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THE MAKING OF A NERVOUS SYSTEM
The nervous system is central in the coordination of an animal body, promoting the translation 
of sensory inputs into coordinated actions. The primitive nervous systems are thought to 
have been simple coupling of sensory systems to effectors, important for food and mates 
location and for avoidance of unsuitable habitats (Wray, 2015). All animals more evolutionarily 
advanced than sponges have a nervous system, and their brains have a common evolutionary 
origin in a primitive brain-like structure that existed 570 million years ago (Sprecher and 
Reichert, 2003) (Figure 1). In this way, even though morphological and functionally different, 
the nervous systems of a fly or of a human share a common ancestry. The complexity of the 
nervous system continued to increase, in order for animals to perform tasks more complex 
and intricate than the ones allowed by the primordial one. In fact, the nervous system 
has allowed for the animal body to develop perception capabilities as vision and smell, to 
promote active movement, to coordinate the different organs in the body, or to perform 
complex social interactions. At a cellular level, the nervous system is composed by two types 
of cells: the neurons, which are responsible for the translation of inputs into outputs, and the 
glia, which are responsible for supporting the neuronal network.

Neurons, also known as nerve cells, contain long protrusions arising from the cell 
body or soma, which are essential for the communication with other cells. These protrusions 
require a high degree of neuronal polarization, which lead to morphological and functional 
differences. The axon is a long protrusion responsible for the transmission of electrochemical 
signals, whereas the dendrites are normally shorter and highly ramified protrusions that 
receive signals. The directional transfer of signals from the axon of one neuron to the 
dendrite of another happens at a specialized contact site called the synapse. Typically, the 
synapse is composed by the axonal presynapse, the dendritic postsynapse, and the synaptic 
cleft in between, and the majority of the synapses are chemical in the vertebrate nervous 
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Figure 1. Evolution of the nervous system. 
Phylogenetic tree based on molecular data, mainly based on ribosomal and Hox gene sequence analysis. None of 
the phyla present today represent a truly ancestral state, and the molecular resemblance between phyla suggests 
a monophyletic origin of the nervous system. For simplification, not all phyla are represented. Based on (Sprecher, 
2008; Sprecher and Reichert, 2003).
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system. Electrical signals travel along the axon in the form of an action potential and, when 
they reach the presynaptic terminal, they can induce the fusion of synaptic vesicles with the 
plasma membrane, releasing neurotransmitters to the synaptic cleft. These neurotransmitters 
can bind to receptors present at the membrane of the postsynaptic cell, inducing signaling 
cascades that are processed in the soma. The cycle of neurotransmission is completed by 
the generation of an output signal at a specialized region preceding the axon. This region is 
called the axon initial segment (AIS), and is characterized by a high density of voltage-gated 
sodium channels, which are required for the generation of action potentials required for 
neuronal transmission (Kole et al., 2008). Besides from the role on action potentials, the 
AIS separates the somatodendritic and the axonal compartments, which is important for 
the maintenance of neuronal polarity. More precisely, the AIS acts as a membrane diffusion 
barrier for  membrane proteins and ion channels, and as a cytoplasmic gate that allows the 
entrance of axonal cargoes into the axon (Zhang and Rasband, 2016). 

STUDY OF NEURODEVELOPMENTAL PROCESSES 
Unravelling the molecular mechanisms underlying brain development and functionality 
has been an ambitious aim of past and nowadays neuroscientists. The establishment of in 
vitro systems became instrumental to investigate intracellular mechanisms during neuronal 
polarization, growth and connectivity. One of the most popular in vitro systems relies on the 
dissociation of rodent hippocampal neurons from embryos upon completion of pyramidal 
neuron formation (Tahirovic and Bradke, 2009). Pioneer studies from the Banker lab have 
shown that upon dissociation, rodent hippocampal neurons can re-start their developmental 
program to develop two distinct cellular compartments: a single axon and multiple dendrites 
(Dotti et al., 1988). This program comprises five stages that induce morphological changes 
and culminate in the establishment of a functional neuronal network (Figure 2A). In more 
detail, shortly after plating, round neuronal cells start to spread a lamellipodium around the 
cell body, and attach to the substrate (stage 1). Development proceeds with the acquisition 
of several extensions called neurites (stage 2), which exhibit dynamic growth cones at their 
tips and undergo alternated periods of growth and retraction. Next, cell symmetry is broken 
and neuronal polarization is triggered, with the rapid growth of one neurite that becomes the 
axon (stage 3). The remaining neurites will further grow and develop into dendrites (stage 
4), and neurons become functionally connected with the formation of synapses (stage 5). 
This system allows cell manipulation and biochemical studies, but several systems have been 
developed to study neuronal function within the tissue architecture. One of these systems 
relies on the culture of hippocampal slices, normally prepared from postnatal rodents (Figure 
2B). Even though afferent fibers are cut and degenerate upon the preparation of slice cultures, 
the intra-hippocampal connections are maintained, allowing for the study of a structured 
network with specific connections. Cultured slices also contain different glia cell types in 
the tissue, which may help to better understand the mechanisms underlying brain function. 
The electrophysiological properties of cultured slices seem to be similar to those of acute 
slice preparations (De Simoni and Yu, 2006). Organotypic slice cultures are well suitable for 
live-imaging of neuronal processes, such as synapse formation, for which the development of 
transgenic mice has contributed enormously (Figure 2B). 
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THE CYTOSKELETON
Cellular morphogenesis and function highly rely on the underlying cytoskeleton, which provides 
structure for the organization of the cell. However, the cytoskeleton is far from being a rigid 
structure, as several dynamic processes at the cytoskeleton allow the cells to rapidly adapt in 
response to environmental or molecular signals.  Cytoskeletal rearrangements contribute to 
a multitude of cellular processes, ranging from mitosis, cell migration, neuronal development 
and outgrowth, and synapse formation and plasticity. Moreover, the cytoskeleton provides 
highways for molecular motors to move cargo, establishing directionality in intracellular 
transport. In eukaryotic cells, the cytoskeleton is composed by three organized types of 
filaments: microtubules, intermediate filaments and microfilaments. 

A. Dissociated hippocampal culture
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Spine
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Figure 2. Different systems for the study of neuronal development. 
(A) Developmental stages of dissociated hippocampal neurons. Initially, neurons are non-polarized cells that extend 
lamellipodia (stage 1) and develop processes of similar length called neurites (stage 2). One of these neurites starts 
to grow more rapidly and becomes the axon (stage 3), while the remaining neurites develop as dendrites (stage 
4). Finally, neurons mature and develop synaptic contacts and dendritic spines (stage 5). (B) Scheme (left), widefield 
(middle) and fluorescent (right) images of organotypic hippocampal cultures from transgenic mice. CA1/CA3: cornu 
ammonis 1/3; DG: dentate gyrus; EC: entorhinal cortex. Scale bar 1000 µm.
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Microtubules
Microtubules are hollow polymers of α- and β-tubulin heterodimers, with a fast-growing 
plus-end with exposed β-tubulin and a slow-growing minus-end with exposed α-tubulin. 
These polymers are highly dynamic structures that can undergo periods of polymerization 
(growth) and depolymerization (shrinkage), a process called dynamic instability (Mitchison 
and Kirschner, 1984). The control of microtubule dynamics is achieved by a variety of factors 
that include microtubule-associated proteins (MAPs), plus-end binding proteins, molecular 
motors and post-translational tubulin modifications. Microtubule dynamics is important 
for different aspects of neuronal development, including neuronal polarization and synaptic 
plasticity (Hoogenraad and Bradke, 2009). For example, absence of MAP2, a protein that 
decorates somatodendritic microtubules, inhibits the initial growth of minor neurites, 
whereas axon-specific MAP Tau is required for axonal extension (Caceres et al., 1992). In 
neurons, microtubules are the main longitudinal cytoskeletal filament in axons and dendrites 
(together with neurofilaments), and they exhibit compartment-specific orientations. In axons, 
microtubules are uniformly distributed with their-plus ends towards the axonal tip (Baas et 
al., 1988), while dendrites exhibit mixed microtubule orientations (Baas et al., 1988; Yau et 
al., 2016) (Figure 3A,B). These specific orientations contribute to the polarized transport of 
cargo to axons and dendrites (Kapitein and Hoogenraad, 2011). 

Actin microfilaments
Microfilaments are composed of two helical and intertwined strands of filamentous 
actin (F-actin), and each strand is a polymer of globular actin monomers (G-actin). Like 
microtubules, actin filaments are intrinsically dynamic and polarized, with a polymerizing 
barbed end and a depolymerizing pointed end. The simultaneous gain of monomers at the 
barbed end and loss of monomers from the pointed end creates a phenomenon known 
as treadmilling that contributes to a dynamic turnover of actin filaments without changing 
their length (Brandt, 1998). Due to the weak interactions between actin monomers, actin 
filaments can undergo cycles of rapid assembly and disassembly (Cingolani and Goda, 2008), 
but the dynamics and organization of the actin cytoskeleton is ultimately regulated by a 
multitude of actin-binding proteins (ABPs). ABPs can promote the nucleation of filaments, 
bind to filaments ends to modify filament turnover, induce the severing or growth of actin 
filaments, or establish different actin networks by crosslinking (Letourneau, 2009). Actin 
dynamics contribute to several neurodevelopmental processes, including axon initiation and 
branching (Pacheco and Gallo, 2016). In neurons, actin filaments are highly enriched at growth 
cones, where they regulate the formation of dynamic filopodia and lamellipodia structures 
(Figure 3E), as well as in mature synapses (Hotulainen and Hoogenraad, 2010; Pacheco and 
Gallo, 2016). Moreover, visualization of actin by super-resolution and live-imaging techniques 
allowed the observation that actin is intricately organized along the axon shaft. Recently, 
axonal actin has been shown to be assembled into rings (D’Este et al., 2015; Xu et al., 2013) 
(Figure 3C) and trails (Ganguly et al., 2015), but the overall function of such structures 
remains poorly understood. Along the axon, actin is highly enriched at presynaptic sites 
(Wilhelm et al., 2014) (Figure 3D), and modulation of actin dynamics underlies adaptations 
to changes in synaptic activity (Cingolani and Goda, 2008).
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Motor proteins
Besides regulating different cellular processes, the cytoskeletal filaments provide roads 
for the movement of cargoes carried out by molecular motors. These proteins are from 
three different superfamilies (kinesin, dynein and myosin), and they generate movement by 
hydrolyzing ATP. Generally, motor proteins contain a relatively highly conserved motor domain 
that binds the cytoskeleton, and a more diverse tail domain, which interacts with different 
adaptor proteins and discriminates the transport of specific cargoes (Hirokawa et al., 2010; 
Schlager and Hoogenraad, 2009). Myosins bind to actin filaments, being involved in cargo 
transport along these filaments and in the generation of contractile forces (Kneussel and 
Wagner, 2013). In neuronal cells, the actin-enriched growth cones, presynaptic terminals and 
dendritic spines rely on myosin activity for cargo delivery, with motor myosin V (MyoV) and 
myosin VI (MyoVI) moving in opposite directions of actin filaments. Kinesin (KIF) and dynein 
motors promote long-range transport along microtubules, moving in opposite directions: 
the majority of kinesin proteins move towards the plus-end of microtubules, whereas dynein 
moves towards their minus-end. In mammals, 45 KIF genes have been identified and divided 
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Figure 3. The cytoskeleton in different neuronal compartments. 
(A) In dendrites, microtubules have mixed orientations and, occasionally, they can invade dendritic spines, which 
are enriched in actin filaments. (B) In the axon, microtubules exhibit uniform orientations, with their plus-end 
towards the end of the axon. Hence, cargo is moved anterogradely by plus-end directed kinesins and retrogradely 
by dynein. (C) Within the axon, the actin cytoskeleton is organized in periodically spaced rings below the plasma 
membrane. This organization is maintained by spectrin and adducin proteins, and provides support to the axon. (D) 
At presynaptic boutons, actin is thought to exist in a branched network, which may be important for the positioning 
of neurotransmitter-filled synaptic vesicles and for the organization of the active zone. (E) In the growth cone, 
microtubules emerge from the axon and splay out in the central domain, while the peripheral domain is enriched in 
actin filaments. Microtubules can invade the actin-rich regions to promote directional growth.
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into 14 families (Hirokawa et al., 2009). Besides the role in microtubule-based transport, KIFs 
can also affect microtubule dynamics (Walczak et al., 2013). Cytoplasmic dynein is a large 
protein complex composed of heavy chains, intermediate chains, intermediate light chains 
and light chains, which can further associate with the dynactin complex and accessory factors 
to promote transport of cargo (van den Berg and Hoogenraad, 2012). Mutations in motor 
protein encoding genes from the three superfamilies are linked to several neurodevelopmental 
and neurological disorders, such as hereditary spastic paraplegia (Franker and Hoogenraad, 
2013; Hirokawa et al., 2010; Kneussel and Wagner, 2013; Lipka et al., 2013). 

NEURONAL POLARIZATION: THE GROWTH OF THE AXON

Axon initiation and outgrowth
Rearrangements of the actin and microtubule cytoskeletons are crucial for the initial 
establishment of polarity. Immature neurites (prior to polarization) contain bundled 
microtubules and are tipped with an actin-rich growth cone (Conde and Caceres, 2009). 
The actin cytoskeleton present at the growth cone is important for axon formation, and 
pharmacological actin depolymerization in one individual growth cones induces this neurite 
to become the axon (Bradke and Dotti, 1999). At the growth cone of the future axon, the 
actin filaments are more dynamic and permissive, allowing the intrusion of microtubules 
that support axonal differentiation and outgrowth (Hoogenraad and Bradke, 2009). By 
using a photoactivable analog of microtubule-stabilizing drug Taxol, Witte and colleagues 
showed that local stabilization of microtubules is sufficient to promote axon formation in 
unpolarized neurons (Witte et al., 2008). Furthermore, treatment with low doses of taxol 
triggers the formation of multiple axons in hippocampal neurons (Witte et al., 2008). Overall, 
axon formation seems to rely on the cross-talk between actin and microtubules, and a 
permissive actin cytoskeleton and increased microtubule stability are important during this 
process. The increased microtubule stability may dictate cargo trafficking into the future 
axon. In fact, the motor domain of KIF5 accumulates in the future axon (Jacobson et al., 2006; 
Nakata and Hirokawa, 2003). Furthermore, KIF3A is required for the axonal localization of 
polarity protein complexes, promoting the establishment of neuronal polarity (Nishimura 
et al., 2004; Shi et al., 2004). However, we understand very little about the role of motor 
proteins in early phases of neuronal development. New insights into the role of myosin and 
kinesin motors in axon development and outgrowth are discussed in chapters 3 and 4.

Actin and microtubule dynamics are regulated by a plethora of signaling pathways, 
which influence axon growth (Coles and Bradke, 2015; Schelski and Bradke, 2017). These 
pathways are normally triggered by the binding of secreted or cell-surface guidance cues 
to receptors found on the surface navigating growth cones. Hence, besides the involvement 
on neuronal polarization, growth cones are involved in axon guidance and pathfinding by 
promoting axon growth towards (attraction) or away (repulsion) of the source of the 
guidance cues. 

Axon initial segment organization and function
The AIS is a specialized region between the somatodendritic and axonal compartments 
with two main functions. Firstly, due to the accumulation of ion channels, the AIS is able 
to generate action potentials upon integration of synaptic inputs. Secondly, it is crucial for 
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the maintenance of neuronal polarity, by acting as a membrane diffusion barrier and as a 
selective filter for the transport of organelles and proteins between the somatodendritic 
and axonal compartments (Zhang and Rasband, 2016). In order to perform such functions, 
there is an accumulation of specific proteins at the AIS that provide a connection between 
the extracellular matrix and the intracellular cytoskeleton, such as Ankyrin-G (AnkG), 
β-IV-spectrin, neurofascin and voltage-gated ion channels. AnkG is considered the master 
regulator of the AIS, as it not only recruits almost all proteins to the AIS, but also interacts 
with proteins at both the plasma membrane and the cytoplasm (Jones and Svitkina, 2016). In 
fact, depletion of AnkG leads to a loss of other AIS proteins at the proximal axon (Hedstrom 
et al., 2008; Zhou et al., 1998). 

The earliest observed characteristic of the AIS was the presence of microtubule 
bundles linked by cross bridges (Palay et al., 1968). It has been recently shown that tripartite 
motif containing protein 46 (TRIM46) is enriched in the proximal axon, where it promotes 
microtubule bundling (van Beuningen et al., 2015). Other proteins that bind microtubules 
have been shown to be important for AIS functionality, including the microtubule plus-end 
proteins (Fréal et al., 2016). The dynein regulator NUDEL (NDEL1) was shown to bind AnkG 
and to be required for keeping dendritic cargoes away from the axon (Kuijpers et al., 2016). 
Recent findings have found a periodic actin cytoskeletal arrangement in axons, including the 
AIS (D’Este et al., 2015; Leterrier et al., 2015; Xu et al., 2013), and this is conserved from 
Caenorhabditis elegans to Homo sapiens (He et al., 2016). The actin rings are observed 
at every ~190 nm, separated by spectrin tetramers (Leterrier et al., 2015; Xu et al., 2013). 
The periodical arrangement of actin within the AIS is observed early in development, and 
it is important for the precise distribution and location of proteins in axons (Albrecht et 
al., 2016; Zhong et al., 2014). Besides actin rings, patches and short stable actin filaments 
have been observed at the AIS (Jones et al., 2014; Watanabe et al., 2012). Interestingly, actin 
depolymerization disrupts filter capabilities of the AIS, as large proteins move freely towards 
the distal tip of the axon (Song et al., 2009). Altogether, the cytoskeleton is important for the 
establishment and function of the AIS.

ESTABLISHMENT OF NEURONAL NETWORKS
After extensive growth and navigation, the axon can reach the appropriate target within 
the brain with the ultimate aim of forming synaptic connections. In vertebrates, synapse 
formation begins during embryonic development and extends into adulthood, involving 
a myriad of ligand-receptor interactions, signaling cascades and cytoskeleton remodeling 
(Shen and Cowan, 2010; Waites et al., 2005). In mature networks, synapses are dynamic and 
constantly shaped in order to adapt to changes in the circuitry, in a process called synaptic 
plasticity. This process can promote changes in the composition of synapses, in the efficiency 
of synapse communication, and in determining if the synapse is kept or eliminated (Rudenko, 
2017). Synaptic plasticity is critically involved in brain processes that promote memory 
formation and learning, and it is therefore not surprising that mutations in genes encoding 
synaptic proteins are associated with several neurological disorders, such as schizophrenia 
and autism spectrum disorder. As the mutations lead to synaptic impairments, the term 
“synaptopathies” is now commonly used to describe neurodevelopmental, neurodegenerative, 
and neuropsychiatric disorders (Rudenko, 2017). Consequently, it is important to understand 
the mechanisms that underlie synapse formation, maturation, plasticity and elimination, as 
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this may bring us closer to understand the etiology of different brain diseases.
It is still not fully understood how neurons assemble into specific circuits, and how 

correct synaptic connections are established and maintained over time. In general, after 
the axon is guided towards a target, secreted factors act to promote the formation of 
presynaptic specializations at the proper place. Afterwards, dynamic and actin-rich dendritic 
filopodia extend from the dendritic shaft and seem to inspect the surrounding area for a 
presynaptic axon (Shen and Cowan, 2010). Once a positive contact is achieved, cell-adhesion 
proteins are thought to stabilize the contact and to promote the activation of intracellular 
signaling cascades that promote the maturation of pre- and postsynaptic sites (Shen and 
Cowan, 2010). Several adhesion proteins have been discovered and implicated in synapse 
formation and stabilization, including the postsynaptic neuroligins and their presynaptic 
partner neurexins (de Wit and Ghosh, 2016; Siddiqui and Craig, 2011). Interestingly, in 
hetereologous systems, the overexpression of postsynaptic cell-adhesion proteins is sufficient 
to promote the development of presynaptic sites in the contacting axon region (Scheiffele et 
al., 2000; Siddiqui and Craig, 2011). This suggests that postsynaptic adhesion may trigger the 
development of the presynaptic site. Interestingly, synaptic vesicles can pause at specific sites 
along the axon in the absence of neuronal contacts (Sabo et al., 2006), and these sites are 
then stabilized by trans-synaptic adhesion signals (Bury and Sabo, 2014). 

In the brain, there are two main types of synapses, determined by the neurotransmitter 
released from the presynaptic terminal: glutamatergic (release of glutamate) and GABAergic 
(release of γ-aminobutyric acid – GABA). Glutamatergic synapses are excitatory and 
depolarize the postsynaptic neuron, while GABAergic synapses are inhibitory and induce 
hyperpolarization of the postsynaptic neuron. Even though both types of synapses show 
similar organizing principles (e.g. postsynaptic scaffolding proteins or neurotransmitter 
receptors, the molecular processes underlying the formation and maturation of excitatory 
and inhibitory synapses are distinct (Sheng and Kim, 2011). 

Organization of excitatory postsynapses
The majority of excitatory synapses are formed at tiny dendritic protrusions called dendritic 
spines (Bourne and Harris, 2008). Dendritic spines consist of three distinct areas: a delta-
shaped base linked to the dendritic shaft, followed by a constricted neck and a bulbous 
head that contacts the axon (Hotulainen and Hoogenraad, 2010). They can be found in 
different shapes, and dendritic spines are very dynamic structures that can change their 
morphology in response to changes in neuronal activity (Holtmaat et al., 2006; Roberts et 
al., 2010). The postsynaptic density (PSD), an electron-dense thickening of the postsynaptic 
membrane opposed to the presynaptic terminal, is usually found at the tip of the dendritic 
spine. Due to the difference in electron density between the pre- and postsynaptic sites in 
electron microscopy studies, excitatory synapses are often named asymmetric synapses. The 
PSD contains a meshwork of proteins crucial for neuronal transmission, such as glutamate 
receptors, signaling proteins and adhesion molecules (Figure 4A). Therefore, the PSD is 
essential in mediating the apposition of pre- and postsynaptic sites, and in regulating signaling 
cascades that are prompted by the activation of glutamate receptors in the postsynaptic 
cell. During postnatal development, the expression and synaptic localization of PSD proteins 
increases, correlating with the period of intense synapse formation and maturation in the 
brain (Sheng and Kim, 2011). Within the PSD, several scaffolding proteins, such as PSD-95, 
stabilize or tether membrane or signaling proteins in the PSD via protein-protein interactions. 
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For example, PSD-95 can directly interact with N-methyl-D-aspartate receptors (NMDARs), 
recruit α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) via 
association with accessory subunits or organize synaptic adhesion by binding to adhesion 
molecules (Sheng and Kim, 2011; Siddiqui and Craig, 2011). The PSD is not a uniform and 
static structure, with recent single molecule localization studies showing it is organized into 
dynamic nanodomains enriched for glutamate receptors that are important for excitatory 
transmission (MacGillavry et al., 2013; Nair et al., 2013). The mechanisms underlying this 
organization are not understood, but it is possible that the nanodomains are determined by 
transsynaptic contacts between the pre- and postsynaptic membrane. 

For proper synaptic transmission and plasticity, PSD proteins need to be transported 
towards the dendritic spine after being synthesized in the cell body. Therefore, synaptic 
function highly relies on the activity of motor proteins, and several have been implicated 
in the transport of PSD proteins. For instance, kinesins KIF5 and KIF17 are involved in 
the transport of AMPAR and NMDAR subunits, as well as of voltage-gated potassium 
channels along dendrites (Chu et al., 2006; Heisler et al., 2014; Setou et al., 2000; Setou et 
al., 2002). Besides a role on trafficking, motor proteins have also been shown to regulate the 
development of dendritic spines (Muhia et al., 2016; Ryu et al., 2006) and synaptic plasticity 
(Rex et al., 2010). In chapter 5, we further investigate the role of motor proteins in the 
maintenance of excitatory synapses by performing a targeted knockdown screen of kinesins, 
myosins and dynein-interacting proteins. 

Overall, the molecular organization of excitatory synapses is intricate and has 
intrigued scientists throughout the years (Sheng and Kim, 2011), but recent studies continue 
to identify new candidate proteins at excitatory synaptic clefts (Loh et al., 2016). Therefore, 
there is still much to unveil on excitatory synapse formation and transmission, and future 
studies will help us to decipher the complex function of neuronal circuits in the brain. 

Molecular composition of inhibitory postsynapses
The knowledge we have on synapse formation and plasticity is mainly based on studies 
performed on excitatory synapses, but recent efforts have uncovered many aspects of 
inhibitory synapse formation and function (Flores and Mendez, 2014; Frias and Wierenga, 
2013; Kuzirian and Paradis, 2011; Wierenga, 2017). Inhibitory synapses are often termed 
symmetric synapses, as the pre- and postsynaptic terminals have similar electron densities 
when visualized by electron microscopy, and they are located along the dendritic shaft or 
around the neuronal cell body. Similarly to excitatory postsynapses, inhibitory postsynapses 
develop a specialization that accumulates a myriad of proteins essential for inhibitory 
neurotransmission (Figure 4B). Interestingly, recent studies have revealed that inhibitory 
postsynapses are also organized into nanodomains, which rearrange in response to 
synaptic activity (Pennacchietti et al., 2017; Specht et al., 2013). A prominent component of 
inhibitory postsynapses is a protein called gephryin, which is exclusively found at inhibitory 
synapses (Sassoe-Pognetto et al., 1995). Gephyrin is expressed throughout the nervous 
system and is regarded as the scaffolding protein of inhibitory synapses (Tyagarajan and 
Fritschy, 2014). It undergoes different post-translational modifications that can influence its 
function and localization to inhibitory synapses, which may promote changes on inhibitory 
neurotransmission (Dejanovic and Schwarz, 2014; Dejanovic et al., 2014; Flores et al., 2015; 
Ghosh et al., 2016; Tyagarajan et al., 2011). Gephyrin interacts with many proteins at inhibitory 
synapses, including ionotropic GABAA receptors (GABAARs). The stabilization of GABAARs 
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Figure 4. Excitatory and inhibitory synapses architecture.
Along dendrites, kinesins and dynein promote the transport of cargo, including vesicles containing neurotransmitter 
receptors, along microtubules, while myosins are important for actin-based transport in postsynaptic sites. The 
apposition of pre- and postsynaptic sites is maintained by different cell-adhesion proteins, including neuroligin-
neurexin proteins. (A) Excitatory synapses are generally formed onto actin-rich dendritic spines. Glutamate-filled 
synaptic vesicles are found at the presynaptic site and they can fuse with the presynaptic membrane. The released 
glutamate can bind to glutamate receptors (N-methyl-D-aspartate receptors – NMDARs, and α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptors – AMPARs), which interact with postsynaptic density p rotein PSD-
95. (B) Inhibitory synapses can be found along the dendritic shaft. Gephyrin is the inhibitory postsynaptic scaffolding 
protein, and interacts with several proteins, including γ-aminobutyric acid receptors (GABAARs) and collybistin. The 
apposed presynaptic sites contain vesicles filled with γ-aminobutyric acid (GABA), which can bind to postsynaptic 
GABAARs. GABAARs are stabilized at postsynaptic sites by different proteins, including GABAAR regulatory Lhfpl 
(GARLH).
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at synapses is at least partly due to gephyrin (Jacob et al., 2005; Levi et al., 2004), but other 
proteins, including giant Ankyrin-G and GABAAR regulatory Lhfpl (GARLH), have been 
shown to be involved in the process (Tseng et al., 2015; Yamasaki et al., 2017). As many other 
proteins, GABAARs are assembled in the soma, and need to be transported to the dendrites 
and inserted at the appropriate location of the membrane. Some kinesin proteins have 
been implicated in the transport of GABAARs receptors to synaptic and extrasynaptic sites 
(Labonté et al., 2014; Nakajima et al., 2012; Twelvetrees et al., 2010), but the understanding 
of the transport of inhibitory PSD proteins seems to lack behind when compared to the 
one of excitatory synapses. Therefore, we have performed a targeted knockdown screen to 
unravel the contribution of each individual motor protein in the maintenance of inhibitory 
synapses (chapter 5).

Mature inhibitory synapses in dendrites are formed at pre-existing axon-dendrite 
crossings in hippocampal neurons (Wierenga et al., 2008), where interactions between 
the pre- and postsynaptic inhibitory terminals occur. These interactions may be regulated 
by transsynaptic cell-adhesion proteins or secreted factors. The most studied pair of 
transsynaptic proteins in inhibitory synapses is postsynaptic neuroligin-2 and presynaptic 
neurexins, and both proteins are sufficient to promote inhibitory synapse formation in co-
culture assays (Graf et al., 2004; Kang et al., 2008). Even though mice lacking neuroligin-2 
have defects in inhibitory neurotransmission, only perisomatic synapses were affected in 
these mice (Chubykin et al., 2007; Poulopoulos et al., 2009), suggesting the existence of other 
inhibitory synaptic organizing proteins. In recent years, many proteins have been identified in 
inhibitory synaptogenesis, including the guidance protein semaphorin 4D (Sema4D) (Kuzirian 
et al., 2013; Paradis et al., 2007) or the transsynaptic pair Slit and NTRK-like family member 
3 (Slitrk3)/PTPδ (Takahashi et al., 2012).  These proteins may act to stabilize the synaptic 
contact, promote the clustering and stabilization of scaffolding proteins and receptors at 
pre- and postsynaptic sites, or regulate intracellular signaling pathways. New insights into 
a signaling pathway triggered by Sema4D at inhibitory presynaptic sites are discussed in 
chapter 6. Not much is known about signaling cascades promoting the disassembly of 
inhibitory synapses, but the protein MDGA1 has been shown to abolish the interaction 
between neuroligin-2 and neurexins (Lee et al., 2013; Pettem et al., 2013). Secreted factors, 
such as neuregulin or fibroblast growth factor 7 (FGF7), can also instruct inhibitory synapse 
formation by promoting the development and organization of presynaptic terminals (Fazzari 
et al., 2010; Terauchi et al., 2010).

Mature inhibitory synapses are not static, but rather dynamic structures that can 
adapt to changes on synaptic activity in vitro and in vivo (Flores and Mendez, 2014; Frias and 
Wierenga, 2013). This structural plasticity contributes to neuronal circuitry remodeling and 
is thought to be important for experience-dependent circuit adaptations.

AXON DYNAMICS: A FOCUS ON INHIBITORY BOUTONS
Prolonged changes in network activity trigger homeostatic mechanisms that adjust both 
excitatory and inhibitory synapses to restore a proper balance within the neuronal circuitry. 
Live-imaging studies have shown that axons and their presynaptic terminals (often called as 
boutons) are highly dynamic structures that can rapidly adapt to changes in neuronal activity. 
Presynaptic boutons can appear, disappear and reappear in the course of minutes to hours 
(Fu et al., 2012; Schuemann et al., 2013; Wierenga et al., 2008), and this behavior may reflect 
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different stages of synapse formation and elimination. Recent in vivo studies have shown 
that inhibitory synapses rapidly change upon sensory deprivation (Keck et al., 2011; Marik 
et al., 2010; Villa et al., 2016). More precisely, inhibitory axons and their boutons undergo 
significant remodeling, which may represent an adaptive mechanism to decreased levels of 
synaptic activity. In other words, by modifying their axons, inhibitory neurons can modify the 
contacts they make with postsynaptic cells, which suggest the involvement of mechanisms 
that coordinate structural changes at pre- and postsynaptic sites during synaptic plasticity 
and sensory experience. These mechanisms are further discussed in chapter 2. 

SCOPE OF THE THESIS
Proper synapse formation and plasticity are instrumental for information transmission 
to other neurons. This thesis focuses on the axon, responsible for transmitting signals to 
postsynaptic cells. The axon develops a unique cytoskeletal organization and specialized 
structures required for its task, including the AIS and presynaptic boutons. This thesis aims 
to increase our understanding on the mechanisms that support axon development and 
outgrowth and that underlie the dynamics of its presynaptic boutons. Moreover, this thesis 
also provides new insights into how molecular motors affect different neurobiological 
processes, from axon initiation to synaptic maintenance. 

In chapter 2 we present an overview of mechanisms important for the regulation of 
inhibitory presynaptic dynamics, and discuss some signaling pathways involved in this process.

Chapters 3 to 5 use targeted knockdown-screen approaches to study motor protein 
roles in the development and maturation of dissociated hippocampal neurons. In chapter 3, 
we studied the role of myosin proteins in the regulation of axon formation. We show that 
Myosin IIb, an actin cross-linking protein, is important for neuronal polarization and the 
establishment of the AIS. In chapter 4, we found that kinesin motor proteins are important 
for proper axon outgrowth, and that KIF19, a microtubule depolymerizing protein, is a 
regulator of neuronal polarity and axon growth in hippocampal neurons. In chapter 5, we 
assessed the role of the three motor protein superfamilies in the maintenance of excitatory 
and inhibitory synapses within the same neuron. We found that dynein-interacting proteins 
are required to support both types of synapses, and we suggest that they may do so by 
different mechanisms.

Chapter 6 focuses on inhibitory axon dynamics, important for activity-dependent 
inhibitory plasticity during circuit adaptation. We studied the molecular mechanisms 
underlying inhibitory bouton dynamics in organotypic hippocampal slices, and found a 
new regulatory pathway of inhibitory synapse formation. This pathway is triggered by the 
guidance protein Sema4D, is activity-dependent and involves the receptor tyrosine kinase 
MET, an autism-linked gene.

In chapter 7, we give a summary and a general discussion on how some of the results 
described in this thesis contribute to the research fields, and highlight some future research 
directions.  
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ABSTRACT
Synaptic connections in our brains change continuously and throughout our lifetime. 
Despite ongoing synaptic changes, a healthy balance between excitation and inhibition is 
maintained by various forms of homeostatic and activity-dependent adaptations, ensuring 
stable functioning of neuronal networks. In this review we summarize experimental evidence 
for activity-dependent changes occurring in inhibitory axons, in cultures as well as in vivo. 
Axons form many presynaptic terminals, which are dynamic structures sharing presynaptic 
material along the axonal shaft. We discuss how internal (e.g. vesicle sharing) and external 
factors (e.g. binding of cell adhesion molecules or secreted factors) may affect the formation 
and plasticity of inhibitory synapses.
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INTRODUCTION
Our brain is a complex organ with tremendous self-organizing abilities. Its computational 
power is based in the adjustable synaptic connections between neurons. When new 
experiences and memories are established, specific synapses in specific brain regions are 
changed, both in strength and in number. To ensure proper global functioning despite changes 
in local connectivity, these synaptic changes must be coordinated within neurons, as well 
as within neuronal circuits. An important aspect is the coordination between changes in 
excitatory and inhibitory synapses to regulate and maintain an overall balance between 
excitation and inhibition. When this balance is disturbed, neurological diseases such as autism 
or schizophrenia can develop (Bateup et al., 2013; Han et al., 2012; Yizhar et al., 2011; Palop 
et al., 2007).

Homeostatic plasticity is a term that is used for plasticity mechanisms which ensure 
that overall neuronal spiking activity is maintained within neuronal networks. Many forms of 
homeostatic plasticity have been described in excitatory and inhibitory neurons (Turrigiano, 
2008; Wenner, 2011; Pozo and Goda, 2010; Tyagarajan and Fritschy, 2010). In neuronal circuits 
in the brain, inhibitory neurons serve multiple functions, making connections to excitatory 
as well as inhibitory neurons, and providing feedforward inhibition to some neurons, while 
supplying feedback input to others. In such complicated networks, there are multiple ways to 
compensate for changes in network activity, which makes it hard, if not impossible, to classify 
synaptic changes in inhibitory axons as truly homeostatic. Therefore, we will discuss activity-
dependent feedback signals in inhibitory axons in a more general context in this review. We 
will discuss experimental evidence showing that synaptic activity can affect the formation 
and plasticity of inhibitory synapses and we will speculate on possible mechanisms.

ACTIVITY-DEPENDENT ADAPTATIONS OF INHIBITORY SYNAPSES
When prolonged changes occur in network activity, homeostatic mechanisms come into 
play which adjust excitatory and inhibitory synapses to compensate and restore the activity 
level in the network (Turrigiano, 2011, 1999; Pozo and Goda, 2010; Wenner, 2011; Burrone 
and Murthy, 2003). Generally speaking, when the activity is too high, excitation must be 
downregulated and inhibition should be increased to bring activity levels back to baseline. 
And opposite changes should occur during activity blockade. Homeostatic plasticity has 
been studied extensively in cultures, where neurons are randomly connected. Dissociated 
cultures provide superb access for experimental manipulations and therefor form an excellent 
system to study the cell biological mechanisms underlying homeostatic plasticity. However, in 
our brain neurons are embedded in multiple neuronal networks and make specific synaptic 
connections. Recurrent connections between neurons or groups of neurons are very 
common and different types of GABAergic interneurons are known to have high specificity, 
making inhibitory synapses onto specific target neurons, including inhibitory neurons (Pfeffer 
et al., 2013; Jiang et al., 2013). In such complex networks, it is not easy to determine rules of 
homeostatic plasticity. Adaptation to changes in the activity of the network will be strongly 
synapse-specific and likely depends on the precise function and location of the synapse in the 
network (Chen et al., 2011; Maffei et al., 2004; Maffei and Turrigiano, 2008). Here we briefly 
describe the experimental evidence for activity-dependent plasticity of inhibitory synapses 
from in vitro (i.e. in dissociated and organotypic cultures) and in vivo studies.
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Primary cell cultures
Activity manipulations in cultures of dissociated hippocampal or neocortical neurons 
generally affect excitatory and inhibitory synapses in opposite directions. After a prolonged 
period of activity blockade, excitatory synapses get strengthened and inhibitory synapses 
are weakened, and synaptic changes are in opposite directions when activity is enhanced 
(Turrigiano et al., 1998; Hartman et al., 2006; Swanwick et al., 2006; Kilman et al., 2002). 
Therefore, changes in excitation and inhibition cooperate to compensate for the change 
in activity level. For inhibitory synapses, changes in mIPSC amplitude are most commonly 
reported, reflecting changes in synaptic strength. Sometimes they are accompanied by 
changes in mIPSC frequency, which could either reflect a change in the number of synapses 
or a change in release properties. Dissociated cultures provide excellent experimental 
access and are therefore well-suited for studying underlying mechanisms of homeostatic 
plasticity. However, the artificial environment in which neurons grow in culture may affect 
synaptic maturation (Wierenga et al., 2006; Rose et al., 2013) and consequently cellular 
or synaptic mechanisms of plasticity. Cellular mechanisms that were identified to mediate 
the changes in inhibitory synapses after activity manipulations include: changes in number 
of postsynaptic receptors (Kilman et al., 2002; Rannals and Kapur, 2011; Peng et al., 2010; 
Swanwick et al., 2006; Saliba et al., 2007) or scaffolding proteins (Vlachos et al., 2012; study in 
slice cultures) on the postsynaptic side, and changes in presynaptic release probability (Kim 
and Alger, 2010), presynaptic vesicle loading (De Gois et al., 2005; Hartman et al., 2006; Lau 
and Murthy, 2012), or GABA-producing enzymes (Peng et al., 2010; Rannals and Kapur, 2011) 
on the presynaptic side. Only in a few cases, changes in the number of inhibitory synapses 
were reported (Peng et al., 2010; Hartman et al., 2006). Homeostatic changes of inhibitory 
synapses could be induced in a cell autonomous fashion (Peng et al., 2010), or required a 
change in activity of the entire neuronal network (Hartman et al., 2006), emphasizing that 
there are multiple mechanisms of homeostatic plasticity at inhibitory synapses. In particular, 
distinct mechanisms could exist for activity-dependent downregulation and upregulation of 
inhibitory synapses. 

Organotypic cultures
In contrast to dissociated cultures neurons in more intact tissue, such as acute slices or 
organotypic cultures, make more specific connections and form structured networks. This 
network configuration makes the interpretation of synaptic changes more complex. In slices 
that were submitted to activity manipulations, changes in inhibition have been observed 
opposite to (Karmarkar and Buonomano, 2006; Kim and Alger, 2010; Marty et al., 2004) as 
well as in conjunction with (Echegoyen et al., 2007; Buckby et al., 2006) changes in excitation. 
It was also shown that different types of homeostatic mechanisms have different time 
courses (Karmarkar and Buonomano, 2006) and that different subsets of inhibitory synapses 
can respond differently. For instance, the presence of cannabinoid receptors in a subset 
of inhibitory synapses renders them selectively receptive to changes in endocannabinoid 
levels induced by inactivity (Kim and Alger, 2010). In another example, inactivity differentially 
affected somatic and dendritic inhibitory inputs on CA1 pyramidal cells. Interestingly, both 
types of synapses showed reduction in the number of presynaptic boutons and upregulation 
of release probability, but the functional end-effect on inhibitory input to the postsynaptic 
cells was different (Bartley et al., 2008; Chattopadhyaya et al., 2004). This emphasizes that 
simple in vitro homeostatic rules for scaling inhibitory synapses get complicated in more 
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complex networks. In addition, other factors such as different cell (glia) types or the 
extracellular environment in more intact tissue potentially influence homeostatic plasticity 
compared to dissociated cultured cells.

