP, 100 µM imidazole, 0.2 mg ml−1 κ-casein and oxygen scavenger
mix. Higher concentrations of DmKHC-mCherry-ePDZ and methylcellulose were used
for local activation in gliding assay. Microtubules were polymerized using 20 µM unlabeled
tubulin, 13% rhodamine-tubulin (Cytoskeleton) and 1 mM GMPCPP (Jena Bioscience). The
microtubules were included after centrifugation of the reaction mix.
Imaging
The flow chamber was sealed with vacuum grease and imaged at 30 °C. For the protein
patterning assay and the global gliding assay, total internal reflection fluorescence (TIRF)
microscopy was performed on an inverted microscope (Eclipse Ti, Nikon) equipped with
a 100X oil objective (Apo, NA 1.49, Nikon), an Evolve 512 EMCCD (Photometrics) and a
CoolSNAP HQ2 CCD camera (Photometrics). ET-GFP(49002) and ET-mCherry (49008)
filter cubes (all Chroma) were used. For TIRF imaging of rhodamine microtubules, a 561
nm laser was used at 2 s intervals and a 488 nm laser was used for activation with 200 ms
exposure. To perform local recruitment experiments, images were acquired on a different
inverted microscope (Eclipse Ti, Nikon) equipped with 40X oil-immersion objective (Plan
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Fluor, NA 1.3, Nikon, CoolSNAP HQ2 CCD cameras (Photometrics), ET-GFP(49002) and
ET-mCherry(49008) filter cubes (Chroma). This microscope was equipped with a Polygon
2000 digital mirror device (DMD) as described previously1. Rhodamine microtubules were
imaged using a mercury lamp (Osram) at 2 s intervals. Global or local illumination to
recruit motors was achieved with the DMD at 10% 470nm LED (Mightex) power with 200
ms exposure time.
Data analysis
To assess the fold-increase of ePDZ-mCherry after a single light pulse with the
FRAP unit, average intensities over time were measured in the illuminated area and the
non-illuminated area. The background intensity of free ePDZ-mCherry was determined
by measuring the intensity in the absence of biotin-LOVpep. The intensity traces in the
presence of LOVpep could then be subjected to background subtraction and the foldenrichment after illumination could be determined in the illuminated area versus the nonilluminated area. Similarly the fold-increase of DmKHC-mCherry-ePDZ was measured
however, as in the gliding assay, global activation over a longer period using the TIRF laser
was used.
To track microtubules that were imaged with TIRF illumination for global
activation assays (Fig. 3), FIESTA was used as described previously2. Parameters were set
such that only filaments were tracked that could be observed for at least 3 consecutive
frames with a maximum velocity of 2500 nm/s. Gaps in the tracks were not allowed.
Subsequently, the tracks were checked and corrected manually in the FIESTA software if
necessary. The output was then restructured for further analysis with the ‘msdanalyzer’
Matlab class3. To analyze the mean square displacement (MSD), only microtubules that
were observed for more than 16 frames were included.
The detection of moving microtubules image using conventional illumination (Fig.
4) was performed using template matching with a custom written ImageJ/FIJI macro 4. Raw
image files first were subjected to background subtraction using the FIJI “Subtract Background”
command with a rolling ball radius of 50 pixels (8 μm). We generated template images,
corresponding to microtubules in different orientations (with different tilt angles). For that, we
drew a set of lines of average microtubule length (25 pixels, 5 μm) with rotation angle between
0 and 150 degrees with a step of 30 degrees. Each line image further was convoluted with a 2D
Gaussian kernel having the size of microscope’s point spread function (1.2 pixels or 193 nm).
For each orientation of the template, we calculated the normalized cross-correlation map
with a frame of the background subtracted movie using the “Template matching” plugin by
Qingzong Tseng5. In the next step, the macro was looking for the pixel with a maximum of the
cross-correlation value, corresponding to the most probable line position. Coordinates of the
pixel, its correlation value and template rotation angle were stored in a results table. To prevent
repetitive detections, an area in the shape of the line in the current orientation was set to zero
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in the cross-correlation image map at this position. The same area was marked in an additional
“detection map” image with a unique identifier, corresponding to the detection. The procedure
continued iteratively as long as the next maximum correlation value exceeded the threshold
value of average plus four standard deviations of the cross-correlation image map. At each
newly detected position, the macro was checking the “detection map” for previous detections
with different orientations. If there was a conflict, the detection with higher cross-correlation
value was kept and the other one was marked as a “false” detection. Linking of detections
to tracks was performed in Matlab using a modified version of the Simple Tracker package
by Jean-Yves Tinevez, implementing nearest neighbor linking [https://nl.mathworks.com/
matlabcentral/fileexchange/34040-simple-tracker]. To calculate a Euclidean distance between
two detections, we introduced rod’s rotation angle in degrees as a z coordinate, in addition
to the x,y coordinates. For the z distance calculation, we took into account the periodicity of
the degrees axis and applied the empirically estimated weight of 0.3. Tracks were composed
using the nearest neighbor algorithm with the distance of 22 pixels and frame closing gap
of 1. Subsequently, manual correction of the automatically assigned tracks was performed
in MTrackJ. This was mainly done to connect split trajectories, which often occurred upon
crossing of two microtubules. To find segments of directional runs we used the previously
described “strict directional filtering” algorithm6. In short, it imposes a threshold on change of
the velocity vector angle within a specified time interval to locate a segment with a directional
run. In this case, we used the value of 100 degrees (cone looking forward) and a time interval
of two frames (4 s). Additional filtering criteria for directional runs were a minimum of ten
frames (20 s) and at least 0.25 μm total displacement. Visualization of tracks was performed
using MTrackJ plugin7. ImageJ/FIJI macro and Matlab code used for analysis are available
at [https://github.com/ekatrukha/rods-detection-in-noisy-images/]. Temporal-color coded
projection to visualize microtubule trajectories were made with the ImageJ plugin [https://
imagej.net/Temporal-Color_Code]. Statistics and graphs were generated using Graphpad
prism 7.
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SUPPLEMENTARY FIGURES

Figure S1 (Related to Figure 3)
A) Color-coded projection of the light-induced gliding assay in the presence or absence of Methylcellulose,
DmKHC-mCherry-ePDZ and LOVpep in the presence and absence of light.
B) Global reversible control of microtubule gliding by blue light. Temporal color coded maximum projections
of 100 seconds intervals in the absence (white box) and presence (blue box) of light. See also Movie S2.
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Figure S2 (Related to Figure 4)
Conventional gliding assay with constitutively attached motors to benchmark the tracking software.
Raw, tracked/corrected traces and classified traces are shown.

8

C) Background-corrected average intensity trace over time for DmKHC-mCherry-ePDZ in the absence or
presence of global illumination with blue light (blue box).
D) Maximum fold-increase of DmKHC-mCherry-ePDZ after illumination with blue light. N=4,
Median:IQR. Scale bar: 10µm
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LEGENDS TO SUPPLEMENTARY VIDEOS
Supplemental movie 1:
This video corresponds to Figure 2D. Sequential light-induced recruitment of ePDZ-mCherry in different
patterns. Total time: 500 seconds. Acquired with 2 seconds between frames. 30 fps. (AVI, 11 Mb)
Supplemental movie 2:
This video corresponds to Figure 3. Global reversible control of microtubule gliding assays by blue light.
Total time: 1100 seconds. Acquired with 2 seconds between frames. 60 fps. (AVI, 8 Mb)
Supplemental movie 3:
This video corresponds to Figure 4. Local control of microtubule motility. Total time: 1600 seconds. Acquired
with 2 seconds between frames. 60 fps. (AVI, 42 Mb)
Supplemental movie 4:
This video corresponds to Figure 4 and Supplemental Figure 2. Conventional gliding assay with constitutively
attached motors to benchmark the tracking software. Total time: 1000 seconds. Acquired with 2 seconds
between frames. 60 fps. (AVI, 85 Mb)
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General Discussion

GENERAL DISCUSSION
The cytoskeleton and its molecular motors are crucial in the maintenance of cellular polarity
and functioning. Especially in neurons, cargoes need to be selectively transported to either
the axon or the dendrites. However, how kinesins from different superfamilies can distinguish
between these different subcompartments remains poorly understood. The aim of this thesis
was to increase our understanding of the relation between cytoskeleton architecture and
selective transport by molecular motors. We have used a combination of advanced SMLM
techniques and live-cell imaging approaches to explore how cytoskeletal organization affects
cargo transport. Importantly, by developing motor-PAINT, we could directly probe neuronal
microtubule orientations and correlate their properties with nanometer accuracy. This has
revealed new organizational features and provided valuable insights into the traffic rules that
facilitate selective targeting into the axon or dendrites by different kinesins. In this chapter I
will discuss the main findings and provide a perspective for future studies.

PROBING CYTOSKELETON ARCHITECTURE
High-resolution microscopy is necessary to provide a cellular roadmap of the microtubule
and actin tracks within the cell. However, because of their density it had remained challenging
to resolve individual filaments and structures within neurons. For example, microtubules are
reported to be spaced ~30 to 60 nanometers apart in the axon and dendrites, respectively
[1]. To resolve such microtubules, we used diffraction-unlimited super-resolution techniques.