In vivo studies
Typically, when studying activity-dependent or homeostatic changes in vivo, sensory 
deprivation is used as experimental paradigm to lower activity levels in the primary sensory 
cortex (e.g. whisker trimming, monocular deprivation, or retinal lesion). While in vitro activity 
manipulations by pharmacological means affect the activity of all neurons in equal amounts, 
sensory deprivation in vivo will affect different neurons in the circuitry differentially. Therefore, 
in vivo responses of inhibitory synapses to changes in activity vary widely and strongly depend 
on the specific cell types, cortical layer and specific circuitry (Chen et al., 2011; Maffei et al., 
2004; Maffei and Turrigiano, 2008). Furthermore, it is well-known that inhibition in sensory 
cortex areas undergoes important developmental changes (Hensch, 2005), which means that 
the same deprivation paradigm can have different effects on inhibitory synapses depending 
on the postnatal period that is considered (Maffei et al., 2010; Chattopadhyaya et al., 2004; 
Maffei et al., 2006). An emerging theme from the in vivo studies is that inhibitory synapses 
can respond rapidly to sensory deprivation. It was shown that inhibitory axons in cortical 
layer 2/3 reduce the number of boutons within the first 24 hours after a retinal lesion or 
monocular deprivation (Keck et al., 2011; Chen et al., 2011). Over longer periods, inhibitory 
axons in the barrel cortex were shown to sprout and form new axonal branches after 
whisker plucking (Marik et al., 2010). Interestingly, the reduction of inhibition was often 
found to precede adaptive changes of the excitatory circuitry (Keck et al., 2011; Marik et al., 
2010). The rapid downregulation of inhibition might serve to render the local circuit more 
permissive for excitatory plasticity to occur (Gambino and Holtmaat, 2012; Ormond and 
Woodin, 2011). In two recent studies it was shown that inhibitory synapses that are located 
on spines (presumably next to an excitatory synapse) showed much higher turnover rates 
compared to inhibitory synapses on shaft after visual deprivation (van Versendaal et al., 2012; 
Chen et al., 2012). It will be interesting to see whether direct cross talk of the two types of 
synapses exists.

In conclusion, there is a large amount of compelling evidence for activity-dependent 
adaptations in inhibitory synapses in vitro as well as in vivo. The precise expression mechanisms 
significantly vary between different preparations and experimental paradigms. 

AXONS
In this review we focus on possible feedback signals that occur in inhibitory axons in 
response to changes in network or synaptic activity and that induce changes in the number 
or properties of presynaptic terminals along the axon. The axon of a single neuron forms 
several thousands of presynaptic terminals (i.e. ‘boutons’) along its shaft and contacts many 
different postsynaptic neurons. Presynaptic boutons along an axon show a large variety 
in their volumes, in the number of synaptic vesicles and in the presence or absence of 
mitochondria (Shepherd and Harris, 1998). It is now well-established that neighboring 
boutons are not independent entities, but they continuously share and exchange molecular 
components of the release machinery and synaptic vesicles (Darcy et al., 2006; Staras, 2007; 
Sabo et al., 2006; Krueger et al., 2003; Yamada et al., 2013). Synaptic vesicles may not belong 
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to a specific presynaptic terminal, but form a superpool of vesicles in the axonal shaft and 
are shared by multiple release sites (Staras et al., 2010). 

The exchange of presynaptic proteins means that the exact composition of presynaptic 
terminals is continuously changing. These changes can occur in a correlated fashion with the 
postsynaptic site in some synapses, but can be uncoordinated in others (Fisher-Lavie et al., 
2011; Fisher-Lavie and Ziv, 2013). Release properties and synaptic strength are highly variable 
between individual boutons along the same axon (Zhao et al., 2011; Branco et al., 2008; Rose 
et al., 2013). Therefore the demand for synaptic vesicles or other presynaptic proteins will 
vary between presynaptic boutons and neighboring boutons compete for available resources. 
Indeed, reduced availability of synaptic proteins within the axon has been shown to enhance 
competition between boutons (Yamada et al., 2013). In addition, vesicle exchange is regulated 
by neuronal activity through changes in axonal calcium levels (Kim and Ryan, 2013, 2010). 
Synaptic vesicles are kept at the presynaptic terminal by interacting with a scaffolding 
meshwork of actin, β-catenin, synapsin and many other proteins (Peng et al., 2012; Takamori 
et al., 2006; Cingolani and Goda, 2008; Fernández-Busnadiego et al., 2010; Taylor et al., 2013; 
Bamji et al., 2003). Synaptic vesicles can escape from the presynaptic terminal into the axon, 
while other vesicles that were traveling along the axonal shaft can be captured. Although 
the loss of a strict presynaptic compartmentalization may seem disadvantageous at first, 
the main advantage of sharing presynaptic material between boutons is flexibility. When 
presynaptic material is continuously being lost and gained at synapses, synapses can rapidly 
change their strength by adjusting the ratio of vesicle capture and release (Wu et al., 2013). 
In addition, synapses can be formed or disassembled within a few hours. It was shown that 
presynaptic proteins can be transported together in small packages in axons (Zhai et al., 
2001; Friedman et al., 2000; Wu et al., 2013). Such multi-protein packages can be recruited 
to locations where new synapses are being formed and a few of these ready-to-go packages 
are enough to rapidly build a functional active zone and release site (Jin and Garner, 2008; 
Owald and Sigrist, 2009). 

Live imaging of axons have shown that transient and mobile release sites exist (Krueger 
et al., 2003) and that transient boutons occur at predefined locations along the axon (Sabo et 
al., 2006; Bury and Sabo, 2011; Ou and Shen, 2010), presumably reflecting contact sites with 
potential postsynaptic targets (Schuemann et al., 2013; Wierenga et al., 2008). The transient 
nature of boutons in such locations suggest that presynaptic structures are immature or 
incomplete and may serve a role in ‘testing’ a new synaptic location (Schuemann et al., 
2013; Wierenga et al., 2008; Dobie and Craig, 2011; Fu et al., 2012). Transient boutons might 
therefore reflect failed attempts or intermediate stages of building new synapses, but they 
could also have a physiological function. Transient boutons, or orphan release sites, are likely 
capable of neurotransmitter release (Krueger et al., 2003; Ratnayaka et al., 2011; Coggan et 
al., 2005) and besides having a role in synapse formation, ectopic release of neurotransmitter 
by transient boutons could also serve to signal to nearby astrocytes or to regulate ambient 
neurotransmitter levels.  

Synapse assembly is a complicated process involving interactions of multiple proteins. 
It does not necessarily need to be a linear process, where one component necessarily 
recruits the next, but some of the interactions could occur in parallel and the sequence 
of protein recruitment may vary. Rapid self-assembly of presynaptic components may be 
an important element during synaptogenesis. This would mean that the formation of a 
presynaptic terminal merely needs an initial trigger to ascertain a specific axonal location 
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or postsynaptic partner, but then the new presynaptic terminal ‘unfolds’ automatically by 
spontaneous clustering of its components. It is likely that multiple triggers can induce self-
assembly. Indeed, it was recently reported that synaptic material is actively prevented from 
aggregating and assembling new synapses during transport (Wu et al., 2013), supporting 
the self-assembly hypothesis. Without prevention of aggregation, presynaptic terminals 
were formed at locations where no postsynaptic targets were present and no postsynaptic 
specializations were recruited. Furthermore, the ectopic formation of presynaptic terminals 
on nonneuronal cells can be induced when these cells express ‘synaptogenic’ cell adhesion 
molecules (Takahashi et al., 2012; Scheiffele et al., 2000; Graf et al., 2004), indicating that a 
single transsynaptic trigger is enough to start the presynaptic cascade to assemble functional 
release sites. 

A dynamic control of the strength and number of presynaptic terminals in axons 
implies that control of transport, capture and release of synaptic material are essential 
processes regulating the formation, maintenance and strength of presynaptic terminals. In a 
dynamic axon with competing presynaptic terminals, a general change in synaptic strength 
is expected to also have an effect on ongoing synapse formation within the same axon and 
vice versa (Figure 1). For instance, enhancement of synaptic strength by increasing vesicle 
capture or anchoring at presynaptic terminals would also result in lower amounts of ‘free’ 
vesicles in the axonal shaft thereby reducing the chance that new synapses are formed at 
nascent sites (Yamada et al., 2013). However, a similar increase in synaptic strength could also 
be achieved by increasing vesicle clustering (Wu et al., 2013), but such a mechanism would 
actually promote synapse formation (Figure 1). This illustrates that synaptic plasticity and 
synapse formation should be considered mutually dependent processes when neighboring 
presynaptic terminals are sharing synaptic proteins and vesicles.

Inhibitory axons
Most of the studies that were mentioned above were performed in excitatory axons and it 
is not entirely clear to what extent the results are also valid for inhibitory axons. Important 
observations have been made in live imaging studies of inhibitory axons. Presynaptic terminals 
in inhibitory axons were shown to be dynamic structures in vitro and in vivo. Inhibitory 
boutons can appear, disappear, and reappear over the course of several minutes to hours 
(Schuemann et al., 2013; Keck et al., 2011; Kuhlman and Huang, 2008; Fu et al., 2012; Marik 
et al., 2010), and the same has been shown for clusters of pre- or postsynaptic proteins at 
inhibitory synapses (van Versendaal et al., 2012; Kuriu et al., 2012; Dobie and Craig, 2011; 
Chen et al., 2012). Bouton dynamics are comparable in vitro and in vivo and likely reflect 
physiological processes. Interestingly, these dynamic changes were shown to be affected by 
network activity and mediated, at least in part, by activation of GABA receptors (Fu et al., 
2012; Schuemann et al., 2013; Kuriu et al., 2012). This could represent a mechanism by which 
the synaptic activity of inhibitory synapses may regulate their own stability using GABA as 
a feedback signal. 

New inhibitory synapses can form rapidly by the appearance of a bouton at locations 
where the inhibitory axon is in close contact with a dendrite, without the involvement of 
dendritic protrusions (Wierenga et al., 2008; Dobie and Craig, 2011). This finding indicates 
an important contrast with the formation of excitatory synapses, in which new synapses are 
usually formed by the outgrowth of dendritic protrusions. It also emphasizes the important 
role of crosstalk between neighboring boutons within inhibitory axons for synapse formation. 
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Nascent inhibitory synapses recruit release machinery proteins and synaptic vesicles on the 
presynaptic side and receptors and scaffolding molecules on the postsynaptic side within 
a few hours (Wierenga et al., 2008; Dobie and Craig, 2011; Kuriu et al., 2012; Schuemann 
et al., 2013). Interestingly, simultaneous translocations of pre- and postsynaptic proteins 
over several micrometers were observed in cultures and it will be interesting to see if 
such movement of inhibitory synapses can also occur in slices or in vivo. Together, these 

guidepost adhesion 
molecules
synaptic adhesion 
molecules
actin scaffold
(strong/weak)

synaptic vesicles

A. Control

synaptic
strength

synapse
formation

putative effect onB. Increased anchoring

C. Increased adhesion

D. Increased vesicle clustering

Figure 1. Intrinsic factors: axon-wide increase in synaptic strength or release properties may also 
affect synapse formation. 
A. Schematic drawing of an axon (grey) forming two mature and one nascent bouton on crossing dendrites 
(brown). We hypothesize that axon-dendrite crossings are marked at potential synaptic locations and contain 
guidepost adhesion molecules (Shen et al., 2004; Shen and Bargmann, 2003) and weak actin scaffold (Chia et al., 
2012). B. Increasing anchoring of vesicles at presynaptic terminals could decrease the pool of ‘free’ vesicles, thereby 
reducing the probability of forming new synapses (Yamada et al., 2013). C. Increasing synaptic adhesion increases 
the number of synapses (Kuzirian et al., 2013; Takahashi et al., 2012; Scheiffele et al., 2000) and may also affect 
properties of existing synapses (Varoqueaux et al., 2006; Wittenmayer et al., 2009). D. Overexpression of vesicle 
clustering factors induce changes in release properties, but may also promote synapse formation (Wentzel et al., 
2013; Wu et al., 2013). 
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observations reveal the dynamic nature of inhibitory axons and strongly suggest that the 
exchange of presynaptic material between existing and emerging boutons within the axonal 
shaft plays an essential role in the activity-dependent formation, maintenance and plasticity 
of inhibitory synapses.

In general, it is not clear if molecular differences exist between excitatory and 
inhibitory axons, other than the neurotransmitter that is produced and loaded into synaptic 
vesicles. For instance, the extent or regulation of dynamic exchange between boutons could 
be different in these two types of axons. The protein composition of the release machinery 
at excitatory and inhibitory presynaptic terminals is surprisingly similar, although small 
difference have been reported (Boyken et al., 2013; Bragina et al., 2013; Gitler et al., 2004; 
Grønborg et al., 2010; Kerr et al., 2008; Kaeser et al., 2009; Zander et al., 2010). It is currently 
not known if some of these differences have consequences for plasticity or presynaptic 
dynamics within axons. Furthermore, it is not known if there are differences between 
axons of the various inhibitory cell types (Ascoli et al., 2008; Klausberger and Somogyi, 
2008). However, there is a clear difference between excitatory and inhibitory axons in the 
expression of specific cell adhesion molecules at excitatory and inhibitory synapses.

Role of cell-adhesion molecules in synaptic plasticity
The observation that inhibitory boutons appear at specific, predefined locations along the 
axon (Wierenga et al., 2008; Schuemann et al., 2013; Sabo et al., 2006), strongly suggests 
that something is marking these locations prior to bouton formation (Shen et al., 2004; 
Shen and Bargmann, 2003). Inhibitory axons are characterized by their tortuous and highly 
branched morphology and they are in close contacts with many nearby dendrites. In fact, 
it was shown that inhibitory axons have substantially larger overlap with the dendritic 
trees of their potential target neurons than expected from chance, whereas this is not 
the case for excitatory axons (Stepanyants et al., 2004). This suggests that inhibitory axons 
possibly search for or are attracted by dendrites during development. Contacts between 
dendrites and inhibitory axons could be maintained by guidepost cell-adhesion molecules, 
even without inhibitory synapses present (Shen et al., 2004; Shen and Bargmann, 2003). Their 
presence would mark the location of a postsynaptic dendrite and therefore a potential spot 
for an inhibitory synapse. 

Cell adhesion molecules are transmembrane proteins, which play a role in recognition 
of synaptic partners during the initial contact and provide specificity of synaptic connections 
(Wojtowicz et al., 2007; Meijers et al., 2007). In addition, cell adhesion molecules have been 
shown to play a role in the process of synaptic maturation following the initial contact, 
in the recruitment of synaptic proteins as well as in maintaining proper synaptic function 
throughout the lifetime of the synapse (Dalva et al., 2007; Thalhammer and Cingolani, 2013; 
Krueger et al., 2012). Cell adhesion molecules can also play an active role in the process 
of synapse disassembly (O’Connor et al., 2009). In conclusion, cell adhesion molecules 
are an essential part of synapses and synaptic plasticity most likely involves regulation of 
cell-adhesion molecules. Here we discuss how synaptic adhesion could be regulated in an 
activity-dependent manner (Figure 2) and we summarize current knowledge of cell adhesion 
molecules that are specific for inhibitory synapses.

Activity-dependent regulation of protein expression levels
Cell adhesion molecules often serve as recognition or identity signals to specify neuronal 
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connectivity, in which they can either promote or prevent synapse formation (Dalva et 
al., 2007; Bukalo and Dityatev, 2012). Neurons presumably express a combination of cell 
adhesion molecules and the specific combination (both the variety as well as relative levels) 
likely regulate the specificity and number of their synaptic contacts (Sassoè-Pognetto et 
al., 2011). Different cell adhesion molecules can cooperate to promote synapse formation, 
but the opposite is also possible: cis-interactions between different cell adhesion molecules 
within a neuron can preclude trans-interactions with cell adhesion molecules on neighboring 
neurons and thereby inhibit or prevent synapse formation (Taniguchi et al., 2007; Lee et 
al., 2013). Most importantly, the combination of cell adhesion molecules that a neuron 
expresses might not be static (Figure 2A). Indeed, for a number of cell adhesion molecules, 
activity-dependent changes in expression level have been observed (Cingolani et al., 2008; 
Pinkstaff et al., 1998; Pregno et al., 2013). Changes in expression level may be regulated by 
the activity level of the neuron itself or by extracellular signals from the environment, such 
as secreted factors from neighboring cells. For instance, TNFα, a glia-derived factor, which 
is secreted in an activity-dependent manner, regulates expression levels of β3 integrin and 
N-cadherin (Kubota et al., 2009; Thalhammer and Cingolani, 2013). In theory, local protein 
synthesis in the axon could also contribute to changes in expression level of cell adhesion 
proteins (Taylor et al., 2013, 2009; Zivraj et al., 2010), but direct experimental evidence is 
currently lacking. 

Activity-dependent regulation of splicing
For many adhesion molecules different splice forms have been identified. Different splice 
variants often have different affinities for their binding partners and thereby differentially 
affect synapse formation or plasticity (Aoto et al., 2013; Missler and Südhof, 1998; Hattori et 
al., 2008). For instance, alternative splicing of neuroligins and neurexins affects specificity for 
excitatory or inhibitory synapses (Chih et al., 2006; Graf et al., 2006). Therefore, alternative 
splicing might be a way to enlarge the available set of adhesion molecules within a neuron 
and to enhance the range of molecular specificity of synaptic connections.

Activity-dependent regulation of cell surface distribution
To have their effect specifically at synapses, cell adhesion molecules should be enriched at 
synaptic membranes. There is experimental evidence that the distribution of cell adhesion 
molecules over the cellular surface can be regulated (Tai et al., 2007; Fu and Huang, 2010). For 
instance, while neurexin1α shows a diffuse pattern along the axonal membrane in inhibitory 
axons, neurexin1β is specifically enriched in the membrane at presynaptic terminals. 
Anchoring of neurexin1β at presynaptic boutons is regulated by presynaptic GABA release 
and subsequent GABAB receptor activation (Fu and Huang, 2010). Further investigation is 
needed to understand how such local changes are regulated by protein modifications or 
localized endo- or exocytosis and how they affect local synapse formation (Figure 2B).

Activity-dependent regulation of protein cleavage 
Synaptic adhesion molecules execute their function by binding to a trans-synaptic partner 
at their extracellular domain. In some cases, the extracellular domain can be cleaved, with 
strong effects on local synaptic adhesion. For instance, activity-dependent cleavage of agrin 
was shown to mediate the formation of dendritic filopodia (Matsumoto-Miyai et al., 2009; 
Frischknecht et al., 2008) and cleavage of neuroligin-1 was shown to regulate synaptic 
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strength of individual excitatory synapses in an activity-dependent manner (Peixoto et al., 
2012; Suzuki et al., 2012). Many other adhesion molecules have known cleavage sites and it 
will be interesting to see whether this mechanism for activity-dependent regulation is also 
present at inhibitory synapses (Figure 2C). 

Activity-dependent regulation of binding 
For some cell adhesion molecules activity can regulate the binding properties of the 
proteins. For instance, interactions between cadherins are affected by extracellular calcium 
concentrations (Kim et al., 2011b) and integrins can switch between an active or inactive 
configuration by extra- or intracellular factors (Hynes, 2002). In this way, synaptic adhesion 

ACTIVITY

B. surface redistribution

A. protein expression or splicing

C. protein cleavage

D. binding properties

various adhesion molecules and 
splice variants

cleaved adhesion molecules

actin scaffold

adhesion molecules with altered 
binding properties

synaptic
strength

synapse
formation

putative effect on

Figure 2. Extrinsic factors: possible activity-dependent changes in cell adhesion molecules.
Neural activity may induce a number of changes in adhesion molecules. A. The expression level of cell adhesion 
molecules (Cingolani et al., 2008), or their splice variants (Chih et al., 2006; Graf et al., 2006), can be regulated in 
an activity-dependent manner, potentially affecting synapse formation and synapse specificity. B. Activity-dependent 
redistribution of adhesion molecules over the axonal membrane can facilitate synapse formation (Fu and Huang, 
2010). C. Activity-dependent cleavage of synaptic adhesion molecules could induce synapse disassembly or plasticity 
(Suzuki et al., 2012; Peixoto et al., 2012; Matsumoto-Miyai et al., 2009; O’Connor et al., 2009). D. Activity-dependent 
changes in binding properties of adhesion molecules (Kim et al., 2011b, 2011a) could affect synaptic properties. In 
addition, the intracellular signaling pathways (not depicted) may also be regulated in an activity-dependent manner, 
affecting all of these processes.
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can be modulated in an activity-dependent manner without a change in synaptic composition 
(Figure 2D).
 
Activity-dependent regulation of interacting proteins
Upon binding to other cell adhesion molecules, cell adhesion molecules cluster at the cell 
membrane and signal through interactions with many intracellular proteins, whose levels 
may be regulated in an activity-dependent manner. Ultimately, signaling through synaptic 
adhesion molecules in the presynaptic terminal result in direct or indirect alterations of 
the actin cytoskeleton and vesicle recycling, affecting the number, function and/or stability 
of synapses (Swiercz et al., 2008; Sun and Bamji, 2011; Tabuchi et al., 2002; Zhang et al., 2001; 
Takahashi and Craig, 2013). It will be crucial to identify the precise molecular pathways that 
are involved to fully understand how activity-dependent changes at inhibitory synapses occur.

CELL ADHESION MOLECULES AT INHIBITORY SYNAPSES
The list of known synaptic adhesion molecules is rapidly growing, but our knowledge on the 
precise function of most of these proteins remains incomplete. Interestingly, several synaptic 
cell-adhesion molecules have been reported to be specifically involved in inhibitory, and 
not excitatory, synapses. These include sema4D (Paradis et al., 2007; Kuzirian et al., 2013), 
slitrk3 (Takahashi et al., 2012) and neuroligin2 (Poulopoulos et al., 2009; Patrizi et al., 2008; 
Varoqueaux et al., 2004), and it is to be expected that new discoveries will be made in the 
near future. Here we briefly summarize what is known on the role of various cell adhesion 
molecules at inhibitory synapses.

Neuroligin-2
Postsynaptic neuroligins and their presynaptic partners neurexins are transmembrane cell 
adhesion molecules that have been established as important synaptic regulators (Südhof, 
2008; Siddiqui and Craig, 2011; Krueger et al., 2012). When expressed in non-neuronal cells, 
neurexins as well as neuroligins can induce the formation of synapses in co-cultured neurons 
(Kang et al., 2008; Graf et al., 2004). This suggests that neurexins and neuroligins function 
in the initial assembly of synaptic connections. However, knock out studies showed that 
they are not strictly required for synaptogenesis, but they play a crucial role in the proper 
assembly and functional maturation of synapses (Varoqueaux et al., 2006). Neuroligin-2 
localizes specifically to the postsynaptic membrane of inhibitory synapses (Chubykin et al., 
2007; Varoqueaux et al., 2004) and has been shown to be a regulator of inhibitory synapse 
formation and function (Poulopoulos et al., 2009; Chubykin et al., 2007; Varoqueaux et al., 
2006). Interestingly, a recent report suggested that the preferential localization of neuroligin-2 
at inhibitory synapses can be contributed to the low abundance of β-neurexin1 in inhibitory 
axons (Futai et al., 2013), suggesting that the presynaptic axon determines specificity of cell 
adhesion molecules at inhibitory synapses. Mice lacking neuroligin-2 show impairments in 
inhibitory synaptic transmission and exhibit anxiety-like behavior and increased excitability 
(Gibson et al., 2009; Jedlicka et al., 2011; Blundell et al., 2009). Interestingly, although 
neuroligin-2 is present at all inhibitory synapses, only perisomatic synapses were affected 
in the absence of neuroligin-2 (Gibson et al., 2009). Recently, two adhesion molecules were 
found to show specific interactions with neuroligin-2 at inhibitory synapses. MDGA1 inhibits 
the interaction between neuroligin-2 and neurexins and therefore specifically suppresses 
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the inhibitory synaptogenic activity of neuroligin-2 (Pettem et al., 2013; Lee et al., 2013). 
IgSF9 specifically localizes at inhibitory synapses on inhibitory neurons, where it binds to 
neuroligin-2 via the scaffolding protein S-SCAM (Woo et al., 2013). These findings raises 
the possibility that neuroligin-2 serves different functions at different inhibitory synapses, 
depending on its interactions with other cell adhesion molecules. 

Slitrk3
Leucine-rich repeat (LRR) proteins have received considerable research attention recently. 
The members of the subfamily of Slitrk (Slit and Trk-like) proteins is involved in synapse 
formation and has been linked to several neurological disorders (Takahashi and Craig, 2013; 
Aruga and Mikoshiba, 2003). Slitrk3 has been shown to be present at the postsynaptic 
side of inhibitory synapses and it can induce the formation of inhibitory synapses through 
its interaction with the presynaptic tyrosine phosphatase receptor PTPδ (Takahashi et 
al., 2012; Yim et al., 2013). Here, the specificity for inhibitory synapses is dictated by the 
postsynaptic slitrk3, as it was shown that presynaptic PTPδ can interfere with other synaptic 
organizing molecules to promote formation of excitatory synapses (Yoshida et al., 2011, 
2012). The slitrk3 knock out mouse has no gross defect in brain morphology, but shows 
decreased expression of inhibitory markers (Takahashi et al., 2012). Accordingly, these mice 
have an increased susceptibility for seizures and sometimes display spontaneous seizures. 
Interestingly, not all inhibitory synapses were equally affected by the loss of slitrk3. In the 
hippocampal CA1 region, specifically inhibitory synapses in the middle of the pyramidal layer 
were lost (Takahashi et al., 2012). It will be interesting to examine whether specificity of 
inhibitory synapses correlates with different subsets of pre- or postsynaptic neurons types 
or function.

Members of the closely related subfamily of leucine-rich transmembrane proteins 
(LRRTMs) have also been implicated in excitatory synapse formation and plasticity (Linhoff 
et al., 2009; Ko et al., 2011; de Wit et al., 2013; Siddiqui et al., 2013), but so far no LRRTM that 
is specific for inhibitory synapses has been identified.

Semaphorin4D
Semaphorins are well-known as (repulsive) axon guidance molecules acting through 
rearrangements of the cytoskeleton in the growth cone. They play an important role in the 
early development of the brain (Pasterkamp, 2012). Some semaphorins are also expressed 
later in development and have been implicated in the formation and plasticity of neuronal 
connections (Sahay et al., 2005; Ding et al., 2012; O’Connor et al., 2009; Morita et al., 
2006; Paradis et al., 2007; Mizumoto and Shen, 2013)(Pasterkamp, 2012). Knocking down 
the membrane-bound semaphorin Sema4D was shown to specifically reduce the number 
of inhibitory synapses, while excitatory synapses were not affected (Paradis et al., 2007). 
Furthermore, application of soluble Sema4D was able to increase the density of GABAergic 
synapses within 30 minutes in rat hippocampal neurons (Kuzirian et al., 2013). These new 
inhibitory synapses became functional within two hours and could restore normal levels 
of activity in an in vitro model for epilepsy (Kuzirian et al., 2013). The effect of sema4D 
on inhibitory synapses depends on the plexinB1 receptor (Kuzirian et al., 2013). It was 
earlier shown that activation of plexinB1 by sema4D can induce opposing responses on 
the cytoskeleton, depending on different interacting proteins (Swiercz et al., 2008; Tasaka 
et al., 2012; Basile et al., 2004) , but the intracellular pathway used for inhibitory synapse 
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formation is not known.  Sema4D is a membrane-bound protein, but the protein can also be 
cleaved (Zhu et al., 2007; Basile et al., 2007). It was recently shown that extracellular cleavage 
of sema4D occurs in neurons, but does not interfere with its synaptogenic properties at 
inhibitory synapses (Raissi et al., 2013).

Other cell adhesion molecules
There are many other cell adhesion molecule proteins and with continued research on 
inhibitory synapses, it is expected that more of them will be found to play a role at inhibitory 
synapses. Here we just mention a few that have been reported at inhibitory synapses.

Neural cell adhesion molecule (NCAM) has been reported to be important for the 
maturation of perisomatic inhibitory synapses in the cortex (Chattopadhyaya et al., 2013; 
Brennaman and Maness, 2008; Pillai-Nair et al., 2005). NCAM acts through activation of 
Fyn kinases and possibly recruits other adhesion molecules (Chattopadhyaya et al., 2013). 
Interestingly, it was recently reported that also members of the ephrin family, ephrinA5 and 
EphA3, can affect inhibitory synapses and they require NCAM for their action (Brennaman et 
al., 2013). In vivo, NCAM is polysialyated (NCAM-PSA) in an experience-dependent manner 
and developmental downregulation of NCAM-PSA was shown to coordinate maturation of 
perisomatic inhibitory synapses in the visual cortex (Di Cristo et al., 2007). 

Several components of the dystrophin-associated glycoprotein complex (DGC), such 
as dystroglycan, dystrophin and dystrobrevin, are also specifically located at a subset of 
inhibitory synapses (Lévi et al., 2002; Knuesel et al., 1999; Brünig et al., 2002; Grady et 
al., 2006), but the function of this complex at inhibitory synapses is not well understood. 
The DGC could be linked to postsynaptic neuroligin-2 via the scaffolding protein S-SCAM 
(Sumita et al., 2007) and to presynaptic neurexins (Sugita, 2001). Interestingly, a synaptic 
guanine exchange factor SynArfGEF has been identified that specifically co-localizes at 
inhibitory synapses, which could be involved in the downstream signaling pathway of the 
DGC (Fukaya et al., 2011), but its exact function remains to determined. 

Integrins are receptors for extracellular matrix proteins, soluble factors and counter-
receptors on adjacent cells and they have an intracellular link to actin filaments via adaptor 
proteins (Hynes, 2002; Harburger and Calderwood, 2009). Integrins have been implicated in 
activity-dependent synaptic changes (Chavis and Westbrook, 2001; Chan et al., 2003) and in 
homeostatic scaling of excitatory synapses (Cingolani et al., 2008). At glycinergic inhibitory 
synapses in the spinal cord, postsynaptic β1 and β3 integrins have been reported to regulate 
glycine receptor stabilization at the postsynaptic membrane, with the two integrins acting in 
opposing directions (Charrier et al., 2010). 

Finally, the cell adhesion molecule neurofascin has been shown to regulate the 
formation of a specific subset of inhibitory synapses on the axon initial segment of principal 
neurons (Ango et al., 2004; Kriebel et al., 2011; Burkarth et al., 2007).

ROLE OF SECRETED FACTORS AND RETROGRADE MESSENGERS AT 
INHIBITORY SYNAPSES
Above we have described how cell adhesion molecules may provide signals to inhibitory 
axons from direct cell-cell contacts. However, inhibitory synapses may also be affected by 
signals from more distal origin. Nearby dendrites or surrounding cells can secrete trophic 
(or anti-trophic) factors, which may affect inhibitory synapse function and/or formation. 
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Indeed, retrograde signals from the postsynaptic dendrite, such as endocannabinoids, NO 
or BDNF, or glutamate spillover from nearby excitatory synapses are known to regulate 
synaptic release at inhibitory synapses during many forms of short-term and long-term 
plasticity (Castillo et al., 2011; Heifets and Castillo, 2009; Regehr et al., 2009). Here we discuss 
secreted factors that have been linked to the formation of inhibitory synapses and that might 
play a role in activity-dependent regulation of the number of presynaptic terminals made by 
inhibitory axons.

Brain-derived neurotrophic factor (BDNF)
BDNF is a secreted neurotrophin that has been shown in many different preparations to 
promote the formation and maturation of inhibitory synapses by presynaptic modifications 
(Gottmann et al., 2009; Huang et al., 1999; Yamada et al., 2002; Marty et al., 2000; Vicario-
Abejón et al., 1998). Only excitatory neurons produce BDNF (Gottmann et al., 2009; Park 
and Poo, 2013) and BDNF is released from principal neurons in an activity-dependent manner 
(Matsuda et al., 2009; Kuczewski et al., 2008; Kolarow et al., 2007), which makes BDNF an 
attractive candidate molecule to regulate activity-dependent inhibitory synapse formation 
(Liu et al., 2007). Interestingly, the availability of postsynaptic BDNF signaling in individual 
neurons was shown to affect the number and strength of inhibitory synapses specifically 
onto the affected neurons (Ohba et al., 2005; Kohara et al., 2007; Peng et al., 2010). These 
cell-autonomous effects indicate the potential for BDNF in mediating changes in inhibitory 
synapses with high synaptic specificity. In excitatory axons, BDNF was shown to reduce the 
anchoring of synaptic vesicles at presynaptic terminals and thereby increase the exchange of 
vesicles between boutons (Bamji et al., 2006). It is currently not known if BDNF has a similar 
effect in inhibitory axons.

Neuregulin1
Neuregulin1 is a neurotrophic factor, which exist in various membrane-bound and diffusible 
isoforms. Mutations (both loss-of-functions and gain-of-function) in neuregulin1 have been 
linked to schizophrenia (Mei and Xiong, 2008). The main receptor for neuregulin1, ErbB4, 
is specifically expressed in interneurons (Fazzari et al., 2010; Vullhorst et al., 2009) and is 
located at postsynaptic densities of excitatory synapses in interneuron dendrites as well 
as at inhibitory axon terminals. An important role for neuregulin1 is the regulation of 
excitatory input onto interneurons through postsynaptic ErbB4 (Ting et al., 2011; Fazzari 
et al., 2010; Wen et al., 2010). Presynaptic ErbB4 can enhance GABA release from inhibitory 
synapses (Fazzari et al., 2010; Woo et al., 2007) and may affect the number of synapses made 
by inhibitory axons (del Pino et al., 2013). In addition to ErbB4, neuregulin1 isoforms can 
also activate other receptors resulting in downregulation of postsynaptic GABAA receptors 
(Yin et al., 2013). This suggests that neuregulin1 has multiple actions on inhibitory synapses 
depending on the isoform and activated receptors.

FGF7
Fibroblast growth factors (FGFs) are secreted signaling glycoproteins, which exert their effect 
by binding to FGF receptor tyrosine kinases (FGFR). In the brain, FGF signaling is important 
for several developmental processes, including patterning of different brain structures(Reuss 
and von Bohlen und Halbach, 2003) and neurogenesis(Turner et al., 2006) (Dono, 2003; 
Reuss and von Bohlen und Halbach, 2003)(Butt and Berry, 2000). In addition, they have 
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been implicated as target-derived presynaptic organizers (Umemori et al., 2004). FGF7 is of 
particular interest, as it localizes specifically to inhibitory synapses in the hippocampal CA3 
region, where it is secreted from the postsynaptic membrane and organizes presynaptic 
release properties (Terauchi et al., 2010). Remarkably, FGF receptors have been shown to 
directly interact with adenosine A2A receptors (Flajolet et al., 2008), which are important 
for GABA release (Cunha and Ribeiro, 2000) as well as for GABA uptake from the synaptic 
cleft (Cristóvão-Ferreira et al., 2009). In this way, FGFR and A2A receptors may act together 
to regulate GABAergic transmission in the hippocampus.

Factors from glia cells
Studies with neuronal and astrocyte co-cultures and astrocyte-conditioned medium have 
shown that astrocyte-released factors are crucial for synapse formation and plasticity 
(Elmariah et al., 2005; Hughes et al., 2010; Crawford et al., 2012; Christopherson et al., 
2005a). For instance, thrombospondins, oligomeric proteins of the extracellular matrix 
produced by astrocytes (Christopherson et al., 2005b; Eroglu et al., 2009) are involved in 
the formation of glutamatergic synapses and the pro-inflammatory cytokine TNFα, coming 
from glia, (Stellwagen and Malenka, 2006) plays a role in homeostatic plasticity of these 
synapses(Crawford et al., 2012). In addition, a different and so far unidentified, protein is 
secreted by astrocytes, which has been found to increase the density of inhibitory synapses 
in cultured neurons (Hughes et al., 2010; Elmariah et al., 2005). 

GABA 
A special secreted factor is the inhibitory neurotransmitter GABA itself. It is well-established 
that synapse formation does not depend on neurotransmitter release (Harms and Craig, 
2005; Verhage, 2000; Schubert et al., 2013). However, the development and maturation of 
inhibitory synapses are influenced by their neurotransmitter GABA (Lau and Murthy, 2012; 
Huang, 2009; Li et al., 2005; Huang and Scheiffele, 2008). It was shown that individual axons of 
parvalbumin-positive basket cells are sensitive to their own GABA release (Chattopadhyaya 
et al., 2007; Wu et al., 2012) and that the amount of GABA release per vesicle can be 
regulated by activity (Lau and Murthy, 2012; Hartman et al., 2006). Inhibitory boutons are 
less dynamic in axons in which GABA release is impaired (Wu et al., 2012) or when GABA 
receptors are blocked (Schuemann et al., 2013), strongly suggesting that GABA is used as an 
important activity sensor for regulating activity-dependent presynaptic changes at inhibitory 
synapses. Both GABAA and GABAB receptors have been implicated in mediating this 
regulation (Schuemann et al., 2013; Fu et al., 2012), but the precise molecular mechanisms 
remain unknown. 

OTHER FACTORS
In addition to cell adhesion molecules and secreted factors, there are many other factors 
that may affect activity-dependent plasticity of inhibitory axons. For instance, it is well-
established that extracellular matrix molecules can play a role in the development and 
maturation of synapses in the central nervous system and specific interactions between 
cell adhesion molecules and the extracellular matrix have been revealed (Di Cristo et al., 
2007; de Wit et al., 2013; Siddiqui et al., 2013). There are a few studies in which the absence 
or overexpression of extracellular matrix proteins affected inhibitory synapses specifically 
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(Brenneke et al., 2004; Pavlov et al., 2006; Nikonenko et al., 2003; Saghatelyan et al., 2001; Su 
et al., 2010), but the underlying mechanisms remain largely unknown.

And finally, while it is clear that presynaptic components are continuously shared 
and exchanged between inhibitory boutons along the axons, it is not clear how exactly 
these proteins are dispersed along the axonal shaft. Presumably sharing occurs through 
passive diffusion of presynaptic proteins through the axonal shaft, but intracellular transport 
of synaptic cargo could also play a role. Axons contain extensive microtubule and actin 
networks and there are various motor proteins that deliver and ship transport vesicles, 
potentially affecting the amount of proteins available for exchange and synapse formation 
at boutons. For instance, it was shown that intra-axonal movement of mitochondria is 
enhanced when activity is blocked (Obashi and Okabe, 2013; Cai and Sheng, 2009; Goldstein 
et al., 2008), but it is not clear if this is due to enhanced motor protein activity or decreased 
anchoring at synapses. Further research on the possible activity-dependent regulation of 
intracellular transport of synaptic cargo (Maas et al., 2009; MacAskill et al., 2009; Guillaud et 
al., 2008) will be needed to address this issue in the future. 

IN CONCLUSION
Research on activity-dependent adaptations in inhibitory axons continues to generate novel 
insight in the cellular processes of synapse formation and plasticity. Many open questions 
remain to be answered in the future and we listed a few of these in a small scheme (Figure 
3). In this review we have painted a picture of the inhibitory axon as a dynamic structure 
that can quickly adjust to a changing environment, by responding to local signals from 
postsynaptic cells via adhesion molecules and to global signals from the local neuronal 
network. A highly dynamic inhibitory system might serve to quickly respond to changes 
to allow circuit rearrangements by excitatory connections. For a healthy brain changes at 
inhibitory and excitatory synapses need to be well-coordinated at all times as subtle defects 
in this coordination can cause defects in circuitry and may underlie psychiatric disorders. 

Activity-dependent adaptations
in inhibitory axons

Formation of presynaptic terminals

Plasticity of presynaptic terminals

- what are the minimal conditions to 
induce formation of a presynaptic 
terminal?

- is an instruction signal from the 
postsynapse necessary?

- are there fundamental differences 
between formation of excitatory and 
inhibitory terminals?

- how are changes at excitatory and 
inhibitory synapses coordinated?

Signaling pathways

- what are the downstream signaling 
pathways of synaptogenic factors?

- do these pathways overlap or do 
multiple pathways exist in parallel?

- are the same pathways active during 
synapse formation of synaptic 
plasticity?

Figure 3. Outstanding research questions.
Schematic overview of open research questions on activity-dependent adaptations in inhibitory axons.
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This means that the interplay between plasticity of excitatory and inhibitory synapses 
is an important factor for the stability of neuronal circuits. The precise response of the 
inhibitory axon will be determined by the combination of internal and external factors, 
such as the availability of synaptic proteins within the axon, or the combination of the 
extracellular factors and cell adhesion molecules that are present at the membrane. It will 
be an important challenge for future research to unravel the precise molecular and cellular 
mechanisms and to further uncover pathways that affect synapse formation and plasticity of 
inhibitory synapses. 
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ABSTRACT
Actin is one of the most abundant proteins in neurons, and is fundamental for several 
neuronal developmental processes, including axon formation and elongation. However, 
the contribution of actin-binding proteins to such processes remains unknown. Here, we 
performed a targeted knockdown screen to determine the role of myosin and tropomyosin 
proteins in the development of hippocampal neurons. While tropomyosins are dispensable 
for the establishment of the axonal arborization, we found that different myosin proteins 
regulate the development of axonal and dendritic processes. We show that non-muscle 
Myosin II proteins are required for the induction of multiple axons upon treatment with 
taxol, a microtubule-stabilizing drug. Depletion of MyoIIb leads to changes in growth cone 
morphology and in the microtubule cytoskeleton at the proximal axon. Altogether, our data 
highlights a role for MyoIIb in the formation of the axon in hippocampal neurons. Our 
results suggest that MyoIIb may promote interactions between the actin and microtubule 
cytoskeletons at the growth cone and/or at the proximal axon during the early stages of 
axon development. 
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INTRODUCTION
The development of the nervous system requires the outgrowth of axons towards their 
targets, to establish the neuronal circuits of the brain. The formation and growth of a single 
axon for transmission of information characterizes the polarized morphology of mature 
neurons. In cultured hippocampal neurons, where external polarity cues are absent, neurons 
maintain their intrinsic ability to develop the distinct axonal and dendritic compartments 
(Dotti et al., 1988). In fact, neurons re-set their developmental program after plating. They 
are initially round, symmetrical cells, and then grow multiple minor processes called neurites. 
Upon extensive growth, one of these neurites will become the axon, while the remaining, 
shorter, neurites will become the dendrites. Cytoskeletal rearrangements contribute 
to the breaking of cell symmetry and, consequently, to neuronal polarization, with both 
microtubules and actin filaments having fundamental roles in this process (Pacheco and 
Gallo, 2016; van Beuningen and Hoogenraad, 2016). In a developing neuron, actin is enriched 
at the tip of neurites, where the growth cone is formed. Promoting actin disruption in one 
of these growth cones is sufficient to promote its neurite to become the axon (Bradke 
and Dotti, 1999), showing that local actin instability may function as a signal for neuronal 
polarization. Moreover, there are different actin structures along the axon, which are thought 
to be important for axon outgrowth and function, including actin waves and rings (Katsuno 
et al., 2015; Xu et al., 2013). Even though our understanding on axonal actin structures and 
actin contribution for axon development has increased in recent years, the mechanisms 
underlying axon formation and the involvement of the actin cytoskeleton are still not fully 
understood.

Actin cytoskeleton complexity and function relies on a plethora of actin-binding 
proteins, including myosins and tropomyosins. Myosins are motor proteins that can interact 
with actin filaments via their motor domain, where ATP hydrolysis occurs to generate force 
and movement along actin filaments (Kneussel and Wagner, 2013). Myosins from class V 
and VI (MyoV and MyoVI) are important for transport of cargo along actin filaments, and 
have been recently proposed to play a role in the correct distribution of cargo between 
the somatodendritic and axonal compartments (Al-Bassam et al., 2012; Lewis et al., 2011). 
Myosins from class II (MyoII) have actin cross-linking and contractile properties, and they 
play important roles in neuronal migration and growth cone dynamics (Vallee et al., 2009). 
Tropomyosins can interact with actin filaments as well as with actin-binding proteins, and 
several isoforms are expressed in the brain (Brettle et al., 2016). Tropomyosins have been 
shown to regulate growth cone morphology and neurite extension in neuroblastoma cells 
(Curthoys et al., 2014), suggesting that tropomyosins may regulate the actin cytoskeleton 
during neurite outgrowth. The role of myosins and tropomyosins in axons is not clear. Here, 
we performed a targeted knockdown screen to identify myosins and tropomyosins important 
for axon development and outgrowth. Our data revealed that axon and dendritic outgrowth 
is regulated by different myosin proteins, but not by tropomysosins. We also found that MyoII 
proteins are involved in the establishment of the axon initial segment (AIS) upon treatment 
with nanomolar doses of microtubule-stabilizing drug taxol. Interestingly, depletion of 
MyoIIb led to the formation of bulbs at neuritic tips in taxol-treated cells, suggesting that 
the microtubule and actin cytoskeletons may be altered in these cells. We further observed 
changes in microtubule-related proteins at the proximal axon upon depletion of MyoIIb. 
We propose that MyoIIb may mediate the interaction between the microtubule and actin 
cytoskeletons during the early stages of neuronal polarization in hippocampal neurons.
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RESULTS AND DISCUSSION

Different myosins are required for the development of axonal and dendritic 
processes
To address the role of myosins and tropomyosins in the growth of axonal and dendritic 
arborizations, we performed a knockdown screen of neuronal myosins and tropomyosins. 
Neurons were transfected at day-in-vitro (DIV) 0 and fixed 4 days later. All neurites and 
branches were manually traced, and the axon was identified as the longest neurite, which 
was negative for the somatodendritic marker Map2. We found that depletion of MyoIIc, 
MyoVb and MyoVI significantly decreased the total axonal arborization (Figure 1A,B). Both 
MyoIIc and MyoVb knockdown impaired the extension of axonal branches, while the MyoVI 
phenotype was due to reductions in the axon length, and in the number and length of axonal 
branches (Figure 1C-E). Our results are consistent with a role for MyoVb and MyoVI in the 
transport of proteins required for proper axonal outgrowth and branching in neurons. This 
would be in accordance with a previous report showing that MyoVI is necessary for the 
localization of axonal proteins (Lewis et al., 2011). Future studies could investigate if depletion 
of MyoVb and MyoVI affect the polarized distribution of axonal proteins in hippocampal 
neurons. We found that tropomyosins depletion had no major effects on total axonal length 
(Figure 1B), although TPM-α- and TPM-δ-depleted neurons showed a decrease in the mean 
length of axonal branches and the primary axon length, respectively (Figure 1C,E). 

We also assessed if myosin depletion changed the total dendritic arborization in DIV 
4 neurons. We found that MyoVa and MyoX were required for the growth of the dendritic 
arborization in hippocampal neurons (Figure 1F,G). The effect was mainly due to a decrease 
in the mean length of primary dendrites and dendritic branches (data not shown). These 
results suggest that MyoVa and MyoX proteins are not essential for the initial formation of 
dendritic processes, but rather for their extension. Interestingly, MyoVa has been shown to 
be involved in the proper targeting of dendritic proteins (Al-Bassam et al., 2012; Lewis et 
al., 2009). It was proposed that MyoVa, by walking on actin filaments at the AIS, leads to the 
halt and reverse of dendritic proteins, preventing their progression into the axon (Al-Bassam 
et al., 2012). In this way, MyoVa-depleted cells may have a deficiency in the localization 
of dendritic proteins to the dendrites, which may impair the dendritic arbor extension. 
Our finding that depletion of MyoVa and MyoVb affect dendritic and axonal development, 
respectively, suggests that these two related proteins have different functions in neuronal 
development. It will be interesting to further investigate this, by looking at the function 
of these proteins in young neurons. Besides roles on dendritic spine formation (Lin et al., 

Figure 1. Myosins are required for proper axon and dendritic outgrowth.
(A) Representative images of DIV 4 hippocampal neurons transfected at DIV 0 with pSuper (control) or MyoIIb-, 
MyoIIc-, MyoVI-, TPM-α-shRNA pools and GFP fill. Scale bar 100 μm.
(B) Quantification of the total axon length in DIV 4 hippocampal neurons transfected for 4 days with pSuper 
(control) or indicated pools of shRNAs and GFP fill. n = 15-20 cells from 2 independent experiments were analyzed 
per condition (for control, n = 62 cells, N = 4). Kruskal-Wallis test. * p < 0.05, *** p < 0.001.
(C-E) Quantification of primary axon length (C), number of axon branches (D) and mean length of axon branches 
(E) in DIV 4 hippocampal neurons transfected at DIV 0 with pSuper (control) or indicated pools of shRNAs and 
GFP fill. n = 15-20 cells from 2 independent experiments were analyzed per condition (for control, n = 62 cells, N 
= 4). Kruskal-Wallis test: * p < 0.05, ** p < 0.01, *** p < 0.001.
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(F) Representative images of the somato-dendritic area of DIV 4 hippocampal neurons transfected at DIV 0 with 
pSuper (control) or MyoVa-, MyoX-shRNA pools and GFP fill. Scale bar 100 μm.
(G) Quantification of the total dendritic length in DIV 4 hippocampal neurons transfected for 4 days with pSuper 
(control) or indicated pools of shRNAs and GFP fill. n = 15-19 cells from 2 independent experiments were analyzed 
per condition (for control, n = 53 cells, N = 3). Kruskal-Wallis test: * p < 0.05, ** p < 0.01.
Data are represented as mean ± SEM. Red bars indicate p < 0.05.
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2013), MyoX was shown to be required for proper axon extension in chick commissural 
and hippocampal neurons (Raines et al., 2012; Zhu et al., 2007). To our knowledge, our study 
is the first to show that MyoX depletion impaired dendritic development in hippocampal 
neurons, and future studies could examine if MyoX is localized to dendritic growth cones at 
the beginning of dendritogenesis.
Altogether, our results show that myosin proteins are involved in the first outgrowth stages 
of both axonal and dendritic processes in hippocampal neurons.

Myosins are required for axon formation in hippocampal neurons
Since depletion of myosin proteins led to impairments in neurite extension, we wondered if 
they are also involved in axon specification in hippocampal neurons. Neuronal polarization 
and axon formation occur within the first 24 hours after plating in dissociated neurons, and 
depletion of proteins is not effective at this stage. In this way, to determine which proteins 
are required for axon formation, we need to use an assay that promotes axon formation 
when the proteins of interest have been depleted in the cell. For this, we use nanomolar 
doses of the microtubule-stabilizing drug taxol, previously shown to induce the formation 
of multiple axons in hippocampal neurons (Witte et al., 2008). Neurons were transfected 
with BFP to highlight neuronal morphology and shRNAs targeting the different myosins at 
DIV 2, and cells were treated with taxol at DIV 4 for 48 hours. We then immunostained the 
neurons for the AIS marker pan-NaV channels, and quantified the number of NaV-channels-

Figure 2. MyosinIIs are required for axon initiation in hippocampal neurons.
(A) Representative images of DIV 6 hippocampal neurons transfected with a BFP fill (red) and pSuper (control) or 
MyoIIc-shRNA pool at DIV 2 and treated at DIV 4 with 10 nM taxol for 48 h. Neurons were immunostained for 
pan-NaV channels (grey). Arrowheads highlight neurites positive for pan-NaV channels. Scale bar 20 µm.
(B) Average number of pan-NaV channels positive neurites in DIV 6 hippocampal neurons transfected with pSuper, 
indicated pools of shRNAs or dominant-negative (DN) forms, after treatment with 10 nM Taxol for 48 h. MyoIIb 
data from a single shRNA. n = 17-42 cells from at least 2 independent experiments (for control, n = 96 cells, N = 
4). Kruskal-Wallis test: * p < 0.05, ** p < 0.01, *** p < 0.001.
(C) Same as B, but for the separated shRNAs of MyoIIa and MyoIIc. n = 18-29 cells from 2 independent experiments 
(for control, n = 55 cells, N = 2). Kruskal-Wallis test: ** p < 0.01, *** p < 0.001.
(D) Average number of AnkG positive neurites in DIV 6 control or single shRNA-depleted neurons, in the absence 
of taxol (-taxol). n = 20-35 cells from at least 2 independent experiments (for control, n = 58 cells, N = 5). Kruskal-
Wallis test.
(E) Same as D, but neurons were treated at DIV 4 with 10 nM Taxol for 48h (+taxol). n = 13-26 cells from 2 
independent experiments (for control, n = 61 cells, N = 5). Kruskal-Wallis test: * p < 0.05, ** p < 0.01, *** p < 0.001.
(F) Representative images of DIV 6 hippocampal neurons transfected with a BFP fill (red) and pSuper (control) or 

MyoIIb#1 shRNA at DIV 2 and treated at DIV 4 with control medium (-taxol) or 10 nM taxol (+taxol) for 48 h. 
Neurons were immunostained for AnkG (grey). Arrowheads highlight neurites positive for AnkG. Scale bar 20 µm.
(G) Quantification of different growth cone morphologies in control and single shRNA-depleted neurons. n = 14-
35 cells from at least 2 independent experiments (for control, n = 77 cells, N = 6). Kruskal-Wallis test per growth 
cone type: * p < 0.05, ** p < 0.01, *** p < 0.001.
(H) Representative images of different classes of growth cones in hippocampal neurons. Scale bar 5 µm.
(I) Percentage of neurons with bulbs (growth cone diameter bigger than 7 μm). n = 14-35 cells from at least 2 
independent experiments (for control, n = 77 cells, N = 6). Chi-square test: * p < 0.05, *** p < 0.001.
Data are represented as mean ± SEM. Red bars indicate p < 0.05.
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positive neurites per cell (Figure 2A). In non-treated cells, most neurons had one AIS (data 
not shown), but treatment with taxol increased the average number of NaV-positive neurites 
by 3-fold (Figure 2A,B). We found that taxol treatment did not promote an increase in the 
number of NaV-positive neurites in cells depleted of MyoIIa, MyoIIb, MyoIIc, MyoVa and 
MyoX (Figure 2A,B). More precisely, there was a reduction of at least 39 % in the average 
number of NaV-positive neurites in the knockdown cells in comparison to control cells 
(Figure 2B). It was previously shown that the recruitment of MyoX to phosphatidylinositol 
(3,4,5)-trisphosphate (PIP3) promotes axon formation in hippocampal neurons (Yu et al., 
2012), which may explain the effects we observed upon depletion of MyoX in taxol-treated 
cells. 

To block the function of organelle motors MyoVa, MyoVb and MyoVI, we expressed 
dominant negative variants that only contained the tail domain (DNs). As expected, expression 
of MyoVb- and MyoVI-DN had similar phenotypes to MyoVb- and MyoVI-depleted cells 
(Figure 2B). However, the average number of NaV-channels positive neurites in MyoVa-DN-
expressing cells was similar to control cells, which was different from cells depleted of MyoVa. 
It will be important to assess changes on mRNA and protein levels in cells transfected with 
MyoVa shRNAs constructs, to further understand if our knockdown constructs are working 
properly and the results we observed are not due to off-target effects.
Our results show that, besides being required for axon extension, myosin proteins may also 
be important for the specification and formation of the axon in hippocampal neurons. In this 
way, myosin proteins may be important for the early stages of neuronal polarization, either 
by regulating actin dynamics or transporting to and confining key proteins in the future axon.

MyosinIIb is important for growth cone morphology
Non-muscle myosin II proteins regulate actin dynamics and play crucial roles in processes 
that promote cell reshaping and movement (Vicente-Manzanares et al., 2009). In neurons, 
these proteins have been shown to be important for the retrograde actin flow at growth 
cones and for synaptic plasticity at dendritic spines (Medeiros et al., 2006; Rex et al., 
2010). Our data suggest for a new role of MyoIIa, MyoIIb and MyoIIc in axon formation 
induced by taxol (Figure 2B). We verified that the effects of MyoIIa and MyoIIc depletion 
were reproduced by transfecting individual shRNAs (Figure 2C). We then asked if AnkG, 
the master organizer of the AIS (Jones and Svitkina, 2016), was properly localized in MyoII-
depleted cells. We found that, in the absence of taxol, there were no differences between 
control and depleted cells on AnkG localization to the proximal axon (Figure 2D,F). When 
we performed taxol treatment, AnkG was affected in a similar manner compared to NaV-
channels (Figure 2E,F). Our data suggest that promoting microtubule stabilization with taxol 
is not sufficient to generate multiple axons in cells where actin dynamics is compromised 
by the absence of MyoII-induced contractility. Performing knockdown experiments earlier 
in neuronal development, either before neurons are plated (e.g. electroporation) or soon 
after plating will be needed to test if MyoIIs are indeed required for the formation of the 
axon and/or AIS.

We then analyzed growth cone morphology in control and MyoII-depleted cells after 
treatment with taxol. We found that growth cone morphology was dramatically affected in 
cells expressing MyoIIb knockdown constructs (Figure 2F,G). In control cells 78 % of the 
growth cones exhibited a torpedo- or a fan-like shape (elongating or exploratory growth 
cones, respectively) and hardly any collapsed or bulb-like shape. In contrast, MyoIIb#1- and 



69

Non-muscle MyosinIIb is a regulator of axon formation in hippocampal neurons

3

MyoIIb#3-depleted cells had almost 40 % of their growth cones in a collapsed- or bulb-like 
shape (retracting or stationary growth cones, respectively) (Figure 2G,H). Moreover, only 19 
% of the control cells exhibited one or more bulb-like growth cones, while this was the case 
in 60 % of MyoIIb#1-depleted cells (Figure 2I). As the effects on growth cone morphology 
seem to vary between the different MyoIIb-targeting shRNAs, it will be important to verify 
the efficiency of knockdown of each shRNA, in order to exclude any off-target effects.

Upon taxol treatment, the increased microtubule stability may promote the 
appearance of bulb-shaped growth cones in MyoIIb-depleted cells. In this situation, the actin 
structures at the growth cone of the future axons may be more rigid and less contractile, 
and therefore less permissive for microtubule invasion needed for axonal outgrowth. 
Microtubules may become buckled or may even reverse within the growth cone, promoting 
the expansion of the growth cone area and the formation of the bulb-shaped growth cones. 
It will be interesting to perform live-imaging studies of plus-end tracking proteins on these 
structures may help us to understand what happens to microtubules in MyoIIb-depleted cells 
upon taxol treatment. 

MyosinIIb interacts with several actin-binding proteins
We then assessed how MyoIIb is distributed in hippocampal neurons. Both endogenous 
MyoIIb (Figure 3A, top panel) and N-terminally tagged MyoIIb expression construct (data 
not shown) were enriched at the tips of neurites of hippocampal neurons, where the 
growth cones are formed. To analyze the efficiency of MyoIIb knockdown constructs, we 
transfected neurons with mRFP to highlight neuronal morphology and the shRNAs targeting 
MyoIIb (MyoIIb-Mix) or empty pSuper. After four days, cells were fixed and stained for 
endogenous MyoIIb, and we analyzed changes in immunofluorescent signals in the soma 
and the growth cones of control and MyoIIb-depleted cells (Figure 3A-C). Our preliminary 
results showed that MyoIIb-targeting shRNAs decreased MyoIIb intensity in the growth 
cones of hippocampal neurons by ~65 %, while no differences were observed in the intensity 
of MyoIIb at the soma (Figure 3A-C). To further validate the efficiency of MyoIIb-targeting 
shRNAs, we electroporated cortical neurons with empty pSuper as control or the different 
shRNAs before plating the cells. We prepared cortical neuron lysates four days later, and 
performed Western blot analysis. Our preliminary data showed ~40 % knockdown in MyoIIb 
intensity in neurons electroporated with either one or combined three shRNAs (MyoIIb-
Mix) (Figure 3D,E). Since we found different effects on growth cone morphology with the 
different MyoIIb-targeting shRNAs (Figure 2G,I), we were not expecting similar depletion 
levels with the different shRNAs. Future studies are needed to further validate the efficiency 
of MyoIIb knockdown by immunocytochemistry and western blot analysis.

Axon formation relies on the crosstalk between actin and microtubules, and the 
specific molecules linking the two cytoskeletal compartments remain to be determined 
(Pacheco and Gallo, 2016). MyoIIb was previously shown to be involved in the regulation 
of both actin contractility and microtubule movements within the growth cone (Burnette 
et al., 2008; Schaefer et al., 2008), but the molecular mechanism of this process has not 
been determined. Therefore, we performed pull-down experiments combined with mass 
spectrometry analysis to identify potential interactors of MyoIIb that may provide a link with 
the microtubule cytoskeleton. Biotinylated and GFP-tagged (bioGFP) MyoIIb construct was 
co-expressed with the biotin ligase BirA in HEK293 cells, and we performed pull-down assays 
with rat brain lysate using the cell extracts. Mass spectrometry analysis of brain interactors 
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Figure 3. Characterization of MyosinIIb.
(A) Average intensity projection images of DIV6 hippocampal neurons, co-transfected with pSuper (control) or 
MyoIIb shRNA pool (MyoII-Mix) and mRFP (red) to highlight neuronal morphology for 4 days. Neurons were 
stained for endogenous MyoIIb (grey). Upper images show the somatic region, and bottom images show examples 
of growth cones of the transfected neuron. Scale bar 10 µm.
(B-C) Quantification of endogenous MyoIIb mean intensity in the soma (B) or growth cone (C) regions of neurons 
expressing pSuper (control) or MyoIIb shRNA pool (MyoII-Mix). Data was normalized to control. n = 7 cells (18 
growth cones) from one experiment (for control, n = 10 cells, 47 growth cones, N = 1). 
(D-E) Western blot analysis (D) and quantification (E) of lysates of cortical neurons electroporated with empty 
pSuper vector (control) or MyoIIb-shRNAs for 4 days. The extracts were loaded into 2 separate gels, and one was 
stained against MyoIIb (upper panel), and the other stained for α-tubulin (bottom panel). Data from one experiment, 
and normalized to control levels.
(F) Gene ontology analysis results. Brain specific hits were divided into 5 categories related to their molecular 
function.
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confirmed that MyoIIb mainly interacts with actin-related proteins (Figure 3F). In fact, the ten 
top hits of the brain specific interactors belong to this protein group, such as myosin11 and 
gelsolin (Figure 3G). Unfortunately, we did not detect novel proteins that could mediate the 
crosstalk between the actin and microtubule cytoskeletons. 

An alternative hypothesis is that MyoIIb may act as a signaling hub for molecules that 
can translate extracellular cues to intracellular signaling pathways that control cytoskeleton 
dynamics at the growth cone of the future axon. In our mass spectrometry result lists 
(Supplementary table 2), we find MyoXVIIIa, a protein previously shown to co-assemble with 
MyoII to form mixed bipolar filaments (Billington et al., 2015). In this study, it was suggested 
that MyoXVIIIa may allow the recruitment of specific molecules to MyoII filaments, via its 
PDZ domains. Even though no roles for MyoXVIIIa have been addressed in neurons so far, 
it will be interesting to study if MyoXVIIIa regulates the formation of MyoII filaments in the 
growth cones of hippocampal neurons during neuronal polarization, or if it promotes the 
localization of specific molecules to the MyoII filaments.

Altered cytoskeleton organization in MyoIIb-depleted neurons
Recently, van Beuningen et al. showed that the tripartite motif containing protein 46 
(TRIM46) is enriched in the proximal part of the axon, where it bundles microtubules into 
closely spaced arrays with their plus-end out (van Beuningen et al., 2015). Moreover, loss of 
TRIM46 disrupts both axon formation and AnkG clustering at the AIS, showing that TRIM46 
is required for axon specification and neuronal polarization (van Beuningen et al., 2015). 
Therefore, we tested if TRIM46 localization was affected by depletion of MyoIIb. Even though 
the location and length of the TRIM46 stretch at the AIS was not different from control 
cells, MyoIIb-depleted cells showed a ~40 % reduction in the TRIM46 intensity signal at 
the proximal axon (Figure 4A-C). These results suggest that MyoIIb may be required for 
the maintenance of TRIM46 at the proximal axon. Even though depletion of MyoIIb did not 
impair axonal outgrowth (Figure 1), our results suggest that these cells may have defects 
in their microtubule cytoskeleton at the AIS. To further investigate this, we analyzed the 
intensity profiles of microtubule-associated proteins Map2 and Tau within the first 50 μm 
of the axon in fully polarized neurons at DIV 6 (Figure 4D). We found that Map2 intensity 
profile was unchanged in knockdown cells (Figure 4E). Our preliminary data showed that 
there is a peak in Tau intensity at ~25 µm away from the soma in control cells (~172 % from 
the soma intensity) (Figure 4E). In MyoIIb-depleted cells, Tau intensity profile was changed, 
with the highest peak being less pronounced than in control cells (~118 % from the soma 
intensity) (Figure 4E). We also quantified the intensity of microtubule plus-end-binding (EB) 
proteins EB1 and EB3 in the soma and AIS of DIV 6 neurons. MyoIIb depletion significantly 
increased the staining intensity of EBs at the soma of transfected cells, while it was reduced 
by ~20 % at the AIS (Figure 4F,G). The increase in the staining intensity of EBs at the soma 
was due to a ~20 % increase in the density of EB comets in the soma (Figure 4H). A similar 
increase in intensity of EB proteins at the soma has been reported upon AnkG depletion in 
hippocampal neurons (Leterrier et al., 2011), suggesting that EB intensity/staining relies on 

(G) Binding partners of bioGFP-MyoIIb in HEK293 cells loaded with rat brain extracts, and identified by mass 
spectrometry. The table only includes the ten highest brain specific interactors. For the complete list, see 
Supplementary table 2. PSM, peptide spectrum matches.
Data are represented as mean ± SEM. 
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Figure 4. MyoIIb knockdown affects the microtubule and actin cytoskeletons.
(A) Representative images of hippocampal neurons at DIV 6 co-transfected at DIV 2 with control (pSuper) or 
MyoIIb#1 shRNA and β-galactosidase (β-gal) to highlight neuronal morphology, and stained for TRIM46 and β-gal. 
Blue arrowheads indicate TRIM46 positive neurites. Images are average intensity projections. Scale bar 20 µm (up) 
and 10 µm (bottom).
(B-C) Quantification of TRIM46 staining length (B) and average normalized fluorescent intensity (C) in control 
and MyoIIb#1-depleted neurons. n = 17-22 cells from 2 independent experiments. Mann-Whitney test: * p < 0.05.
(D) Average intensity projection images of a DIV 6 hippocampal neuron transfected with β-gal to highlight neuronal 
morphology and immunostained for β-gal (blue), Tau (green) and Map2 (red), in the absence of taxol. Arrowheads 
indicate the beginning of the axon. Scale bar 20 µm.
(E) Quantification of the average normalized fluorescent intensity profiles of Tau (green) and Map2 (red) in the first 
50 µm of the axon in control (upper diagram) and MyoIIb#1-depleted (bottom diagram) neurons in the absence of 
taxol. Intensities were normalized to the beginning of the axon. n = 18-20 cells from 2 independent experiments. 
(F) Hippocampal neurons at DIV 6 co-transfected at DIV 2 with control (pSuper) or MyoIIb#1 shRNA and 
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the presence of an intact AIS scaffold. The decreased TRIM46 and Tau levels and the effects 
on EBs suggest that MyoIIb may be required for the integrity of the axon and the AIS scaffold, 
indirectly affecting the underlying microtubule cytoskeleton. 

As we found that the microtubule cytoskeleton is affected at the proximal axon, we 
next addressed if microtubule mobility is affected upon MyoIIb depletion. We tracked the 
movement of photoactivated patches of microtubules at the proximal axon (Figure 4I), and 
found no differences between control and MyoIIb knockdown cells (Figure 4J). Our data 
indicate that MyoIIb does not affect the displacement of microtubules in the proximal axon, 
suggesting that the lack of response to taxol in MyoIIb-depleted cells is not due to defects 
on the transport of microtubules. Interestingly, MyoIIs were shown to be negative regulators 
of the bulk translocation of microtubules at the axonal growth cone (Roossien et al., 2014). 
It will be interesting to repeat the photoactivation experiments further in the axon or even 
at the axonal growth cone upon depletion of MyoIIb. 

We also quantified changes in the actin cytoskeleton in polarized neurons at DIV 6, 
by labeling actin filaments with phalloidin (Figure 4K). Our preliminary results showed that 
knockdown of MyoIIb leads to a ~20 % reduction in the phalloidin soma intensity (Figure 4L). 
Future studies will be necessary to quantify the levels of phalloidin intensity in the axonal 
growth cones of MyoIIb-depleted cells. Altogether, our data suggest that MyoIIb expression 
levels are important for the taxol-induced axon formation, by mediating changes in the 
underlying actin and microtubule cytoskeleton.

FUTURE PERSPECTIVES
In this chapter, we have performed a targeted knockdown screen to identify myosin proteins 
involved in axon formation and outgrowth, and identified MyoIIb as a regulator of axon 
formation in hippocampal neurons. We found that, upon taxol treatment, MyoIIb-depleted 
cells did not develop multiple axons and exhibited bulb-shaped growth cones. Moreover, 
we found that the microtubule cytoskeleton is affected at the beginning of the axon. Two 
possible non-exclusive mechanisms may be the basis for our results, one happening at the 
growth cone and the other at the AIS. At the growth cone, actomyosin structures termed 
actin arcs are present, which play a role in retrograde actin flow and actin bundle recycling 
(Medeiros et al., 2006). Moreover, these structures exert contractile forces required for the 

β-galactosidase (β-gal) to highlight neuronal morphology, and stained for EB1/3 and β-gal. Images are maximum 
intensity projections of the soma (left) and the AIS (right) regions. Scale bar 10 µm (left) and 5 µm (right).
(G-H) Quantification of endogenous EB1/3 average normalized fluorescent intensity in the soma and AIS regions 
(G) and the number of EB1/3 comets per μm² in the soma (H) in control and MyoIIb#1-depleted neurons. n = 22-24 
cells from 2 independent experiments. Mann-Whitney test: * p < 0.05.
(I-J) Representative image (I) and quantification (J) of microtubule displacement in live DIV 4 control and MyoIIb#1 
KD neurons, transfected with mCherry fill (red), PA-GFP-α-Tubulin (green) and empty pSuper (control) or 
MyoIIb#1 shRNA for 3 days. Dashed line represents the region from which the displacement was quantified. n = 13 
cells from 2 independent experiments. Two-way ANOVA. Time in minutes. Scale bar 5 µm.
(K) Hippocampal neuron at DIV6 expressing BFP fill (red) and pSuper (control) for 4 days, and immunostained for 
actin filaments using Phalloidin A568 (grey). Image is an average intensity projection. Scale bar 10 μm.
(L) Quantification of Phalloidin intensity in control and MyoIIb-depleted neurons. Intensities were normalized to 
control. n = 11-12 cells from one experiment. 
Data are represented as mean ± SEM. Red bars indicate p < 0.05.
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bundling of microtubules at the growth cone neck (Burnette et al., 2008). The formation of 
bulbs in MyoIIb-depleted cells may be related to a compromise on the microtubule bundling, 
an important feature of shaft consolidation during neuronal outgrowth (Schaefer et al., 
2008). Hence, we hypothesize that microtubule dynamics and distribution may be affected in 
the growth cone of the future axon, promoting the formation of bulbs upon taxol-treatment. 
It will be important to address this by performing local uncaging of taxol (Witte et al., 2008) 
in a random neurite of undifferentiated neurons, and assess the distribution of dynamic 
microtubules within the formed growth cone at the tip of the selected neurite.

The defects we have observed at the proximal axon may be due to changes on the 
establishment of the AIS itself. At the AIS, EB proteins provide a functional link between 
the AIS microtubules and AnkG, and this is important for neuronal polarization and AIS 
formation (Fréal et al., 2016; Leterrier et al., 2011). Previously, it was shown that loss of AnkG 
leads to an upregulation of EB proteins in the soma, suggesting that AnkG may be important 
to capture axonal microtubules at the AIS (Leterrier et al., 2011). Here, we also found an 
upregulation of EBs in the soma upon MyoIIb knockdown, and a ~20 % decrease in the 
intensity of EBs at the AIS. The reduction of EB levels at the AIS in MyoIIb-depleted cells may 
suggest a loss in the link between microtubules and AnkG at the AIS, which may contribute 
to the observed defects in the microtubule cytoskeleton at the AIS. Future live-imaging 
studies on EB behavior at the AIS (Fréal et al., 2016) will be important to further understand 
the effect of myosin depletion on the AIS microtubule cytoskeleton. Moreover, as TRIM46 
is required for the uniform distribution of microtubules along the axon (van Beuningen et 
al., 2015), it will be interesting to address if the reduction in TRIM46 levels upon MyoIIb 
depletion affects the distribution of microtubules along the axon. As we find cytoskeletal 
defects in both the growth cone and the proximal axon, it is also plausible that signals from 
the growth cone into the axon induce changes at the cytoskeleton in the proximal axon or 
vice-versa. In this way, the hypothesized effect on microtubule bundling at the growth cone of 
MyoIIb-depleted cells may promote defects on the cytoskeleton throughout the whole axon, 
including the AIS. On the other hand, the changes at the proximal axon may be propagated 
into the axon, promoting changes at the microtubule cytoskeleton at the growth cone.

One important future direction is to address if MyoIIb is normally located at the 
AIS. Until now, MyoIIs have been shown to be present at growth cones and at distal actin 
patches along the axon (Loudon et al., 2006) . Actin patches are also found along the AIS, 
where they are proposed to be important for filtering mechanisms to exclude non-axonal 
cargo from the axon (Watanabe et al., 2012). Even though not very abundant, the AIS actin 
patches are also observed in young neurons, at the time the AIS is established (Watanabe 
et al., 2012). Hence, besides the role on filtering, it is tempting to speculate that the patches 
may also be important to provide an initial actin scaffold for AIS formation. It is not known 
how these actin patches are established and regulated, and if they contain dynamic or stable 
actin filaments along the patch. One hypothesis could be that MyoIIs play a role in the 
establishment of actin patches, by providing cross-linking and contractility to the filaments. It 
will be interesting to address if the filtering capability of the AIS is changed upon depletion of 
MyoIIb. In case the actin patches are required for AIS establishment, it will also be interesting 
to address if this role depends on MyoIIb activity.

Overall, our study opens new doors for the study of non-muscle myosin IIb in the 
establishment of neuronal polarity, and may help to provide new clues on the crosstalk 
between actin and microtubules within the axon.
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MATERIALS AND METHODS

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

Antibodies and reagents
The following antibodies were used in this study: goat anti-MyoIIb (catalog number SC-47205, Santa Cruz 
Biotechnology), mouse anti-AnkyrinG (clone 4G3F8, Zymed), rabbit anti-Trim46 (van Beuningen et al., 2015), mouse 
anti-pan-Nav (clone K58/35, Sigma-Aldrich), rabbit anti-Map2 (4542, Cell Signaling), mouse anti-Tau (MAB3420, 
Chemicon), mouse anti-α-tubulin (clone B-5-1-2, Sigma-Aldrich), mouse anti-EB1 (clone 5/EB1, BD Biosciences), 
mouse anti-EB3 (BD Biosciences),  chicken anti-β-galactosidase (BGL-1040, AvesLab), Phalloidin conjugated to 
Alexa568 (Life Technologies), Alexa Fluor 405-, Alexa488- and Alexa568-conjugated secondary antibodies (Life 
Technologies), and anti-goat/mouse IgG antibody conjugated to horseradish peroxidase (DAKO). Reagents used in 
this study include Taxol (T7402, Sigma-Aldrich).

Expression and shRNA constructs
The following mammalian expression plasmids were described previously: pβ-actin (Kapitein et al., 2010a), pGW2 
(Kapitein et al., 2010a), Bio-tag-GFP (Jaworski et al., 2009) and pSuper (Brummelkamp et al., 2002). pβactin-GFP was 
generated by inserting GFP in the SalI and NotI sites of pβ-actin, whereas pGW2-tagBFP was generated by inserting 
tagBFP in the HindIII and AscI sites of pGW2-CMV. HA-BirA and pβactin-HA-β-Galactosidase were described 
previously (de Boer et al., 2003; Hoogenraad et al., 2005). pEGFP-C3 MyoIIb was bought from Addgene (catalog 
number 11348), and it was used to amplify human full-length MyoIIb by PCR strategy and to subclone it in the 
Bio-GFP expression vector using the AscI and NotI restriction sites to generate a Bio-GFP MyoIIb construct. PA-
GFP-α-Tubulin was created by replacing YFP of YFP-α-Tubulin (Clontech) with PA-GFP (Patterson and Lippincott-
Schwartz, 2002). All shRNAs used in this study are indicated in Supplementary table 1. All shRNAs targeting rat 
myosin and tropomyosins mRNAs were designed using the siRNA selection program at the Whitehead Institute for 
Biomedical Research, and were ligated into the BglII and HindIII sites of pSuper vector. Myosin-IIb shRNA #1 was 
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described previously (Rex et al., 2010). 

Primary hippocampal neuron culture, transfection and immunocytochemistry
Primary hippocampal cultured neurons from embryonic day 18 (E18) rat brains were prepared as described 
previously (Kapitein et al., 2010b). In brief, neurons were plated on coverslips coated with poly-L-lysine (37.5 μg/
mL) and laminin (1.25 µg/mL) at a density of 100.000 per well, and grown in Neurobasal medium supplemented 
with 0.5 mM glutamine, 15.6 µM glutamate, 2 % B27 and 1 % penicillin/streptomycin. Hippocampal neurons were 
transfected at different days-in-vitro (DIV) using Lipofectamine 2000 (Invitrogen). Briefly, DNA (1.8 μg / well, for a 
12-well plate) was mixed with 3.3 µL Lipofectamine 2000 in 200 µL NB, incubated for 30 minutes and then added 
to the neurons in Neurobasal supplemented with 0.5 mM glutamine at 37 °C in 5 % CO2 for 90 minutes. Next, 
neurons were washed with Neurobasal and transferred to the conditioned medium at 37 °C in 5 % CO2 for 3 or 4 
days. For taxol treatments, neurons were treated at DIV 4 (two days after transfection) with 10 nM taxol dissolved 
in complete Neurobasal medium for 48 hours.

To perform immunostainings, dissociated hippocampal neurons were fixed with 4 % paraformaldehyde 
(PFA)/4 % sucrose in phosphate buffer (PBS) at room temperature for 10 minutes, or with methanol at -20 °C for 2 
minutes, followed by 4 % PFA/4 % sucrose at room temperature for 8 minutes. Cells were then washed 3 times for 
5 minutes in PBS at room temperature, and incubated with the primary antibody mix in GDB buffer (0.2 % Gelatin, 
0.9 M NaCl, 0.6 % Triton X-100, 33.3 mM phosphate buffer, pH 7.4) overnight at 4°C. Neurons were washed 3 times 
for 5 minutes in PBS at room temperature, and incubated with the secondary antibody mix in GDB buffer for 1 
hour at room temperature. After washing 3 times in PBS, the coverslips were mounted on slides using Vectashield 
mounting medium (Vector Labs) or Mowiol.

Primary cortical neuron culture and electroporation
Primary cortical cultured neurons were prepared from embryonic day 18 (E18) rat brains. Cells (1.2 x 106) were 
transfected using the AMAXA Rat Neuron Nucleofector kit (Lonza) with 3 µg of DNA, and plated on wells (for 
western blot analysis) coated with poly-L-lysine (37.5 µg/ml) and laminin (1.25 µg/ml). In short, cells were pelleted 
for 5 minutes at 200g, and ressuspended in NucleofectorTM solution supplemented with FCS. The cells were then 
added to the DNA, electroporated and plated in DMEM medium containing 10 % FCS. Cells were allowed to 
recover and adhere at 37 °C in 5 % CO2. After an incubation of 4 hours, the medium was replaced by Neurobasal 
medium supplemented with 0.5 mM glutamine, 15.6 µM glutamate, 2 % B27 and 1 % penicillin/streptomycin. Cells 
were grown at 37 °C in 5 % CO2 for four days prior to lysis and Western blot analysis.