Because STED and SIM only provide resolutions up to 50 nanometers, we mostly focused
on a variety single-molecule localization microscopy (SMLM) techniques that can resolve
structures 10-30 nanometer accuracy [2]. More specifically, our work focused on improving,
developing and combining SMLM probes to provide new insights into cytoskeleton
architecture.
Optimized purification and labelling of lifeAct to probe the actin cytoskeleton
High resolution SMLM reconstructions are often directly dependent on the photophysics
of the fluorophores and the specificity of the probes. While high photon counts are always
essential for high accuracy localizations, different imaging strategies require additional
fluorophore properties or targeting mechanisms for imaging. For example, in dSTORM the
structure of interest is homogeneously labelled, requiring stochastic cycling of fluorophores
between a dark state and fluorescent state to detect single molecules. Alternatively, in PAINTlike approaches observation of single-molecules can be achieved by the transient binding
of fluorophore-labeled interaction partners to the structure of interest. The importance of
selective probes and fluorophore selection in super-resolution microscopy is highlighted by
numerous studies that focus on highly selective, small probes as well as new generations of
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fluorophores with improved photophysics. Recently, isolated lifeAct coupled to a fluorophore
has been introduced as an SMLM probe that transiently labels actin [3]. Similar to DNAPAINT, the transient interaction of labelled lifeAct results in constant recycling of the probe
from the large soluble pool. However, commercial synthesis of this probe is relatively expensive
and limited by the fluorophores and labelling techniques supplied by companies. To overcome
these pitfalls, we have designed an E.coli based expression system of recombinant lifeAct
described in Chapter 2. We coupled lifeAct to a cysteine followed by a proteolytic cleavage
site and a fluorescent protein. This resulted in a cheap, easy to perform strategy to purify
the lifeAct fragment at high yields that can easily be extended to other protein fragments.
The major advantage of this purification strategy is that the fluorescent probe attached to
lifeAct can be easily exchanged. The cysteine can be coupled to any maleimide-containing
organic dye followed by on-bead cleavage and elution of labelled probes. Alternatively, genetic
encoding of the latest fluorescent proteins with high quantum yields can be performed. In
chapter 3 and chapter 5 we have used this probe coupled to mNeonGreen in combination
with DNA-PAINT to study the relation between actin and myosin mediated anchoring or
cortactin respectively.
In contrast to PALM and STORM, transient binding probes such lifeAct and DNAPAINT doe not require induction of blinking, which can only be effectively achieved by a
limited set of suitable fluorophores [4, 5]. As a consequence, the transient binding of protein
or DNA fragments for SMLM results in bleaching-free imaging with any dye. However,
during acquisition, a large pool of lifeAct or imager strand coupled to a fluorophore remains
in solution. One undesired effect of the soluble probe is that background intensities increase,
resulting in a decreased signal to noise ratio. Future efforts could focus on fluorogenic or Förster
resonance energy transfer (FRET) based probes that only fluoresce while the fluorophore is
located at the structure of interest[6, 7]. Furthermore, in contrast to antibodies that can be
generated towards selective targets by animal immunization, it will be challenging and labor
intensive to identify selective protein fragments that transiently bind any target of interest.
While at least one interactor for almost any protein is known, binding should be preserved
after sample preparation and molecular engineering will be required to tune the affinity into
the right range. High throughput screens with labelled compounds, drugs or small peptides
could be employed to identify new probes to specific targets. Alternatively, a more generic
approach could be developed. For example small peptide sequences that transiently bind
Immunoglobulin subclasses species or small genetic tags could be engineered [8]. Specificity
will then be obtained by the already available antibodies or (endogenous) genetic encoding.
Subsequently, SMLM can be performed using a standard subset of small probes in solution
that transiently recognize the specific combination of antibodies and genetic tags in the same
sample.
Motor-PAINT: simultaneously probing microtubule orientations and architecture
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While imaging techniques such as electron microscopy, dSTORM and PAINT-like techniques
have provided high-resolution images of the microtubule cytoskeleton, they cannot directly
visualize the polarity of microtubules. However, to understand complex processes such as
cytoskeleton organization and directional transport, this information is of crucial importance.
In Chapter 6 we have developed a kinesin-based approach, termed motor-PAINT, to probe
the nanoscale microtubule cytoskeleton and directly infer microtubule orientation along the
whole lattice. This technique is performed through purified recombinant GFP-tagged kinesin
that transiently walks towards the plus-end of extracted and fixed microtubule cytoskeletons.
Detection and reconstruction of each track, color-coded for orientation, resulted in a superresolved roadmap of microtubules in different cell types.
Several improvements should be considered in future studies. The quality of the final
reconstruction and directional information of microtubules is directly dependent on the affinity
and activity of the purified motor protein. Together with bright fluorophores, this determines
the amount of tracks that are of high enough quality to be used in the final reconstructions.
While GFP-labelled kinesin resulted in a highly efficient assay, different labelling strategies
with brighter fluorophores should can explored. Initial attempts to genetically label kinesin
with the SNAP-tag, followed by on-bead labelling with organic Alexa dyes resulted in brighter
motors. However, upon addition of these motors to the sample, motor activity dropped while
the diffusive background increased. One possible explanation of this reduced activity could
be linked to impaired kinesin dimerization as a result of the negative charge of the organic
dye or the attached SNAP-tag [9]. Future efforts can focus on alternative fluorophores, genetic
tags (i.e. Halo-tag) or labelling via incorporated unnatural amino acids [10, 11]. Alternatively,
(tandems of) improved fluorescent proteins like mNeonGreen could increase quantum yield
without compromising motor activity [12].
Besides optimized fluorophore selection, more information could be obtained by
improved extraction methods and correlative strategies that combine motor-PAINT with the
detection of microtubule modifications or the labeling of additional structures. To resolve the
connection between microtubule orientations and modifications we already combined motorPAINT with subsequent post-fixation, antibody labelling for microtubule modifications and
dSTORM. However, these experiments were labor-intensive and cytoskeleton rearrangements
occurred often by the chemical post-fixation procedure and forces generated by manual
washing steps. Automated protocols using microfluidic devices and more direct probes for
microtubule identity, which do not require additional fixation steps, could optimize these
procedures.
Similar to motor-PAINT, previous studies have shown that purified myosins are able
to walk along a triton-extracted cytoskeleton [13-15]. While these studies could determine
overall actin orientation in dense actin networks, the number of observed events was
insufficient to reconstruct the dense actin networks and its orientation. Future efforts should
increase myosin activity along extracted cytoskeletons. Probing the actin architecture in
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specialized cellular compartments will be valuable to further understand polarized transport,
as discussed in the next section.
Technical advances for high-resolution imaging
In addition to the development of new techniques to probe different features of the cytoskeleton,
there have also been some major technical advances that increase the imaging depth,
z-resolution and provide alternative methods to study the architecture of the cytoskeleton.
To reduce background fluorescence from out-of-focus fluorophores, SMLM is often
performed by total internal reflection fluorescence (TIRF) microscopy, limiting the imaging
depth to 200-300 nanometers. Recently, alternative illumination strategies are developed to
overcome these limitation. Spinning disk confocal microscopy combined with bright DNAPAINT probes and high laser powers has been shown to result in high quality reconstructions
of the cellular cytoskeleton at imaging depths of ~10 µm [16]. This approach is relatively easy
to implement by equipping a standard spinning disk microscope with high-power lasers. A
more complex approach that can image even deeper within the sample is lattice light sheet
microscopy (LLSM)[17]. LLSM uses thin Bessel beams to create a thin light sheet perpendicular
to the imaging plane. The thickness of these beams is between 500-1000 nm and as a result,
only fluorophores that are in focus will be excited. However, increased imaging depths also
result in PSF aberrations. These aberrations can be corrected by point spread function (PSF)
engineering through deformable mirrors in the emission pathway[18]. Simultaneously, PSF
engineering can be employed to accurately localize single-molecules in the z-dimension [19,
20]. These illumination strategies provide exciting opportunities to further optimize motorPAINT to understand cellular microtubule arrays deeper within cells and tissues.
Recently, an entirely different microscopy method, Expansion Microscopy, was
introduced that achieves high-resolution imaging by physical expansion of the sample. After
expansion, molecules that were previously spaced below the diffraction limit are now spaced
far enough to be imaged by diffraction-limited microscopy. Confocal microscopy, STED
and LLSM have all been used to image the expanded samples at very high resolution[21,
22]. Expansion microscopy is now widely used and can image deep into tissues with singlemicrotubule resolution. However, labelling, signal amplification and epitope preservation
remain challenging.