Western blotting
Cortical neuron lysates were prepared at DIV 4 by aspirating the medium and scraping cells directly in sample buffer 
containing DTT and protease inhibitors (Roche) on ice. After scraping, samples were boiled for 10 minutes. Samples 
were loaded equally and ran on gradient 6% and 15% SDS-PAGE gels, and transferred to nitrocellulose membranes 
using a wet blotting setup.  After blocking with 2 % BSA in 0.1 % Tween/PBS for 1 hour, the blots were incubated 
with the primary antibody mix diluted in blocking solution overnight at 4 °C. After washing 3 times in 0.1 % Tween/
PBS, the membranes were incubated with the secondary antibodies conjugated to horseradish peroxidase for 1 
hour at room temperature. Membranes were then washed 2 more times in 0.1 % Tween/PBS, and for a third time 
using 1x PBS. Blots were developed using enhanced chemiluminescent Western Blotting substrate and ImageLab 
software (BioRad). 

Biotin-streptavidin pull-down assay and mass spectrometry analysis
For whole brain extracts, a whole brain from an adult female rat was homogenized in lysis buffer (50 mM Tris-HCl, 
150 mM NaCl, 0.1 % SDS, 0.2 % NP-40, and protease inhibitors (Roche)) in a 1:10 brain (g) to lysis buffer (mL) ratio. 
Samples were sonicated and centrifuged at 900 rpm for 15 minutes.

For biotin-streptavidin pull-down assays, HEK-293 cells were cultured in Ø10 cm cell culture dishes at 
37 °C and 5 % CO2, and transfected with BirA and Bio-GFP constructs using polyethylenimine (PEI) transfection 
reagent (Polysciences). After 48 h, cells were washed and lysed in RIPA lysis buffer (50 mM Tris-HCl pH 7.4-7.8, 150 
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mM NaCl, 1 % Triton X-100, 0.1 % SDS, 0.5 % sodium deoxycholate) supplemented with protease inhibitors (Roche). 
Cells were centrifuged at 13.000 rpm for 15 minutes at 4 °C and the supernatants were incubated with Dynabeads 
M-280 (blocked in chicken egg albumin, Life Technologies) for 1 h at 4 °C. Beads were separated using a magnet rack 
(Dynal, Invitrogen) and washed five times in washing buffer (20mM Tris-HCl pH 7.4-7.8, 150 mM KCl, 0.1% Triton 
X-100). Samples were collected at this point for AP-MS analysis of HEK293 cells expressing each construct. For the 
bio-GFP pull-down with whole brain extracts, pre-incubated Dynabeads with HEK293 cell extracts expressing each 
construct were washed twice in low salt washing buffer (20 mM Tris-HCl pH 7.4-7.8, 100 mM KCl, 0.1 % Triton 
X-100), followed by two wash steps in high salt wash buffer (20 mM Tris-HCl pH 7.4-7.8, 500 mM KCl, 0.1 % Triton 
X-100) and two final wash steps in low salt washing buffer (20 mM Tris-HCl pH 7.4-7.8, 100 mM KCl, 0.1 % Triton 
X-100) to remove binding proteins from HEK293 cells. Brain lysates were centrifuged at 16.000 g for 15 min at 
4°C, and the supernatant was incubated with the Dynabeads containing bio-GFP or bio-GFP-MyoIIb for 2 h at 4 
°C and washed in low salt washing buffer five times. For mass spectrometry analysis, beads were resuspended in 
15 µL of 4x Laemmli Sample buffer (Biorad) and supernatants were loaded on a 4-12 % gradient Criterion XT Bis-
Tris precast gel (Biorad). The gel was fixed with 40 % methanol and 10 % acetic acid and then stained for 1 h using 
colloidal Coomassie dye G-250 (Gel Code Blue Stain Reagent, Thermo Scientific). Each lane from the gel was cut in 
3 pieces, destained and digested using trypsin, as described in (Ekkebus et al., 2013). Briefly, after placed in 0.5-mL 
tubes, the pieces were washed with 250 µL of water, followed by 15 min dehydration in acetonitrile. Proteins were 
reduced (10 mM dithiothreitol, 1 h at 56 °C), dehydrated and alkylated (55 mM iodoacetamide, 1 h in the dark). 
After two rounds of dehydration, trypsin (Promega) was added to the samples (20 µL of 0.1 mg/mL trypsin in 50 
mM Ammoniumbicarbonate) and incubated overnight at 37 °C. Peptides were extracted with acetonitrile, dried 
down and reconstituted in 10 % formic acid prior mass spectrometry analysis.

All samples were analyzed on aOrbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific, 
Germany) coupled to an Agilent 1290 Infinity LC (Agilent Technologies). Mass spectrometry was performed as 
described previously (Frese et al., 2017). For data analysis, raw files were processed using Proteome Discoverer 
1.4 (Thermo Fisher Scientific, Germany). Database searches were performed either using the Human Uniprot 
database or the rat Uniprot database and Mascot (Matrix Science, UK) as the search engine. Positive protein hits 
were manually checked and interpreted as valid hits or discarded based on their presence in the negative control 
(pull-down with Bio-GFP alone).

Photoactivation experiments
For photoactivation experiments, neurons were transfected as previously described, and imaged on an inverted 
research microscope Nikon Eclipse Ti-E (Nikon) with perfect focus system (PFS) (Nikon), equipped with Nikon CFI 
Apo TIRF 100x 1.49 N.A. oil objective (Nikon), CoolSNAP HQ2 CCD camera (Roper Scientific) and controlled 
by MetaMorph 7.7 software (Molecular Devices). The experiments were performed using the ILas2 system (Roper 
Scientific). Coverslips (18 mm) were mounted in metal rings and maintained at 37 °C and 5 % CO2 in a stage top 
incubator INUBG2E-ZILCS (Tokai Hit). Photoactivation of PA-GFP-α-Tubulin was done by scanning the desired 
region 3 times at 10 % laser power with a Vortran Stradus 405 nm (100 mW) laser. A rectangular region of PA-GFP-
α-tubulin was photoactivated in the proximal axon, and tracked for a total imaging period of 225 minutes (images 
were taken at every 15 minutes).

Confocal microscopy
High resolution confocal laser scanning microscopy was performed on a Zeiss LSM-700 system with a Plan-
Apochromat 20x, 40x and 63x objectives. Each image was a z-series comprising enough stacks to cover the whole 
transfected neuron, and each image was averaged 4 times. The confocal settings were kept constant during all 
imaging experiments, when fluorescence intensity between different conditions was analysed.

Image analysis and quantification
Image processing and analysis was performed using ImageJ (US National Institute of Health), MatLab (MathWorks) 
and/or MetaMorph (Molecular Devices). For the quantification of intensities, confocal images were processed using 
average intensity projections. For the remaining analysis, confocal images were processed using maximum intensity 
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projections.
Morphometric analysis. For analysis of axon morphology, GFP was used as a cell-fil, and images were acquired 

using Olympus BX53 upright fluorescent microscope using a 10x/0.30 NA UplanFL objective (Olympus). The axon 
was identified as the non-MAP2 positive neurite. Only neurons with clearly defined neuronal arborization and no 
overlapping neighboring cells were imaged and analyzed. All neurites and branches were quantified using ImageJ 
software and the NeuronJ plugin (Meijering et al., 2004). The axon length was determined by tracing the longest 
neurite, and total axonal length was calculated as the sum of the length of the axon and its branches. The total 
dendritic length was calculated as the sum of the length of all primary dendrites and their branches. 

Quantification of endogenous EB comets. Confocal images were acquired using a LSM700 confocal microscope 
with a Plan-Apochromat 63x/1.40 NA objective. ImageJ plugin ComDet was used to quantify the number of EB1/3 
comets (https://github.com/ekatrukha/ComDet). 

Quantification AIS intensities. Confocal images were acquired using a LSM700 confocal microscope with a 
Plan-Apochromat 63x/1.40 NA objective. The quantification of fluorescence intensities profiles of different AIS 
proteins was performed using custom Matlab program (together with description is available at https://github.
com/ekatrukha/AIS) as previously described (van Beuningen et al., 2015). AIS length was determined by quantifying 
intensity above a threshold, and the average intensity was quantified along the determined length.

Quantification Map2 and Tau intensities. Confocal images were acquired using a LSM700 confocal microscope 
with Plan-Apochromat 20x/0.8 NA objective. From the soma, the first 50 μm of axon were traced using the 
β-galactosidase staining as the cell-fill, and the intensity profiles were determined in this length. 

Quantification of microtubule displacement. Displacement of the region nearest to the soma (dashed line) was 
measured relative to the cell body (negative values relate to movement towards the soma, and positive values relate 
to movement towards the distal axon).

Quantification of knockdown efficiency in hippocampal neurons. For the quantification of the knockdown 
efficiency in hippocampal neurons, growth cones and the soma were manually traced, and the average intensity was 
measured using ImageJ. The mean intensities were corrected for background intensities.

Statistics
Data are represented as mean values ± standard error of the mean, unless stated otherwise. Statistical analysis was 
performed using GraphPad Prism software. For the comparison of multiple groups, we used the Kruskal-Wallis test 
followed by a posthoc Dunn’s comparison test. For the comparison between control and knockdown, we used a 
two-tailed t-test or a two-tailed Mann-Whitney test. For comparison of percentages, we used the Chi-square test. 
The used test is stated in each figure legend.

Differences between control and treatment were considered significant when p < 0.05 (*, p < 0.05; **, p 
< 0.01; ***, p < 0.001). In all figure legends and text, N indicates the number of independent experiments, and n 
indicates the number of cells analyzed.
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SUPPLEMENTARY INFORMATION

Supplementary table 1. Overview of shRNA target sequences used in this study.

Family shRNA sequence 5'- 3'
#1 GGTAAATTCATTCGTATCA
#2 CCTCATTTATCGGGATCCT
#3 CTGCTCGCAAGAAACTAGA
#1 GATCAAAGTTGGCCGAGAT
#2 GGCATGCGGATCAGTATAA
#3 GAACGCACGTTTCATATCT
#1 CCGCTCTTGAGTCTAAACT
#2 GTGGTCATTAACCCGTACA
#3 CTGCATCGTTCCCAATCAT
#1 GCAAACTCGATCGGAGAAA
#2 GATGCCTAAAGGTACCGAT
#3 GTTTGCGTCTCGAGATTCA
#1 GTGTCCTTTATACGAACAA
#2 GGTATCGGGTGTTGATGAA
#3  CCTGCATACATACTCTACA 
#1 CTTCGCGATACAATCAACA
#2 GTATGATGCACTCGTTAAA
#3 CAGCCTAACAATTGAACCT
#1 CTCGAGGTTTGATACGGAT
#2 GATCAACACTCTTCGACGT
#3 GTTACCGACTCTACACGAA

TPM-α #1 AGCACATTGCTGAAGATGCT
TPM-β #1 ACTGGAGCAGGCCGAGAAG
TPM-γ #1 AAGCTGGAGGAAGCGGAGA
TPM-δ #1 ATCAAGCTTCTGTCTGACAA

Myosin-VI

Myosin-X

MyoVI

MyoX

Tropomyosins

Alias

MyoIIa

MyoIIbMyosin-II

Myosin-V

MyoIIc

MyoVa

MyoVb
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Supplementary table 2. Identification of binding partners of MyoIIb by mass spectrometry analysis 
using BioGFP pull-downs from rat brain lysates.

G3V940 Coronin, actin-binding protein, 1B 8 15
Q920J3 Coronin-6 6 15
Q6AY36 Coronin, actin binding protein 2A 9 14
G3V9F3 Myosin phosphatase Rho-interacting protein 1 1 12 13
Q6AXW2 Protein Tmod3 8 13
Q5RJR2 Twinfilin-1 6 13
B2GV73 Actin-related protein 2/3 complex subunit 3 2 2 5 13

# Peptides # PSM # Peptides # PSM
G3V9Y1 Myosin, heavy polypeptide 10, non-muscle 22 34 229 1838
V9GZ85 Actin, cytoplasmic 2 (Fragment) 21 124 34 1102
G3V6P7 Myosin, heavy polypeptide 9, non-muscle 13 20 169 835
D3ZRN3 Actin, beta-like 2 6 41 15 345
E9PTU4 Myosin-11 5 8 77 323
F1LNF0 Myosin heavy chain 14 8 10 107 311
Q63862 Myosin-11 (fragments) 4 7 57 279
Q62707 Nonmuscle myosin heavy chain-B (Fragment) 5 7 15 261
Q9QYF3 Unconventional myosin-Va 18 20 82 193
Q07266 Drebrin 7 9 29 115
D3ZFD0 Myosin XVIIIa 58 112
Q63610 Tropomyosin alpha-3 chain 2 2 33 105
Q68FP1 Gelsolin 4 8 30 99
F1MA36 Spectrin beta chain 29 31 69 94
Q6AZ25 Tropomyosin 1, alpha 2 2 30 90
Q91XN7 Tropomyosin alpha isoform 2 2 30 89
Q32PZ3 Protein unc-45 homolog A 8 9 21 83
Q5XI32 F-actin-capping protein subunit beta 3 3 17 81
P04692 Tropomyosin alpha-1 chain 2 2 28 77
Q63583 Hepatoma alpha tropomyosin 2 2 27 76
Q923Z2 Tropomyosin 1, alpha, isoform CRA_a 2 2 26 75
D4A5I9 Myosin VI 5 5 30 70
P70566 Tropomodulin-2 22 66
P09495 Tropomyosin alpha-4 chain 2 2 30 65
F1LMV9 Coronin (fragment) 1 1 17 64
Q63357 Unconventional myosin-Id 1 1 35 59
G3V624 Coronin 1c 5 5 17 55
Q5FVG5 Similar to tropomyosin 1, embryonic fibroblast-rat 2 2 20 46
Q64119 Myosin light polypeptide 6 2 3 10 44
Q5QJC9 BAG family molecular chaperone regulator 5 2 2 15 42
D3ZCV0 Actinin alpha 2 9 12 28 41
F1M392 LIM and calponin homology domains 1 1 1 19 33
Q3T1K5 F-actin-capping protein subunit alpha-2 1 1 12 31
Q63355 Unconventional myosin-Ic 3 3 20 27
P18666 Myosin regulatory light chain 12B 9 27

Accession Protein bio-GFP bio-GFP-MyoIIb

B2GUZ5 F-actin-capping protein subunit alpha-1 10 26
Q6IMZ5 Tropomodulin 1 13 25
Q5RKI5 Flightless I homolog (Drosophila) 2 3 13 23
Q5XI67 F-box only protein 30 10 23
B1VKB4 Synaptopodin 2 2 16 22
F1M3R4 Unconventional myosin-Vb 4 4 12 22
Q4V7C7 Actin-related protein 3 4 5 11 21
B0BMS8 Myl9 protein 7 20
P41542 General vesicular transport factor p115 6 6 14 19
Q5RKI0 WD repeat-containing protein 1 1 1 13 19
D3ZUJ7 Ankyrin repeat domain 13 family, member D (Predicted) 2 2 13 17
Q5M7U6 Actin-related protein 2 1 1 9 17
D3ZHA7 Similar to Myosin light chain 1 slow a (Predicted) 1 1 7 17
P70620 Nonmuscle myosin heavy chain B (Fragment) 3 17
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# Peptides # PSM # Peptides # PSM
G3V9Y1 Myosin, heavy polypeptide 10, non-muscle 22 34 229 1838
Q99PD4 Actin-related protein 2/3 complex subunit 1A 8 12
B0BMY7 Protein Twf2 8 12
B0BN74 Bag2 protein 5 12
F1LY09 ARP3 actin-related protein 3 homolog B 1 1 8 11
P85970 Actin-related protein 2/3 complex subunit 2 1 1 7 11
Q9EPH3 Putative myosin IIC 4 11
D4ADD8 Dynactin 6 (Predicted), isoform CRA_b 3 11
B1WBY1 Cul1 protein 3 3 10 10
Q6KC51 Actin-binding LIM protein 2 7 9
D3ZWX4 NCK-interacting protein with SH3 domain 1 1 5 9

Accession Protein bio-GFP bio-GFP-MyoIIb

B2RZ72 Actin-related protein 2/3 complex subunit 4 3 3 5 8
P02600 Myosin light chain 1/3, skeletal muscle isoform 3 8
P60881 Synaptosomal-associated protein 25 1 1 5 7

A2RUW1 Toll-interacting protein 5 6
D4A4T0 STIP1 homology and U-Box containing protein 1 5 6
D4AA38 Holocarboxylase synthetase 4 6
B1H262 Protein phosphatase 1, regulatory subunit 9B 1 1 4 6
D3ZAN8 Protein LOC100910807 1 1 4 6
D3ZG54 WW domain-containing oxidoreductase 5 5
Q32PW9 Psmc6 protein (Fragment) 4 5
Q6XDA0 Spectrin beta chain 4 5
F1LPM3 Sorbin and SH3 domain-containing protein 2 3 5
Q5XIR5 BCL2-associated athanogene 4 4 4
O35867 Neurabin-1 4 4
D3ZDH8 Platelet glycoprotein Ib beta chain 4 4
Q4V7E8 Leucine-rich repeat flightless-interacting protein 2 4 4
Q5XI21 Target of myb1 homolog (Chicken) 3 4
P70580 Membrane-associated progesterone receptor component 1 3 3

Proteins with a number of peptide spectrum matches (#PSM) of 3 or more and an enrichment of 3 or more 
compared to the control (BioGFP) in the BioGFP-MyoIIb pull-down are included.
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ABSTRACT
The polarized architecture of neurons with functional and morphologically different 
compartments is central to the function of the nervous system. Even though cytoskeletal 
rearrangements are known to be important for neuronal polarization, the precise cascade of 
events underlying axonal and dendritic growth remains unknown. Kinesins are a large family 
of proteins that control intracellular cargo transport and the organization of the microtubule 
cytoskeleton. However, the contribution of kinesin proteins in neuronal development has 
not been systematically tested. Here, we performed a targeted knockdown screen of almost 
all the kinesin proteins and assessed changes in the development of cultured hippocampal 
neurons. We found that kinesins are important for the extension of neurites and for the 
establishment of the axon initial segment. More specifically, the microtubule depolymerizing 
proteins KIF19, KIF3C and KIF2A are required for axon initiation and neuronal polarization. 
We focused our study on kinesin-8 KIF19 and found that it was localized to both axonal 
and dendritic growth cones, and that it promoted the depolymerization of microtubules in 
cultured cells. We hypothesize that microtubule depolymerization at the growth cone is an 
essential mechanism for proper neuronal polarization and development, and that kinesins 
are regulators of such processes.
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INTRODUCTION
The proper establishment of neuronal circuitry during development relies on the extension 
of axonal and dendritic processes. Neurons are polarized cells with a single axon and 
multiple dendrites, responsible for the transmission and reception of electrochemical signals, 
respectively. Axons and dendrites are functionally and morphologically distinct, and these 
differences may arise from modifications in the underlying cytoskeleton. In mature neurons, 
axons exhibit a uniform array of microtubules oriented with their plus-end towards the end 
of the axon (Baas et al., 1988; Heidemann et al., 1984). On the other hand, dendrites display 
mixed microtubule orientations (Baas et al., 1988; Yau et al., 2016), and their microtubules are 
less stable when compared with axonal microtubules (Baas et al., 1991).

A central question in neurobiology is how such different and compartmentalized 
structures arise. During neuronal development, spherical cells develop several small processes 
of similar length called neurites (Craig and Banker, 1994; Dotti et al., 1988). The rapid growth 
of one of these neurites hallmarks symmetry breaking and neuronal polarization, leading 
to the formation of the axon. In the remaining neurites, the microtubule orientation will 
change from uniformly plus-end out to mixed, and this leads to the development of the 
dendrites (Baas et al., 1989; Stepanova et al., 2003). Changes in the underlying cytoskeleton 
are responsible for the symmetry breaking and axon initiation. In fact, different microtubule-
regulating proteins have been shown to regulate axon formation and outgrowth in cultured 
hippocampal neurons (Inagaki et al., 2001; Jiang et al., 2005; Yoshimura et al., 2005). Prior 
to neuronal polarization, the microtubules of one neurite retracted less upon treatment 
with microtubule-depolymerizer drug nocodazole in comparison to the microtubules in 
the remaining neurites (Witte et al., 2008), suggesting that stabilization of microtubules in 
one neurite may be an early event in neuronal development. Accordingly, local stabilization 
of microtubules using a caged form of microtubule-stabilizing drug taxol promoted axon 
formation in unpolarized hippocampal neurons, while treatment with nanomolar doses of 
taxol led to the formation of multiple axons (Witte et al., 2008). The increased microtubule 
stability in the future axon may be used as a cue for the polarized transport of cargo 
supporting the extension of the axon. Indeed, it was shown that kinesin-1, a plus-end directed 
motor protein, accumulated at the tip of the future axon prior to neuronal polarization 
(Jacobson et al., 2006; Nakata and Hirokawa, 2003), which may point towards a crucial role 
for microtubule-based selective transport of signaling molecules into a single neurite during 
axon specification. 

Kinesin motors are a large family of proteins subdivided into 14 families that regulate 
different microtubule-related processes (Hirokawa et al., 2009). By binding to microtubules, 
kinesin proteins are not only able to drive the transport of membrane organelles and 
protein complexes, but also to control microtubule dynamics (Hirokawa et al., 2009; Walczak 
et al., 2013). Several mutations in different kinesin motors and their regulators have been 
implicated in several neurodevelopmental and neurodegenerative disorders (Franker and 
Hoogenraad, 2013; Hirokawa et al., 2010), suggesting that kinesin-mediated effects on 
microtubules are important for proper neuronal development. However, the contribution 
of each motor protein for the extension of axonal and dendritic processes is still unknown. 
In order to address the role of kinesin motor proteins in neuronal development, we 
performed a knockdown screen and assessed possible changes in both axonal and dendritic 
morphology upon kinesin protein depletion. Our data revealed that kinesins are important 
for proper axonal and dendritic outgrowth, suggesting they are important for the initial 
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extension of neuronal processes. We further showed that five kinesins are involved in 
the establishment and maintenance of the axon initial segment (AIS). These kinesins are 
microtubule-depolymerizing motors, and their depletion induced the mislocalization of both 
axonal and dendritic markers. We propose that microtubule depolymerization at the leading 
edge of the axon is crucial to promote neuronal polarization and sustain axonal outgrowth 
in hippocampal neurons.

RESULTS AND DISCUSSION

Kinesins from different families are important for proper neuronal development
To address the role of motor proteins in the extension of axonal and dendritic processes 
in hippocampal neurons in vitro, we performed a targeted knockdown screen of almost 
all kinesin motor proteins and the dynein heavy chain, using three shRNAs targeting the 
same protein. Neurons were transfected at day-in-vitro (DIV) 0 and fixed at DIV 4. All 
neurites and their branches were manually traced and the axon was identified as the longest 
neurite non-enriched for the somatodendritic marker Map2. We found that kinesins from 
different families induced changes in the total axonal arborization in comparison to control 
cells (Figure 1A-B). More specifically, members of kinesin-2 (KIF3A and KIF3C), kinesin-3 
(KIF16B), kinesin-6 (KIF23), kinesin-8 (KIF18A and KIF19), kinesin-9 (KIF6), kinesin-12 
(KIF12), kinesin-13 (KIF24) and kinesin-14 (KIFC2 and KIFC3) significantly reduced the 
total axonal arborization by decreasing the primary axon length (Figure 1C), the number of 
axonal branches (Figure 1D) and/or the average length of the axonal branches (Figure 1E). 
Members of kinesin-2, -8 and -13 families are microtubule-depolymerizing proteins (Gumy 
et al., 2013; Walczak et al., 2013), suggesting that axonal outgrowth depends on kinesin-
mediated regulation of microtubule dynamics. The majority of these proteins did not carry 
out the transport of peroxisomes in an inducible cargo trafficking assay, but KIF3A, KIF16B 
and KIF23 were shown to selectively transport cargo in the axon (Lipka et al., 2016). Together 
with our results, we hypothesize that KIF3A-, KIF16B- and KIF23-based transport may be 
required for the proper extension of the axon. However, a recent study showed that KIF23 is 
almost undetectable in the axon, and that its depletion does not affect axonal navigation and 
branching (Lin et al., 2012). Importantly, this study is performed in rat sympathetic neurons, 
and we cannot exclude that there may be differences in kinesin expression, localization 
and function between different neuron types. In the same study, Lin and colleagues showed 
that KIF23 is involved in the transport of minus-end microtubules into dendrites (Lin et 
al., 2012). Therefore, it will be interesting to assess if KIF23 is important for microtubule 
orientation in axon and dendrites in early stages of development, by performing live-imaging 
of microtubule plus-end proteins, such as EB3 protein (Stepanova et al., 2003), in KIF23-
depleted hippocampal neurons. Even though KIF5 motors are thought to play a role in the 
transport of cargo preceding axon formation in cultured neurons (Jacobson et al., 2006; 
Oksdath et al., 2016), their depletion did not induce major defects in the axonal arborization.

After extensive axonal growth, the remaining neurites develop as dendrites. We also 
assessed if kinesin depletion affected the extension of dendritic processes. We found that 
there was a partial overlap between the kinesins required for proper extension of axonal and 
dendritic arborizations (Figure 2A,B). Besides blocking the extension of axonal processes, 
depletion of KIF3C, KIF6, KIF12 and KIFC2 also decreased the total dendritic arborization 
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(Figure 2B-E). As KIF3C was previously shown to regulate microtubule dynamics in the 
axonal growth cone of dorsal root ganglion neurons (Gumy et al., 2013), our data suggest 
that KIF3C may play similar roles in dendritic growth cones. KIF6 and KIF12 are important 
for mitosis and antioxidant signaling (Lakshmikanth et al., 2004; Tikhonenko et al., 2009; 
Yang et al., 2014), however roles of these proteins in postmitotic neurons have never been 
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Figure 1. Kinesins from different families regulate axonal outgrowth in hippocampal neurons.
(A) Representative images of DIV 4 hippocampal neurons transfected at DIV 0 with pSuper (control) or KIF3C-, 
KIF19-, KIF6-, KIF14-shRNA pools and GFP fill. Scale bar 100 μm.
(B) Quantification of the total axon length in DIV 4 hippocampal neurons transfected at DIV 0 with pSuper 
(control) or indicated pools of shRNAs and GFP fill. n = 12-20 cells from 2 independent experiments were analyzed 
per condition (for control, n = 64 cells, N = 4). Kruskal-Wallis test. * p < 0.05, ** p < 0.01, *** p < 0.001.
(C-E) Quantification of primary axon length (C), number of axon branches (D) and mean length of axon branches 
(E) in DIV 4 hippocampal neurons transfected at DIV 0 with pSuper (control) or indicated pools of shRNAs 
and GFP fill. Only the kinesin depletions that showed a significant effect in (B) are shown. n = 14-19 cells from 2 
independent experiments were analyzed per condition (for control, n = 64 cells, N = 4). Kruskal-Wallis test: * p < 
0.05, ** p < 0.01, *** p < 0.001.
Data are represented as mean ± SEM. Red bars indicate p < 0.05.
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described. In a study using an inducible cargo trafficking assay, both kinesins do not translocate 
peroxisomes in living cells (Lipka et al., 2016), suggesting that their function in cells may not 
be linked to transport of cargo. Therefore, it will be important to investigate the localization 
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Figure 2. Kinesins important for dendritogenesis partially overlap with kinesins required for proper 
axon outgrowth.
(A) Representative images of the somatodendritic area of DIV 4 hippocampal neurons transfected at DIV 0 with 
pSuper (control) or KIF3B-, KIF13A-, KIF12-, KIFC1-shRNA pools and GFP fill. Scale bar 100 μm.
(B) Quantification of the total dendritic length in DIV 4 hippocampal neurons transfected at DIV0 with pSuper 
(control) or indicated pools of shRNAs and GFP fill. n = 12-20 cells from 2 independent experiments were analyzed 
per condition (for control, n = 43 cells, N = 2). Kruskal-Wallis test: * p < 0.05, ** p < 0.01, *** p < 0.001.
(C-F) Quantification of number of primary dendrites (C), mean length of the primary dendrites (D), number of 
dendritic branches (E) and mean length of dendritic branches (F) in DIV 4 hippocampal neurons transfected at DIV0 
with pSuper (control) or indicated pools of shRNAs and GFP fill. Only the depletions that showed a significant 
effect in (B) are shown. n = 14-19 cells from 2 independent experiments were analyzed per condition (for control, 
n = 43 cells, N = 2). Kruskal-Wallis test:* p < 0.05, ** p < 0.01.
Data are represented as mean ± SEM. Red bars indicate p < 0.05.
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of these proteins in hippocampal neurons, and if they are involved in the regulation of 
microtubule dynamics. We found that KIF3B- and KIF13A-depleted neurons also exhibited 
smaller dendritic trees, without axonal defects (Figure 2A-E, compare with Figure 1B). This 
suggests that these kinesins may specifically transport cargo that promotes dendritogenesis, 
or that they may be essential for the microtubule cytoskeleton rearrangements that take 
place during this process. KIF13A has been shown to be involved in the transport of 
dendritically-targeted serotonin receptors (Zhou et al., 2013), but no link with dendrite 
development has been purposed. It will be interesting to address if KIF13A is localized to 
dendrites in early stages of development. We also observed that depletion of KIF21A, a 
kinesin-4 family member, increased the total dendritic length by 46 % when compared to 
controls (Figure 2B). Even though this effect did not reach significance, this result suggests 
that KIF21A may act as a blocker of dendrite outgrowth, while massive axon extension is 
taking place. As KIF21A was shown to restrict microtubule growth at the cell edge (van der 
Vaart et al., 2013), the observed dendritic extension in KIF21A-depleted neurons may be due 
to increased microtubule growth at dendritic growth cones.

Overall, our data show that kinesin motor proteins are required for proper neuronal 
development of hippocampal neurons, by most likely regulating microtubule dynamics or 
promoting the transport of factors that sustain neuritic extension. As some of our candidate 
kinesins have never been linked to neurodevelopmental processes, it will be interesting to 
assess if these proteins are expressed in hippocampal neurons and if they are involved in 
microtubule-based processes. 

Depolymerizing kinesins are involved in the establishment and maintenance of 
the axon initial segment
Since members of the kinesin superfamily are important for proper axonal outgrowth, we 
next investigated if the motor proteins are involved in the establishment of the axon identity. 
To address this, we performed a knockdown screen of almost all kinesin motor proteins and 
dynein heavy chain at DIV 0 to 1, and examined the localization of AIS marker β-IV-spectrin 
four days later. We found that depletion of KIF2A (kinesin-13), KIF3C (kinesin-2), KIF26B 
(kinesin-11), KIF6 (kinesin-9) and KIF19 (kinesin-8) showed more than 40 % decrease in the 
average number of β-IV-spectrin-positive neurites per neuron (Figure 3A-B). These results 
were confirmed by testing the individual shRNAs (data not shown). From these five kinesins, 
KIF2A, KIF3C and KIF19 are categorized as microtubule-depolymerizing kinesins (Gumy 
et al., 2013; Walczak et al., 2013), and both KIF2A and KIF3C have been shown to localize 
at axonal outgrowth cones (Gumy et al., 2013; Homma et al., 2003). This may suggest that 
dysregulation of microtubule dynamics at the growth cone may influence the establishment 
of the AIS. It will be also interesting to address if depletion of KIF2A and KIF3C modify the 
stability of the microtubule cytoskeleton at the proximal part of the axon, where the AIS is 
formed. Regarding KIF6 and KIF26B, not much is known on their action on microtubules, 
even though they have been linked to mitotic and kidney development processes, respectively 
(Tikhonenko et al., 2009; Uchiyama et al., 2010). As KIF6 also is required for proper axonal 
and dendritic growth (Figure 1B, 2B), it raises the possibility that this protein plays a central 
role in neuronal development. Thus, it will be important to address if this protein is expressed 
and where it localizes in hippocampal neurons, so we can better understand its function in 
neurons. 

To study if the depletion of the abovementioned kinesins leads to a complete 
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Figure 3. Depolymerizing motor proteins are involved in AIS maintenance.
(A) Average number of β-IV-Spectrin positive neurites in DIV 4-5 hippocampal neurons transfected at DIV 0-1 with 
pSuper (control) or indicated pools of shRNAs. n=20 cells from at least 2 independent experiments. Two-tailed 
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Fisher’s exact test: ** p < 0.01, *** p < 0.001. 
(B) Representative images of hippocampal neurons, showing a BFP fill (green) and β-IV-Spectrin staining (red) in 
control and KIF2A-, KIF3C-, KIF6- or KIF19-depleted neurons at DIV 4-5. Scale bar 20 μm. 
(C-D) Average number of Neurofascin (C) and Ankyrin-G (D) positive neurites in DIV 4-5 hippocampal neurons 
transfected at DIV 0-1 with pSuper (control) or KIF6-, KIF3C-, KIF19- or KIF2A-shRNA pools. n=22 cells from at 
least 2 independent experiments. Two-tailed Fisher’s exact test: * p < 0.05, ** p < 0.01, *** p < 0.001.
(E) Representative images of hippocampal neurons transfected with BFP (green) to highlight neuronal morphology 
and β-IV-Spectrin staining (red) in control and KIF3C-depleted neurons at DIV 4-5. 
(F) Fraction of neurons showing a normal (light grey) , fragmented (dark grey) or no β-IV-Spectrin (black) staining 
in control or KIF6-, KIF3C-, KIF19- or KIF2A-depleted hippocampal neurons at DIV 4-5. n=22 cells from at least 2 
independent experiments. Two-tailed Fisher’s exact test: * p < 0.05, ** p < 0.01, *** p < 0.001.
Error bars indicate mean ± SEM. Red bars indicate p < 0.05. 

disruption of the AIS, we determined if localization of other AIS markers was affected upon 
depletion of KIF2A, KIF6, KIF3C and KIF19. Besides the effect on β-IV-spectrin localization, 
depletion of KIF6, KIF3C and KIF19 also affected the localization of both Neurofascin and 
Ankyrin-G (Figure 3C-D), suggesting that these kinesins are important for AIS structure in 
hippocampal neurons. On the other hand, depletion of KIF2A did not affect the presence of 
Neurofascin or Ankyrin-G at the AIS (Figure 3C-D), which may suggest that KIF2A specifically 
affects the localization of β-IV-spectrin. In neurons that still had an AIS, we noticed that 
depletion of KIF6 and KIF3C induced the fragmentation of β-IV-spectrin in 67 % and 29 % 
of the neurons, respectively (Figure 3E,F). Altogether, these data show that motor proteins 
that control microtubule dynamics are required for the establishment and maintenance of 
the AIS structure. 

Depolymerizing kinesins are required for axon formation and neuronal 
polarization
Three of the four studied kinesins not only induced defects on the extension of axonal 
processes, but also in the establishment of the AIS. The determination of the axon in 
hippocampal neurons in vitro is a process that occurs within the first 24 hours after plating, 
before the depletion of the proteins is effective. To address if axon initiation is also affected 
by the knockdown of KIF6, KIF3C, KIF19 and KIF2A, we performed an assay using nanomolar 
doses of the microtubule-stabilizing drug Taxol, previously shown to promote the formation 
of multiple axons (Witte et al., 2008). Neurons were transfected with the corresponding 
shRNAs at DIV 1, and after three days we treated the cells with 10 nM Taxol for 48 hours. 
We then stained the neurons against the AIS marker voltage gated sodium channels (pan-
NaV), and quantified the number of positive neurites per neuron for the AIS marker. In the 
control situation, most neurons have one AIS, and the average number of pan-NaV-positive 
neurites is increased by 3-fold in Taxol-treated cells (Figure 4A-B). In kinesin-depleted cells, 
Taxol treatment did not induce an increase in the number of neurites positive for pan-NaV 
(Figure 4A-B). In fact, there was a reduction of at least 41 % in the average number of pan-
NaV-positive neurites in the knockdown cells in comparison to control cells (Figure 4B). 
Hence, these kinesins are required for proper axon formation, suggesting that acquisition of 
axon identity is influenced by these proteins. 

The polarized structure of neurons leads to the establishment of two distinct 
compartments, the axon and the dendrites. In this way, certain proteins are restricted to a 
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Figure 4. Depletion of KIF6, KIF3C, KIF19 and KIF2A impairs axon formation and mislocalizes axonal 
and dendritic markers.
(A) Representative images of DIV 6 hippocampal neurons transfected with a BFP fill (blue) and pSuper (control) or 
KIF6-, KIF3C-, KIF19- or KIF2A-shRNA pools at DIV 1 and treated at DIV4 with control medium (no taxol) or 10 
nM taxol for 48 h. Neurons were immunostained for pan-NaV (green) and Trim46 (red). Arrows highlight neurites 
positive for both markers. Scale bar 50 µm.
(B) Quantification of pan-NaV-positive neurites in DIV 6 hippocampal neurons in control or KIF6-, KIF3C-, 
KIF19- or KIF2A-depleted neurons after treatment with 10 nM Taxol for 48 h. n=12-31 cells from 2 independent 
experiments (for no-taxol group, n=59 cells, N=2; for control, n=85 cells, N=3). Chi-square test: ** p < 0.01, *** p 
< 0.001.
(C-D) Percentage of neurons showing Map2 (C) or Tau (D) mislocalization in DIV 4-5 hippocampal neurons 
transfected with pSuper (control) or KIF6-, KIF3C-, KIF19- or KIF2A-shRNA pools. n=19 cells from at least 2 
independent experiments. One-tailed Fisher’s exact test: * p < 0.05, ** p < 0.01, *** p < 0.001.
(E) Representative images of DIV 4-5 hippocampal neurons transfected with BFP fill (green) and pSuper (control) 
or KIF6-, KIF3C-, KIF19- or KIF2A-shRNA pools at DIV 0-1. Neurons were immunostained for the somatodendritic 
marker Map2 (red) and the axonal marker Tau (green). Green arrows indicate Map2 mislocalization into the axon, 
and red arrows indicate Tau mislocalization into the dendrites. Scale bar 40 µm.
Data are represented as mean ± SEM. Red bars indicate p < 0.05.

specified compartment, such as the microtubule-associated proteins Tau and Map2, found at 
the axonal and somatodendritic compartments, respectively. The establishment of the AIS is 
central for the polarized distribution of proteins (Hedstrom et al., 2008). Since we observed 
defects in the establishment and maintenance of the AIS, we assessed if the depletion of 
kinesin proteins affected the localization of Map2 and Tau. We found that depletion of 
kinesins induced changes in the distribution of these markers (Figure 4C-E). More precisely, 
knockdown of KIF6, KIF3C and KIF2A resulted in the appearance of Map2 in the axon, 4 to 5 
times more often than in control cells (Figure 4C,E). Loss of Ankyrin-G, the master organizer 
of the AIS (Jones and Svitkina, 2016), prompts the axon to acquire dendritic-like features, 
such as the accumulation of Map2 (Hedstrom et al., 2008). Since we find a similar result 
with depletion of KIF6, KIF3C and KIF2A, our results suggest that polarity is affected in the 
depleted cells. Future studies will be required to assess if the uniform orientation of axonal 
microtubules is lost, by looking at the anterograde and retrograde growing microtubule 
plus-ends. Moreover, it will also be interesting to perform knockdowns later in development, 
to address if the assembly of excitatory postsynaptic densities and spines occurs in the 
axon, similar to the AnkG knockdown situation (Hedstrom et al., 2008). We also found that 
the axonal marker Tau was observed in the dendrites of 17 % of KIF19-silenced neurons, 
something that was never observed in control cells (Figure 4D-E). Overall, our data show 
that depletion of KIF6, KIF3C, KIF19 and KIF2A proteins induces defects on axon initiation 
and neuronal polarization, leading to a “leaky” and not-fully functional AIS.