UNDERSTANDING THE NEURONAL CYTOSKELETON AND ITS
TRAFFIC RULES
Actin-dependent control of polarized transport at the axon initial segment
The axon initial segment (AIS) in neurons is a specialized structure in the proximal axon
that is believed to function as a sieve for diffusion and directional transport[23, 24]. Previous
studies proposed that the overall orientation of actin in the initial segment is organized with
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its plus-end facing the soma. As a result myosinV could reverse somatodendritic cargo at
the AIS whereas myosinVI could move cargo further into the axon[25, 26]. In Chapter 3 we
used an inducible assay to explore the role of myosinV-based retention at the AIS. Inducible
recruitment of Kif5 to peroxisomes resulted in axonal targeting. However, subsequent
recruitment of MyosinV immediately halted the peroxisomes at distinct patches in the initial
segment, but did not reverse transport. Furthermore, recruitment of MyosinV to axonal Rab3
vesicles displayed identical anchoring at the AIS and did not drive retrograde transport. Our
results therefore suggested that the AIS can act as a selective filter for myosin-attached cargoes,
but does not facilitate actin-based retrograde transport. To further explore actin organization
in the AIS, it would be valuable to develop motor-PAINT with myosins to directly probe
the polarity of the actin patches at the AIS. Furthermore, the later fate of these mislocalized,
myosin-anchored somatodendritic cargoes should be considered, as stalling alone will result
in clogging of the axon. Therefore, after anchoring, additional mechanisms are necessary to
account for long range reversals back into the somatodendritic compartment.
In Chapter 4 we assessed the role of the AIS as a selective filter in the halting and
reversals of cargoes attached to full length Kif17. Kif17 has mainly been described to function
in transport within dendritic branches and transport of the K+ channel Kv4.2 [27, 28]. However,
chemically-induced recruitment of a constitutive active truncation of the motor-domain to
peroxisomes results in axonal targeting [29]. In our study investigated the mechanisms that
sort Kif17 to the dendrites. Surprisingly, recruitment of full length Kif17 that contained its
C-terminal tail domain resulted in axonal entry, followed by halting of cargoes at the AIS.
Subsequently, these retained cargoes began to reverse back towards the soma and entered
into the dendrites in a dynein-dependent matter. Pharmacological depolymerization of actin
showed that anchoring of these vesicles in the AIS was actin dependent. Furthermore, the
patches on which cargoes anchored were similar to those described for myosin-anchored
cargoes in the previous chapter. Future work could explore whether anchoring of Kif17driven cargoes is also myosin dependent. Interestingly, axonal exclusion of the Kv4.2 channel
is MyosinVa dependent [30]. An interactome study of the Kif17 tail domain could elucidate
the key molecular players and could possibly identify a direct or indirect interaction between
Kif17 and actin in the initial segment.
The findings described above are consistent with the function of the AIS as a filter
for selective sorting. Microtubule and actin-based transport in the AIS act as an important
regulatory mechanism to target or retain axonal and somatodendritic cargoes, respectively.
Somatodendritic cargoes are anchored by actin-dependent mechanisms and reversed through
dynein-mediated transport, whereas axonal cargoes can pass. To achieve this selectivity, an
interplay of multiple kinesins, dyneins and myosins, activated at specific subcompartments
is required. Because cargoes carry multiple motors of different subclasses simultaneously,
spatiotemporal regulation of motor activity should be tightly controlled. The spatial
distribution of specific activators can directly act as a molecular switch for the activity of
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motor proteins and contribute to the regulation of trafficking direction. This is supported by
previous work that has shown that dynein activators, CDK5 and NDEL, localize specifically
at the AIS [31, 32]. Depletion of NDEL or dynein activity significantly reduces the number
of reversals of somatodendritic cargoes that entered the AIS, whereas axonal cargoes are
not affected [31, 32]. Similar spatiotemporal control mechanisms could apply for myosinmediated retention in the AIS. Somatodendritic cargoes can be sorted by recruitment of
myosins, which are activated in the AIS. Myosin specific-regulators should be tested for AIS
localization to understand the regulatory mechanisms of compartment-specific anchoring.
Interestingly, tropomyosin isoforms directly regulate the activity of specific myosins and
their binding to actin. Furthermore, the spatiotemporal distribution of tropomyosins has
been shown to be important in neurite outgrowth, cellular development, morphogenesis
and cytoskeleton organization [33-35]. Therefore, it would be interesting to explore the
function of tropomyosins at the AIS. In addition, more work is needed to determine the exact
complement of motors and adaptors on different dendritic and axonal cargoes.
Interplay between actin and microtubules in dendritic spines
In Chapter 5 we aimed to assess the relation between the actin cytoskeleton and microtubule
entries in dendritic spines. Previously, it has been shown that activation of synapses results in
actin-dependent microtubule entries into the spine [36]. To better understand the dynamic
interplay we set out to visualize actin remodeling and identify its regulators. We identified
cortactin as a regulator of actin remodeling in active spines. Translocation of cortactin
to the spine base correlated with increased actin dynamics and microtubule entries upon
stimulation. It has been shown that actin structures protrude from spine necks [37]. Using
lifeAct-mNeonGreen combined with DNA-PAINT SMLM, we could visualize these distinct
actin structures with high resolution at the spine base. Interestingly, whereas actin dense
regions were confined to the spine base and often colocalized with cortactin, long actin
cables protruded from the spine neck into the dendritic shaft. Based on our live-cell imaging,
combined with advanced super-resolution microscopy, we proposed that activity-dependent
actin dynamics results in the formation of actin cables at the spine base that can guide
microtubules to enter spines.
Our study provides more in-depth insights into the actin architecture at the spine
base and the interplay between actin and microtubule dynamics upon neuronal activity.
However, the proposed model should be strengthened using two-color high-resolution livecell imaging to show the frequency of microtubule polymerization events along these actin
cables. State of the art SIM and STED microscopy should provide sufficient resolution to
show these interactions. Furthermore, the contribution of increased microtubule entries on
synaptic organization upon activation should be investigated. In contrast to transport along
the existing actin cytoskeleton in spines [38], dynamic microtubule entries are required to
control spine plasticity and size [39-41]. It has been proposed that the EB3 decorated tip
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of dynamic microtubules targets p140Cap to the spines to control actin dynamics and
spine plasticity [41]. Furthermore, it has been shown that kinesins can transport recycling
endosomes or synaptotagmin-4 into the spine along these microtubules to provide essential
molecules [42, 43]. Increased microtubule entries could therefore be required to fine tune
the composition, size and plasticity of the synapse upon activation. Our results now suggest
such an activity-dependent link between actin structures and the recruitment of dynamic
microtubules to regulate synaptic plasticity.
The previous two sections demonstrated that the organization of actin directly
underlies its function. Throughout the neuron a variety of actin structures with specific
functions have been identified. In the last two decades, high resolution imaging has identified
new actin structures and contributed to understanding their function. For example the actin
rings that control neurite caliber and actin trails that emerge from actin hotspots and have
been proposed to drive slow [44] axonal transport [44-47]. Interestingly, little is known about
actin in the presynapse and its regulatory mechanisms. While several functions of presynaptic
actin have been assigned, the reported results are often inconsistent [48]. High resolution
mapping of actin architecture, dynamics and the regulators involved will be of importance to
understand its functions at the presynapse.
Microtubule orientations dictate selective transport
The orientation of microtubules directly control the directions of kinesins and dyneins. In
addition, other microtubule properties, such as modifications and associated proteins, are
believed to module the affinity of different motors. In chapter 6 we have developed motorPAINT to explore the interplay between microtubules orientations and other microtubule
properties in dendrites. While previous reports already established that microtubules in
dendrites have a mixed polarity [49, 50], their exact spatial organization and the interplay
between orientation and modifications had remained unknown. Using motor-PAINT, we
found that even though the overall microtubule polarity in dendrites is mixed, microtubules
with the same orientations in dendrites are often clustered in polarized bundles. On the size
scale of cellular cargoes and motor proteins, these bundles can function as uniform highways
for directional transport in the dendrites. Indeed, in neurons, vesicles that contain multiple
motors often travel long distances in one direction. The limited reversals and trajectories
longer than the typical run length of a single kinesin are consistent with transport along
microtubule highways.
However, our data showed that bundles of microtubules with a preferred polarity
exist in either direction and therefore do not explain why some kinesins only target the axon
and others accumulate at dendritic tips. Pharmacological treatment and correlative superresolution combined with motor-PAINT revealed that stable microtubules are predominantly
orientated with their minus-end out. This has led to a new model for selective sorting into the
axon by kinesins based on microtubule preference. Kinesins that prefer stable microtubules,
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drive retrograde transport in the dendrites along the minus-end out microtubules whereas
the uniform plus-end out orientation of microtubules results in axonal targeting. In contrast,
kinesins that are non-selective or prefer dynamic microtubules will provide bidirectional
transport in the dendrites or accumulate at the tips, respectively. Indeed Kif5, which prefers
stable microtubules, does not enter dendrites and selectively targets the axon [29, 51, 52].