KIF19 localizes to microtubules and axonal and dendritic growth cones, and 
depolymerizes microtubules
From the four kinesins studied, KIF19 silencing resulted in the mislocalization of axonal 
marker Tau, indicating that this protein may be required for axon identity maintenance and 
neuronal polarization. We then focused our study on KIF19, a plus-end-directed kinesin-8 
family protein (Hirokawa et al., 2009). We first tested the efficiency of the KIF19-targeting 
shRNAs. Endogenous expression of KIF19 could not be detected with the used antibody 
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(Figure 5A), making it impossible to assess changes on protein levels upon transfection 
with KIF19-targeting shRNAs. Therefore, we quantified the levels of KIF19 mRNA using 
Q-RT-PCR. KIF19 mRNA level was reduced by more than 50 % in KIF19-depleted neurons 
(Figure 5B), indicating that the KIF19-directed shRNAs efficiently lower the mRNA of this 
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Figure 5. KIF19 localizes to microtubules of axonal growth cones, and depolymerizes microtubules. 
(A) Western blot analysis of lysates of cortical neurons transfected with HA-KIF19, empty pSuper vector or KIF19-
shRNAs, by using antibodies against β-actin and KIF19. Upper panel shows a low contrast image, and the middle 
panel shows a high contrast image of the same blot.
(B) Measurement of relative mRNA levels of KIF19 by Q-RT-PCR in cortical neurons transfected with the 
corresponding shRNA compared to neurons transfected with empty pSuper vector. Three experiments were 
performed per condition. Two-tailed t-test: * p < 0.05.
(C) Representative images of COS-7 cells transfected with GFP or KIF19-GFP, and immunostained for α-tubulin 
(red). Scale bars 10 µm.
(D) Representative images COS-7 cells transfected with GFP (upper panel), GFP-MCAK (middle panel) or KIF19-
GFP (bottom panel), and immunostained for α-tubulin (red). Scale bar 10 µm.
(E) Percentage of COS-7 cells with depolymerized microtubules. n = 9 cells per condition. Two-tailed Fisher’s exact 
test: * p < 0.05, *** p < 0.001.
(F) Representative images showing GFP (upper panel) or KIF19-GFP (middle and bottom panels) overexpression 
and α-tubulin (red) staining in DIV 2 cortical neurons. In the middle panel, arrows show the accumulation of KIF19-
GFP on dendritic (short processes) and axonal growth cones. The bottom panel shows an axonal growth cone, 
where KIF19 co-localizes with microtubules. Scale bar 10 μm.
Error bars represent mean ± SEM. Red bars indicate p < 0.05.
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kinesin. To ensure that the previously observed effects are due to depletion of KIF19, rescue 
experiments with the overexpression of a shRNA-resistant KIF19 should be performed in 
the future. 

KIF19 was previously shown to control the length of cilia by inducing their 
depolymerization mainly from their plus-ends (Niwa et al., 2012). To gain more insight on the 
role of KIF19, we generated a full-length KIF19-GFP construct to determine the localization 
of KIF19 in both COS-7 cells and cortical neurons. In COS-7 cells, KIF19-GFP overlapped 
with microtubules stained for α-tubulin, showing that KIF19 is able to bind to microtubules 
(Figure 5C). To address if KIF19 binding to microtubules leads to their depolymerization, 
we transfected COS-7 cells with KIF19-GFP and GFP-MCAK, a kinesin-13 family protein 
with depolymerizing activity (Walczak et al., 2013), and stained the cells for α-tubulin. As 
expected, the majority of GFP-MCAK-transfected cells showed a disrupted microtubule 
cytoskeleton in comparison to control cells, characterized by a loss of  polymerized α-tubulin 
pattern (Figure 5D-E). We also observed that 33 % of KIF19-GFP-transfected cells showed 
a disruption of the microtubule network, while this only happened in 4 % of control cells 
(Figure 5D-E). Our data show that KIF19 overexpression is able to induce depolymerization 
of microtubules in COS-7 cells. We then assessed the localization of KIF19-GFP in dissociated 
cortical neurons, and we found that KIF19-GFP localizes to the tips of both axonal and 
dendritic processes of DIV 2 cortical neurons (Figure 5F, middle panel). Moreover, looking at 
the axonal growth cone (Figure 5F, bottom panel), it is possible to observe that KIF19-GFP 
co-localizes with microtubules, similar to COS-7 cells. We hypothesized that the localization 
of KIF19 at axonal growth cones may underlie the defects observed in both axon initiation 
and outgrowth and neuronal polarization upon KIF19 depletion in hippocampal neurons.

KIF19 is required for proper Golgi, but not microtubule organization
We then assessed if the microtubules present at axonal growth cones were affected by 
KIF19 knockdown. We found that the percentage of axonal growth cones with visible 
microtubules or buckled microtubules did not differ between control and KIF19-depleted 
neurons (Figure 6A-C). Tyrosinated microtubules have been shown to be enriched at the 
growth cones (Tanaka et al., 1995), and this enrichment was also not affected by KIF19 
depletion (Figure 6D-E). Even though we showed that overexpression of KIF19 induces 
microtubule depolymerization in COS-7 cells (Figure 5D-E), these results suggest that KIF19 
depletion does not primarily affect microtubule organization at the growth cones. It will 
be important to investigate if KIF19-induced microtubule depolymerization happens at the 
growth cone, and if this process is essential for axonal outgrowth and guidance. 

In HeLa cells, silencing of KIF19 affects the organization of the Golgi complex 
(Andreyeva, 2008), so we examined if KIF19 depletion changed Golgi morphology in 
hippocampal neurons by staining the neurons against the cis-Golgi marker GM130. In control 
cells, Golgi complex often showed interconnected cisternae that occupied a substantial part 
of the soma (Figure 6F-G). However, KIF19-depleted neurons exhibited a more condensed 
and packed Golgi apparatus, leading to a reduction in the overall Golgi area (Figure 6F-G). 
Our data indicate that KIF19 may be important for proper Golgi organization in hippocampal 
neurons.
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FUTURE PERSPECTIVES
By systematically screening 39 out of the 46 mammalian kinesin proteins, we showed that 
three microtubule-depolymerizing kinesins (KIF3C, KIF19 and KIF2A) are required for 
the localization of the AIS marker β-IV-spectrin. We have also shown that these kinesins 
are involved in axon initiation upon treatment with nanomolar doses of the microtubule-
stabilizing drug Taxol. Together, our data suggest that microtubule depolymerization is involved 
in axon development in hippocampal neurons. It will be interesting to assess if induction 
of microtubule depolymerization by kinesins at the growth cone of one neurite in non-
polarized neurons could prompt this neurite to become the axon. Moreover, investigating 
if microtubule depolymerization could rescue the polarization and AIS defects in kinesin-
depleted neurons would be important. We could then use photoswitchable inhibitors of 
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Figure 6. KIF19 is required for proper Golgi, but not microtubule organization.
(A) Representative images of DIV5 hippocampal neurons transfected at DIV 1 with BFP (fill; red) and pSuper 
(control) or KIF19 shRNAs, and stained for α-tubulin (green). Scale bar 10 µm.
(B-D) Percentage of growth cones in which microtubules (B), buckled microtubules (C) or enrichment of 
tyrosinated microtubules (D) were observed. n = 13 cells per condition. Two-tailed Mann-Whitney test.
(E) Representative images of DIV5 hippocampal neurons transfected at DIV 1 with BFP (fill) and pSuper (control) 
or KIF19 shRNAs, and stained for acetylated-tubulin (acetyl-tubulin, red) and tyrosinated tubulin (tyr-tubulin, green). 
Scale bar 10 µm.
(F) Representative images show control and KIF19-depleted DIV 5 hippocampal neurons transfected with a BFP-fill 
(red) at DIV 1 and stained for cis-Golgi marker GM-130 (green). Scale bar 10 µm.
(G) Quantification of the area covered by the cis-Golgi marker GM-130. n = 18 cells per condition. Two-tailed 
Mann-Whitney test: *** p < 0.001.
Data are represented as mean ± SEM. Red bars indicate p < 0.05.
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microtubule dynamics as Photostatin (Borowiak et al., 2015) to trigger depolymerization 
with high spatiotemporal precision at the growth cone of kinesin-depleted neurons. 

Even though we were not able to detect KIF19 protein with the antibody used in 
this study, future studies should investigate the expression pattern of KIF19 in hippocampal 
neurons and the endogenous localization of the protein. We found that overexpressed 
KIF19 induces the depolymerization of microtubules in COS-7 cells and that it is localized 
to growth cones of cortical neurons. We hypothesize that the regulation of microtubule 
dynamics by KIF19 at the growth cone may be necessary for the neuronal polarization and 
axonal outgrowth. Microtubules can be found in a looped state as the growth cone pauses 
(Buck and Zheng, 2002; Dent et al., 1999; Williamson et al., 1996), and breaking of the looped 
microtubules coincides with the restart of directed axonal outgrowth (Dent et al., 1999). The 
localization of KIF19 at the growth cone and its association with growth cone microtubules 
suggests that it may promote the depolymerization of microtubules at the location where 
they are no longer required (site of repulsion) or of the looped microtubules. Reasonably, it 
will be important to show that KIF19 can actually promote microtubule depolymerization 
in hippocampal neurons. We could induce the recruitment of the kinesin to microtubules 
locally by using a light-induced heterodimerization assay (van Bergeijk et al., 2015), and assess 
changes on the microtubule cytoskeleton in the illuminated area. 

Depletion of KIF19 was previously shown to induced an increase in focal adhesions 
size and the formation of stress fibers in HeLa cells (Andreyeva, 2008), suggesting a role for 
KIF19 in the regulation of the actin cytoskeleton. Actin is highly enriched in neuronal growth 
cones, and it will be interesting to quantify overall growth cone morphology or changes in 
the actin cytoskeleton upon KIF19 knockdown. 

In summary, we have reported roles in axon establishment and growth of a little 
studied kinesin. We think that the microtubule depolymerizing activity of KIF19 may be 
necessary for proper neuronal polarization, axonal outgrowth and establishment of the 
AIS, and that the experiments discussed above may be necessary to unravel the precise 
mechanism by which KIF19 is required in these neurodevelopmental processes.
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MATERIALS AND METHODS

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

Antibodies and reagents 
The following antibodies were used in this study: mouse anti-AnkyrinG (clone 4G3F8, Zymed), mouse anti-pan-
Neurofascin (clone L11A/41, NeuroMab), rabbit anti-β-IV-spectrin (kind gift from Dr. M. Rasband) (Ogawa et al., 
2006), rabbit anti-Trim46 (van Beuningen et al., 2015), chicken anti-MAP2 (ab5392, Abcam), mouse anti-pan-Nav 
(clone K58/35, Sigma-Aldrich), rabbit anti-Map2 (4542, Cell Signaling), mouse anti-Tau (MAB3420, Chemicon), 
mouse anti-α-tubulin (clone B-5-1-2, Sigma-Aldrich), mouse anti-acetylated tubulin (clone 6-11B-1, Sigma-Aldrich), 
rat anti-tyrosinated tubulin (clone YL1/2, Abcam), mouse anti-GM130 (clone 610823, BD Bioscience), rabbit anti-
GFP (598, MBL Sanbio), rabbit anti-KIF19 (HPA043638, Sigma-Aldrich), mouse anti-actin (clone C4, Merck Millipore), 
Alexa488- and Alexa568-conjugated secondary antibodies (Life Technologies) and anti-rabbit/mouse IgG antibody 
conjugated to horseradish peroxidase (DAKO). Reagents used in this study include: Taxol (T7402, Sigma-Aldrich) 
and Rapalog (AP20187, ARIAD Pharmaceuticals).

Expression and shRNA constructs
The constructs used in this study have been cloned in the following mammalian expression vectors: pβ-actin 
(Kapitein et al., 2010a), pGW2-CMV (Kapitein et al., 2010a), and pSuper (Brummelkamp et al., 2002). pβactin-GFP and 
pβactin-mGFP were generated by inserting GFP in the SalI and NotI sites of pβ-actin, whereas pGW2-CMV-tagBFP 
was generated by inserting tagBFP in the HindIII and AscI sites of pGW2-CMV. All shRNAs (see Supplementary 
Table 1) were designed using the siRNA selection program at the Whitehead Institute for Biomedical Research 
and were ligated into the BglII and HindIII sites of pSuper vector. p-βactin-TagRFP-TC-αTubulin was generated by 
inserting TagRFP-T (Evrogen) with the linker GMDELYKSGLRSSR and the N-terminus of α-Tubulin into the NheI 
and BamHI sites of pβ-actin. GFP-MCAK was a gift from Dr. M. Steinmetz (Honnappa et al., 2009).

To clone pβactin-KIF19-GFP, PCR amplified KIF19 (template cDNA clone MGC: 183958 IMAGE: 9087958) 
was cloned into AscI and SalI sites of pβactin-GFP. To make KIF19 (1-379)-FKBP*-mGFP, FKBP* was PCR amplified 
from pC4M-Fv2E (Ariad Pharmaceuticals), and ligated into the BamHI and SalI sites of pβactin-mGFP, followed by 
the upstream insertion of KIF19(1-379).

Primary hippocampal neuron culture, transfection and immunofluorescent staining
Primary hippocampal cultured neurons from embryonic day 18 (E18) rat brains were prepared as described 
previously (Kapitein et al., 2010b). In short, neurons were plated on coverslips coated with poly-L-lysine (37.5 
µg/ml) and laminin (1.25 µg/ml) at a density of 100.000 per well (high density) or 50.000 per well (low density), 
and grown in Neurobasal medium supplemented with 0.5 mM glutamine, 15.6 µM glutamate, 2 % B27 and 1 % 
penicillin/streptomycin. Hippocampal neurons were transfected at 0 or 1 day-in-vitro (DIV) using Lipofectamine 
2000 (Invitrogen). DNA (1.8 µg / well, for a 12-well plate) was mixed with 3.3 µL Lipofectamine 2000 in 200 µl 
NB, incubated for 30 minutes and then added to the neurons in Neurobasal supplemented with 0.5 mM glutamine 
at 37 °C in 5 % CO2 for 60 minutes. Next, neurons were washed with Neurobasal and transferred to the original 
medium at 37 °C in 5 % CO2 for 3 or 4 days. For taxol treatments, neurons were treated at DIV 4 with 10 nM 
taxol for 48 hours.
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Immunocytochemistry of dissociated hippocampal neurons was performed by fixing the cells with 4 % 
paraformaldehyde (PFA)/4 % sucrose in phosphate buffer (PBS) at room temperature for 10 minutes. Neurons were 
then washed 3 times for 5 minutes in PBS at room temperature, and incubated with the primary antibody mix in 
GDB buffer (0.2 % Gelatin, 0.9 M NaCl, 0.6 % Triton X-100, 33.3 mM phosphate buffer, pH 7.4) overnight at 4 °C. 
Cells were washed 3 times for 5 minutes in PBS at room temperature, and incubated with the secondary antibody 
mix in GDB buffer for 1 hour at room temperature. After washing 3 times in PBS, the coverslips were mounted on 
slides in Vectashield mounting medium (Vector Labs) or Mowiol.

Primary cortical neuron culture and transfection
Primary cortical cultured neurons were prepared from embryonic day 18 (E18) rat brains. Cells (1.2 x 106) were 
transfected using the AMAXA Rat Neuron Nucleofector kit (Lonza) with 3 µg of DNA, and plated on wells (for 
western blot analysis) or on coverslips (for immunostainings) coated with poly-L-lysine (37.5 µg/ml) and laminin 
(1.25 µg/ml). In short, cells were pelleted for 5 minutes at 200g, and ressuspended in NucleofectorTM solution 
supplemented with FCS. The cells were then added to the DNA, electroporated and plated in DMEM medium 
containing 10 % FCS. Cells were allowed to recover and adhere at 37 °C in 5 % CO2. After an incubation of 4 hours, 
the medium was replaced by Neurobasal medium supplemented with 0.5 mM glutamine, 15.6µM glutamate, 2 % B27 
and 1 % penicillin/streptomycin. Cells were grown at 37 °C in 5 % CO2 for 2, 4 or 7 days prior to lysis and Western 
blot analysis or fixation and immunocytochemistry as described for hippocampal neuron cultures.

Cultured cells, transfection and immunofluorescent staining
African Green Monkey SV40-transformed kidney fibroblast (COS-7) cells were cultured in DMEM/Ham’s F10 (50 
%/50 %) supplemented with 10 % FCS and 1 % penicillin/streptomycin at 37 °C and 5 % CO2. Cells were plated on 
24mm glass coverslips and transfected with Fugene6 (Promega). For live-cell imaging, coverslips were mounted in 
an imaging chamber. 

For immunocytochemistry, cells were fixed for 10 minutes with paraformaldehyde (4 %) and washed 3 
times for 5 minutes in PBS at room temperature. After permeabilization with 0.1 % Triton-X-100 in PBS for 15 
minutes, cells were incubated with the primary antibody mix in GDB buffer (0.2 % Gelatin, 0.9 M NaCl, 0.6 % Triton 
X-100, 33.3 mM phosphate buffer, pH 7.4) overnight at 4°C. After washing 3 times in PBS, cells were incubated with 
the secondary antibody mix in GDB buffer for 1 hour at room temperature. Cells were then washed 3 times in PBS, 
and the coverslips were mounted in Mowiol.

Live-cell imaging and image processing
Time-lapse live-cell imaging of COS-7 cells was performed on a Nikon Eclipse TE2000E microscope (Nikon) with 
a Plan Fluor 40x objective NA 1.3 (Nikon), equipped with a CoolSnap HQ2 CCD camera (Photometrics) and an 
incubation chamber (INUG2-ZILCS-H2, Tokai Hit) mounted on a motorized stage (Prior). A mercury lamp (Osram) 
and a filter wheel containing the emission filters ET-GFP (49002), ET-dsRed (49005), ET-mCherry (49008) and ET-
GFP-mCherry (59002) (all Chroma) were used for excitation. Coverslips were mounted in metal rings, immersed 
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), and maintained at 37 °C and 5 % CO2. Cells were imaged at every 30 s for 45 minutes. To 
homodimerize KIF19-FKBP*-GFP, 1 μM rapalog (previously dissolved in ethanol) was added to the culture medium 
during imaging.

Western blotting
4 or 7 days after transfection, the medium was aspirated, and neurons were lysed in SDS-page sample buffer 
containing DTT and boiled for 10 minutes. The lysates were loaded onto SDS-PAGE gels and blotted on PVDF 
membranes. After blocking with 3 % BSA in 0.1 % Tween/PBS for 1 hour, the blots were incubated with the primary 
antibody mix overnight at 4 °C. After washing 3 times in 0.1 % Tween/PBS, the blots were incubated with the 
secondary antibodies conjugated to horseradish peroxidase for 1 hour. Blots were washed in 0.1 % Tween/PBS and 
developed using enhanced chemiluminescent Western Blotting substrate (Pierce).
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Quantitative RT-PCR
Freshly isolated rat cortical neurons were transfected using the AMAXA Rat Neuron Nucleofector kit (Lonza) and 
seeded on poly-D-lysine pre-coated plates. After 48 hours, neurons were lysed and RNA was isolated using the 
RNA mini kit (Qiagen). Reverse transcription was performed using the High Capacity Reverse Transcription kit 
(Applied Biosystems), and qPCR was performed as previously described (Malik et al., 2013). The following TaqMan 
rat probes were used for gene expression analysis: GAPDH Rn99999916_s1 and KIF19 Rn01470721_m1. SDS 2.4 
and RQ Manager 1.2.1 programs were used for data acquisition and preliminary analysis. Data were analyzed by 
comparative Ct method for relative quantification.

Image analysis and quantification
Image processing and analysis was performed using ImageJ (US National Institute of Health) and MetaMorph 
(Molecular Devices). Unless stated otherwise, images were taken using a 40x/1.3 NA objective (Nikon) Plan Fluor 
objective, a 60x/1.4 NA Plan Apo VC objective or a 100x/1.4 NA Plan Apo VC objective on a Nikon Eclipse 80i 
microscope, equipped with a CoolSnap HQ2 CCD camera (Photometrics). 

Morphometric analysis. For analysis of neuronal morphology, GFP was used as a cell-fil, and images were 
acquired using Olympus BX53 upright fluorescent microscope using a 10x/0.30 NA UplanFL objective (Olympus). 
The axon was identified as the non-MAP2 positive neurite. Only neurons with clearly defined neuronal arborization 
and no overlapping neighboring cells were imaged and analyzed. Total axonal length, axon length, number and mean 
length of axonal branches, total dendritic length, number and mean length of primary dendrites, and number and 
mean length of dendritic branches were quantified using ImageJ software and the NeuronJ plugin (Meijering et al., 
2004). The axon length was determined by tracing the longest neurite, and total axonal length was calculated as the 
sum of the length of the axon and its branches. The total dendritic length was calculated as the sum of the length 
of all primary dendrites and their branches.

Quantification of Golgi area. To determine the area of the Golgi in the cell body of the neurons, we visualized 
Golgi morphology using the trans-Golgi marker GM130. Images were first binarized.

Statistics
Data are represented as mean values ± standard error of the mean, unless stated otherwise. Statistical analysis was 
performed using GraphPad Prism software. For the comparison of multiple groups, we used the Kruskal-Wallis test 
followed by a posthoc Dunn’s comparison test. For the comparison of fractions, we used a one-tailed or two-tailed 
Fisher’s exact test or a Chi-square test. For the comparison between control and knockdown, we used a two-tailed 
t-test or a two-tailed Mann-Whitney test. The used test is stated in each figure legend.

Differences between control and treatment were considered significant when p < 0.05 (*, p < 0.05; **, 
p< 0.01; ***, p < 0.001). In all figure legends and text, N indicates the number of independent experiments, and n 
indicates the number of cells analyzed.
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SUPPLEMENTARY INFORMATION

Supplementary table 1. Overview of shRNA target sequences used in this study.

Family shRNA sequence 5'- 3'
#1 GGACACCAGCGAAAACGGA
#2 GCTGGTACGTGACAATGCA
#3 GAGACCAATAACGAATGCA
#1 GGTTATGCAAGACAGACGA
#2 GGAATATGAATTGCTTAGT
#3 GCCTTATGCATTTGATCGT
#1 GGATCGCACACGATATTTT 
#2 CAATGCCTGTGCGAAGCAG
#3 GCTGTCAATTACGACCAGA
#1 GTGCGACCAATATGAACGA
#2 CGTATCGGAACTCTAAACT
#3 GTTGGTGCGACCAATATGA
#1 GGATACAAGAGACCACTGA
#2 GGTCAGGGCATCTTACTTA
#3 GGGCATCTTACTTAGAGAT
#1 ATACAGGGCTGAAAATATA
#2 GGAATTTTCTCATGACCAA
#3 CCACGTCTAAAGTGCGAAA
#1 CAGGATGACCGGACCTTCT
#2 GACCGGACCTTCTACCAGT
#3 GTCATCAGGATACGTCCAT
#1 GGGCTAAACATTTCGTTGT
#2 GCAACGCTGTTATCAATGA
#3 CTGGATCTAATGCGAGAGA
#1 CGTACCTTATCGAGATTCA
#2 GAACCAGTTAGACGTGTCT
#3 GCTCATTAAACGACGGGAA
#1 GAAGCCGACAAACGTTGAA
#2 GACGAGAAATTGACTTACA
#3 GGATGATGCTGACCGAGAG
#1 CATAAACAGCACTTATGTT 
#2 CATCCCGATATGAAACAAA 
#3 CGCTCTCATTCCGTTTTCA 
#1 CCTTCGCTATGCAAATAGA
#2 GGCCTAGATAACATTCTCT
#3 CTGCCAAACTTAGGGAGAA
#1 CTAATGTGCTCAGACGTAA
#2 CCCAAACCTTTCCGTATTA
#3 CCTTCGCTATGCTGACAGA
#1 GAAGTCTAGAATCGGAAGT
#2 CAAGCGGTTATCCATCTAT
#3 GGTTATCCATCTATCAGAT
#1 GGTCGACACATGTGGATAA
#2 GAGCAAGGTATTATCCCAA
#3 GGATAAACCAGGAGCTCAA
#1 CACGCACTGTGAATACAGA
#2 CCGCGAACATAGATTACAT
#3 GCAAACATCACGTGCGAAA
#1 GACGCTCACTGCTAAGTTC
#2 CCCTCGTTGAGATCAAAGA
#3 CTCACTATGACGGTATCGA
#1 GGTGATAAATTTGCGAGAA
#2 CGTATAGGGATGCGAAGAT
#3 GGACCTTCACATCCGAGAA
#1 GCTGGTATAATTCCACGTA
#2 CCACGTACTCTTCATCAGA
#3 GCAGAGTTATTTACGGATA

Alias

Kinesin-1

KIF5A

KIF5B

KIF5C

Kinesin-2

KIF3A

KIF3B

KIF3C

KIF1A

Kinesin-3

KIF14

KIF16B

KIF1B

Kinesin-5 KIF11

KIF13A

KIF13B

Kinesin-4

KIF4A

KIF4B

KIF7

KIF21A

KIF21B

KIF27

Family shRNA sequence 5'- 3'
#1 CGGCAATCCTTACGTGAAA
#2 CTTCGAATCAGACCGTTCT
#3 GCATCTACATATGACGAAA
#1 GGAGAAACGACATCGCTTA
#2 GAAGTGGTCAATAGTACAA
#3 CCTTGTTAGAACGGCAGAA
#1 GGAAGGATCTAGCGATGAA
#2 GCTGTTACATAAATCGGAA
#3 CTGAAGGTATGCGATTGAA
#1 GCAGCTACTAGACAATGGA
#2  TTTGTAGAAGGCACAAATA
#3 GACACATATAACACTCTTA
#1 CCTATGAGGATACTTACAA
#2 AGATCTTTGTGAAGCAGCA
#3 TGACCACCATGGAACTGTA
#1 GCAATGACATGGAATATGA
#2 CCAAGTGTATCTCCGTGAA
#3 CGGGAGAAGTCATACCTCT
#1 CAGACGGATTCGTAAACAA
#2 CCGACATGCTAAGCTTCAT
#3 CGTACACATATCCCTTACA
#1 GCAATGACATGGAATATGA
#2 GTTAGACGAAACGCTATCT
#3 CGGGAGAAGTCATACCTCT
#1 GAGAGCGAATGGTACTCAT
#2 GCTTAAGATGAAGCAAAAA
#3 GGAATTCGGCTAAAAGAGA
#1 GCGGTTTCGATAACTCAGA
#2 GGAGTGTATAGATGGCAGT
#3 AGATCAAGGTGTATGAGAT
#1 GCTCAACCGTTACAATGCT
#2 GTGACCGACAACATTAGGA
#3 CCTACACCATGATCGGAAG
#1 GCCAATAGCATTAACCGCA
#2 CTTCACCTGGCTATTAGAT 
#3 GAAGCTTTGATGGAACTAT 
#1 GGCTATTGCTCGACTAGAA
#2 CCTACGATAACTTACAAGA
#3 GGAAATTGATAGGTCATCA
#1 GTTGTTTACTTTCCACGAA
#2 GATCGGGATTTACGTGGAA
#3 GAACTGACTGTGGATCCAA
#1 GAAAGAAGATTGAACTGGA
#2 CACAATGGGTGGAGCCTTT
#3 GGCAATACAAATTCGGAAA
#1 CAACGCAGCAATGGGTTAA
#2 GTGACGTTCTTCGAGATCT
#3 GCCAATATAAGCACGGTGA
#1 GGATAGAGCTGGTTATGGT
#2 GTGCTTAGAATCAGACTCT
#3 CAGTCGGAATCAGACATCT
#1 CCAGTTACGTAGAGATCTA
#2 CTGTCACCAATGCACGATA
#3 CACGTGCCTTACCGAAATA
#1 CACACTGGGACGTACCTAA 
#2 GGCACCACTGCAGTTTTAT 
#3 CGCCCTAATTACGCTGACT
#1 CGAGAACCCAGGCATTAAT
#2  CAGCTCCGGGACAGGTTAT 
#3 CCACCTGTTAAGTATGTCA

Alias

KIF23

Kinesin-7 KIF10

KIF20A

Kinesin-6

Kinesin-8

KIF18A

KIF18B

KIF19

Kinesin-9

KIF6

KIF9

Kinesin-13

KIF2A

KIF2B

KIFC2

KIFC3

KIF2C

KIF24

Kinesin-14

KIFC1

KIF22

Kinesin-11

KIF26A

KIF26B

Kinesin-12

KIF12

KIF15

Kinesin-10
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ABSTRACT
During development, neurons establish precise synaptic connections that are essential 
for the information flow within the brain. Synaptic maintenance and function relies on 
the constant supply of synaptic proteins from and to the synapse. As most of the proteins 
are synthesized in the cell body, they need to be carried in different vesicles and protein 
complexes by molecular motors. Motor proteins walk along cytoskeletal filaments, and they 
have been shown to be important for neuronal function and plasticity. So far, the contribution 
of individual motor proteins for the maintenance of both excitatory and inhibitory synapses 
is not known. Here, we systematically addressed the role of motor proteins in the density 
of excitatory and inhibitory synapses within hippocampal neurons. We found that eight 
kinesins from different families are involved in the support of excitatory synapses, with 
weaker effects on inhibitory synapses. Moreover, we found that dynein-interacting proteins, 
some with undescribed roles in synaptic function, are required for the maintenance of both 
types of synapses. We uncovered roles for dynein-interacting proteins in spine maturation, in 
the surface level of excitatory neurotransmitter receptors and in the trafficking of recycling 
endosomes. Our data suggest a link between motor protein activity and synaptic structure 
in hippocampal neurons.
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INTRODUCTION
Synapses are the basic communication units of the brain, mediating the transmission and 
storage of information. Synaptic function requires the release of neurotransmitter from 
the presynaptic terminal and the presence of neurotransmitter receptors and associated 
proteins at the postsynaptic site. Mainly two types of synapses are established in the brain: 
excitatory and inhibitory synapses. Excitatory synapses use glutamate as the neurotransmitter 
and induce the depolarization of the postsynaptic neuron, whereas inhibitory synapses 
hyperpolarize the postsynaptic neuron by releasing γ-aminobutyric acid (GABA) (Ben-Ari et 
al., 2007). The establishment and refinement processes of synapse assembly are critical for 
the proper function of the brain, and dysregulations on synaptic transmission are implicated 
in many neurological disorders (van Spronsen and Hoogenraad, 2010).

Most of the proteins necessary for the establishment and maintenance of pre- and 
postsynaptic terminals are produced at the cell body, and have to be delivered to the proper 
location within the axon and dendrites, respectively. Therefore, intracellular transport 
is crucial for synapse development and maintenance. Motor proteins are divided into 3 
superfamilies (kinesin, dynein and myosin), and have been shown to promote the movement 
of synaptic cargoes and to regulate the underlying cytoskeletal filaments (Hirokawa et 
al., 2010). While in axons and dendrites microtubules and neurofilaments are the major 
cytoskeletal filaments, pre- and postsynaptic terminals are enriched in actin filaments 
(Hirokawa et al., 2010). Kinesin and dynein proteins walk along microtubule rails, which 
exhibit mixed polarity in dendrites (Baas et al., 1989), while in synaptic regions myosin 
proteins are the main delivery system by their ability to walk along actin filaments (Kneussel 
and Wagner, 2013). Kinesins from the kinesin-1, kinesin-2 and kinesin-3 families have been 
shown to be important for the transport of neurotransmitter receptors (Setou et al., 2000; 
Setou et al., 2002; Twelvetrees et al., 2010) and synaptic vesicles (Niwa et al., 2008; Wagner et 
al., 2009). Moreover, dynein-interacting proteins have been associated with the development 
of synapses by interacting with cell-adhesion molecules (Perlson et al., 2013) and scaffolding 
proteins as GKAP (Moutin et al., 2012), suggesting a role for dynein in synapse specification 
and stabilization. Myosin proteins are not only involved in the transport to and from the 
pre- and postsynaptic sites, but also in the regulation of the actin cytoskeleton dynamics 
(Kneussel and Wagner, 2013). Interestingly, mutations in motor protein encoding genes 
have been linked to neurological disorders (Franker and Hoogenraad, 2013; Hirokawa et 
al., 2010; Kneussel and Wagner, 2013), therefore it is important to understand the role of 
motor proteins in synapse formation and function. The majority of the studies so far have 
addressed the role of a single motor protein in the development and function of one type 
of synapse, and a systematic assessment of the contribution of each motor protein for the 
maintenance of both excitatory and inhibitory synapses is missing. In order to address the 
role of motor proteins in excitatory and inhibitory synaptic maintenance, we performed a 
targeted-knockdown screen and assessed changes in the density of excitatory and inhibitory 
synapses within the same hippocampal neuron. Our data revealed that eight kinesins from 
different families are involved in excitatory synapse maintenance, while inhibitory synapses 
are less affected by the depletion of kinesin proteins. On the other hand, dynein-interacting 
proteins are required for the maintenance of both synapse types, and are involved in 
dendritic spine maturation and in the delivery of excitatory neurotransmitter receptors. 
Therefore, we provide a mechanistic link between motor proteins and synaptic structure in 
hippocampal neurons.
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RESULTS AND DISCUSSION
For rapid adaptation to changes in network activity, synapses need a constant supply of 
proteins, ranging from neurotransmitter receptors to scaffolding proteins, and this flux is 
established by motor proteins. In this study, we addressed the role of motor proteins in the 
maintenance of neuronal synapses in hippocampal neurons by using a targeted knockdown 
screen approach. As the timeline of synaptogenesis can differ with culturing conditions (van 
den Pol et al., 1998), we first assessed the time-course of excitatory and inhibitory synapse 
formation in our cultured hippocampal neurons. We transfected hippocampal neurons with 
GFP-Homer1c, in order to visualize excitatory postsynaptic densities, and empty pSuper 
vector at different days-in-vitro (DIV), and we fixed the cells 4 days later. We then performed 
immunostainings for Gephyrin, an inhibitory postsynaptic marker, and Bassoon, a presynaptic 
protein present in both excitatory and inhibitory terminals (Figure 1A). To analyze the 
density of excitatory and inhibitory synapses, we quantified the overlap between Homer and 
Bassoon (Figure 1B, top), and Gephyrin and Bassoon (Figure 1B, bottom), respectively (more 
details are given in the Methods section). The density of inhibitory synapses was low in DIV 
12 neurons, but it increased as neurons mature (Figure 1C). Similar results were observed 
for the density of excitatory synapses, where we observed a plateau at DIV 18 (Figure 

Figure 1. Synapse development in cultured hippocampal neurons.
(A) Representative images of days-in vitro (DIV) 12 and DIV 18 hippocampal neurons transfected with GFP-
Homer1c and empty pSuper vector for 4 days. Neurons were immunostained for inhibitory postsynaptic protein 
Gephyrin (red) and presynaptic protein Bassoon (blue). Scale bar 10 µm.
(B) Example of an excitatory (up; box 1 in A) and an inhibitory (down; box 2 in A) synapse upon analysis using 
PunctaAnalyzer. An excitatory synapse (green) was defined by the co-localization of GFP-Homer1c (yellow) and 
Bassoon (blue), while an inhibitory synapse (dark blue) was defined by the co-localization of Gephyrin (magenta) 
and Bassoon (blue). Scale bar 1 µm.
(C-E) Quantification of inhibitory (C) and excitatory (D) synapses, and bassoon puncta (E) per 10 μm in hippocampal 
neurons at the indicated DIV. 3 stretches of dendrite were analyzed per cell (n = 10 cells per condition). Kruskal-
Wallis test followed by post-hoc Dunn’s multiple comparison test (comparison between DIV 12 and remaining 
DIVs). * p < 0.05, ** p < 0.01, *** p < 0.001.
Error bars represent mean ± SEM. Red bars indicate p < 0.05.
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1D). The observed increases in synaptic density as the neuron matures are illustrated by 
increases on the density of individual synaptic puncta, such as Bassoon along the dendrites of 
transfected cells (Figure 1A,E). We also found that, from DIV 14 onwards, the rate of synapse 
formation seems to decrease, and the global neuronal network seems to be stabilized by DIV 
18 (Figure 1C,D). Together, these data show that performing transfections of hippocampal 
neurons at DIV 14 and fixing the cells at DIV 18 is an appropriate window to identify motor 
proteins that play a role in synaptic maintenance.

Eight kinesin proteins are involved in the maintenance of excitatory synapses in 
hippocampal neurons
We performed a targeted knockdown screen of almost all kinesin motor proteins, using a 
pool of three shRNAs targeting the same protein. We found that the knockdown of seven 
kinesin proteins from different families decreased the density of excitatory synapses in 
comparison to control cells (Figure 2A,B).  Specifically, knocking down KIF1A (kinesin-3), 
KIF13A (kinesin-3), KIF21B (kinesin-4), KIF10 (kinesin-7), KIF15 (kinesin-12), KIF24 
(kinesin-13) and KIFC1 (kinesin-14) significantly reduced the density of excitatory synapses 
by at least 42 % (Figure 2B). The depletion of these proteins did not induce significant changes 
on the density of inhibitory synapses (Figure 2E). Except for KIFC1 depletion, the reduction 
on excitatory synapse density seems to be due to a decrease in the density of excitatory 
postsynaptic specializations, rather to a decrease in presynaptic structures formed onto the 
dendrites of the transfected neuron (Figure 2C,D). Oppositely to these seven kinesins, we 
found that depletion of KIF6 (kinesin-9) increased the density of excitatory synapses (Figure 
2B), suggesting that KIF6 may act as a brake for synaptic development. Regarding inhibitory 
synapses, we observed that only KIF22-depleted neurons exhibited significant changes in the 
density of inhibitory synapses, with a ~75 % reduction in the density of inhibitory synapses 
(Figure 2A,E). These results indicate that KIF22, a plus-end directed kinesin with described 
roles in mitosis (Ohsugi et al., 2008), may be important for the maintenance of inhibitory 
synapses.

To further validate our results, we performed transfections using a single shRNA 
per kinesin. We could reproduced the results for single shRNAs targeting KIF1A, KIF13A 
and KIF21B, but not KIF24 and KIF22 (Figure 2F,G), suggesting a possible off-target effect. 
Our results point towards a dendritic function of KIF1A and KIF13A in excitatory synaptic 
maintenance, even though KIF1A is normally regarded as an important axon motor protein 
(Niwa et al., 2008; Wagner et al., 2009; Zhang et al., 2017). However, depletion of KIF1A was 
recently shown to affect the transport of dense-core vesicles in dendrites of hippocampal 
neurons (Lipka et al., 2016), consistent with our results. It would therefore be interesting to 
address which cargo is transported by KIF1A and KIF13A to support excitatory synapses. 
The phenotype observed after KIF21B depletion is in line with a study characterizing the 
KIF21B knockout mouse, in which KIF21B-/- neurons exhibited a reduction in spine density 
and surface expression of synaptic receptors (Muhia et al., 2016). As KIF21B is a motor 
protein with roles in both trafficking and microtubule dynamics in neuronal cells (Ghiretti 
et al., 2016; Muhia et al., 2016), it would be interesting to understand which KIF21B function 
is related to the maintenance of excitatory synapses. Altogether, our data show that kinesin 
motor proteins are essential for the maintenance of excitatory synapses in hippocampal 
neurons, and suggest that kinesin function may be required for the proper functionality or 
localization of postsynaptic density proteins.
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Figure 2. KIF1A, KIF13A, KIF21B and KIF24 are involved in the development of excitatory synapses 
in hippocampal neurons.
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Depletion of MyosinX decreases the density of excitatory synapses
Actin is highly enriched in synaptic regions, and here myosin proteins are important for short-
range transport and regulation of actin dynamics. Therefore, we assessed the contribution 
of neuronal myosin proteins for sustaining excitatory and inhibitory synapses. Similar to 
the kinesin screen, we used a pool of three shRNAs targeting the same protein. Knocking 
down non-muscle MyoIIb and MyoX changed the density of synapses along the dendrites of 
hippocampal neurons (Figure 3A). MyoX-depleted neurons showed a significant decrease in 
the density of excitatory synapses (Figure 3B) by reducing the number of Homer-positive 
protrusions (data not shown). This effect was confirmed when we tested the individual 
shRNAs (Figure 3D). In the brain, MyoX has been shown to be involved in early stages of 
synaptogenesis and spinogenesis (Lin et al., 2013). Moreover, knocking down MyoX showed 
a previously undescribed role in inhibitory synapses, as MyoX-depleted neurons showed a 
decrease of ~60 % in the density of inhibitory synapses (Figure 3C). MyoIIb also reduced the 
density of both excitatory and inhibitory synapses by 33 % and 37 %, respectively, but these 
effects did not reach significance. Even though MyoIIb has been linked to excitatory synapse 
formation and plasticity (Hodges et al., 2011; Rex et al., 2010), MyoIIb role on inhibitory 
synapse function has not been addressed. As the effects of MyoX and MyoIIb depletion seem 
to be similar in both types of synapses, our results suggest that these proteins are required 
for general processes underlying synapse formation. Therefore, it would be interesting to 
further investigate the role of both MyoX and MyoIIb in regulating actin-based processes 
at inhibitory synapses, similar to the ones observed at excitatory synapses. Given their 
prominent role in the delivery of synaptic cargo (Kneussel and Wagner, 2013), it was 
surprising that the MyoV and MyoVI did not induce major changes in either type of synapse. 

Dynein-interacting proteins are necessary for supporting of excitatory and 
inhibitory synapses
Cytoplasmic dynein promotes minus-end directed transport of cargoes along the microtubule 
cytoskeleton, and consists of a massive complex of proteins of 1-2 MDa. This complex is 

(A) Representative images of DIV 18 hippocampal neurons transfected at DIV 14 with pSuper (control) or 
KIF13A-, KIF21B-, and KIF22-shRNA pools and GFP-Homer1c. Neurons were immunostained for Gephyrin (red) 
and Bassoon (blue). Scale bar 10 µm.
(B) Average excitatory synapse number per 10 µm of dendrite in DIV 18 hippocampal neurons transfected at DIV 
14 with pSuper (control) or indicated kinesin-shRNA pools and GFP-Homer1c. n = 16-20 cells from 2 independent 
experiments were analyzed per condition (for control, n = 125 cells, N = 3), except for KIF26 and KIF15 (n = 9 
cells). Kruskal-Wallis test followed by post-hoc Dunn’s multiple comparison test. * p < 0.05, *** p < 0.001. 
(C-E) Average number of Homer (C) and Bassoon (D) puncta, and inhibitory synapses (E) per 10 µm of dendrite 
in DIV 18 hippocampal neurons transfected at DIV 14 with pSuper (control) or indicated kinesin-shRNA pools and 
GFP-Homer1c. n = 18-20 cells from 2 independent experiments were analyzed per condition (for control, n = 125 
cells, N = 3), except for KIF15 (n = 9 cells). Kruskal-Wallis test followed by post-hoc Dunn’s multiple comparison 
test. * p < 0.05, ** p < 0.01.
(F-G) Average excitatory (F) and inhibitory (G) synapse number per 10 µm of dendrite in DIV 18 hippocampal 
neurons transfected for 4 days with pSuper (control) or indicated single shRNAs and GFP-Homer1c. n = 16-20 
cells from 2 independent experiments were analyzed per condition (for control, n = 126 cells, N = 5), except for 
KIF13A-#2 (n = 10 cells, N = 1). Kruskal-Wallis test followed by post-hoc Dunn’s multiple comparison test. * p < 
0.05, ** p < 0.01, *** p < 0.001.
Error bars represent mean ± SEM. Red bars indicate p < 0.05.
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composed of different subunits that include heavy chains, intermediate chains, intermediate 
light chains and light chains, and can further associate with the dynactin complex and 
accessory factors that can influence dynein activity (van den Berg and Hoogenraad, 2012).  
Dynein has been shown to be involved in the transport of several synaptic cargoes, including 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) and glycine 
receptor vesicles (Kapitein et al., 2010a; Maas et al., 2006). However, the contribution of 
the dynein complex for synaptic maintenance remains obscure. Therefore, we extended our 
screen to investigate the contribution of each dynein-interacting protein for the support 
of synapses in hippocampal neurons. We adapted a previously published library of siRNAs 
targeting the human sequences of each individual subunit of the dynein-dynactin complex 
and dynein adaptor proteins (Raaijmakers et al., 2013). We transfected DIV 14 hippocampal 
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Figure 3. MyoX depletion reduces the density of excitatory synapses.
(A) Representative images of DIV 18 hippocampal neurons transfected for 4 days with pSuper (control) or MyoIIb- 
and MyoX-shRNA pools and GFP-Homer1c. Neurons were immunostained for Gephyrin (red) and Bassoon (blue). 
Scale bar 10 µm.
(B-C) Average excitatory (B) and inhibitory (C) synapse number per 10 µm of dendrite in DIV 18 hippocampal 
neurons transfected at DIV 14 with pSuper (control) or indicated myosin-shRNA pools and GFP-Homer1c. n = 
18-20 cells from 2 independent experiments were analyzed per condition (for control, n = 39 cells, N = 3). Kruskal-
Wallis test followed by post-hoc Dunn’s multiple comparison test. *** p < 0.001.
(D) Average excitatory synapse number per 10 µm of dendrite in DIV 18 hippocampal neurons transfected for 4 
days with pSuper (control) or single shRNAs targeting MyoX. n = 20 cells from 2 independent experiments were 
analyzed per condition (for control, n = 38 cells, N = 2).
Error bars represent mean ± SEM. Red bars indicate p < 0.05.
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neurons with GFP-Homer1c and single shRNA targeting the different dynein-interacting 
proteins for 4 days, and performed immunostainings for Gephyrin and Bassoon. Depleting 
dynein regulators generally affected the morphology of hippocampal neurons, and revealed 
that they are important for the proper maintenance of synapses (Figure 4A-C). As expected, 
impairing dynein movement by depleting the two dynein heavy chains (DHC1/2) prominently 
reduced the density of both types of synapses (Figure 4B,C). Besides dynein heavy chains, 
neurons depleted of dynactin subunit 6 (DCTN6) and dynein light chain LC8-type 1/2 
(DLL1/2) also showed impairments in the maintenance of both types of synapses (Figure 
4B,C). Interestingly, DLLs can associate with excitatory postsynaptic marker GKAP (Naisbitt 
et al., 2000) and gephyrin (Fuhrmann et al., 2002), which may explain our findings. 

Opposite to kinesin proteins, several dynein interactors seem to be specifically 
important for sustaining inhibitory synapses, including dynactin subunit 3 (DCTN3) and 
Centromere/kinetochore protein zw10 homolog (ZW10) (Figure 4C). We could reproduce 
the effect of DCTN3, DCTN6 and ZW10 on synapses by transfecting neurons with other 
shRNAs targeting these proteins (Figure 4D,E). In control neurons, approximately 30 % of 
the gephryin puncta is associated with presynaptic Bassoon, but this percentage is decreased 
by the depletion of DCTN3, DCTN6 and ZW10 (Figure 4F), further confirming that these 
proteins are important for inhibitory synapses. These results show that dynein interactors 
are generally central for synaptic maintenance, and that three proteins with no previously 
reported role in synapses are important for this process.

Characterization of DCTN3, DCTN6 and ZW10
DCTN3 (p22/24) has been reported to interact with DCTN1 (p150) and two DCTN2 
(p50) subunits, stabilizing the shoulder complex of dynactin (Terasawa et al., 2010). DCTN6 
(p27) seems to have a distinct function from DCTN3, as it forms heterodimers with DCTN5 
(p25) to mediate the binding of dynactin/dynein complex to early and recycling endosomes 
(Yeh et al., 2012). It is therefore interesting that deletion of DCTN3 and DCTN6, but not of 
other dynactin subunits, decreased the density of inhibitory synapses, suggesting that these 
proteins may have dynactin-independent roles in hippocampal neurons. ZW10 (Zeste-white 
in Drosophila and C. elegans) is mainly known for its role in mitosis (Chan et al., 2000; Starr 
et al., 1998), but it is also involved in ER-Golgi trafficking during interphase (Arasaki et al., 
2007; Hirose et al., 2004). In order to study the molecular function of DCTN3, DCTN6 and 
ZW10, we generated N-terminally tagged expression constructs and purchased antibodies 
previously used in published studies. We validated the antibodies reactivity and specificity 
using immunocytochemistry in HeLa cells and hippocampal neurons (Figure 5A,D,G), where 
the antibodies could recognize the overexpressed protein. We then assessed the efficiency 
of the two shRNAs targeting the different proteins in hippocampal neurons and in A7r5 
rat fibroblast cells. Our preliminary results showed that DCTN3-targeting shRNAs do not 
decrease DCTN3 intensity in the soma of hippocampal neurons (Figure 5B), but that the 
shRNA #1 is able to decrease the fluorescence signal by ~34 % in A7r5 cells (Figure 5C). 
Moreover, we also found that DCTN6-targeting shRNA #1 reduced the DCTN6 intensity 
signal by ~42 % in hippocampal neurons (Figure 5E). However, we could not confirm this 
effect in A7r5 cells (Figure 5F). Even though we could not observe a reduction in the 
fluorescence signal of ZW10 in ZW10-depleted neurons (Figure 5H), we found that more 
than 90 % of the cells transfected with shRNA #1 exhibited an abnormal Golgi morphology 
(Figure 5I). Depletion of ZW10 promotes Golgi morphology disruption in human cells (Sun 
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Figure 4. Dynein-interacting proteins are necessary for proper maintenance of excitatory and 
inhibitory synapses.
(A) Representative images of DIV 18 hippocampal neurons transfected for 4 days with pSuper (control) or 
DHC1/2-, DCTN3-, DCTN6- or ZW10-shRNA and GFP-Homer1c. Neurons were immunostained for Gephyrin 
(red) and Bassoon (blue). Scale bar 10 µm.
(B-C) Average excitatory (B) and inhibitory (C) synapse number per 10 µm of dendrite in DIV 18 hippocampal 
neurons transfected at for 4 days with pSuper (control) or indicated shRNAs and GFP-Homer1c. n = 16-30 cells 
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et al., 2007), so the phenotype we observed may indicate that we are indeed changing ZW10 
expression levels. Overall, our preliminary immunocytochemistry results do not show a 
consistent reduction in the expression of the studied proteins in hippocampal neurons and 
A7r5 cells. Future experiments involving electroporation of cortical neurons and western 
blot analysis or quantification of mRNA levels using Q-RT-PCR will be necessary to validate 
our shRNA constructs.

To gain more insights into the possible role of DCTN3, DCTN6 and ZW10 in 
maintaining inhibitory synapses, we performed pull-down experiments combined with mass 
spectrometry analysis to identify potential interactors of these proteins. Biotinylated and 
GFP-tagged (bioGFP) DCTN3, DCTN6 and ZW10 constructs were co-expressed with the 
biotin ligase BirA in HEK293 cells, and the cell extracts were used for pull-down assays with 
rat brain lysate. Interestingly, the mass spectrometry analysis of DCTN6 and ZW10 pull-
downs identified a possible interaction with neurobeachin and neuroplastin, respectively 
(Figure 5J). Neurobeachin is a brain-specific A-kinase anchor protein (AKAP) recently shown 
to regulate the targeting of γ-aminobutyric acid type A receptors (GABAAR) to synapses 
(Farzana et al., 2016). Neuroplastins are cell-adhesion proteins from the immunoglobulin 
superfamily that comprise two isoforms, Neuroplastin-55 (Np55) and Neuroplastin-65 
(Np65).  Np65 is present in both pre- and postsynaptic sites and is able to interact with 
GABAAR (Herrera-Molina et al., 2014; Sarto-Jackson et al., 2012). These results may provide 
a possible link to the effect of DCTN6 and ZW10 on inhibitory synapses, and it will therefore 
be interesting to address if Neurobeachin interacts biochemically with DCTN6, as well if 
Np65 does so with ZW10.

Dynein-interacting proteins are necessary for spine maturation and receptor 
delivery to excitatory synapses
We have also found that dynein-interacting proteins are required for the proper maintenance 
of excitatory synapses, such as dynein heavy chain1/2 (DHC1/2), dynein light intermediate 
chains 1/2 (DLIC1/2) and dynactin subunit 1 (DCTN1) (Figure 4B). To determine the role 
of these proteins in spine morphology, we co-transfected DIV 15 hippocampal neurons 
with the indicated shRNAs or empty pSuper vector, and MARCKS-GFP to highlight 
neuronal morphology for 3 days. We also used a dominant-negative construct of DCTN1 
(DCTN1-cc1), which only includes the first coiled-coil domain (amino acid 217-546), to 

from at least 2 independent experiments were analyzed per condition, except for TCTEL1/1L (n=10 cells) (for 
control, n = 137 cells, N = 5). Kruskal-Wallis test followed by post-hoc Dunn’s multiple comparison test. * p < 0.05, 
** p < 0.01, *** p < 0.001. 
(D-E) Average excitatory (D) and inhibitory (E) synapse number per 10 µm of dendrite in DIV 18 hippocampal 
neurons transfected for 4 days with pSuper (control) or indicated single shRNAs and GFP-Homer1c. n = 15-20 
cells from 2 independent experiments were analyzed per condition (for control, n = 19 cells, N = 2), except for 
ZW10-#2 (n = 9 cells, N = 1). The shRNA #1 represents the data obtained in B and C. Kruskal-Wallis test followed 
by post-hoc Dunn’s multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001.
(F) Percentage of synaptic Gephyrin puncta, determined by dividing the density of inhibitory synapses by the density 
of Gephyrin puncta, in DIV 18 hippocampal neurons transfected for 4 days with pSuper (control) or indicated single 
shRNAs and GFP-Homer1c. n = 15-20 cells from 2 independent experiments were analyzed per condition (for 
control, n = 19 cells, N = 2), except for ZW10-#2 (n = 9 cells, N = 1). The shRNA #1 represents the data obtained 
in B and C. Chi-square test. * p < 0.05, *** p < 0.001.
Error bars represent mean ± SEM. Red bars indicate p < 0.05.
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G3V852 Talin 1 5 5 5 5
D3ZWS0 Scribbled planar cell polarity protein 1 1 5 5
F1LX73 Neurobeachin 4 4
P85845 Fascin1 1 1 4 4
P09606 Glutamine synthetase 3 4 2 3
D3ZPP8 Neuronal-specific septin-3 3 3
Q812E9 Neuronal membrane glycoprotein M6-a 3 3 2 3

bio-GFP-ZW10Accession Protein bio-GFP bio-GFP-DCTN6 bio-GFP-DCTN3

Figure 5. Characterization of candidates DCTN6, DCTN3 and ZW10.
(A) Representative images of HeLa cells (up) and DIV 13 hippocampal neurons (bottom) transfected for 1 (HeLa) 
or 2 days (neurons) with GFP-DCTN3. Cells were immunostained for DCTN3 (red). The lower panel represents 
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compare with the effects of the DCTN1-targeting shRNA. Then, we fixed the cells and 
performed immunostainings for excitatory postsynaptic marker Homer1 and presynaptic 
protein Bassoon. We first quantified the density of dendritic protrusions outgrowing from 
the dendrite of the transfected neurons. We found that knockdown of dynein-interacting 
proteins affects the maturation level of dendritic protrusions (Figure 6A,B). More precisely, 
we observed that depletion of DHC1/2 and DLIC1/2 decreased the density of dendritic 
spines, similar to the overexpression of the DCTN1 dominant negative (Figure 6B). DLIC1/2-
depleted neurons also showed a significant increase in the density of filopodia (Figure 6B). To 
determine if the morphological changes were translated to deficiencies in synapse number, 
we quantified the density of excitatory synapses formed at the protrusion level by analyzing 
co-localization of endogenous Homer and Bassoon puncta. The number of excitatory 
synapses was significantly decreased upon depletion of DHC1/2 and DCTN1 similar to the 
effect observed before (Figure 4B), while depletion of DLIC1/2 led to a decrease of ~36 % 
in the density of spine synapses (Figure 6C). Interestingly, DLIC1/2-depleted neurons also 
showed an almost 2-fold increase in the density of excitatory shaft synapses, an effect also 
observed for the depletion of Rab11-FIP3, an adaptor of Rab11 recycling endosomes shown 
to interact with DLIC1 and 2 (Horgan et al., 2010a, b) (Figure 6D). The similar phenotype of 

the zoomed region indicated by the white box. Scale bars 20 µm.
(B) Quantification of knockdown efficiency of DCTN3 shRNAs in hippocampal neurons, normalized to control. 
Neurons were transfected at DIV 14 with MARCKS-GFP to highlight neuronal morphology and empty pSUPER 
vector (control) or indicated DCTN3 shRNAs, fixed 4 days later and immunostained for DCTN3. Dotted lines 
highlight the somatic area of the transfected neuron. n = 12 cells from 2 independent experiments were analyzed 
for DCTN3#1 and n = 6 cells from one experiment were analyzed for DCTN3#3 (for control, n = 16 cells, N = 2). 
Kruskal-Wallis test followed by post-hoc Dunn’s multiple comparison test.
(C) Quantification of knockdown efficiency of DCTN3 shRNAs in A7r5 cells, normalized to control. Cells were 
transfected for 2 days with empty pSUPER vector (control) or DCTN3 shRNAs and GFP, and immunostained for 
DCTN3. Dotted lines highlight the area of the nucleus (inner line) and the outline of the transfected cell. n = 9/10 
cells from one experiment were analysed per condition (for control, n = 8 cells, N = 1). 
(D) Same as A, but HeLa cells and hippocampal neurons were transfected with GFP-DCTN6, and immunostained 
for DCTN6 (red). 
(E) Same as B, but neurons were transfected with empty pSUPER vector (control) or indicated DCTN6 shRNAs. 
n = 13-16 cells from 2 independent experiments were analysed per condition (for control, n = 19 cells, N = 2). 
Kruskal-Wallis test followed by post-hoc Dunn’s multiple comparison test.
(F) Same as C, but cells were transfected with empty pSUPER vector (control) or DCTN6 shRNAs. n = 7 cells from 
one experiment were analysed per condition (for control, n = 9 cells, N = 1). 
(G) Same as A, but HeLa cells and hippocampal neurons were transfected with GFP-ZW10, and immunostained 
for ZW10 (red). 
(H-I) Quantification of knockdown efficiency of ZW10 shRNAs (H), and percentage of hippocampal neurons with 
normal (control) and abnormal (ZW10#1) Golgi morphology (I). Neurons were transfected with empty pSUPER 
vector (control) or indicated ZW10 shRNAs and MARCKS-GFP at DIV 14, fixed 4 days later and immunnostained 
for ZW10 (H) and GM-130 (cis- Golgi marker; I). n = 17 cells from 2 independent experiments were analyzed 
for ZW10#1 and n = 10 cells from one experiment were analyzed for ZW10#3 (for control, n = 19 cells, N = 2). 
Kruskal-Wallis test followed by post-hoc Dunn’s multiple comparison test in H, and Chi-square test in I. *** p < 
0.001.
(J) Binding partners of bioGFP-DCTN3, bioGFP-DCTN6 and bioGFP-ZW10 in HEK293 cells loaded with rat brain 
extracts, and identified by mass spectrometry. The table only includes hits that have been associated with synapses. 
For the complete lists, see Supplementary tables 4-6. PSM, peptide spectrum matches; Pept, number of peptides.
Error bars represent mean ± SEM. 
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Figure 6. Dynein-interacting proteins are important for spine maturation in hippocampal neurons.
(A) Representative images of DIV 18 hippocampal neurons transfected with MARCKS-GFP and indicated shRNAs, 
empty pSuper vector (control) or a dominant negative form of p150 (p150-DN) at DIV 15, and immunostained for 
postsynaptic excitatory marker Homer (red) and presynaptic marker Bassoon (blue). White arrowheads represent 
excitatory synapses formed at the dendritic shaft. Scale bar 10 µm.
(B) Quantification of the number of protrusions per 10 μm of dendrite. Classification was based on the morphology 
of the spine observed through the acquired z-stacks. n = 22-27 cells from 3 independent experiments, except for 
Lis1 (n = 14 cells, N = 2) (for control, n = 27 cells, N = 3). Kruskal-Wallis test followed by post-hoc Dunn’s multiple 
comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001.
(C-D) Quantification of number of excitatory synapses formed at the protrusion (C) or at the dendritic shaft (D) 
per 10 μm of dendrite. An excitatory synapse was quantified when presynaptic Bassoon and postsynaptic Homer 
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DLIC1/2 and Rab11-FIP3 depletion may suggest that the interaction between these proteins 
is necessary for proper excitatory synapse formation.

Excitatory shaft synapses have been linked to impairments on spine morphogenesis 
(Sugiura et al., 2015), and may act as a compensatory mechanism for decreased excitatory 
transmission prompted by a decrease on spine synapses. Synapse shaft formation observed 
upon depletion of Rab11-FIP3 and DLIC1/2 may be due to defects in spinogenesis or in the 
delivery of excitatory synaptic proteins to the postsynaptic specialization. We next assessed 
if the surface expression levels of AMPAR subunit GluA1 was affected by depletion of Rab11-
FIP3 (Figure 6E). Our preliminary data showed that the surface intensity of GluA1 is reduced 
by ~60 % in neurons transfected with Rab11-FIP3 shRNA or a Rab11-FIP3 dominant negative 
construct (Figure 6F). Depletion of Rab11-FIP3 also decreased the surface intensity of GluA2 
(data not shown). These results suggest that the movement of AMPARs along the dendrites 
of hippocampal neurons is modulated by Rab11-FIP3. We have previously shown that Rab11 
endosomes transport intracellular AMPARs, and removal of Rab11-positive endosomes from 
dendritic spines affects synaptic architecture (Esteves da Silva et al., 2015). We then addressed 
if Rab11 movement was affected by depletion of Rab11-FIP3, and found that it increased the 
fraction of protrusions positive for Rab11 (Figure 6G,H). However, the dynamics of Rab11 
vesicles were decreased in Rab11-FIP3-depleted cells (Figure 6G,I), suggesting that recycling 
endosomes are trapped in dendritic spines under this condition. It would be interesting to 
address if DLIC1/2 depletion leads to similar phenotypes. Moreover, as we observed an 
increase in shaft synapses, future studies could address if the depletion of Rab11-FIP3 or 
DLIC1/2 induce the formation of immobile clusters of Rab11 endosomes along the dendritic 
shaft. Overall, our data points towards a role of Rab11-FIP3 and DLIC1/2 in the proper flow 
of glutamate receptors from the synapse, which may contribute to the proper development 
of spine synapses.

co-localized in at least one of the z-stacks. n = 22-27 cells from 3 independent experiments, except for Lis1 (n = 14 
cells, N = 2) (for control, n = 27 cells, N = 3). Kruskal-Wallis test followed by post-hoc Dunn’s multiple comparison 
test. * p < 0.05, ** p < 0.01.
(E) Representative images of hippocampal neurons transfected with GFP (green), to highlight neuronal morphology, 
and empty pSuper vector (control) or Rab11-FIP3 shRNA. Neurons were stained for surface AMPAR subunit 
GluA1 (red). Scale bar 10 µm.
(F) Quantification of the surface intensity of GluA1 along the dendrites of Rab11-FIP3-depleted cells, normalized 
to control. n = 5 cells from one experiment (for control, n = 6 cells, N = 1).
(G) Stills from a 5 minute time-lapse recording of rat hippocampal neurons at DIV14-17 expressing GFP-Rab11 
and empty pSuper vector (control) or Rab11-FIP3 shRNA. Green and red arrows indicate the entrance and exit 
of Rab11 endosomes to and from dendritic protrusions, respectively, and white arrows indicate static Rab11 
endosomes (no movement in or out of the dendritic protrusion). Time in seconds. Scale bar is 2 µm.
(H-I) Quantification of the percentage of dendritic protrusions targeted by Rab11-positive recycling endosomes 
along 20 µm of dendrite during the time-lapse recordings (H) and percentage of dynamic Rab11-positive recycling 
endosomes per number of targeted protrusions (I), in control and Rab11-FIP3-depleted cells. n = 15 cells from one 
experiment (for control, n = 12 cells, N = 1).
Error bars represent mean ± SEM. Red bars indicate p < 0.05.
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FUTURE PERSPECTIVES
Although our results provide valuable new insights into the molecular processes of synaptic 
maintenance, it also raises new interesting questions. Regarding the effects of DCTN3, 
DCTN6 and ZW10 depletion in inhibitory synapses, we do not know if these proteins 
are important for synaptic structure and if the overall synaptic morphology is affected. For 
example, it will be interesting to estimate if the levels of surface GABAARs or specific 
inhibitory synapse proteins, such as gephyrin, and neuroligin-2, are affected in depleted 
cells. Moreover, we cannot distinguish if the observed effects are related to the role of 
these proteins in regulating dynein-based transport, or if these proteins act as signaling 
factors from and to the synapse. Future studies will be important to assess the transport of 
synaptic cargo along dendrites of DCTN3, DCTN6 and ZW10-depleted neurons. In general, 
changes in synaptic density are related to changes in synaptic function. It will therefore be 
valuable to understand how the depletion of DCTN3, DCTN6 and ZW10 affects inhibitory 
synaptic transmission in postsynaptic neurons. Our mass spectrometry results may guide 
us to further unveil and characterize the molecular pathway underlying the role of these 
proteins in inhibitory synapses. In case we verify the interactions biochemically, it will then 
be interesting to address if Neuroplastin and Neurobeachin co-localize with ZW10 and 
DCTN6 in hippocampal neurons, respectively, and if such interactions are activity-dependent. 
Blocking network activity with tetrodotoxin (TTX) may help us to understand if activity is 
required for such interactions. 

We also show that dynein light intermediate chains and Rab-11 adaptor Rab11-FIP3 
promote the formation of shaft excitatory synapses. Furthermore, we show that depletion 
of Rab11-FIP3 diminishes the surface level of AMPARs and the dynamics of recycling 
endosomes. Modifying the dynamics of recycling endosomes has previously been shown to 
change the structural organization of excitatory postsynaptic densities. (Esteves da Silva et 
al., 2015) It will be important to address if depletion of Rab11-FIP3 or DLIC1/2 promote 
similar changes in the synaptic architecture, and if synaptic plasticity is also affected in such 
conditions. 
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MATERIALS AND METHODS

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

Antibodies
The following antibodies were used in this study: mouse anti-Gephyrin (clone mAb7a, Synaptic Systems), rabbit 
anti-Bassoon (141 002, Synaptic Systems), mouse anti-Bassoon (clone SAP7F407, ENZO Life Sciences), rabbit anti-
Homer1 (160 002, Synaptic Systems), rabbit anti-DCTN6 (16947-1-AP, Proteintech), rabbit anti-ZW10 (ab21582, 
Abcam), rabbit anti-DCTN3 (clone EPR5097, GeneTex), mouse anti-GM130 (610823, BD Bioscience), rabbit anti-
GluA1 (PC246, Calbiochem), mouse anti-GluA2 (clone 6C4, Millipore) and Alexa-405, Alexa488-, Alexa568-, and 
Alexa-647-conjugated secondary antibodies (Life Technologies).

Expression and shRNA constructs
The following mammalian expression plasmids were described previously: pGW1 (Hoogenraad et al., 2005), pGW2 
(Kapitein et al., 2010b), Bio-tag-GFP (Jaworski et al., 2009) and pSuper (Brummelkamp et al., 2002). GW1-GFP-
ZW10 was a kind gift of Thijs van Vlijmen. HA-BirA and GFP-Rab11a were described previously (de Boer et al., 
2003; Hoogenraad et al., 2010). GW2-GFP-Homer1c was generated by inserting PCR-amplified Homer1c in the 
EcoRI and BamHI sites of Gw2-GFP, and pGW2-tagBFP was generated by inserting tagBFP in the HindIII and AscI 
sites of pGW2-CMV. MARCKS-eGFP (De Paola et al., 2003) was subcloned into GW2 expression vector, using 
the restriction sites HindIII and XbaI, and MARCKS-tagRFP-T was subcloned using the restriction sites BamHI 
and XbaI of GW2. HA-DCTN1-cc1 was obtained by cloning DCTN1 into the AscI and EcoRI sites of GW1 from 
a previously described construct (van Spronsen et al., 2013). DCTN6 and DCTN3 cDNAs were obtained from a 
human cDNA library, kindly provided by Mike Boxem. Full-length ZW10, DCTN6 and DCTN3 were amplified by 
PCR and subcloned in the Bio-GFP expression vector to generate Bio-GFP tagged ZW10, DCTN6 and DCTN3 
using the AscI and SalI restriction sites. N-terminally GFP tagged ZW10, DCTN6 and DCTN3 constructs were 
generated by recloning the Bio-GFP constructs into pGW2-GFP expression vectors, using the restriction sites AscI 
and SalI. 

All shRNAs used in this study are indicated in Supplementary Tables 1, 2 and 3. All shRNAs targeting 
kinesin and myosin mRNAs were designed using the siRNA selection program at the Whitehead Institute for 
Biomedical Research. Myosin-IIb shRNA#1 was described previously (Rex et al., 2010). shRNAs targeting dynein-
interacting proteins were designed based on previously published sequences (Raaijmakers et al., 2013), while Rab11-
FIP3 shRNA was based on previously published sequence (Inoue et al., 2008). All shRNAs were ligated into the BglII 
and HindIII sites of pSuper vector.

Primary hippocampal neuron culture, transfection and immunofluorescent staining
Primary hippocampal cultured neurons from embryonic day 18 (E18) rat brains were prepared as described 
previously (Kapitein et al., 2010c). In brief, neurons were plated on coverslips coated with poly-L-lysine (37.5 μg/
mL) and laminin (1.25 µg/mL) at a density of 100.000 per well, and grown in Neurobasal medium supplemented 
with 0.5 mM glutamine, 15.6 µM glutamate, 2 % B27 and 1 % penicillin/streptomycin. Hippocampal neurons were 
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transfected at 14 or 15 days-in-vitro (DIV) using Lipofectamine 2000 (Invitrogen). Briefly, DNA (1.8 μg / well, for a 
12-well plate) was mixed with 3.3 µL Lipofectamine 2000 in 200 µL NB, incubated for 30 minutes and then added 
to the neurons in Neurobasal supplemented with 0.5 mM glutamine at 37 °C in 5 % CO2 for 90 minutes. Next, 
neurons were washed with Neurobasal and transferred to a mix of the original and fresh medium at 37 °C in 5 % 
CO2 for 3 or 4 days.

To perform immunostainings, dissociated hippocampal neurons were fixed with 4 % paraformaldehyde 
(PFA)/4 % sucrose in phosphate buffer (PBS) at room temperature for 10 minutes. Cells were then washed 3 times 
for 5 minutes in PBS at room temperature, and incubated with the primary antibody mix in GDB buffer (0.2 % 
Gelatin, 0.9 M NaCl, 0.6 % Triton X-100, 33.3 mM phosphate buffer, pH 7.4) overnight at 4°C. Neurons were washed 
3 times for 5 minutes in PBS at room temperature, and incubated with the secondary antibody mix in GDB buffer 
for 1 hour at room temperature. After washing 3 times in PBS, the coverslips were mounted on slides in Vectashield 
mounting medium (Vector Labs).

Cultured cells, transfection and immunofluorescent staining
HeLa and rat smooth muscle-derived A7r5 cells were cultured in DMEM/Ham’s F10 (50 %/50 %), supplemented with 
10 % FCS and 1 % penicillin/streptomycin at 37 °C and 5 % CO2. Cells were plated on 12 mm or 24 mm glass coverslips 
and transfected with Fugene6, accordingly to manufacturer’s protocol (Promega). For immunocytochemistry, cells 
were fixed for 10 minutes with paraformaldehyde (4 %) and washed 3 times for 5 minutes in phosphate buffer (PBS) 
at room temperature. After permeabilization with 0.1 % Triton-X-100 in PBS for 15 minutes, cells were incubated 
with the primary antibody mix in GDB buffer (0.2 % Gelatin, 0.9 M NaCl, 0.6 % Triton X-100, 33.3 mM phosphate 
buffer, pH 7.4) overnight at 4 °C. After washing 3 times in PBS, cells were incubated with the secondary antibody 
mix in GDB buffer for 1 hour at room temperature. Cells were then washed 3 times in PBS, and the coverslips 
were mounted in Mowiol.

Biotin-streptavidin pull-down assay and mass spectrometry analysis
For whole brain extracts, a whole brain from an adult female rat was homogenized in lysis buffer (50 mM Tris-HCl, 
150 mM NaCl, 0.1 % SDS, 0.2 % NP-40, and protease inhibitors (Roche)) in a 1:10 brain (g) to lysis buffer (mL) ratio. 
Samples were sonicated and centrifuged at 900 rpm for 15 minutes.

For biotin-streptavidin pull-down assays, HEK-293 cells were cultured in Ø10 cm cell culture dishes at 
37 °C and 5 % CO2, and transfected with BirA and Bio-GFP constructs using polyethylenimine (PEI) transfection 
reagent (Polysciences). After 48 h, cells were washed and lysed in RIPA lysis buffer (50 mM Tris-HCl pH 7.4-7.8, 150 
mM NaCl, 1 % Triton X-100, 0.1 % SDS, 0.5 % sodium deoxycholate) supplemented with protease inhibitors (Roche). 
Cells were centrifuged at 13.000 rpm for 15 minutes at 4 °C and the supernatants were incubated with Dynabeads 
M-280 (blocked in chicken egg albumin, Life Technologies) for 1 h at 4 °C. Beads were separated using a magnet rack 
(Dynal, Invitrogen) and washed five times in washing buffer (20mM Tris-HCl pH 7.4-7.8, 150 mM KCl, 0.1% Triton 
X-100). Samples were collected at this point for AP-MS analysis of HEK293 cells expressing each construct. For the 
bio-GFP pull-down with whole brain extracts, pre-incubated Dynabeads with HEK293 cell extracts expressing each 
construct were washed twice in low salt washing buffer (20 mM Tris-HCl pH 7.4-7.8, 100 mM KCl, 0.1 % Triton 
X-100), followed by two wash steps in high salt wash buffer (20 mM Tris-HCl pH 7.4-7.8, 500 mM KCl, 0.1 % Triton 
X-100) and two final wash steps in low salt washing buffer (20 mM Tris-HCl pH 7.4-7.8, 100 mM KCl, 0.1 % Triton 
X-100) to remove binding proteins from HEK293 cells. Brain lysates were centrifuged at 16.000 g for 15 min at 
4°C, and the supernatant was incubated with the Dynabeads containing bio-GFP or bio-GFP-MyoIIb for 2 h at 4 
°C and washed in low salt washing buffer five times. For mass spectrometry analysis, beads were resuspended in 
15 µL of 4x Laemmli Sample buffer (Biorad) and supernatants were loaded on a 4-12 % gradient Criterion XT Bis-
Tris precast gel (Biorad). The gel was fixed with 40 % methanol and 10 % acetic acid and then stained for 1 h using 
colloidal Coomassie dye G-250 (Gel Code Blue Stain Reagent, Thermo Scientific). Each lane from the gel was cut in 
3 pieces, destained and digested using trypsin, as described in (Ekkebus et al., 2013). Briefly, after placed in 0.5-mL 
tubes, the pieces were washed with 250 µL of water, followed by 15 min dehydration in acetonitrile. Proteins were 
reduced (10 mM dithiothreitol, 1 h at 56 °C), dehydrated and alkylated (55 mM iodoacetamide, 1 h in the dark). 
After two rounds of dehydration, trypsin (Promega) was added to the samples (20 µL of 0.1 mg/mL trypsin in 50 
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mM Ammoniumbicarbonate) and incubated overnight at 37 °C. Peptides were extracted with acetonitrile, dried 
down and reconstituted in 10 % formic acid prior mass spectrometry analysis.

All samples were analyzed on aOrbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific, 
Germany) coupled to an Agilent 1290 Infinity LC (Agilent Technologies). Mass spectrometry was performed as 
described previously (Frese et al., 2017). For data analysis, raw files were processed using Proteome Discoverer 
1.4 (Thermo Fisher Scientific, Germany). Database searches were performed either using the Human Uniprot 
database or the rat Uniprot database and Mascot (Matrix Science, UK) as the search engine. Positive protein hits 
were manually checked and interpreted as valid hits or discarded based on their presence in the negative control 
(pull-down with Bio-GFP alone). All the hits are listed in Supplementary Tables 4-6. 

Confocal microscopy
High resolution confocal laser scanning microscopy was performed on a Zeiss LSM-700 system with a Plan-
Apochromat 63x 1.4 NA oil immersion objective. Each image was a z-series of 8-19 images, each averaged 4 times. 
For the imaging of dendritic spines and A7r5 cells, the imaged area was 78 x 78 µm (1024 x 1024 pixels). The 
confocal settings were kept constant during all parallel imaging experiments.

Live cell-imaging microscopy
Live-cell imaging was performed using laser confocal spinning-disk microscopy as previously described (Esteves da 
Silva et al., 2015). All imaging was performed in full conditioned medium at 37 °C and 5 % CO2. To image Rab11-
positive recycling endosomes dynamics in dendritic spines, time-lapses of 5 minutes were acquired, with 5 seconds 
interval between acquisition and a z-stack stream at every time point, to guarantee the entire dendritic complexity 
is imaged. MARCKS-tagRFP-t was also imaged to assess neuronal morphology.

Image analysis and quantification
Image processing and analysis was performed using ImageJ (US National Institute of Health) and MetaMorph 
(Molecular Devices). 

Quantification of synaptic density in hippocampal neurons. Neuronal morphology was highlighted using 
Homer-1c-GFP, and images were acquired using an Olympus BX53 upright fluorescent microscope equipped with 
a 60x/1.35 NA UplanFL objective (Olympus) and the MicroManager software. A representative stretch of dendrite 
per neuron was selected and analyzed using the PunctaAnalyzer plugin. After determining the individual puncta, we 
used a Macro to determine the overlap between the different synaptic puncta. An excitatory/inhibitory synapse was 
counted when there was overlap between Homer/Gephyrin and Bassoon puncta. Data were then normalized per 
10 µm of dendrite.

Quantification of spine morphology. For the analysis of spine morphology, one or two stretches of 10 µm 
were traced along proximal dendrites. We manually inspected and quantified individual protrusions through all 
z-sections in each dendritic stretch, and divided them into 2 categories: filopodia (immature long protrusions, 
without obvious spine head) and spine (mature spines with short necks). We then checked if these protrusions 
were excitatory synapses, by counting the co-localizations between excitatory postsynaptic marker Homer and 
presynaptic marker Bassoon. We also measured the density of excitatory synapses formed onto the dendritic shaft.

Quantification of fluorescent intensity. To quantify fluorescent intensity in neurons and dissociated cells, the 
obtained z-stack was projected into a single imaging, using the average intensity projection. Then, a region of interest 
was manually drawn around the cell body or cytoplasm, and the average intensity was measured using Image J. For 
the quantification of the knockdown efficiency in hippocampal neurons, the mean intensities were corrected for 
background intensities.

Classification Golgi morphology. The Golgi morphology was visualized by using the trans-Golgi marker 
GM130, and we used a maximum intensity projection to classify if the morphology was normal (triangular-like 
shape) or abnormal (rounded and/or fragmented).

Quantification of GluA1 and GluA2 surface levels. Per neuron, 2 dendrites were traced to quantify the surface 
levels of GluA1 and GluA2. Intensity per cell was normalized to a non-transfected cell in the same imaged area. 
Quantification of Rab11 endosome dynamics in dendritic protrusions
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Rab11 recycling endosome dynamics was quantified as previously described (Esteves da Silva et al., 2015). 

Statistics
Data are represented as mean values ± standard error of the mean, unless stated otherwise. Statistical analysis was 
performed using GraphPad Prism software. For the comparison of multiple groups, we used the Kruskal-Wallis test 
followed by a posthoc Dunn’s comparison test. For the comparison between control and knockdown, we used a 
two-tailed t-test or a two-tailed Mann-Whitney test. For comparison of percentages, we used the Chi-square test. 
The used test is stated in each figure legend.

Differences between control and treatment were considered significant when p < 0.05 (*, p < 0.05; **, 
p< 0.01; ***, p < 0.001). In all figure legends and text, N indicates the number of independent experiments, and n 
indicates the number of cells analyzed.
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SUPPLEMENTARY INFORMATION

Supplementary table 1. Overview of shRNA sequences targeting kinesin proteins used in this study.