However, future efforts should provide direct live-cell evidence for the retrograde movement
of Kif5 in dendrite. However, assessing Kif5 activity in the dendrites will be challenging. One
possible method would be to express full-length (auto-)inhibited Kif5 linked to an inducible
module which diffuses throughout the neuron. Subsequent inducible coupling to dendritic
cargo relieves auto-inhibition and result in dendritic Kif5 activity. Retrograde motor activity
of Kif5 will then result in an overall flow of the cargo out of the dendrite into the axon. In
addition to Kif5 selectivity our model also provides an explanation for Kif1 accumulation
in dendritic tips[51]. Whereas a previous study already suggested that Kif1 prefers dynamic
microtubules[53], our quantification of a rigor-Kif1a showed a ~2-fold enrichment on
tyrosinated microtubules. Therefore, the predominantly plus-end out tyrosinated microtubules
in the dendrites will bias Kif1 transport into dendritic tips. Similar to Kif1, Kif21 accumulates
in dendritic tips [51]. It would be interesting to determine the preference of these and other
motors to understand if their neuronal localization is directly guided by the orientation of the
microtubules to which they preferentially bind.
While not emphasized in Chapter 6, our results show that acetylated and minus-end
out microtubules are often located at the center of the dendrite. In contrast, tyrosinated plusend out microtubules are localized more peripherally. Consistently, preliminary 3D STED
sectioning revealed that acetylated microtubules are often centrally located and surrounded
by tyrosinated microtubules (Fig 1). Correlative live-cell imaging followed by 3D motorPAINT can shed light on the cellular trafficking routes of different cellular cargoes attached
to kinesin subsets. It can be expected that Kif5- or Kif1-propelled cargoes predominantly
move in opposite directions along the microtubule network in the center or periphery of the
dendrites respectively. Furthermore, previous work showed that dynein is preferentially loaded
onto dynamic tyrosinated microtubules[54]. It will be interesting to see whether anterograde
dynein-driven transport in dendrites initiates on the peripheral tyrosinated microtubules. To
understand the complete distribution of microtubule orientations within the dendrite, PSF
engineering and LLSM combined with optimized fluorescent dyes is necessary to perform
3D motor-PAINT.
In our motor-PAINT assay, microtubules were stabilized with taxol to ensure
Kinesin-1 would sample each microtubule with similar probability. It would be valuable to
develop protocols for motor-PAINT in which different motors maintain their preference
for microtubule subsets. Microtubule extraction in the absence of the stabilizing drug taxol
might result in the preservation of the endogenous pool of stable microtubules versus more
dynamic microtubules. Subsequent motor-PAINT with Kif5 and Kif1, would then provide
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Figure 1: 3D dendritic microtubule organization
Top panel shows a 3D rendering (ClearVolume, ImageJ plugin) of acetylated (red) and tyrosinated (green)
microtubules in a dendrite of a hippocampal neuron acquired by 3D gSTED microscopy. The indicated
cross-sections through x,y (I) and y,z (II) are shown below. Individual and merged channels are displayed.
Acetylated microtubules mostly localize in bundles in the center of the dendrite, whereas tyrosinated
microtubules are distributed in the periphery.
Scale bar: top and I; 2 µm II; 1 µm

more in depth insights in the trafficking rules of individual motors along the different
microtubule subsets. However, it should be noted that we currently do not understand how
motors recognize different microtubule subsets. Perhaps selectivity depends on MAPs that
slowly accumulate on stable microtubules and therefore requires the differential dynamics
of different microtubule subsets. This will be lost on extracted cytoskeletons, precluding
reconstitution of selectivity.
It should be noted that polarized sorting does not exclusively depend on the
mechanisms described above. To control selective localization in either the axon or
dendrites, additional mechanisms have been described. For example, after non-selective
sorting throughout the neuron, local control of endocytosis can deplete proteins from
specific compartments, resulting in compartment specific retention of molecules[55]. In
addition, sorting is controlled before the AIS where dendritic cargo transport is excluded
by the pre-axonal exclusion zone (PAEZ). This PAEZ consists of a subset of highly modified
microtubules that are recognized by axon selective motors like Kif5 [56]. It was proposed
that motor proteins on somatodendritic cargoes have reduced affinity for these microtubules
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and are therefore excluded from the PAEZ. Finally, MAPs can regulate the activity and bias
of different motor proteins in specific neuronal compartments [57, 58] and MAP-dependent
mechanisms for selective sorting have been proposed [58, 59]. A recent study in hippocampal
neurons revealed that septin9 localizes to dendritic microtubules and directly stimulates or
inhibits transport by Kif1 and Kif5 respectively. As a result kif5 does not actively target the
dendrite whereas Kif1 does. However, activation of Kif1 along all microtubules by septin9
in the dendrites does not directly explain the anterograde bias observed by the authors [59].
One explanation could be that Septin9 preferentially decorates plus-end out tyrosinated
microtubules to drive the anterograde bias of Kif1 while further reducing Kif5 affinity for
this subset. Exclusion of Septin9 from the acetylated minus-end out microtubules would also
be consistent with our proposed role for Kif5 as retrograde dendritic motor. Studying the
microtubule preference of septin9 and further characterization of Kif5 as retrograde motor
will provide further insights in the synergistic effects of microtubule subset organization and
MAPs on polarized sorting. Furthermore, since knockdown of Septin9 results in miss-sorting
of Kif5, it would be interesting to study its role in controlling microtubule organization,
orientation and stability.
Building the neuronal microtubule cytoskeleton
Our work has shown that microtubules are segregated by polarity and that minus-end out
microtubules are more stable. One important question that remains is how such a specialized
cytoskeleton is built. Additionally, the advantages of transport along the mixed microtubule
array in dendrites of higher organisms needs to be elucidated. It would be interesting to
assess if there is a correlation between microtubule organization and dendritic complexity
in species throughout the evolutionary tree. In lower organisms, microtubule sliding and
cortical interactions are involved in neurite outgrowth and the regulation and preservation
of the minus-end out microtubule array in the dendrite[60-64]. In Drosophila, Kinesin-2
guides polymerizing plus-ends along dendritic microtubules to maintain the uniform
polarity. Recently, in C.elegans, it has been reported that local nucleation of microtubules at
the tip of the cilia contributes to uniform microtubule polarity[64]. Thus, local nucleation,
microtubule sliding and cortical interactions can control microtubule orientation and
integrity in uniform minus-end out microtubule arrays of these lower organisms. However,
how these mechanisms are involved in the mixed dendritic neuronal microtubule arrays
is unknown. Furthermore, selective stabilization of the minus-end out microtubules poses
an organizational challenge. While compartmentalized stabilization of uniformly oriented
microtubules has been described[65], selective stabilization of dendritic minus-end out
microtubules would require specificity based on microtubule orientation within the same
compartment. Based on the described mechanisms in lower organisms a potential model
for neuronal cytoskeleton organization in mammals could be formulated. Upon polarization,
anchored Kinesin-1/Kif5 preferentially slides stable, modified microtubules with their minus-
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end outwards into the dendrites. Additionally, local nucleation or dynein mediated sliding
could result in tyrosinated plus-end out oriented microtubules to generate a mixed array with
stable minus-end out microtubules and dynamic plus-end out microtubules. Subsequently, the
microtubules with opposing orientations and identity could be bundled by selective MAPs.
Mapping microtubule orientations, their identity and the distribution of motor
proteins and MAPs throughout neuronal development will provide further insights in the
maturation of neuronal microtubule arrays during polarization. State of the art genetic
screens can now be used to identify the general proteins that regulate cytoskeleton diversity
and dynamics[66]. Subsequently, neuron-specific knockout screens combined with live-cell
imaging should then reveal the key molecular players for cytoskeleton specialization and
selective trafficking. The recent development of endogenous tagging and knockout in neurons
via CRISPR-Cas9[67, 68] will reduce the effects of overexpression or partial knock-out for a
more reliable readout.

UNDERSTANDING KIF5 PREFERENCE
As described above, motor proteins can prefer different subsets of microtubules. The most
striking and well-described example is Kinesin-1/Kif5, which binds exclusively to a subset of
stable and highly modified microtubules. However the exact protein sequences that make Kif5
selective have remained elusive. Previous studies in dissociated hippocampal neurons have
shown that the introduction of loop12 of Kif1 into the Kif5 motor domain reduces axonal
selectivity[51]. In contrast, grafting loop12 of Kif5 onto Kif1 did not alter Kif1 localization
into dendritic tips. Furthermore, an in depth in vitro study, proposed that the electrostatic
interaction of the neck-coil with tubulin affects kinesin processivity[69]. However, the latter
study did not assess the effect of the neck-coil on Kif5 selectivity within cells.
We set out to investigate whether Kif5b
selectivity is solely dependent on
its motor domain or whether its C-terminal coils are important for selective binding to
microtubule subsets. To directly assess binding of Kif5 to microtubule subsets, we used a
rigor Kif5 as previously reported[53, 56, 70] (Fig 2a). We argued that detection of the rigor
construct provides a direct readout of Kif5 preference independent of processivity. Rigor Kif5
was truncated after its first coiled-coil (aa1-560), its neck-coil (aa1-370) or its neck-linker
(aa1-336) (Fig 2b). Subsequently these constructs were expressed in CRISPR-Cas9 mediated
Kif5 KO HeLa cells to prevent dimerization with endogenous Kif5 (Fig 2c). To avoid saturation
along the lattice due to overexpression we amplified the signal of the recombinant protein
by antibody staining. In addition, acetylated and tyrosinated tubulin was stained to identify
stable and dynamic microtubules respectively.