Family shRNA sequence 5'- 3'
#1 GGACACCAGCGAAAACGGA
#2 GCTGGTACGTGACAATGCA
#3 GAGACCAATAACGAATGCA
#1 GGTTATGCAAGACAGACGA
#2 GGAATATGAATTGCTTAGT
#3 GCCTTATGCATTTGATCGT
#1 GGATCGCACACGATATTTT 
#2 CAATGCCTGTGCGAAGCAG
#3 GCTGTCAATTACGACCAGA
#1 GTGCGACCAATATGAACGA
#2 CGTATCGGAACTCTAAACT
#3 GTTGGTGCGACCAATATGA
#1 GGATACAAGAGACCACTGA
#2 GGTCAGGGCATCTTACTTA
#3 GGGCATCTTACTTAGAGAT
#1 ATACAGGGCTGAAAATATA
#2 GGAATTTTCTCATGACCAA
#3 CCACGTCTAAAGTGCGAAA
#1 CAGGATGACCGGACCTTCT
#2 GACCGGACCTTCTACCAGT
#3 GTCATCAGGATACGTCCAT
#1 GGGCTAAACATTTCGTTGT
#2 GCAACGCTGTTATCAATGA
#3 CTGGATCTAATGCGAGAGA
#1 CGTACCTTATCGAGATTCA
#2 GAACCAGTTAGACGTGTCT
#3 GCTCATTAAACGACGGGAA
#1 GAAGCCGACAAACGTTGAA
#2 GACGAGAAATTGACTTACA
#3 GGATGATGCTGACCGAGAG
#1 CATAAACAGCACTTATGTT 
#2 CATCCCGATATGAAACAAA 
#3 CGCTCTCATTCCGTTTTCA 
#1 CCTTCGCTATGCAAATAGA
#2 GGCCTAGATAACATTCTCT
#3 CTGCCAAACTTAGGGAGAA
#1 CTAATGTGCTCAGACGTAA
#2 CCCAAACCTTTCCGTATTA
#3 CCTTCGCTATGCTGACAGA
#1 GAAGTCTAGAATCGGAAGT
#2 CAAGCGGTTATCCATCTAT
#3 GGTTATCCATCTATCAGAT
#1 GGTCGACACATGTGGATAA
#2 GAGCAAGGTATTATCCCAA
#3 GGATAAACCAGGAGCTCAA
#1 CACGCACTGTGAATACAGA
#2 CCGCGAACATAGATTACAT
#3 GCAAACATCACGTGCGAAA
#1 GACGCTCACTGCTAAGTTC
#2 CCCTCGTTGAGATCAAAGA
#3 CTCACTATGACGGTATCGA
#1 GGTGATAAATTTGCGAGAA
#2 CGTATAGGGATGCGAAGAT
#3 GGACCTTCACATCCGAGAA
#1 GCTGGTATAATTCCACGTA
#2 CCACGTACTCTTCATCAGA
#3 GCAGAGTTATTTACGGATA

Alias

Kinesin-1

KIF5A

KIF5B

KIF5C

Kinesin-2

KIF3A

KIF3B

KIF3C

KIF1A

Kinesin-3

KIF14

KIF16B

KIF1B

Kinesin-5 KIF11

KIF13A

KIF13B

Kinesin-4

KIF4A

KIF4B

KIF7

KIF21A

KIF21B

KIF27

Family shRNA sequence 5'- 3'
#1 CGGCAATCCTTACGTGAAA
#2 CTTCGAATCAGACCGTTCT
#3 GCATCTACATATGACGAAA
#1 GGAGAAACGACATCGCTTA
#2 GAAGTGGTCAATAGTACAA
#3 CCTTGTTAGAACGGCAGAA
#1 GGAAGGATCTAGCGATGAA
#2 GCTGTTACATAAATCGGAA
#3 CTGAAGGTATGCGATTGAA
#1 GCAGCTACTAGACAATGGA
#2  TTTGTAGAAGGCACAAATA
#3 GACACATATAACACTCTTA
#1 CCTATGAGGATACTTACAA
#2 AGATCTTTGTGAAGCAGCA
#3 TGACCACCATGGAACTGTA
#1 GCAATGACATGGAATATGA
#2 CCAAGTGTATCTCCGTGAA
#3 CGGGAGAAGTCATACCTCT
#1 CAGACGGATTCGTAAACAA
#2 CCGACATGCTAAGCTTCAT
#3 CGTACACATATCCCTTACA
#1 GCAATGACATGGAATATGA
#2 GTTAGACGAAACGCTATCT
#3 CGGGAGAAGTCATACCTCT
#1 GAGAGCGAATGGTACTCAT
#2 GCTTAAGATGAAGCAAAAA
#3 GGAATTCGGCTAAAAGAGA
#1 GCGGTTTCGATAACTCAGA
#2 GGAGTGTATAGATGGCAGT
#3 AGATCAAGGTGTATGAGAT
#1 GCTCAACCGTTACAATGCT
#2 GTGACCGACAACATTAGGA
#3 CCTACACCATGATCGGAAG
#1 GCCAATAGCATTAACCGCA
#2 CTTCACCTGGCTATTAGAT 
#3 GAAGCTTTGATGGAACTAT 
#1 GGCTATTGCTCGACTAGAA
#2 CCTACGATAACTTACAAGA
#3 GGAAATTGATAGGTCATCA
#1 GTTGTTTACTTTCCACGAA
#2 GATCGGGATTTACGTGGAA
#3 GAACTGACTGTGGATCCAA
#1 GAAAGAAGATTGAACTGGA
#2 CACAATGGGTGGAGCCTTT
#3 GGCAATACAAATTCGGAAA
#1 CAACGCAGCAATGGGTTAA
#2 GTGACGTTCTTCGAGATCT
#3 GCCAATATAAGCACGGTGA
#1 GGATAGAGCTGGTTATGGT
#2 GTGCTTAGAATCAGACTCT
#3 CAGTCGGAATCAGACATCT
#1 CCAGTTACGTAGAGATCTA
#2 CTGTCACCAATGCACGATA
#3 CACGTGCCTTACCGAAATA
#1 CACACTGGGACGTACCTAA 
#2 GGCACCACTGCAGTTTTAT 
#3 CGCCCTAATTACGCTGACT
#1 CGAGAACCCAGGCATTAAT
#2  CAGCTCCGGGACAGGTTAT 
#3 CCACCTGTTAAGTATGTCA

Alias

KIF23

Kinesin-7 KIF10

KIF20A

Kinesin-6

Kinesin-8

KIF18A

KIF18B

KIF19

Kinesin-9

KIF6

KIF9

Kinesin-13

KIF2A

KIF2B

KIFC2

KIFC3

KIF2C

KIF24

Kinesin-14

KIFC1

KIF22

Kinesin-11

KIF26A

KIF26B

Kinesin-12

KIF12

KIF15

Kinesin-10
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Supplementary table 2. Overview of shRNA sequences targeting myosin proteins used in this study.

Family shRNA sequence 5'- 3'
#1 GGTAAATTCATTCGTATCA
#2 CCTCATTTATCGGGATCCT
#3 CTGCTCGCAAGAAACTAGA
#1 GATCAAAGTTGGCCGAGAT
#2 GGCATGCGGATCAGTATAA
#3 GAACGCACGTTTCATATCT
#1 CCGCTCTTGAGTCTAAACT
#2 GTGGTCATTAACCCGTACA
#3 CTGCATCGTTCCCAATCAT
#1 GCAAACTCGATCGGAGAAA
#2 GATGCCTAAAGGTACCGAT
#3 GTTTGCGTCTCGAGATTCA
#1 GTGTCCTTTATACGAACAA
#2 GGTATCGGGTGTTGATGAA
#3  CCTGCATACATACTCTACA 
#1 CTTCGCGATACAATCAACA
#2 GTATGATGCACTCGTTAAA
#3 CAGCCTAACAATTGAACCT
#1 CTCGAGGTTTGATACGGAT
#2 GATCAACACTCTTCGACGT
#3 GTTACCGACTCTACACGAA

TPM-α #1 AGCACATTGCTGAAGATGCT
TPM-β #1 ACTGGAGCAGGCCGAGAAG
TPM-γ #1 AAGCTGGAGGAAGCGGAGA
TPM-δ #1 ATCAAGCTTCTGTCTGACAA

Myosin-VI

Myosin-X

MyoVI

MyoX

Tropomyosins

Alias

MyoIIa

MyoIIbMyosin-II

Myosin-V

MyoIIc

MyoVa

MyoVb

Supplementary table 3. Overview of shRNA sequences targeting dynein-interacting proteins used 
in this study.

Targeted mRNA Alias shRNA sequence 5'- 3'
DHC1 GCTCAAACATGACAGAATT
DHC2 TTGGGTGTAGTCCTACGAA
DIC1 GGAAGGTGCGGTTGAGTTA
DIC2 CTTTGGTCAACTAAGAATA

DLIC1 AGATGACAGTGTCGTCCTA
DLIC2 GCCAGAAGATGCATATGAA
DL2A TGAATAAGGCACTGTCTTG
DL2B GTACAGTCAGGGACATTGA
DLL1 ATGCAGACATGTCGGAAGA
DLL2 GTTGCAATCCTCCTCTTCA

TCTEL1 GAAGTGAGCAACATTGTAA
TCTE1L GATGGCACCTGTACCGTTA
DCTN1 GATCGAGAGACAGTCATCA
DCTN2 TTATGAAACCAGCGACCTA 

#1 GGTGAAGATTCTCTACAAA
#2 TGGCAGAGGAACAGTTCAT
#3 GAGGAGTATAACAAGACTA

DCTN4 GAAACTGGCACGGCGAAGA
DCTN5 TGTAAGAGTTGGACGTCAC 

#1 AGATGTAACCATAGGTCCT
#2 AAGCGTACGTAGGCAGGAA
#3 ATAAACGCCCATCCAGATA

LIS1 CAATTAAGGTGTGGGATTA
NDE1 GGATCCAGCTCTGGTTTGA

NDEL1 GCAGGTCTCAGTGTTAGAA
ARP1A GAAAGGAGGGCTACGATTT
ARP1B CGCAACAGGACGCACTACT 
ARP11 CCAGAGGAAGTTCATTATA

CAPZA1 CAGTAACTGTTTCTAATGA
CAPZB GGAGTGATCCTCATAAAGA
SPDL1 GGGAAGACGTTTCTAGACT
BICD1 ACAGCTGTCTCGTCAAAGA
BICD2 AGACAGAGCGAGAGCAGAA

#1 GCAATATGATCAGCAAGAA
#2 GATCCAGTTGGTATTGGAA 
#3 CATATCAACTGTTGAGTTT

Other Rab11-FIP3 GCAGCTGGATGAGGAGAACAGTGAG

Dynein subunits

Dynactin subunits

DCTN3

DCTN6

Acessory factors

ZW10



134

Chapter 5

5

# Peptides # PSM # Peptides # PSMAccession Protein bio-GFP bio-GFP-MyoIIb

D4ADD8
P85515
B2RYJ7
Q6AYH5
Q498N3
F1M265
D4A1B8
E9PTE5
D3ZER1
Q4KM59
Q5M9F7
D4A069
Q5XIR5
F1MA31
Q3T1K5
F1M0Y0
E9PTK9
Q63564
B2GUZ5
G3V852
D3ZWS0
Q9EQX9
Q5XFX0
F1LX73
G3V678
D4AAT4
B0BN74

A0A096MJ33
D4AA38
Q156J1
D4A554
B2RZD1
D3ZAF6
Q9WV97
M0RDN9
V9GZ88
D3ZHS5
P29419
Q5U2U2

ARP1 actin-related protein 1 homolog B 11 30
Dynactin subuni t 2 15 28

Dynactin 4 11 26
Pal ladin 9 19

BCL2-associated athanogene 4 6 9

Tal in 1 5 5
Scribbled planar cel l  polari ty protein 1 1 5 5
Ubiqui tin-conjugating enzyme E2 N 4 5

Transgel in-2 4 4
Neurobeachin 4 4

DNA-directed RNA Poly. I, II, and III subuni t RPABC3-l ike 1 1 4 4
Smal l  nuclear ribonucleoprotein polypeptide F 3 4

Bag2 protein 3 4
Platelet-derived growth factor D 3 4

Holocarboxylase synthetase 3 3
Bcl-2-interacting death suppressor 3 3

Eukaryotic translation ini tia tion factor 4 gamma, 3 3 3
Sec61 beta subuni t

ATP synthase subuni t f
Mi tochondria l  import  trans locase subuni t Tim9

Ubiqui tin carboxyl-terminal  hydrolase 19
Phosphatidyl inos i tol  3,4,5-trisphosphate 5-phosphatase2

Carboxypeptidase A4 2 3
ATP synthase subuni t e

Crk-l ike protein

Dynactin 6 8 332
Alpha-centractin 1 1 16 49

Dynactin 3 8 18
Zinc finger MYM-type-containing 3 10 17

Homeobox-containing 1 9 12
Dynactin 5 6 11

ARP10 actin-related protein 10 homolog 6 10
Zinc finger MYM-type-containing 4 8 9

Lysine demethylase 1A 1 1 6 9
F-actin-capping protein subuni t a lpha-2 1 1 6 7
Clustered mitochondria protein homolog 6 6

Ankyrin repeat and KH domain-containing 1 11 6 6
Synaptic ves icle glycoprotein 2B 1 1 5 6

F-actin-capping protein subuni t a lpha-1 4 6

3 3
3 3
3 3
3 3
3 3

2 3
2 3

Supplementary table 4. Identification of binding partners of Dynactin 6 (DCTN6) by mass 
spectrometry analysis using BioGFP pull-downs from rat brain lysates. 

Proteins with a number of peptide spectrum matches (#PSM) of 3 or more and an enrichment of 3 or more 
compared to the control (BioGFP) in the BioGFP-DCTN6 pull-down are included.
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Supplementary table 5. Identification of binding partners of Dynactin 3 (DCTN3) by mass 
spectrometry analysis using BioGFP pull-downs from rat brain lysates. 

# Peptides # PSM # Peptides # PSMAccession Protein bio-GFP bio-GFP-MyoIIb

28 79
18 31
8 20
10 13

5 5

3 3
3 3
3 3
2 3
2 3

10 163
2 2 26 106

7 13
7 12
4 12
3 7
6 6
5 6

5 5
4 5
4 4
3 4
3 4
3 3

D4A1B8 Dynactin subunit 3
Q5QJC9 BAG fami ly molecular chaperone regulator 5
Q66HA8 Heat shock protein 105 kDa 5 6
D3ZUJ7 Ankyrin repeat domain 13 fami ly, member D 2 2
B0BN74 Bag2 protein
Q6MG49 Large prol ine-rich protein BAG6 2 2
D4A4T0 Protein Stub1
B0BNK1 Protein Rab5c 1 1
D3Z8Q5 Protein Tusc2
D4ADD8 Dynactin subuni t 6
P60881 Synaptosomal-associated protein 25 1 1
D4AA38 Protein Hlcs
Q5XIR5 BCL2-associated athanogene 4
G3V852 Protein Tln1
P70580 Membrane-associated progesterone receptor 1

D3ZDH8 Platelet glycoprotein Ib beta chain
P09606 Glutamine synthetase
P97849 Long-chain fatty acid transport protein 1
A0JN29 Limb and neural  patterns
Q812E9 Neuronal  membrane glycoprotein M6-a
F1M0Y0 Clustered mitochondria protein homolog
Q4FZS2 Budding uninhibi ted by benzimidazoles 3 homolog
D3ZPN3 Myeloid leukemia factor 2
D3ZHS5 Protein Cpa4

Proteins with a number of peptide spectrum matches (#PSM) of 3 or more and an enrichment of 3 or more 
compared to the control (BioGFP) in the BioGFP-DCTN3 pull-down are included.
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Supplementary table 6. Identification of binding partners of Centromere/kinetochore protein zw10 
homolog (ZW10) by mass spectrometry analysis using BioGFP pull-downs from rat brain lysates. 

# Peptides # PSM # Peptides # PSMAccession Protein bio-GFP bio-GFP-MyoIIb

7 8
6 8
5 6
5 5

4 4

3 4
3 4
3 4
2 4
2 4
3 3
3 3
3 3
3 3
3 3
3 3
3 3

2 3

30 351
6 9

5 5
4 5
4 5
4 4
4 4
4 4

4 4
4 4
4 4
4 4
4 4
4 4

3 3
3 3
3 3
2 3
2 3

2 3
2 3

Q4V8C2 Centromere/kinetochore protein zw10 homolog 3 3
P21213 Histidine ammonia-lyase 1 2
P00507 Aspartate aminotransferase
P97546 Neuroplastin 1 1

D3ZWT8 ATP synthase subuni t d 1 1
Q45QM4 Guanine nucleotide binding protein a lpha q subuni t
Q5U2Z3 Nucleosome assembly protein 1-l ike 4 1 1
D3ZY51 Plakophi l in 1 1 1
Q5XIV1 Phosphoglycerate kinase 1 1
Q5FVI4 Cel l  cycle exi t and neuronal  di fferentiation protein 1
P60881 Synaptosomal-associated protein 25 1 1
Q6LDP3 Glutathione S-transferase
P97849 Long-chain fatty acid transport protein 1
P19627 Guanine nucleotide-binding protein G(z) subuni t a lpha
Q63768 Adapter molecule crk
G3V6H9 Nucleosome assembly protein 1-l ike 1 1 1
P62997 Transformer-2 protein homolog beta
P85845 Fascin1
Q920L2 Succinate dehydrogenase [ubiquinone] flavoprotein 

1 1
1 1
1 1

D3ZTW9 Endonuclease G-l ike 1
P29419 ATP synthase subuni t e

D3ZDH8 Platelet glycoprotein Ib beta chain
D3ZAA0 PRA1 fami ly protein
M0R9D5 Protein Ahnak
D4AAT4 Protein Snrpf
Q6LDS4 Superoxide dismutase
Q04970 GTPase NRas
Q5XFX0 Transgel in-2
P37805 Transgel in-3
D4AA38 Protein Hlcs
D3ZPP8 Neuronal-speci fic septin-3
Q5XIU9 Membrane-associated progesterone receptor component 2
P97612 Fatty-acid amide hydrolase 1
P10888 Cytochrome c oxidase subuni t 4 isoform 1

2 3
2 3

2 3

2 3

2 3
2 3

2 3

P09606 Glutamine synthetase
Q75Q41 Mitochondria l  import receptor subuni t TOM22
B2RYW7 Protein Srp14
D3ZLH9 Protein LOC680385
F1M0U5 Protein Nbas
B2RZD1 Protein Sec61b
P20171 GTPase HRas
F1M882 Secretory carrier-associated membrane protein 5
Q9EQX9 Ubiqui tin-conjugating enzyme E2 N
P70580 Membrane-associated progesterone receptor component 1
Q812E9 Neuronal  membrane glycoprotein M6-a
D3ZBE6 ATP synthase, H+ transporting, mi tochondria l  Fo, d-l ike 1

Proteins with a number of peptide spectrum matches (#PSM) of 3 or more and an enrichment of 3 or more 
compared to the control (BioGFP) in the BioGFP-ZW10 pull-down are included.
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SUMMARY
Changes in inhibitory connections are essential for experience-dependent circuit adaptations, 
but the underlying molecular processes are not well known. By monitoring inhibitory axons 
over time in organotypic hippocampal slices, we found that inhibitory axons and their 
presynaptic boutons are remarkably dynamic and can rapidly respond to environmental 
signals. We show that Semaphorin4D (Sema4D) signaling increases inhibitory synapses by 
inducing stabilization of presynaptic boutons within tens of minutes, which is followed by 
recruitment of pre- and postsynaptic proteins over the next 24 hours. Sema4D-induced 
inhibitory bouton stabilization involves actin remodeling and requires activation of the 
receptor tyrosine kinase MET, a known autism risk factor. We further show that this Sema4D 
signaling pathway requires ongoing neuronal activity and can induce local changes in bouton 
density. Our data indicate a role for Sema4D signaling in activity-dependent circuit adaptation 
and suggest that defects in inhibitory adaptation are important in autism spectrum disorders 
(ASD).
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INTRODUCTION
For proper information processing during the ongoing stream of events in life, synaptic 
connections in the brain are continuously updated. Recent imaging studies have demonstrated 
that axons and their presynaptic terminals (e.g. boutons) are highly dynamic structures that 
can rapidly adapt to changes. Intra-axonal exchange of synaptic vesicles occurs between 
neighboring boutons at a time scale of minutes (Staras, 2007) and entire boutons can appear, 
disappear and reappear over the course of minutes to hours (Sabo et al., 2006; Wierenga 
et al., 2008). These ongoing axonal dynamics are thought to allow quick implementation 
of changes in synaptic connectivity in response to activity or other environmental signals 
(Frias and Wierenga, 2013; Staras, 2007). Inhibitory axons appear particularly dynamic (Chen 
et al., 2015; Fu et al., 2012; Keck et al., 2011; Schuemann et al., 2013). Recent in vivo data 
demonstrated that inhibitory adaptation occurs within 24 hours and can serve as a gating 
mechanism for plasticity at nearby excitatory synapses, which occurs at a slower time scale 
(Chen et al., 2015; Froemke et al., 2007; Keck et al., 2011; Villa et al., 2016), and this may be 
a general aspect of circuit development and adaptation (Froemke, 2015; Hensch, 2005). We 
currently do not understand the molecular processes taking place during rapid adaptation of 
inhibitory axons and how these are regulated.

We previously showed that new inhibitory synapses form by the occurrence of 
new presynaptic boutons at pre-existing axon-dendrite crossings (Schuemann et al., 2013; 
Wierenga et al., 2008). The apparently stochastic dynamics of inhibitory boutons during 
this process seem to contrast with studies in which a local signaling event, such as specific 
adhesion between the pre- and postsynaptic membranes, is followed by the recruitment of 
presynaptic proteins and synaptic vesicles within minutes (Siddiqui and Craig, 2011; Wierenga, 
2016). In studies using heterologous culture systems, presynaptic assembly may occur as a 
sequential process, but it is important to understand the sequence of events that takes place 
during synapse formation in intact tissue.

The class 4 semaphorin Sema4D has recently been shown to signal rapid changes in 
inhibitory synapses in primary cultures, which makes it an interesting candidate for mediating 
activity-dependent changes in inhibitory axons. It is currently not known how Sema4D affects 
presynaptic bouton dynamics. Knockdown of postsynaptic Sema4D leads to a reduction in 
the density of GABAergic synapses (Paradis et al., 2007), while addition of soluble Sema4D to 
primary hippocampal cultures induces an increase of functional inhibitory synapses (Kuzirian 
et al., 2013). However, from these studies it is not clear if Sema4D directly promotes synapse 
formation or rather prevents ongoing synapse elimination. Sema4D acts as a postsynaptic 
protein and requires only its extracellular domain to induce inhibitory synapses through its 
receptor PlexinB1 (Kuzirian et al., 2013; Raissi et al., 2013). Depending on the association 
of PlexinB1 with receptor tyrosine kinases, different downstream signal cascades involving 
small GTPases (Oinuma et al., 2004; Vodrazka et al., 2009) can be activated, which can have 
opposing effects on the actin cytoskeleton (Swiercz et al., 2002; Tasaka et al., 2012). It is 
currently not clear how actin remodeling is linked with signaling molecules at the membrane 
and inhibitory synapse formation.

In the current study, we examine the link between Sema4D signaling and actin in 
regulating the dynamics of inhibitory presynapses in intact tissue. We find that Sema4D 
signaling specifically regulates the stabilization of inhibitory boutons along the axon and can 
induce local changes in bouton density within tens of minutes.  This early step in inhibitory 
synapse formation is followed by subsequent recruitment of pre- and postsynaptic proteins 
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over the course of the next 24 hours. We further characterized the molecular pathway 
of Sema4D-induced bouton stabilization and found that it is activity-dependent, involves 
actin remodeling, and requires the activation of the receptor tyrosine kinase MET. Our 
study demonstrates that inhibitory axons can rapidly respond to environmental signals. 
We elucidate an important regulatory pathway of activity-dependent inhibitory synapse 
formation and reveal a novel role for the receptor tyrosine kinase MET in Sema4D-induced 
formation of inhibitory synapses.

RESULTS
We performed time-lapse two-photon microscopy in organotypic hippocampal cultures 
from GAD65-GFP mice to monitor the dynamics of inhibitory boutons in the CA1 region 
of the hippocampus (Schuemann et al., 2013; Wierenga et al., 2008). High-resolution image 
stacks of GFP-labeled inhibitory axons were acquired every 10 minutes, for a total period of 
150 minutes. We found that inhibitory boutons were remarkably dynamic and many boutons 
appear, disappeared and reappeared during the course of the imaging period. To bias our 
analysis towards synaptic events, we only included boutons that appeared for at least 2 time 
points at the same location during the imaging period. We distinguished two main classes of 
boutons: persistent boutons, which were present during all time points, and non-persistent 
boutons, which were absent during one or more time points during the imaging session 
(Figure 1A and 1B). Approximately 77 % (with standard deviation of 12 %) of inhibitory 
boutons at any given time point were persistent (Figure 1C), and they reflect inhibitory 
synapses (Figure 1E) (Müllner et al., 2015; Wierenga et al., 2008). Non-persistent boutons 
reflect locations where inhibitory synapses are ‘in transition’, e.g. where synapses are being 
formed or disassembled (Dobie and Craig, 2011; Schuemann et al., 2013; Wierenga et al., 
2008). Based on the presence or absence of non-persistent boutons during a baseline and 

Figure 1. Classification of presynaptic inhibitory boutons by their dynamics.
(A) Time-lapse two-photon images of two inhibitory boutons (blue arrowheads) along a GAD65-GFP-labeled axon 
in the CA1 region of the hippocampus. These boutons were present at all time points, and therefore categorized 
as persistent boutons. Only every second image is shown for clarity. On the right, the same region is shown after 
fixation and staining against vesicular GABA transporter (VGAT, magenta). The zoom shows a single optical plane 
through the bouton to demonstrate overlap (white) of VGAT and GFP boutons. Time in minutes. Scale bars 2 µm 
and 1 µm (zoom). 
(B1-5) Same as in A, showing examples of new (B1; absent during baseline), lost (B2; absent during wash-in), 
stabilizing (B3; non-persistent during baseline, and persistent during wash-in), destabilizing (B4; persistent during the 
baseline, and non-persistent during the wash-in) and transient (B5; non-persistent during both baseline and wash-in) 
boutons. Filled yellow arrowheads indicate that the bouton is present, and empty yellow arrowheads indicate that 
the bouton is absent at the time point shown. 
(C) Average fraction of persistent (P) and non-persistent (NP) boutons at any given time point, and average fraction 
of the 5 subgroups of non-persistent boutons normalized to the total number of non-persistent boutons (N – new; 
L – lost; S – stabilizing; D – destabilizing; T – transient). 
(D) Percentage of time points in which boutons were present during baseline (white) and wash-in (gray) periods. 
#: values for D were significantly different from N and T for wash-in (p < 0.01; χ2).
(E) Fraction of boutons positive for VGAT per axon. Numbers indicate the number of boutons analyzed per group.
Confocal images are maximum intensity projections of 5-8 z stacks, while two-photon images are maximum 
intensity projections of 13-15 z stacks. Data are represented as mean ± SEM. In C and D, data from 90 axons from 
24 independent experiments, and in E from 21 axons from 5 independent experiments.
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wash-in period (details are given in the methods section), we distinguished 5 subgroups 
of non-persistent boutons: new (N; absent during baseline), lost (L; absent during wash-
in), stabilizing (S; non-persistent during baseline, persistent during wash-in), destabilizing (D; 
persistent during baseline, non-persistent during wash-in) and transient (non-persistent in 
both periods). These different subgroups of non-persistent boutons not only differed in 
their incidence and duration (Figure 1C and 1D), but also in their presynaptic vesicular 
GABA transporter (VGAT) content (Figure 1E). Stabilizing boutons, which were present 
for at least 90 minutes before fixation, showed similar association with VGAT as persistent 
boutons, indicating that nascent inhibitory synapses recruit synaptic vesicles within this 
period. New boutons, which were present for a shorter period before fixation, showed a 
lower percentage of VGAT association. These data demonstrate that inhibitory presynaptic 
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Figure 2. Sema4D treatment promotes inhibitory bouton stabilization. 
(A) Time-lapse two-photon images of GFP-labeled inhibitory axons in the CA1 region of the hippocampus during 
baseline (5 time points) and wash-in (10 time points; grey box) of  1 nM Fc - control (C; upper panel) or 1 nM 
Sema4D-Fc (S4D; bottom panel). Only every second image is shown for clarity. Persistent (blue) and non-persistent 
(yellow) boutons are indicated by arrowheads. Filled arrowheads indicate that the bouton is present, and empty 
arrowheads indicate that the bouton is absent at that time point. Images are maximum intensity projections of 11-
18 z stacks. Time in minutes. Scale bar 5 µm. 
(B) Cumulative distribution of the change in mean bouton density during the wash-in period compared to baseline 
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boutons are dynamic structures that are continuously being formed and disassembled along 
the axons, and suggest that non-persistent boutons reflect boutons at different stages of 
inhibitory synapse assembly and disassembly.

Inhibitory bouton stabilization during treatment with Sema4D 
It was recently shown that class 4 semaphorin Sema4D can rapidly induce the assembly of 
functional inhibitory synapses in hippocampal dissociated cultures (Kuzirian et al., 2013), but 
the underlying mechanisms remain unknown. To examine the effect of Sema4D on inhibitory 
bouton dynamics, we bath applied the extracellular domain of mouse Sema4D conjugated to 
the Fc region of mouse IgG2A (Sema4D; 1 nM) and compared inhibitory bouton dynamics 
during a baseline period of 5 time points and during Sema4D treatment in the subsequent 
10 time points (Figure 2A). We used Fc alone (1 nM) as a control (Kuzirian et al., 2013). 
Bath application of Sema4D did not affect overall axonal morphology (Figure 2A), and did 
not change the density of inhibitory boutons (Figure 2B). However, when we analyzed the 
different subgroups of non-persistent boutons, we found that Sema4D treatment specifically 
enhanced the fraction of stabilizing boutons from 6 % ± 2% to 16 % ± 3 %, while leaving 
the other subgroups unaffected (Figure 2C and S1A-S1E). Indeed, treatment with Sema4D 
induced a >2-fold increase in the absolute density of stabilizing boutons (Figure 2D). To 
examine how Sema4D-induced stabilization developed over time, we quantified the number 
of boutons that were present for 5 consecutive time points during the baseline and the 
wash-in period. We found that Sema4D induced a marked increase in these boutons over the 
course of the wash-in period (% stabilization, Figure 2E), and strongly enhanced the number of 

after wash-in of C or S4D.  p = 0.83 (MW).
(C) Average fraction of subgroups of non-persistent boutons in C- and S4D-treated axons: N – new; L – lost; S – 
stabilizing; D – destabilizing; T - transient. ** p < 0.01 (MW per subgroup).
(D) Density of stabilizing boutons in C- and S4D-treated axons. Each dot represents an individual axon. ** p < 
0.01 (MW). 
(E) Stabilization of inhibitory boutons, as determined by the change (compared to baseline) in density of boutons 
that were present at 5 consecutive time points during the imaging period: 0’-40’ (baseline), 50’-90’ (wash-in) and 
100’-140’ (wash-in). Two-way ANOVA analysis showed a significant effect of both treatment and time. * p < 0.05 
(Two-Way ANOVA).
(F) Density of boutons that stabilized in the last 5 time points (TPs). *** p < 0.001 (MW).
(G) Frequency distribution of the stabilizing bouton density in C- and S4D-treated axons.  
(H-I) Same as in D-E, but in the presence of 0.5 μM TTX. In H, p = 0.17 (MW). In I, Two-way ANOVA analysis 
showed a significant effect of treatment. * p < 0.05 (Two-Way ANOVA). 
(J) Fraction of axons with stabilizing boutons in axons treated with C or S4D, in normal or activity-depleted slices 
(0.5 μM TTX). * p < 0.05, ** p < 0.01 (χ2).
(K) Same as in G, but in the presence of 0.5 µM TTX.
(L) Representative image of the local treatment of GFP-labeled inhibitory axons in the CA1 region of the 
hippocampus. The pipette was filled with Alexa568 (red) to visualize the area of the puff (yellow circle). Scale bar 
10 µm.
(M) Same as E, but for local treatment with 10 nM Fc (control, C) or 10 nM S4D. Red line marks the puffing. Two-
way ANOVA analysis showed a significant effect of treatment and an interaction between treatment and time (§). 
§,* p < 0.05, *** p < 0.001 (Two-Way ANOVA).
(N) Same as B, but after local treatment with C or S4D. * p < 0.05 (MW).
Data are represented as mean ± SEM. Data in B-G from 20 control axons (N=6) and 22 S4D-treated axons. (N=5), 
in H,I,K from 19 control axons (N=5) and 20 S4D-treated axons (N=5), and in M-N from 15 control axons (N=6) 
and 17 S4D-treated axons (N=6).



146

Chapter 6

6

boutons that had stabilized at the end of this period (last 5 time points; Figure 2F). Stabilizing 
boutons are relatively rare in our slices, as under control conditions only 40% of the axons 
display one or more stabilizing boutons. Treatment with Sema4D significantly increased this 
fraction to 77% (Figure 2G). Altogether, these data show that Sema4D treatment specifically 
promotes the stabilization of inhibitory boutons within tens of minutes in intact tissue.

Sema4D-induced bouton stabilization relies on network activity
We previously showed that inhibitory bouton dynamics are regulated by neuronal activity 
(Schuemann et al., 2013). We therefore asked whether Sema4D-induced stabilization of 
inhibitory boutons depended on network activity. Blocking activity by bath application of 
tetrodotoxin (TTX) only slightly decreased overall bouton dynamics in our slices (Figure 
S1F), which is in accordance with our previous findings (Schuemann et al., 2013). However, 
we found that in the presence of TTX Sema4D no longer induced stabilization of inhibitory 
boutons, and that Sema4D treatment even led to a reduction in bouton stabilization 
compared to control (Figure 2H and 2I) and decreased the fraction of lost boutons (Figure 
S1G). Indeed, whereas under control conditions Sema4D treatment increased the number 
of axons that displayed stabilizing boutons, it led to a decrease in the presence of TTX 
(Figure 2J and 2K). These findings show that Sema4D treatment affected bouton dynamics 
in an activity-dependent manner, and indicate that Sema4D promotes the stabilization of 
inhibitory presynaptic boutons only in active neuronal networks.

Local Sema4D-induced bouton stabilization 
Under physiological circumstances, Sema4D is a membrane-attached protein and local 
Sema4D signaling may be different from our bath application. We therefore locally applied 
Sema4D to short stretches (~40 μm) of inhibitory axons (Figure 2L). We found that Sema4D 
induced robust stabilization of inhibitory boutons in these axons, and prevented bouton 
destabilization, which was induced in control axons by the local application (Figure 2M). In 
these short axon stretches, these two effects together led to a significant increase in bouton 
density in Sema4D-treated axons compared to control axons (Figure 2N), indicating that 
local application of Sema4D was more potent to induce axonal changes than bath application 
(compare Figure 2B). This demonstrates that local Sema4D signaling can induce local changes 
in inhibitory bouton density within tens of minutes. Together with the results described 
above, our data indicate that Sema4D-signaling can mediate rapid changes in local bouton 
density of inhibitory axons in an activity-dependent manner.

Sema4D-induced stabilization of inhibitory boutons precedes inhibitory synapse 
formation 
We next assessed whether Sema4D-induced bouton stabilization results in formation of new 
inhibitory synapses. We first examined if longer Sema4D treatment enhanced the bouton 
stabilization effect. We compared dynamics of individual boutons during baseline and after 
6 h treatment (400 minutes total treatment) and found that longer Sema4D treatment also 
induced prominent bouton stabilization (Figure 3A and S1H). However, the 6 h treatment 
did not increase bouton stabilization beyond the 2 h level (Figure 3B), suggesting that the 
number of inhibitory boutons that can be stabilized by Sema4D is limited. In addition to 
promoting bouton stabilization, longer treatments also induced a reduction in the density 
of transient boutons (Figure 3C). This secondary effect was only revealed by analyzing the 
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effect over time, suggesting a more general reduction of dynamics as an indirect effect of 
prolonged bouton stabilization. These results indicate that the Sema4D-induced stabilization 
of inhibitory boutons persists, but does not further increase, with longer treatments.

We next asked if Sema4D-induced inhibitory bouton stabilization leads to the 
formation of new synapses. We treated organotypic hippocampal slices with 1 nM Fc 
or 1nM Sema4D for 2, 6 and 24 h, and determined overall inhibitory synapse density by 
immunohistochemistry. We used antibodies against presynaptic VGAT and postsynaptic 
gephyrin to visualize inhibitory synapses (Figure 3D and 3E). Sema4D induced a clear increase 
in the density of inhibitory synapses after 24 h (Figure 3F), suggesting that Sema4D-induced 
bouton stabilization resulted in the formation of new synapses. Treatment with Sema4D 
induced an increase in the area of VGAT puncta, without affecting their density (Figure 3G-
3I). For gephyrin, Sema4D treatment caused an increase in puncta density, but not in their 
size (Figure 3J-3L). The average puncta intensity was not affected (at 24h, VGAT: 107 % ± 4 % 
of control, p = 0.35 (MW); gephyrin: 106 % ± 5 % of control, p = 0.51 (MW)). Interestingly, the 
time course for presynaptic and postsynaptic changes was different. Whereas the increase 
in presynaptic VGAT area could be detected after 6 h, the increase in postsynaptic gephyrin 
density was only evident after 24 h. Note that the increase in presynaptic VGAT could 
already be detected in individual boutons after 2 h (Figure 1E). The slower postsynaptic 
response compared to a previous report in primary cultures (Kuzirian et al., 2013) may 
reflect a difference in overall neuronal maturation (Oh et al., 2016). The observed time 
course in our slices fits well with previous in vivo reports (Chen et al., 2015; Keck et al., 2011; 
Villa et al., 2016). Together, these data indicate that the initial Sema4D-induced stabilization 
of inhibitory boutons is followed by a slower maturation process, through an increase in 
presynaptic vesicle content and subsequent acquisition of postsynaptic scaffolds (Dobie and 
Craig, 2011; Wierenga et al., 2008), resulting in an overall increase in inhibitory synapses after 
Sema4D treatment.

Actin remodeling by low doses of LatrunculinB promotes stabilization of 
inhibitory boutons
The assembly of inhibitory synapses induced by Sema4D in dissociated hippocampal neurons 
was shown to be dependent on its receptor PlexinB1 (Kuzirian et al., 2013), and PlexinB1 
activation can induce changes in the actin cytoskeleton (Swiercz et al., 2002; Tasaka et al., 
2012). To examine how the actin cytoskeleton is involved in inhibitory bouton dynamics, 
we studied the effect of the actin monomer sequestering drug LatrunculinB (LatB) and the 
actin filament stabilizer drug Jasplakinolide (Jasp) in our system. In the low concentrations 
that we use here (100 nM LatB and 200 nM Jasp) these drugs perturb the actin cytoskeleton 
without affecting synaptic function (Honkura et al., 2008; Rex et al., 2009). None of the 
treatments changed overall axon morphology (Figure 4A). We found that the fraction of 
stabilizing boutons was increased in the presence of LatB, but not of Jasp (Figure 4B and 
4C). Other bouton subgroups were not affected (Figure S2). In fact, we found that LatB 
specifically increased the absolute density of stabilizing boutons by almost 2-fold (Figure 4D 
and 4E), similar to Sema4D (Figure 2D and 2G). These findings show that inhibitory bouton 
dynamics are regulated by changes in the actin cytoskeleton. 

The similar stabilization of inhibitory boutons induced by treatment with LatB or 
Sema4D suggests that they act in a common underlying pathway at the same subset of 
boutons. We therefore treated slices with a combination of LatB and Fc or LatB and Sema4D, 
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Figure 3. Sema4D increases overall inhibitory synaptic density.
(A) Average fraction of subgroups of non-persistent boutons after treatment with 1 nM Fc (control; C) or 1 nM 
Sema4D-Fc (S4D) for 6 hours (400 minutes of total treatment): N – new; L – lost; S – stabilizing; D – destabilizing; 
T - transient. * p < 0.05, *** p < 0.001 (MW per subgroup). 
(B) Density of stabilizing boutons after treatment with Fc or S4D for 50, 100 and 400 minutes. Two-way ANOVA 
analysis showed that S4D increased density independent of time. ** p < 0.01, *** p < 0.001 (Two-Way ANOVA).
(C) Same as B, but for transient boutons. Two-Way ANOVA analysis indicated a significant interaction between 
treatment and time (§). § p < 0.05 (Two-Way ANOVA).
(D) Representative images of CA1 dendritic area of GAD65-GFP hippocampal slices treated with 1 nM Fc (C) or 
1 nM Sema4D-Fc (S4D) for 24 h, and immunostained for VGAT (green) and gephyrin (magenta). Images are average 
intensity projections of 5 z stacks. Scale bar 2 µm.
(E) Example of an inhibitory synapse (white box in D), identified as the apposition of VGAT (green) and gephyrin 
(magenta) puncta. The respective xz and yz projections show the close apposition of the two markers. Images are 
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and found that bouton stabilization by LatB occluded a further increase by co-application 
with Sema4D (Figure 4F and 4G). Co-treatment with LatB and Sema4D only increased the 
fraction of new boutons. These data suggest that LatB and Sema4D induced stabilization of 
the same subgroup of inhibitory boutons and act in a common signaling pathway.