Consistent with previous reports and chapter 6, rigor Kif5 that contains its first
coiled-coil (5b1-560) exclusively binds to highly modified microtubules marked by acetylation
(Fig 2c, top row). Similarly, truncation of Kif5 after the neck-coil (5b1-370) still resulted in
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Figure 2: The Kif5 motor domain alone is not sufficient for selectivity
A) Structure of dimeric KHC (pdb: 2Y5W). Monomer 1 (blue), the ATP binding pocket, rigor mutation
(G234A) and the motor domain (red), neck-linker (black) and neck-coil (orange) are indicated.
B) Schematic representation of the full-length Kif5 and three truncations coupled to GFP that were used to
assess Kif5 selectivity.
C) Expression and staining of the rigor truncations shown in (B) in Hela Kif5b KO cells, co-stained for the
tyrosinated and acetylated microtubules. A merged overview (left panel) and zooms are shown.
D) Quantification of the enrichment index of each of the constructs shown in (C). Values approaching 1 or
-1 indicate a preference for acetylated or tyrosinated microtubules respectively, whereas 0 indicates that the
motor has no preference.
E) Multiple sequence alignment of the neck-linker and neck-coil of the Kinesin-1 superfamily compared
to other kinesins. The charged residues specific for the Kinesin-1 family are indicated in bold in the Kif5c
sequence.
Scale bar overview: 10 µm; zoom: 2 µm
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selective binding (Fig 2c, middle row). Preliminary quantitative comparison of Kif5 intensity
on microtubule subsets, using the enrichment index as described in chapter 6, did not show
any difference between these constructs (Fig 2d). Surprisingly, further truncation of Kif5,
keeping only the motor domain and the neck-linker (5b1-336), completely abolished selective
binding for microtubule subsets (Fig 2c, bottom row, Fig 2d). These results strongly suggest
that the Kif5 motor domain alone is not sufficient to recognize stable microtubule subsets
marked by acetylation.
To better understand the role of the neck-coil in the selective recognition of stable
microtubules, we aligned the transition between the Kif5 neck-linker and neck-coil for both
other Kinesin-1s and other kinesin families. These included Kif1 and Kif21 that accumulate
at dendritic tips and Kif17, which targets the axon when expressed as a constitutive active
truncation [29, 51]. Strikingly, sequence homology of the first two heptad repeats (aa337350) was only observed in other members of the Kinesin-1 superfamily but not in other
superfamilies (Fig 2e). Interestingly, this domain is rich in Lysine and Glutamic acid residues
and has a net positive charge. Furthermore, the previous report also identified that this charge
is important for controlling kinesin processivity [10].
Next we wanted to investigate the role of the first two heptad repeats of Kif5 in
selective microtubule recognition. To test whether dimerization alone is sufficient for Kif5
selectivity we used the GCN4 motif to artificially dimerize Kif5 truncated after the necklinker (5b1-336-GCN4). Even though artificial dimerization increased Kif5’s preference for
acetylated microtubules, it did not result in exclusive binding of Kif5 to microtubules marked
by acetylation (Fig 3 second row). Preliminary quantification revealed an enrichment index
of 0.44±0.08 whereas 0.86±0.07 was observed for the construct that contains the endogenous
neck-coil (Fig 3b). These results suggest that dimerization alone contributes to, but is not
sufficient for Kif5 selectivity. Next we generated artificially dimerized constructs in the
presence of either the first (5b1-342-GCN4, Fig 3 third row) or first two heptad repeats (5b1353
-GCN4, Fig 3a fourth row). Interestingly, addition of the first heptad repeat resulted in
increased selectivity and addition of both repeats completely rescued exclusive binding to
acetylated microtubules (Fig 3b). Removal of the GCN4 domain after the second heptad
repeat resulted in aspecific binding (5b1-353,Fig 3b, ). Finally, mutation of all charged residues
to Alanine again reduced selectivity to levels comparable to Kif5b1-336-GCN4(Fig 3a, fifth
row, 3b). These results suggest that both dimerization and the specific amino acid sequence
of the first two heptad repeats are required for Kif5 selectivity.
Whereas previous studies could make Kif5 non-selective by replacing loop12 in the
motor domain with that of Kif1, our results demonstrate that the motor domain alone is
not sufficient for selective binding but requires dimerization by the C-terminal neck-coil.
Previous work has shown that the positive charge present in loop12 of Kif1 results in increased
microtubule affinity of this motor compared to Kif5 [59, 71]. It could be speculated that this
reduced affinity of the Kif5 motor domain is compensated by an additional microtubule
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Figure 3: The Kif5 neck-coil contributes to microtubule preference
A) Expression and staining of the rigor constructs that were either monomeric or artificially dimerized in
the presence or absence of 1 or 2 heptad repeats of the Kinesin-1 neck-coil in Cos7 cells, co-stained for the
tyrosinated and acetylated microtubules. A merged overview (left panel) and zooms are shown.
B) quantification of the enrichment index of each of the constructs shown in (A). Values approaching 1 or
-1 indicate a preference for acetylated or tyrosinated microtubules respectively, whereas 0 indicates that the
motor has no preference.
C) Model for selective microtubule recognition by Kinesin-1 involving the neck-coil and subsequent
activation on the microtubule resulting in processive movement.
Scale bar overview: 10 µm; zoom: 2 µm
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binding domain in the neck-coil. This is supported by previous studies that showed an
interaction of the Kif5 neck-coil with the C-terminus of tubulin which affects the affinity of
the motor for the microtubule [69, 72, 73].
Our preliminary results suggest that in addition to increased microtubule affinity, the
first two heptad repeats of the neck-coil and dimerization are also essential for Kif5 selectivity.
Therefore, based on previous results and our new results, a two-step model for selective
binding and activity of Kif5 can be proposed. In this model, selective Kif5 docking is mediated
by the neck-coil. Subsequently, docked Kif5 is activated because the motor domains are close
to the microtubules (Fig 3c). These results provide new insights into the domains involved in
microtubule selectivity in cells. Further engineering and structural studies are necessary to
fully understand the molecular interactions between motor proteins and tubulin. CryoEM
studies of dimeric Kif5 in the presence and absence of the first heptad repeat will provide
valuable insights into the docking mechanisms onto differentially polymerized microtubules.
This might also reveal what features of the microtubule are recognized by the Kif5b neck coil.
Additional studies should also aim to induce selectivity on a non-selective motor. Previous
attempts to increase the selectivity of Kif1 by replacing its loop12 with that of Kif5 failed.
However, our results suggest that the generation of a Kif1 motor domain with the loop12 and
the neck-linker and neck-coil of Kif5 could potentially be selective.

CONCLUDING REMARKS
Studying how proteins and organelles are distributed throughout the cell is important
to understand cellular organization and functioning in healthy and diseased tissues.
Distribution of these cargoes is especially important in highly compartmentalized cells such
as neurons. One of the major mechanisms to regulate this distribution is by active transport
along the cytoskeleton. Throughout this thesis we have used advanced live-cell and superresolution imaging to understand the cellular traffic rules. We have focused on improving,
developing and combining SMLM probes to map the architecture of the microtubule and
actin cytoskeleton. This brought us closer to a better understanding of the relation between
cytoskeleton organization and directional transport. Moreover, by developing motor-PAINT,
we discovered new organizational features of the neuronal cytoskeleton that can explain
selective transport along directional microtubule highways by selective motor proteins.
These novel insights into cytoskeletal organization also pose a wide range of
exciting new questions. For example, do actin orientations in the axon control directional
transport? How does the distribution of microtubule orientation and composition contribute
to directional transport in other polarized cell types, e.g. gut epithelial cells? Furthermore it
will be of importance to understand how such specialized cytoskeletons are build. Technical
advances will continue to push the resolution in all three dimensions to resolve cytoskeletal
arrays in complex tissues. Direct comparison of the cytoskeletal architecture in healthy and

194

Chapter 9
diseased tissues will increase our understanding in cellular defects. Additionally, endogenous
protein tagging, high-throughput screens and single-cell specific techniques will provide
valuable insights into the key players involved in cytoskeletal maturation during neuronal
development. It will be exciting to see how multidisciplinary research teams will continue to
push until the neuronal traffic rules are completely elucidated.
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SUMMARY
The correct distribution of molecules to different compartments is important for the assembly
of all cells in our body. Active transport of these molecular building blocks is especially
important in large polarized cells, such as neurons, to develop and maintain their form and
function. Neurons consist of two types of long protrusions, axons and dendrites, that differ
in function and molecular composition. Upon excitation of a neuron, the axon releases a
chemical signal into contact zones, called synapses, with the dendrites of the next neuron
in the network that can propagate the signal through its own axon. The form of the axon
and dendrites is determined by the cytoskeleton, a network of biopolymers and auxiliary
proteins that provide mechanical stability and plasticity. Additionally, molecular motors use
the cytoskeletal components as the highways of the cell for active transport. Motor proteins
distribute cargoes into the axon and dendrites by walking along actin and microtubule
filaments. These are structurally polarized biopolymers with a plus- and minus-end and
different motor proteins exclusively walk either to the plus- or minus-end of a microtubule
or actin filament.
The work presented in this thesis addresses how the exact organization of the
neuronal cytoskeleton affects molecular transport. To map the architecture of the cytoskeleton
as accurately as possible, we have used different advanced microscopy techniques,
predominantly single-molecule localization microscopy (SMLM). One of the main challenges
of SMLM is combining different strategies to visualize the cytoskeleton components at the
same time. To better visualize actin filaments, we optimized the purification and labelling of
a small protein fragment, called lifeAct (Chapter 2). This led to an easy to use actin labelling
strategy that can achieve high resolutions and is compatible with other existing labelling
methods such as dSTORM and DNA-PAINT. This resulted in more in depth insights into the
organization of actin clusters and –cables at the initial segment of the axon and the spines of
dendrites (Chapter 3 and 5). Additionally, we have studied transport in living cells to identify
the function of these structures. Our results show that the clusters are important to retain
small transport vesicles, called organelles, at the initial segment of the axon by myosin motor
proteins that walk along actin (Chapter 3 and 4). The actin cables in the spines of dendrites
and their dynamics are important to recruit microtubules upon activation of the synapses in
those spines. These events contribute to the plasticity of the synapse (Chapter 5).
To better understand the traffic rules along the cellular microtubule highways in
neurons, it is important to known the microtubule orientations with high precision. In order
to achieve this, we have developed a new method that uses purified motors, walking along
extracted cytoskeletons, to reconstruct a high resolution map of the neuronal microtubule
network and their orientations (Chapter 6). We termed this method motor-PAINT. After
protocol optimization, we focused on the dendritic microtubule organization in order to
better understand how kinesins, motor proteins that walk towards the plus-end, selectively
navigate in anterograde or retrograde direction along the mixed microtubules of the dendrites.
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Summary
Our experiments showed that microtubules with the same orientation are bundled into
unidirectional highways. Subsequent correlative and pharmacological measurements showed
that microtubules that are oriented with their minus-end away from the cell body, are in
general more stable. Because kinesins prefer different groups of microtubules, we could then
propose a new model for selective transport. Kinesins (such as Kinesin-1/ Kif5) that strongly
prefer more stable microtubules will mainly move in retrograde direction whereas kinesins
(such as Kinesin-3/ Kif1) that prefer more dynamic microtubules will predominantly move
in anterograde direction. This explains earlier experiments that show that Kinesin-1 does not
target the dendrites while Kinesin-3 accumulates in dendritic tips.
The research in this thesis provides us with deeper understanding in the architecture
of the neuronal cytoskeleton and the traffic rules in neurons. These fundamental insights
are important to better understand how neurons are build and where it goes wrong in
developmental disorders or during neurodegenerative diseases.
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De juiste verdeling van moleculen naar verschillende compartimenten is belangrijk voor de
opbouw van alle cellen in het lichaam. Actief transport van deze moleculaire bouwstenen naar
verschillende compartimenten is vooral belangrijk in gepolariseerde cellen, zoals neuronen,
om hun vorm en functie te ontwikkelen en te behouden. Neuronen hebben twee typen
uitlopers, axonen en dendrieten, die beide een andere functie en moleculaire opbouw hebben.
Na activatie van een neuron, laat het axon een chemisch signaal vrij in de contact zone,
genaamd synaps, met de dendrieten van het volgende neuron. Deze kan als gevolg het signaal
verder het netwerk in sturen met zijn eigen axon. De vorm van de axonen en dendrieten
wordt bepaald door het celskelet, een netwerk van biopolymeren en andere eiwitten die de
cel zijn vorm en stevigheid geeft. Daarnaast dient het celskelet als het wegenstelsel waarlangs
het transport in de cel plaats vindt. Dit transport wordt verzorgt door motoreiwitten die
moleculen naar het axon en de dendrieten vervoeren door over microtubuli en actine te
lopen. Dit zijn structureel gepolariseerde biopolymeren met twee verschillende uiteindes,
plus en min genaamd. Verschillende motoreiwitten lopen ofwel altijd naar het plus-einde of
naar het min-einde van een microtubulus of actine filament.
In dit proefschrift hebben we bestudeerd hoe de exacte organisatie van het
neuronale celskelet het transport in hersencellen beinvloedt. Om de architectuur van het
celskelet zo nauwkeurig mogelijk in kaart te brengen hebben we verschillende geavanceerde
microscopietechnieken gebruikt. Hierbij hebben we voornamelijk gebruik gemaakt van
enkele-molecuul lokalisatiemicroscopie. Eén van de uitdagingen was het combineren van
aankleuringstechnieken die de verschillende structuren tegelijkertijd in beeld brengen. Om
de cellulaire actine structuren beter te visualiseren, hebben we in hoofdstuk 2 de zuivering en
labelling van een klein eiwitfragment, lifeAct genaamd, geoptimaliseerd. Deze optimalisatie
leidde tot een gemakkelijk in te zetten kleuring van actine met hoge resolutie die gecombineerd
kon worden met bestaande technieken zoals dSTORM en DNA-PAINT. Dit leidde tot de
opheldering van de organisatie van actineclusters en -kabels in respectievelijk het initieel
segment van het axon en specifieke uitstulpingen (spines) van dendrieten (hoofdstuk 3 en
5). Daarnaast hebben we transport in levende cellen bestudeerd om de functie van deze
structuren te achterhalen. Dit wees uit dat de clusters belangrijk zijn voor het tegenhouden
van transportblaasjes die niet in het axon horen door myosine motoreiwitten (hoofdstuk
3 en 4). De actine kabels in de spines en de regulatie van hun dynamiek is belangrijk om
microtubuli te recruiteren wanneer de in spines gelegen synapsen actiever worden. Dit draagt
bij aan de plasticiteit van de synapse (hoofdstuk 5).
Om de cellulaire microtubule-snelwegen beter in kaart te brengen is het belangrijk
om de orientatie van de microtubuli in neuronen met hoge resolutie te bepalen. Hiervoor
hebben we in hoofdstuk 6 een nieuwe methode ontwikkeld die met behulp van gezuiverde
motoreiwitten, lopend over een geëxtraheerd celskelet, een hoge resolutie weergave geeft
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van de neuronale microtubuli en hun orientatie. Deze methode hebben we motor-PAINT
genoemd. Na optimalizatie van de protocollen hebben we gefocust op de microtubuleorganisatie in dendrieten van neuronen. Dit was om beter te begrijpen hoe specifieke
kinesines, motoren die naar het plus-einde van microtubuli lopen, selectief anterograad of
retrograad navigeren in de dendrieten die een array met gemengde microtubule-orientaties
hebben. Onze experimenten toonden aan dat microtubuli met een gelijke orientatie clusteren
om zo snelwegen voor directioneel transport te vormen. Farmacologische en correlatieve
bepalingen lieten verder zien dat microtubuli die met hun min-eind van het cellichaam
afwijzen meer stabiliteit vertonen. Omdat verschillende kinesines een voorkeur hebben voor
een specifieke groep microtubuli konden wij een model opstellen voor selectief transport.
Kinesines (zoals kinesine-1/ kif5) die een sterke voorkeur hebben voor stabielere microtubuli
zullen voornamelijk retrograad transport vertonen, terwijl kinesines (zoals kinesine-3/ kif1)
die meer dynamische microtubuli herkennen anterograad zullen bewegen. Dit verklaart
eerdere resultaten die aantoonden dat kinesine-1 niet naar dendrieten transporteert, terwijl
kinesine-3 juist accumuleert in dendritische uiteinden.
Door de studies in dit proefschrift hebben we dus een beter inzicht gekregen
in de architectuur van het celskelet en de verkeersregels in hersencellen. Deze inzichten
zijn belangrijk om beter te begrijpen hoe neuronen worden opgebouwd en welke
processen verstoord zijn of raken bij ontwikkelingsstoornissen of tijdens verschillende
neurodegeneratieve aandoendingen.
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DANKWOORD
Dit is het dan, het einde van mijn proefschrift en ook het einde van mijn PhD. Ik heb zoveel
lol gehad en dit is mede dankzij alle samenwerkingen, de leuke collega’s en de fijne vrienden
die ik om me heen had.
Lukas, vanaf het moment dat ik college van jou kreeg tijdens de 3e jaars cursus
‘moleculaire celbiologie’ en de pex-assays voor het eerst zag wist ik dat ik aan transport in
neuronen wou werken. Niet geheel zonder twijfel van jouw kant kon ik uiteindelijk aan mijn
bachelor stage beginnen. Het is inmiddels alweer acht jaar later waarvan ik bijna zes jaar
met plezier in jouw lab heb gewerkt. Jouw enthousiasme en oneindige hoeveelheid ideeën
blijven me verbazen en ik hoop dat ik daar iets van mee kan nemen. Je gaf me de vrijheid om
lekker aan projecten te sleutelen en zelf dingen op te pakken. Je gaf me ook de kans mezelf
te ontwikkelen (ook al zat het weer even tegen bovenop de vulkaan in Chili) en kwam me
zelfs bezoeken in Woods Hole. Voor dit alles ben ik heel dankbaar en ik zal altijd met heel
veel plezier terug kijken op deze jaren. Ik vond het mooi om je lab te zien groeien en hoe je
uiteindelijk professor werd waardoor ik je gelukkig ook officieel mijn promotor mag noemen.
Ik hoop dat we elkaar nog vaak gaan tegenkomen en bedankt voor alles!
Casper, als mede promotor heb je tijdens mijn PhD ook een belangrijke rol gehad.
Ook al ben je nog zo druk, je hebt altijd tijd voor een praatje. Of dit nou over wetenschap is
of gewoon even gezellig kletsen, je geeft altijd het gevoel dat iedereen echt deel van het lab is.
Verder zal ik het bescheiden huisje en het geweldige eten tijdens de Cajal zomerschool ook
niet snel vergeten. Ook al hoorde ik bij Lukas zijn lab, ik voelde me altijd ook een beetje deel
van jouw lab omdat ik heb mogen meewerken aan veel geweldige projecten.
Beste Anna, wat ben ik je dankbaar voor elke keer dat je kritisch naar al mijn data
hebt gekeken. Ik moet eerlijk zijn dat ik dit in het begin een beetje eng vond, maar uiteindelijk
keek ik altijd uit naar jouw mening en verbeterpunten. Je bent altijd zo begaan met het
departement en iedereen die daaronder valt en je was op vrijdagen vaak bij de borrel te vinden
om de week even samen af te sluiten. Bedankt voor alles. Corette, door je vele vragen tijdens
de vrijdag meetings kwam er toch altijd een beetje ‘neuroscience’ om de hoek kijken bij al die
celbiologische projecten. Dit zorgde voor een beetje perspectief in de projecten maar verder
kwam je er tijdens de lunch ook gewoon bij zitten om gezellig over van alles te kletsen. Harold,
ik zeg altijd dat als ik nog een keer een PhD zou moeten doen, ik dat in jouw groep zou doen
als het kon. Inmiddels heb je een hele leuke groep getalenteerde mensen verzameld die al die
toffe projecten die je hebt bedacht gaan doen dus volgens mij komt dat wel goed. Ik denk dat er
nog heel veel mooie verhalen uit jouw lab gaan komen. Paul, je kwam altijd even het kantoor
binnen walsen met een interessante gedachten of wat wijsheden des levens. Of je kwam
gewoon even kijken of er een stukje chocolade was. Jouw colleges en de mini-stage die ik in
mijn tweede jaar van mijn bachelor in jouw lab heb gedaan, hebben mij toch zeker wel naar de
celbiologie afdeling gelokt. Esther, je was altijd zo aardig, positief en lekker nuchter. Ik denk
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dat je dit in je colleges ook mooi mee kan geven aan de studenten, maar ik hoop ook dat je net
zo betrokken blijft bij het lab op de vijfde verdieping. Verder wil ik natuurlijk ook de andere
PI’s bedanken die de vijfde verdieping zo speciaal en verbonden maken. In de westvleugel
waren Sander, Mike en Inge altijd bezig om de celbiologie dan ook daadwerkelijk te vertalen
naar de ontwikkeling van een organisme. Dit zorgde voor hele mooie samenwerkingen en
mooie multi-disciplinaire projecten die de vijfde verdieping verbond. Ginny, the newest PI
of them all. I wish you all the best with your new lab and I hope that you will uncover many
secrets of organelle localizations and their contacts in neurons. Fons, je was er altijd voor de
studenten en hebt Lukas uiteindelijk weten te overtuigen dat hij me maar als bachelor student
moest aannemen. Dus als je het zo bekijkt is het daar allemaal begonnen, waarvoor dank. De
colleges waren altijd een feestje!
I would also like to thanks the other members of my comittee, Erwin Peterman,
Geert Kops, Britta Eickholt, thank you so much for reading and evaluating my thesis.
Mijn paranimfen, Anne en Sybren. Anne, we zijn samen aan de PhD begonnen,
zaten samen in een kantoor en zijn nu elkaars paranimfen. We hebben het hele traject dus
samen meegemaakt, waarbij we af en toe elkaars klankbord konden zijn. Je was (bijna) altijd
enorm vrolijk en nooit te beroerd om een feestje, labuitje of cocktailavond te organiseren.
Je rolde in een project dat heel anders was dan de projecten in de rest van het lab en hebt
dat helemaal eigen gemaakt. Je bent een top wetenschapper die ook een goed feestje niet
overslaat. Ik denk dat het in Cambridge allemaal wel gaat lukken maar ik ga je toch wel een
beetje missen. Sybren, als er iets te doen is in en rond het lab, weten we zeker dat jij er ook
wel bij bent. We hebben veel lol gehad in het lab, aan de lunchtafel en buiten het lab. Je was
toch wel echt mijn maatje binnen het lab. Heel veel succes met de laatste loodjes van je PhD!
Het plezier dat ik heb gehad tijdens mijn PhD is mede te danken aan de open sfeer
die er in het Kapiteinlab heerste. We konden lekker met elkaar over wetenschap sparren maar
ook het koude ochtendzwemmen, kerstdiners en andere activiteit waren een belangrijke
factor. Hier ben ik de overige kapiteinlab leden veel dank aan verschuldigd. Eugene, the
master of analysis. You make the lab run as smooth as it does. I’ve come to know you as the
friendliest guy. You always seem to be relaxed and you are always excited to try something
new. Thank you for all the input and help with my projects over the years. I am very happy that
you started a new adventure with Desiree and I wish you all the best. Desiree, you had such a
challenging task to push the setups further into the third dimension. I really appreciated your
direct sense of humor, maybe about my ‘babyface’, and we had a lot of laughs and drinks. I am
really happy that you’ve found your place in the Netherlands together with Eugene. Wilco,
als er een probleem was met kloneren konden we altijd bij jouw terecht. Je deed van alles wat
terwijl je ook nog studenten aan het begeleiden was en zelfs toen had je nog altijd tijd voor
een grapje en lolletje op het lab. Het was heel tof om met je samen te werken en een biertje te
drinken in de abdijbar bij de ‘biophysics’ meeting. Heel veel succes in de toekomst en met alle
toffe verhalen die nog uit komen. Mithila, you’re such a strong, little bit stubborn and focused
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person that also knows how to have fun. I enjoyed our heavy discussions about the neuronal
trafficking rules and I wish you all the best. Marijn, jij was de aangewezen persoon als het
aankwam op het fixen van de microscoop en daar heb ik dankbaar gebruik van gemaakt.
Uitgaan met krukken naar ’t Gras van de buren en je mini-colleges over fourier transformaties
zullen me nog lang bijblijven! Daphne en Klara, als nieuwste aanwinsten van het kapteinlab,
aan jullie nu de zware taak om de sfeer en de mooie projecten op gang te houden. Ook de oud
labgenoten: Bas, tijdens mijn master heb je me alles geleerd over superresolutie microscopie.
Samen hebben we de eerste motor-PAINT experimenten gedaan waarbij we bijna dansend
rond de microscoop stonden. Het was heel tof om met jou te werken en laten we blijven
afspreken om af en toe eens een biertje te doen! Max, je ben een geweldige wetenschapper en
als er iemand van een feestje houdt ben jij het wel, de chupitos traditie zal voortleven. Ik vond
het erg leuk om je paranimf te zijn samen met Anael! Petra, jouw volhardendheid om de juiste
constructen voor het optogenetica paper af te krijgen was inspirerend. Het werk van jou en
Max heeft de basis gelegd voor het lab. Heel veel succes en plezier in de toekomst. Anaël, man
you left an impression on me and everyone. Your dancing and dress-up skills were amazing
and will not be forgotten. We could always have a laugh and you played an important part in
finishing the motor-PAINT story. Thank you so much for the nice conversations and all your
hard work. Last but definitely not least of the members of the kapiteinlab: Chiung-Yi, working
on the light induced gliding assay project together was a true pleasure. During this project but
also after work I’ve really gotten to know you as the nicest and funniest person. I hope to see
you from time to time and good luck with the final stretch of your PhD! Marina, woman of a
thousand projects and laughs. I wish you all the best with your own lab.
Verder wil ik all andere (voormalige) celbiology labgenoten bedanken voor alles
binnen en buiten het lab. Sara and Vida, together with Dusan, Bram, Anne and Klara, we made
up room N5.09. I’d like to consider our office messy and cosy because that big cleanup never
came! It was always a lot of fun even though everybody seemed particularly busy. Keep up the
busy work and I hope to see you soon. Phebe, elke dag weer ontferm jij je over het lab om te
zorgen dat er geen chaos uitbreekt, waarvoor heel veel dank. Maar ik zal je vooral herinneren
voor alle gezelligheid tijdens de lunch pauzes, labuitjes, borrels and andere activiteiten. Je
deed altijd fanatiek mee en alles kon besproken worden. Feline, lekker optimistisch en altijd
gewoon lekker gaan. Je zit vol met wilde ideeën maar ook heel veel gezelligheid. Je bent
een topwetenschapper die er wel gaat komen maar ook zorgt voor heel veel gezelligheid en
behulpzaamheid. Dennis, geen blad voor je mond en af en toe een denkbeeldige snor. Je bent
toch onmisbaar aan de lunchtafel en bij alle andere activiteiten. Het is nooit stil en altijd
gezellig als jij erbij bent. Dank je voor alle leuke gesprekken. Yujie, we’ve had a lot of fun
discussing transport in neurons and finding methods to fix the cytoskeleton. Bart, je droge,
soms grenzend aan flauwe grappen hebben me vaak erg laten lachten. We konden altijd op
je rekenen bij de lunch om de sfeer er goed in te houden. Ook zorgde jij er samen met Phebe
voor dat het lab niet in chaos verviel. Bedankt voor alles. Boris, unfortunately you only joined
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while I was finishing up so it was a short time that we were colleagues but you already made
a lasting impression. I really enjoyed bouldering with you and I hope that we’ll see each other
soon in the bouldering gym. Peter Jan, je gaat als een speer en hebt volgens mij wel honderd
projecten. We konden altijd lekker over kinesines babbelen en je hebt me veel waardevolle
input gegeven. Dankjewel en succes met de laatste loodjes van je PhD. Robbelien, ik ga je
ietswat donkere humor aan de lunchtafel zeker missen. Nicky, je nam het initiatief voor de
eerste ‘wine and cheese’ avond. Verder doe je altijd toffe proeven en ben ik blij dat we samen
lekker over ‘single molecules’ konden praten. Ook heel erg bedankt voor het organiseren van
leuke activiteiten zoals het gala! Lisa en Manon, jullie waren ook altijd gezellig aanwezig bij
de wine en cheese avonden en bij alle gezellige uitjes. Amol, the king of the in vitro assays.
Man your work ethic was incredible. Over the years I’ve come to know you as an amazing
cheerful guy. Good luck with your adventures in the USA and I am sure that you will achieve
great things. Anna, I really enjoyed our conversations the last year. You could be a little bit
sarcastic/pessimistic at times but I will not forget my surprise when I got the kindest email to
wish me good luck before my post-doc interview. Thank you for that! Jelmer, we hebben onze
master een beetje hetzelfde ingevuld en volgens mij is dat een goed recept. Je gaat hartstikke
lekker maar kan ook lekker meedoen met een biertje alleen is ‘wine and cheese’ misschien
toch soms wel wat teveel. Ricardo, you might be the only person who was in the lab longer
than I was. You feel like part of the furniture and I think you cannot be missed. Your Italian
laid back attitude was nice and you never wanted to be in the spotlight while I think you
should be sometimes because you’re a great guy! Martin, man waar moet ik beginnen bij jou.
Volgens mij verbind jij in je eentje de hele verdieping. Je doet EM, wormenwerk, hardcore
celbiologie en verder ben je ook nog eens bij elk project betrokken. Je combineert je sociaal
leven met je werk en laat het allemaal makkelijk lijken, je was bij vele feestjes waaronder ook
de Cajal summer school in Bordeaux waar we in random huizen terecht kwamen en vele
kurken het water in hebben kunnen schieten. Ik heb erg genoten van de samenwerking en
alle discussies die we over de jaren hebben gehad. Dank je voor alles. Amelie, I think you can
do everything. Do great science, enjoy good food, party and be a mother. I wish you all the
best. Ilya, you run a tight ship around the microscopes, thank you for keeping all that amazing
equipment running! Of course also all other (past) lab members of Cell Biology, Jessica, Liu,
Eitan, Qingyang, Ivar, Lena, Xingxiu, Robin, Ankit, Ruben, York, Carlijn, Fangrui, Dipti, Phil,
Mariella, Funso, Cynthia, Arthur, Hai Yin, Marvin, Jiang, Lotte, René, Katerina, Irati, Inês,
Olga, Laura, Elena, Ruddi and Babet, thank you all for the great atmosphere and wonderful
time. I would also like to thank all the members of the Developmental Biology team for the
nice contributions and questions during the Monday meetings but also the fun during the lab
outings.
I would also like to thank my supervisors during my master internships. Joanna,
Hedwich en Bert, I’ve learned so much from you all and you prepared me very well for life as
a PhD student. I remember driving you crazy sometimes by being stubborn and doing things
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my own way but you always managed to steer me into the right direction. Thank you for this.
Verder heb ik om mijn beurt weer met hele leuke studenten mogen werken die veel
hebben bijgedragen. Maaike en Daphne, jullie waren echt een team en jullie hebben veel
waardevolle data gegenereerd die nog steeds niet allemaal verwerkt is. Dank jullie voor al het
harde werk en heel veel succes met jullie PhD. Trusanne, halverwege moesten we het project
even omgooien maar het was altijd erg gezellig. Uiteindelijk is het allemaal goed gekomen en
hebben we zelfs nog een mooi boekhoofdstuk kunnen schrijven dat deel is van mijn thesis.
Naast het werk in het lab heb ik ook veel steun en soms nodige afleiding gehad van
veel mensen buiten het lab. Pa en Ma, jullie hebben me alle mogelijkheden gegeven om te
komen waar ik nu ben. Jullie hebben me altijd onvoorwaardelijk gesteund en een opvoeding
gegeven op een mooie plek waar altijd alles besproken kon worden. Dank jullie voor alles en
ik ben blij dat jullie vanuit de VS komen om bij mijn promotie te zijn! Pauline en Liselotte, of
we nou pokemon speelden of ruzie maakten op de achterbank van de auto naar Frankrijk het
was altijd leuk. Nu doen we heel veel samen en ik ben heel blij dat ik met jullie als zusjes kon
opgroeien! Sam, jij bent ook niet meer uit ons gezin weg te denken. Al vele jaren zorg je voor
extra gezelligheid tijdens alle familie aangelegenheden. Heel veel plezier samen met Lot in
Haarlem (ahum sorry, Alkmaar). Oma Tas (Oma Speculaas), heel erg bedankt voor de leuke
vakanties in Zeeland, het logeren en de speculaasjes op brood. Ook heel erg bedankt dat we
vaak gewoon zomaar even bellen en dat je even vraagt hoe het gaat.
Ook wil ik de vrienden die ik heb gemaakt tijdens mijn studie bedanken voor alle
goede tijden. Robin, mijn mentor papa. Samen met Julia hebben jullie de familie wat weten uit
te breiden. Je hebt een tof huisje en bent ook door een PhD aan het buffelen. We hebben altijd
wat om over te praten en laten we dat ook wat vaker gaan doen. De overgebleven mensen
van ‘Gecellig’, de celbiologie studenten van de vijfde verdieping tijdens mijn eerste stage.
Reini, Leon, Spiros, Frank en Jesminne, leuke dingen doen met jullie was één van de nieuwe
hoogtepunten tijdens mijn master. Maisvelden ploegen en verbrande kip eten of lekker
uitgaan. Jesminne heel erg bedankt voor al je steun, ik weet dat het zeker niet altijd makkelijk
is geweest.
Davy, Tom, Vi, Jasper, Edwin, Daphne, An, Oscar, Fabian en natuurlijk ook Pauline.
Al jarenlang met z’n allen op wintersport, uitjes, citytrips, mannenuitjes en lekker biertjes
drinken in de Lane. Ik herinner me alleen maar leuke, zatte en mooie tijden en ben heel
blij dat ik tijdens het turnen met jullie bevriend geraakt ben. Ook al is iedereen drukker en
drukker, we maken nog steeds bijna maandelijks tijd voor elkaar om wat te gaan doen of
gewoon even met elkaar te praten. Ik hoop dat dit in de toekomst nooit gaat veranderen.
Inmiddels breidt de groep zich aardig uit en dat brengt alleen maar meer gezelligheid! Dennis,
het kon niet toevalliger zijn dat we 100 meter van elkaar woonden toen we begonnen met
studeren. We zaten 3 keer per dag samen koffie te drinken of frikandellen uit het tosti-ijzer te
eten. Eerst besparen op eten dan pas op de belangrijke zaken! Over de jaren hebben we zoveel
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gekke dingen gedaan maar nu we ouder worden moet ik toch wat tijd afstaan aan Manon en
worden we wat tammer. Ik ben altijd welkom bij jullie voor een bbq of als het even tegen zit,
heel erg bedankt daarvoor. Wesley, op weg naar survivalkamp in de 2e kwamen we erachter
dat we het wel goed konden vinden. Je kwam wekelijks helemaal uit Aardenburg om bij Henk
een zwaar ontbijt te nuttigen voor de lessen en tegenwoordig maak je ook nog wel eens een
lekker ananasje klaar voor onderweg. We gaan wekelijks boulderen of eten en ik zal oprecht
m'n best doen om vaker op tijd te komen. Martin, tijdens mijn tweede stage bood je aan om
samen aan Python te beginnen. Dat is inmiddels al even geleden maar we gaan nog steeds
wandelen en wat eten. Op nog vele mooie wandeltochten!
Julia, me luv you long time. Je was er om de laatste loodjes te verlichten en me lekker
van mijn werk te houden, heel erg bedankt daarvoor! Ik heb heel veel zin in de toekomst.
Dat is m dan echt!
-Hora est.
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