MET is enriched at a subset of inhibitory presynaptic boutons
The outcome of Sema4D/PlexinB1 signaling on the underlying actin cytoskeleton relies on 
the co-activation of receptor tyrosine kinase receptors. Co-activation of MET upon Sema4D 
treatment has been shown to promote anti-migratory effects in some breast cancer lines 
through actin remodeling by the inactivation of small RhoGTPase RhoA (Sun et al., 2012; 
Swiercz et al., 2008). Based on our observation that Sema4D and LatB act in a common 
pathway regulating inhibitory bouton dynamics, we wondered if MET plays a role in Sema4D-
induced bouton stabilization. MET has previously been shown to be enriched in axonal 
tracts and to co-localize with presynaptic markers of excitatory synapses (Eagleson et al., 
2013; Judson et al., 2009; Xie et al., 2016), but its presence in inhibitory neurons is debated 
(Eagleson et al., 2011). To address a possible localization of MET at inhibitory synapses, we 
made use of a nanobody against MET (Heukers et al., 2014). We confirmed that this nanobody 
labels synapses in primary hippocampal cultures (Figure S3A). The majority of MET puncta 
overlapped with excitatory synapses as previously reported (Eagleson et al., 2013; Tyndall 
and Walikonis, 2006), but clear association of MET with inhibitory presynapses was also 
observed (Figure S3B). When we labeled MET in our hippocampal slices of GAD65-GFP 
mice, we observed that 21 % ± 3 % of the GFP-labeled inhibitory boutons were enriched 
for MET (Figure 5A-5C). Comparing the MET staining pattern with staining for postsynaptic 
gephyrin (compare Figure 5B with Figure 3E) suggests a presynaptic localization of MET at 
these inhibitory synapses. These data show that with our method we are able to detect 
enrichment of MET in inhibitory presynaptic boutons.

Inhibitory bouton stabilization by Sema4D requires MET
We next assessed if MET activation is necessary for the observed Sema4D-induced 
stabilization of boutons. After the baseline period, we treated our slices with Sema4D as 
before or in combination with PHA-665752 (PHA), a highly specific MET inhibitor (Lim and 
Walikonis, 2008). We observed that adding the PHA blocker alone did not affect bouton 
dynamics (Figure S3C and S3D), suggesting that MET is not activated under baseline conditions 

maximum intensity projections of 6 z stacks. Scale bar 1 µm.
(F) Density of inhibitory synapses in slices treated with Fc or Sema4D for 24 h. * p < 0.05 (MW).
(G) Normalized density of presynaptic vesicular GABA transporter (VGAT) puncta (after treatment with 1 nM 
S4D for 2 h, 6 h and 24 h. Dotted line represents control (treatment with 1nM Fc for 2 h, 6 h and 24 h). 
(H) Same as in G, but for VGAT puncta area. Two-way ANOVA analysis showed that S4D treatment increased VGAT 
area independent of time. ** p < 0.01 (Two-Way ANOVA). 
(I) Cumulative distributions of the normalized area of VGAT after treatment with 1 nM S4D for 2, 6 and 24 h. Black 
line represents the normalized control values. p = 0.81, 0.08 and 0.14 (KS) for 2, 6 and 24 h, respectively.
(J-K) Same as in G-H, but for density (J) and area (K) of postsynaptic gephyrin puncta. In J, Two-way ANOVA analysis 
showed a significant effect of time and an interaction between treatment and time in I (§). § p < 0.05 (Two-Way 
ANOVA).
(L) Same as in I, but for normalized gephyrin density. p = 0.99 and 0.99 (KS) for 2 and 6 h, respectively. *** p < 
0.001 (KS).
Data are represented as mean ± SEM. In A, data from 15 control axons (N=4) and 17 S4D-treated axons (N=4), and 
in F-L from 15/20 control images (N=3/4) and 15/20 S4D images (N=3/4).
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Figure 4. Inhibitory bouton dynamics are regulated by actin.
(A) Time-lapse two-photon images of GAD65-GFP-labeled axons in the CA1 region of the hippocampus during 
baseline (5 time points) and wash-in (10 time points; grey box) of DMSO - control (C; upper panel), 200 nM 
Jasplakinolide (Jasp; middle panel) or 100 nM LatrunculinB (LatB; bottom panel). Only every second image is shown 
for clarity. Persistent and non-persistent boutons are indicated as in Figure 2. Images are maximum intensity 
projections of 12-14 z stacks. Time in minutes. Scale bar 5 µm.
(B) Average fraction of the five subgroups of non-persistent (NP) boutons (N – new; L – lost; S – stabilizing; D – 
destabilizing; T – transient) in C and Jasp-treated axons.
(C) Same as in B, but for C and LatB-treated axons. * p < 0.05 (MW per subgroup).
(D) Density of stabilizing boutons in control, Jasp- and LatB-treated axons. ** p < 0.01 (MW).
(E) Frequency distribution of the stabilizing bouton density in C, Jasp- and LatB-treated slices.
(F) Same as E, but for combined treatment with 100 nM LatB/1 nM Fc (LatB+C) or 100 nM LatB/1 nM Sema4D 
(LatB+S4D). 
(G) Same as B, but for combined treatment with LatB/C or LatB/S4D. ** p < 0.01 (MW per subgroup).
Data are represented as mean ± SEM. Data from 21 control axons (N=6) and 20 Jasp-treated axons (N=5) in B, 
from 18 control axons (N=5) and 20 LatB-treated axons (N=5) in C, and from 18 LatB/Fc- (N=4) and 20 LatB/
S4D-treated axons (N=5).
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Figure 5. Inhibitory bouton stabilization by Sema4D requires MET.
(A) Representative images of GFP-labeled inhibitory boutons (green) in hippocampal slices, stained for MET 
(magenta). Images are maximum intensity projections of 6 z stacks. White arrows indicate boutons MET enrichments 
in GFP-labeled boutons. Scale bar 5 µm.
(B) Example of two inhibitory boutons (green) in hippocampal slices showing enrichment in MET (magenta), and 
the respective xz and yz projections. Images are maximum intensity projections of 6 z stacks. Scale bar 1 µm.
(C) Fraction of GFP boutons positive for MET. Aspecific staining was determined by anti-myc staining without 
nanobody (‘C’; black) and random co-localization was determined by inverting the MET channel (‘Inv’; light gray). * 
p < 0.05, *** p < 0.001 (KW).
(D) Density of stabilizing boutons in slices treated with a combination of 1 nM Sema4D/DMSO (S4D) or 1 nM 
Sema4D/1 μM PHA-665752 (S4D+PHA). Dotted line represents control values. ** p < 0.01 (MW).
(E) Fraction of axons with stabilizing boutons. Dotted line represents control values. ** p < 0.01 (χ2).
(F) Representative images of hippocampal slices treated with S4D (upper panel) or S4D+PHA (bottom panel) for 
100’, and stained for presynaptic VGAT. Images are average intensity projections of 5 z stacks. Scale bar 5 µm.
(G) Normalized mean staining intensity for VGAT. Control value is indicated with dotted line. ** p < 0.01 (MW).
Data are represented as mean ± SEM. In C, data from 10 control images (N=2) and 12 images in MET and inverted 
group (N=3), in D-E from 17 S4D/DMSO-treated axons (N=4) and 16 S4D/PHA-treated axons (N=4), and in G 
from 16 images of S4D-treated slices (N=3) and 23 images of S4D+PHA-treated slices (N=4).

in our slices. However, blocking MET completely abolished the Sema4D-induced increase in 
the density of stabilizing boutons (Figure 5D). In fact, blocking MET in combination with 
Sema4D treatment almost entirely abolished the occurrence of stabilizing boutons (Figure 
5E). Sema4D treatment in the presence of PHA had only a mild effect on the other bouton 
subgroups (Figure S4). Consistent with the live imaging data, inhibiting MET with PHA also 
blocked the increase in VGAT staining intensity after Sema4D treatment (Figure 5F and 
5G). Taken together, these data indicate that activation of MET is required for the Sema4D-
induced stabilization of inhibitory boutons.
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DISCUSSION
Ongoing formation and disassembly of inhibitory synapses in the brain play an important 
role in experience-dependent circuit adaptation. We found that Sema4D signaling affects 
these dynamics in a highly specific manner. Sema4D signaling induces actin remodeling, which 
leads to inhibitory bouton stabilization within tens of minutes, followed by subsequent 
maturation of inhibitory synapses over the next 24 hours. Our data indicate that Sema4D 
can mediate local changes in inhibitory bouton density in an activity-dependent manner, 
suggesting an important role for this signaling pathway in circuit adaptation processes. We 
further found that Sema4D-induced inhibitory synapse formation requires activation of the 
receptor tyrosine kinase MET. Our results elucidate an important regulatory pathway of 
activity-dependent inhibitory synapse formation and reveal a novel role for MET in inhibitory 
synapses.

Inhibitory axons can rapidly respond to environmental signals
Our live imaging experiments give unique insight in the dynamics of the process of inhibitory 
synapse formation in brain slices, which would have remained undetected with methods using 
stationary comparisons before and after treatment. In postnatal brain tissue, in which the 
majority of inhibitory connections have been established, synapse formation and disassembly 
is still ongoing. In our slices, many GFP-labeled boutons are persistent and display pre- and 
postsynaptic markers of mature inhibitory synapses, but a significant portion (~20%) of 
inhibitory boutons are non-persistent. Non-persistent boutons represent locations where 
inhibitory synapses are ‘in transition’. At these axonal locations, inhibitory synapses seem to 
be formed and disassembled in an trial-and-error fashion (Dobie and Craig, 2011; Fu et al., 
2012; Schuemann et al., 2013; Wierenga, 2016; Wierenga et al., 2008). Here we show that 
inhibitory axons can respond very rapidly to signals from their environment. Local signaling 
through Sema4D can promote rapid stabilization of non-persistent inhibitory boutons, 
resulting in a local increase of inhibitory synapses. This suggests that ongoing bouton 
dynamics in inhibitory axons play a major role in rapid adaptation of inhibitory connections, 
such that inhibitory connections can be quickly updated when needed. As rapid changes 
in inhibitory connections are an essential aspect of circuit rewiring during development 
and learning, it is important to characterize the molecular processes underlying presynaptic 
dynamics in inhibitory axons. 

Sema4D regulates stabilization of non-persistent inhibitory boutons
We found that Sema4D treatment specifically increased the number of non-persistent 
boutons that stabilized during the imaging period. Sema4D-induced bouton stabilization was 
not enhanced by longer treatment (>2 h) or co-application with LatB, suggesting that the 
number of boutons susceptible to Sema4D at any given time is limited. This suggests that 
Sema4D signaling is involved only at a specific stage during synapse formation and that 
boutons which are more mature or too immature do not respond to Sema4D. Indeed, we 
observed that Sema4D signaling did not induce formation of inhibitory synapses de novo, but 
stabilized boutons at locations where a bouton had occurred before. At first sight, this seems 
to contrast with a previous report in primary cultures, where Sema4D application induced 
the formation of new inhibitory synapses (Kuzirian et al., 2013). However, in the latter 
study, presynaptic dynamics were not monitored and it is not known if Sema4D-induced 
synapses occurred de novo, or at locations where inhibitory boutons had occurred before. 



153

Molecular pathway underlying bouton stabilization by Semaphorin4D during inhibitory synapse formation

6

In primary cultures, a much larger fraction of synapses may be immature compared to intact 
tissue (Dobie and Craig, 2011; Kuriu et al., 2012), which may underlie the stronger effect of 
Sema4D on inhibitory synapse formation in this preparation. In our slices, Sema4D treatment 
increased inhibitory synapse density by ~20% after 24 hours (Fig. 3F), which is in line with 
in vivo studies (Chen et al., 2015; Keck et al., 2011; Villa et al., 2016). In addition to stabilizing 
inhibitory boutons, we found that Sema4D signaling also reduced bouton destabilization 
(Figure 2M and 3A), possibly reflecting an enhanced sensitivity of destabilizing boutons to the 
Sema4D stabilization signal. Our results suggest that Sema4D signaling regulates a specific 
step of inhibitory synapse formation.

A novel role for MET in inhibitory synapse formation
It was previously shown that Sema4D acts as a postsynaptic protein and requires PlexinB1 
for promoting inhibitory synapse formation (Kuzirian et al., 2013; Raissi et al., 2013). Future 
studies will need to determine if presynaptic PlexinB1 receptors are sufficient or if additional 
PlexinB isoforms or postsynaptic receptors are also involved. Here we found that activation 
of the receptor tyrosine kinase MET is required for Sema4D-induced inhibitory bouton 
stabilization, suggesting that MET acts as a co-receptor for the Sema4D receptor PlexinB1 
(Swiercz et al., 2008) to promote an intracellular pathway that ultimately leads to actin 
remodeling within the axon. Consistent with this scenario, we found that MET is enriched 
in inhibitory synapses, both in primary hippocampal cultures and organotypic slices. Our 
data suggest a presynaptic localization of MET at inhibitory synapses, which would be 
consistent with the observation of MET in symmetric presynaptic terminals in a previous 
immunoelectron microscopy study (Eagleson et al., 2013). However, expression of MET in 
inhibitory neurons is debated, since expression could not be detected in vivo, but only when 
cells were challenged in vitro (Eagleson et al., 2011). Future studies are needed to clarify 
this point further, and if expression of MET happens at specific stages of inhibitory synapse 
formation or if it is related with neuronal activity.  Our data suggest that activation of MET 
is part of the Sema4D-signaling pathway promoting inhibitory bouton stabilization. Previous 
studies have implicated MET in regulating postsynaptic strength in excitatory neurons (Lo 
et al., 2016; Qiu et al., 2014), and in interneuron migration during early stages of neuronal 
development (Martins et al., 2011). Our data indicate a novel role for MET in the assembly 
of inhibitory presynapses. 

Actin remodeling is one of the first events in inhibitory synapse formation
Activation of the Sema4D/PlexinB1 signaling pathway via MET ultimately leads to changes 
in the actin cytoskeleton (Sun et al., 2012; Swiercz et al., 2008). Indeed, we could mimic 
the Sema4D effect by applying low levels of the actin-depolymerizing drug LatB. Our 
observations indicate that presynaptic actin remodeling is one of the first events occurring 
during inhibitory synapse formation. This finding complements two recent studies that show 
a similar role for presynaptic actin in synaptogenesis in C. elegans (Chia et al., 2014) and 
Drosophila (Piccioli and Littleton, 2014). Our study shows that the dynamics of inhibitory 
boutons are regulated by intracellular modification of actin structures. It has been previously 
shown that bouton dynamics reflect intra-axonal transport of presynaptic components, 
including clusters of synaptic vesicles and active zone proteins (Fu et al., 2012; Sabo et al., 
2006; Staras, 2007). We show that Sema4D and LatB treatments induce similar actin changes 
in immature boutons to promote stabilization, suggesting that the affinity for vesicle capture 
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may be defined by local actin structures (Sun and Bamji, 2011; Wu et al., 2013). Low doses 
of monomer sequestering drugs, such as LatB used in our study, presumably do not lead 
to the complete disassembly of actin structures (Bleckert et al., 2012; Ganguly et al., 2015; 
Honkura et al., 2008). Instead, limited availability of actin monomers may indirectly affect 
actin-regulating factors resulting in structural changes of the actin cytoskeleton (Ganguly 
et al., 2015; Suarez et al., 2015). Future studies will be necessary to unravel precise actin 
structures and the role of actin-regulating factors in axonal boutons, and the specific changes 
that occur during synapse formation.  

Activity-dependent inhibitory adaptation
Our observation that Sema4D-induced bouton stabilization requires ongoing neuronal 
activity suggests that this process plays a role during activity-dependent inhibitory plasticity. 
A local Sema4D signal can induce a rapid increase in inhibitory synapses, shaping local 
inhibitory connections and thereby affecting information processing. It is becoming clear 
that adaptation of inhibitory synapses play an important role in the rewiring of circuits 
during development, and in response to behavioral demands during adulthood.  A transient 
change in inhibitory connectivity may serve as a gating mechanism for plasticity at nearby 
excitatory synapses, which takes place at a slower time scale (Froemke, 2015; Froemke et 
al., 2007; Hensch, 2005; Keck et al., 2011; Villa et al., 2016). However, our understanding of 
the molecular processes underlying activity-dependent inhibitory adaptation is very limited. 
Our data suggest that Sema4D signaling may be one of the pathways regulating this process. 
Another pathway may involve GABAB signaling (Fu et al., 2012), and there may be many 
more. Defects in inhibitory adaptation may contribute to neurodevelopmental disorders, 
including autism spectrum disorder (ASD). It is therefore interesting that mutations in the 
MET gene are an established risk factor for ASD, as determined by various human imaging 
and genetic studies (Peng et al., 2013). Our discovery of a role for MET in Sema4D-mediated 
inhibitory synapse formation suggests that defects in inhibitory adaptation may contribute to 
problems in information processing as seen in ASD. It will be important to study inhibitory 
adaptation processes in ASD mouse models in future studies. 

Together, our study demonstrates that inhibitory axons can respond to environmental 
signals within tens of minutes. We elucidate here the molecular pathway underlying rapid 
inhibitory bouton stabilization by activity-dependent Sema4D signaling and reveal a novel 
role for the receptor tyrosine kinase MET in inhibitory synapses. Our findings contribute to 
unraveling the molecular processes underlying local activity-dependent changes in inhibitory 
connections during circuit adaptation.
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MATERIALS AND METHODS

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

Hippocampal slice cultures 
Hippocampal slice cultures (400 µm thick) were prepared from postnatal day 5-7 of both male and female GAD65-
GFP mice (Lopez-Bendito et al., 2004) as previously described (Müllner et al., 2015). In short, the hippocampi 
were dissected in ice-cold HEPES-GBSS (containing 1.5 mM CaCl2·2H2O, 0.2 mM KH2PO4, 0.3 mM MgSO4·7H2O, 
5 mM KCl, 1 mM MgCl2·6H2O, 137 mM NaCl, 0.85 mM Na2HPO4 and 12.5 mM HEPES) supplemented with 1 mM 
kynurenic acid and 25 mM glucose, and plated in a MEM-based medium (MEM supplemented with 25 % HBSS, 25 % 
horse serum, 30 mM glucose and 12.5 mM HEPES). 

In GAD65-GFP mice, approximately 20% of the CA1 interneurons express GFP from early embryonic 
developmental stage into adulthood (Lopez-Bendito et al., 2004; Wierenga et al., 2010). The majority of GFP-labeled 
interneurons expresses reelin and VIP, while parvalbumin and somatostatin expression is nearly absent (Wierenga 
et al., 2010). For our study, the relatively low number of GFP-positive axons is crucial for proper analysis of 
individual boutons.

The slices were kept in culture for at least one week before the experiments (range 7-18 days in vitro) at 
35 °C in 5 % CO2. For live imaging experiments, slices were transferred to an imaging chamber, where they were 
continuously perfused with carbogenated artificial cerebrospinal fluid (ACSF; containing 126 mM NaCl, 3 mM 
KCl, 2.5 mM CaCl2, 1.3 mM MgCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, 20 mM glucose and 1mM Trolox). The 
temperature of the chamber was maintained at 37 °C. Treatment and control experiments were conducted in slices 
from sister cultures.

Pharmacological treatments
The following drugs were used: 0.1/0.2 % DMSO, 1 nM Fc and Sema4D-Fc (amino acids 24-711) (both R&D Systems), 
100 nM Latrunculin B (Santa Cruz Biotechnology), 200 nM Jasplakinolide (Tocris Bioscience) and 1 μM PHA-665752 
(Sigma-Aldrich). We used the small molecule PHA-665752 (PHA), a specific MET inhibitor, to decrease endogenous 
phosphorylation of MET, without affecting MET expression or neuronal cell viability (Lim and Walikonis, 2008). We 
used 10 nM Fc or Sema4D for the local puffing experiments.

For treatments that were followed by immunostaining of inhibitory synapses, 1 nM Fc or Sema4D-Fc was 
added to the culturing medium and slices were left in the incubator for 2, 6 or 24 h before fixation. 

Two-photon imaging
For acute treatments, drugs were added to the perfusion ACSF after a baseline period of 40 minutes (5 time 
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points) and we continued imaging for an additional 10 time points in the treatment period (total imaging period 
is 140 minutes). In longer treatments, we treated the slices for 6 hours after the baseline period (5 imaging time 
points) at the microscope and restarted imaging for 5 time points, for a total treatment period of 6 hours and 40 
minutes (400 minutes). For activity blockade, 0.5 µM tetrodotoxin citrate (TTX; Tocris Bioscience) was added to the 
perfusion ACSF prior to the transfer of the slice to the imaging chamber. Time-lapse two-photon microscopy images 
were acquired on a Femtonics 2D two-photon laser-scanning microscope (Budapest, Hungary), with a Nikon CFI 
Apochromat 60X NIR water-immersion objective. GFP was excited using a laser beam tuned to 910 nm (Mai Tai HP, 
Spectra Physics). The 3D images (93.5 µm x 93.5 µm in xy, 1124 x 1124 pixels) consisted of 29-33 z stacks (0.5 µm 
step size in z). Small misalignments due to drift were manually compensated during the acquisition.

For the local treatment, we used HEPES-ACSF (containing 126 mM NaCl, 3 mM KCl, 2.5 mM CaCl2, 1.3 
mM MgCl2, 1.25 mM NaH2PO4, 20 mM glucose, and 10 mM HEPES; pH 7.41) with 20 µM Alexa 568 (Invitrogen), in 
order to visualize the spread of the local puff. Sema4D or Fc was added to the HEPES-ACSF to a final concentration 
of 10 nM. The solution was loaded into a patch pipette (4-6 MOhm), and was locally applied to a GFP-labeled axon 
using a Picospritzer II (General Valve). Time-lapse two photon microscopy imaging was performed as described 
previously, except that a second laser (Spectra Physics) was used at 840 nm to visualize the area of the puff. The 
3D images (51.3 µm x 51.3 µm in xy, 620 x 620 pixels) consisted of 18-22 z stacks (0.5 µm step size in z). After 
a baseline period of 20 minutes (5 TPs), the pipette was put into position before the stimulation. The stimulation 
consisted of 300 puffs of 20-50 ms at 2 Hz. The pipette was carefully retracted before continuing the time series for 
10 additional time points (total imaging period of 70 minutes).

Two-photon image analysis
The analysis of inhibitory bouton dynamics was performed semi-automatically using ImageJ (US National Institute 
of Health) and Matlab-based software (Mathworks). The 3D coordinates of individual axons were selected at every 
time point by using the CellCounter plugin (Kurt De Vos, University of Sheffield, Academic Neurology). For each 
image, 1-5 stretches of axons (average length 78 µm with standard deviation 18 µm, with average of 31 boutons per 
axon with standard deviation 11; for local treatment experiments, average length 39 µm with standard deviation 8 
µm, with average of 14 boutons per axon with standard deviation of 4) were selected for analysis.

A 3D intensity profile along the selected axons was constructed at each time point, and individual boutons 
were identified in a two-step process using custom-made Matlab software (Schuemann et al., 2013). In brief, an 
axon threshold was calculated to differentiate the axon from the background (2 standard deviations above mean 
intensity); subsequently, a local threshold (0.5 standard deviation above mean axon intensity) identified the boutons 
along the selected axon. Only boutons with at least 5 pixels above bouton threshold were included. Each image 
stack was visually examined and false positives and negatives were corrected manually. Only raw data was analyzed; 
images were median-filtered for illustration purposes only.

Boutons were classified as persistent when they were present during all time points, and non-persistent 
when they were absent during one or more time points during the imaging session. The average fraction of 
persistent and non-persistent boutons was calculated by normalization to the average number of boutons per 
axon. To bias our analysis towards synaptic events (Schuemann et al., 2013), we restricted our analysis to boutons 
that appeared for at least 2 time points at the same location during the imaging period. We verified that our main 
conclusions did not change when this restriction was released. Based on their presence during baseline and wash-
in periods, we defined five subgroups of non-persistent boutons: new boutons (not present during baseline), lost 
boutons (not present during wash-in), stabilizing boutons (non-persistent during baseline, persistent during wash-
in), destabilizing boutons (persistent during baseline, non-persistent during wash-in), and transient boutons (non-
persistent in baseline and wash-in) (Fig. 1). Average fraction of each subgroup of boutons was normalized to the 
total average number of non-persistent (NP) boutons per axon. The duration of each bouton was defined as the 
number of time points present divided by the total number of time points per period. Bouton density was calculated 
as the average number of boutons at all time points divided by the 3D axon length. 

Immunohistochemistry, confocal imaging and image analysis
For post hoc immunohistochemistry, organotypic hippocampal slices were fixed in 4 % (w/v) paraformaldehyde for 
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30 minutes at room temperature. Slices were rinsed in phosphate buffer and permeabilized with 0.5 % TritonX-100 
in phosphate buffer for 15 minutes. Slices were blocked with 0.2 % TritonX-100, 10 % goat serum (ab7481, Abcam) 
in phosphate buffer for 60 minutes. Primary antibodies were applied overnight at 4°C in blocking solution. After 
washing, slices were incubated with secondary antibodies in blocking solution for 4h at room temperature. Slices 
were washed and mounted on slides in Vectashield mounting medium (Vector Labs).

The following primary and secondary antibodies were used: rabbit α-VGAT (1:1000; Synaptic Systems, 
131 003), mouse α-gephyrin (1:1000; Synaptic Systems, 147 011), guinea pig α-VGLUT (1:400; Millipore, AB5905), 
rabbit α-Homer (1:1000; Synaptic Systems, 160 002), mouse α-myc (1:100; Oncogene Research Products, OP10), 
Alexa405-, Alexa-488 and Alexa-568 conjugated secondary antibodies (Invitrogen). For staining MET we used 
a previously described myc-tagged nanobody, which was shown to recognize MET with low nanomolar affinity 
(Heukers et al., 2014). We visualized the nanobody with an antibody against the C-terminal myc tag. We validated 
the nanobody staining in primary hippocampal cultures using a previously described immunostaining protocol 
(Esteves da Silva et al., 2015). 

For immunostainings, high resolution confocal laser scanning microscopy was performed on a Zeiss LSM-
700 system with a Plan-Apochromat 63x 1.4 NA oil immersion objective. Each image was a z-series of 11-35 images 
(0.3 µm z step size), each averaged 4 times. The imaging area in the CA1 region was 78 x 78 µm (1024 x 1024 pixels). 
The confocal settings were kept the same to compare fluorescence intensities between slices. 

For the quantification of VGAT and gephyrin intensities per image, we determined per image the mean 
intensity of 3 randomly chosen areas of 10 x 10 µm of the average projection image from the 5 middle z-layers. 
For the cumulative plots individual values (per area) were used. Synaptic puncta size and number were determined 
using the PunctaAnalyzer plugin, and inhibitory synapses were defined as overlapping VGAT and gephyrin puncta. 
For determining co-localization of GFP-labeled boutons with synaptic marker VGAT or with MET, we manually 
inspected individual boutons through all z-sections. A bouton was only considered positive when at least one z 
stack of the bouton overlapped with VGAT or MET staining. The images were median-filtered only for illustration 
purposes.

Statistics
Data are represented as mean values ± standard error of the mean, unless stated otherwise. Statistical analysis was 
performed using GraphPad Prism software. Results from treatment and control experiments were compared using 
the Mann-Whitney U test (MW). The Chi-Square test (χ2) was used for comparing fractions. For comparing multiple 
groups, we used the Kruskal-Wallis test (KW) followed by a posthoc Dunn’s comparison test. We used a Two-Way 
ANOVA followed by a Sidak’s multiple comparisons test (Two-Way ANOVA) to compare treatment effects at 
multiple time points. For the comparison of cumulative distributions, we used the Kolmogorov-Smirnov (KS) test. 
We have indicated the used tests in the figure legends. Differences between control and treatment were considered 
significant when p < 0.05 (*, p < 0.05; **, p < 0.01; ***, p < 0.001). In all figure legends and text, N indicates the 
number of independent experiments, and n indicates the number of axons/images analyzed.
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Figure S1. Effect of Sema4D treatment on inhibitory bouton dynamics. Related to Figure 2 and 3. 
(A) Density of new boutons in axons treated with 1 nM Fc (C) and 1 nM Sema4D-Fc (S4D). p = 0.41 (MW).
(B-E) Same as in A, but for lost (B; p = 0.61), stabilizing (C), destabilizing (D; p = 0.84) and transient (E; p = 0.34). 
** p < 0.01 (MW).
(F) Mean instantaneous bouton turnover (average of last 5 time points) in control (C) and TTX-treated slices. The 
instantaneous bouton gain (or loss) was defined as the fraction of boutons that were gained (or lost) between two 
consecutive time points (Schuemann et al., 2013).
(G) Average fraction of the five subgroups of non-persistent (NP) boutons (N – new; L – lost; S – stabilizing; D 
– destabilizing; T – transient) in C and S4D-treated axons in the presence of 0.5 µM TTX: N – new (p = 0.08); L – 
lost; S – stabilizing (p = 0.23); D – destabilizing (p = 0.07); T – transient (p = 0.65). * p < 0.05 (MW per subgroup).
(H) Density of non-persistent boutons (N – new; L – lost; S – stabilizing; D – destabilizing; T – transient) after 
treatment with 1 nM Fc (control; C) or 1 nM Sema4D-Fc (S4D) for 6 hours (400 minutes of total treatment). * p 
< 0.05 (MW per subgroup).
Data are represented as mean ± SEM. In A-E, data from 20 control axons (N=6) and 22 S4D-treated axons (N=5), 
in F from 17 control axons (N=4) and 17 TTX-treated axons (N=5), in G from 19 control axons (N=5) and 20 
S4D-treated axons (N=5), and in H from 15 control axons (N=4) and 17 S4D-treated axons (N=4).
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Figure S2. Effect of actin regulating drugs on inhibitory bouton dynamics. Related to Figure 4.
(A) Density of new boutons in control (C) and Jasplakinolide (Jasp; 200 nM)-treated slices. p = 0.45 (MW).
(B-E) Same as in A, but for lost (B; p = 0.14), stabilizing (C; p = 0.55), destabilizing (D; p = 0.68) and transient (E; p 
= 0.58).
(F-J) Same as in A-E, but for control (C) and LatrunculinB (LatB; 100 nM)-treated slices. For F, G, I and J, p = 0.33, 
0.85, 0.11 and 0.08, respectively. ** p < 0.01 (MW).
Data are represented as mean ± SEM. Data from 21 control axons (N=6) and 20 Jasp-treated axons (N=5) in A-E, 
and from 18 control axons (N=5) and 20 LatB-treated axons (N=5) in F-J.
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Figure S3. Enrichment of MET at synapses, and effects of MET inhibition on inhibitory bouton 
dynamics. Related to Figure 5. 
(A) Images of primary cultures of hippocampal neurons immunostained for MET (red) and markers for excitatory 
synapses: presynaptic vesicular glutamate transporter (VGLUT; green) and postsynaptic Homer (blue). White 
arrows highlight MET puncta co-localizing with one or both markers. Red arrows indicate MET puncta that do 
not localize. Images are maximum intensity projections of 13 stacks. Scale bar 5 µm (overview) and 2 µm (zoom).
(B) Same as A, but neurons were stained with MET nanobody (red) and markers for excitatory presynapses 
(presynaptic VGLUT; green) and inhibitory presynapses (presynaptic vesicular GABA transporter VGAT; blue). 
White arrows indicate MET co-localizing with VGLUT and blue arrows indicate MET co-localizing with VGAT. 
Images are maximum intensity projections of 12 stacks. Scale bar 5 µm (overview) and 2 µm (zoom).
(C) Cumulative distribution of the change in mean bouton density during the wash-in period compared to baseline 
after wash-in of control (C) or 1 µM of PHA-665752 (PHA).  p = 0.78 (MW).
(D) Average fraction of subgroups of non-persistent boutons in C and PHA-treated axons: N – new (p = 0.44); 
L – lost (p = 0.88); S – stabilizing (p = 0.51); D – destabilizing (p = 0.16); T – transient (p = 0.21). 
Data are represented as mean ± SEM. In C-D, data from 18 control axons (N=4) and 18 PHA-treated axons (N=4).
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Figure S4. MET inhibition on Sema4D effect on inhibitory bouton dynamics. Related to Figure 5.
(A) Time-lapse two-photon images of GAD65-GFP-labeled axons in organotypic hippocampal slices during wash-in 
(grey box) of combination of 1 nM Sema4D and DMSO (S4D; upper panel) or combination of 1 nM Sema4D with 
1 µM PHA-665752 (S4D+PHA; bottom panel). Images are maximum intensity projections of 15-16 z stacks. The 
images show persistent (blue arrowheads), and non-persistent boutons (yellow arrowheads). Filled arrowheads 
indicate that the bouton is present, and empty arrowheads indicate that the bouton is absent at that time point. 
Scale bar 5 µm. 
(B) Density of new boutons in S4D and S4D+PHA-treated axons. p = 0.34 (MW). 
(C-F) Same as B, but for lost (C; p = 1), stabilizing (D) destabilizing (E; p = 0.14) and transient (F) boutons. * p < 
0.05, ** p < 0.01 (MW).
Data are represented as mean ± SEM. Data from 17 S4D-treated axons (N=4) and 16 S4D+PHA-treated axons 
(N=4) in B-F.
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Understanding how neurons wire the brain and form functional connections has captured 
the attention of many neuroscientists around the world. The axon, the neuronal process 
specialized in transmitting electrochemical signals to other cells, extends considerably 
from the soma to reach its synaptic partners. The axon develops unique structural features 
important for its function, such as the presynaptic boutons where synaptic transmission 
occurs. In this thesis, we provided new insights into the development and growth of the axon 
(chapters 3 and 4), as well as into the dynamics of axonal presynaptic boutons (chapters 2 
and 6). Moreover, we studied the interplay between motor proteins in synaptic maintenance 
and structure (chapter 5). Altogether, these results contribute to our knowledge on the 
mechanisms involved in axonal outgrowth and function, which may help us eventually to 
understand the etiology of neurodevelopmental disorders, such as autism. In this chapter, 
I further discuss some of the results of the thesis, put them into a broader context, and 
provide some future research questions and perspectives.

MOTOR PROTEINS KEEP SYNAPSES IN SHAPE
In neurons, the vast majority of proteins are synthesized in the cell body, and newly formed 
proteins have to be transported into the axon and dendrites. To assure that they reach 
the proper destination, proteins are carried in specific membranous organelles and protein 
complexes, and the transport is performed by motor proteins. The motor proteins fall into 
three superfamilies: kinesin (KIFs), dynein and myosin. Kinesins and dynein move in opposite 
directions along microtubules, while myosins bind to actin filaments. Besides driving the 
transport of cargo, motors can also control the dynamics of the underlying cytoskeleton. 
Several neurodevelopmental and neurological disorders have been linked to mutations in 
motor protein genes, highlighting the importance of motor-dependent processes in brain 
function (Franker and Hoogenraad, 2013; Hirokawa et al., 2010; Kneussel and Wagner, 
2013).  Therefore, it is essential to investigate the involvement of motor proteins in the 
development of neurons. In this thesis, we have identified motor proteins that may play 
a role in axon outgrowth and synaptic maintenance (chapters 3 to 5), by performing a 
targeted knockdown screen of motor proteins in cultured hippocampal neurons. From the 
data shown in these chapters, I further discuss three interesting findings. Firstly, I discuss a 
previously unrecognized role for KIF13A in dendritic development, followed by a potential 
role of postsynaptic KIF1A in excitatory synaptic maintenance, a kinesin mainly known for its 
role in presynaptic function. I finish this part by discussing a possible link between dynactin-6 
(DCTN6) and MyosinIIb (MyoIIb), and how this interaction could be important in synapses.

KIF13A: an important dendritic motor?
KIF13A is a kinesin-3 family protein with roles in cytokinesis and in the transport of mannose-
6-phosphate receptor, involved in the turnover of external soluble ligands, to the plasma 
membrane (Nakagawa et al., 2000; Sagona et al., 2010). In neurons, KIF13A is also required 
for the transport of the serotonin receptors to the plasma membrane (Zhou et al., 2013). 
In this thesis, we found that depletion of KIF13A led to significant reduction of dendritic 
processes (chapter 4) and the density of excitatory synapses (chapter 5). Our data suggest 
a previously undescribed role for KIF13A in the general development and maturation of 
dendritic, but not axonal, processes. Recently, KIF13A was shown to selectively drive the 
transport of cargo in the axon (Lipka et al., 2016) by using a truncated kinesin that lacks 
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the tail domain, which may have hindered KIF13A-based transport of dendritically-targeted 
cargo. In fact, the tail of KIF13A can interact with vesicles containing transferrin-receptor 
(Jenkins et al., 2012), suggesting that KIF13A may be capable of driving transport of cargo in 
dendrites. Therefore, expressing the full-length construct of KIF13A and evaluate where it is 
localized in hippocampal neurons may help us to understand the role of KIF13A in dendritic 
development and synaptic maintenance. 

Several reports have established a link between KIF13A and the endosomal 
compartment. In fact, KIF13A has been shown to associate with recycling endosomes and 
control their positioning and morphogenesis (Delevoye et al., 2009; Delevoye et al., 2014). 
Intracellular α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) 
are transported in recycling endosomes, and their removal from spines affects the excitatory 
postsynaptic architecture (Esteves da Silva et al., 2015). Therefore, one can speculate that 
depletion of KIF13A may affect the transport of AMPARs towards the postsynaptic density. 
It would be important to investigate if KIF13A mediates the transport of Rab11 in dendrites 
and spines, and if its depletion leads to changes on the postsynaptic structure. The fact that 
human KIF13A gene has been associated with schizophrenia (Jamain et al., 2001), a mental 
disorder associated with changes in synapses (Faludi and Mirnics, 2011), makes this protein 
an interesting target of future studies.

KIF1A: more than a presynaptic vesicle motor
Synapse formation and function relies on kinesin motors, and one of the kinesins involved 
in synapse formation is kinesin-3 protein KIF1A. Besides mediating the axonal transport of 
Rab3-positive synaptic vesicle precursors (Niwa et al., 2008; Wagner et al., 2009; Zhang et al., 
2017), the presynaptic expression of KIF1A facilitates synapse formation in an experience-
dependent manner (Kondo et al., 2012). In chapter 5, we found that postsynaptic KIF1A 
depletion reduces the density of excitatory synapses, suggesting for a dendritic role of this 
protein. Supporting this, KIF1A has been shown to mediate the transport of dendritic dense 
core vesicles and vesicles containing glutamate receptors (Lipka et al., 2016; Shin et al., 2003). 
Hence, the effects we observed upon depletion of KIF1A may be related to a defect in the 
targeting of proteins to the postsynaptic density. It would be interesting to investigate which 
cargo of KIF1A is required for the maintenance of excitatory synapses. Moreover, as KIF1A 
has been linked with synaptic plasticity (Kondo et al., 2012), it may be valuable to address if 
KIF1A transport is regulated in an activity-dependent manner. This could be addressed by 
following the vesicle movements of KIF1A into spines after chemical long-term potentiation 
in dissociated cultures, or by local uncaging of glutamate. 

The regulation of kinesin motor activity is important to assure their proper functioning 
and localization. Several mechanisms control the motor activity of kinesin proteins, including 
autoinhibition (Verhey and Hammond, 2009). Recently, a new molecular mechanism has been 
described that involves kinesin binding protein (KBP). KBP was shown to bind to the motor 
domain of a subset of kinesins, inhibiting their microtubule binding activity (Kevenaar et al., 
2016). From the KBP-regulated kinesins, only KIF1A and KIF15 may be important for the 
density of excitatory synapses in hippocampal neurons (chapter 5). It is possible to speculate 
that KBP activity may be important for the regulation of KIF1A and KIF15 transport in 
dendrites, similar to the regulation of KIF1A-mediated synaptic vesicle transport in the 
axon (Kevenaar et al., 2016). Loss of function and overexpression of KBP may help us to 
understand if regulation of KIF1A and KIF15 by KBP plays a role in synapse development and 
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maintenance in hippocampal neurons. 

DCTN6: interaction with myosin?
It is remarkable that only one dynein motor is responsible for the minus-end directed cargo 
transport along microtubules, especially when compared to the myriad of kinesin motor 
proteins that perform different tasks. The cytoplasmic dynein motor is part of a massive 
complex that contains additional dynein subunits, which are important for several processes, 
including binding of dynein to cargo or determination of dynein processivity (Kikkawa, 2013; 
van den Berg and Hoogenraad, 2012). Dynein-related processes are highly dependent on 
dynactin, a multiprotein complex that is found from yeast to mammals (Schroer, 2004). 
The dynactin complex is composed of eleven different protein subunits, and some of these 
proteins are present in more than one copy per complex (Schroer, 2004). One of the dynactin 
proteins is called DCTN6, which has been shown to mediate the binding of the dynactin/
dynein complex to both early and recycling endosomes (Yeh et al., 2012). When we depleted 
DCTN6 in mature hippocampal neurons, we found that the density of both excitatory and 
inhibitory synapses was reduced (chapter 5). It is plausible that the effects we observed may 
be due to a dynactin-independent function of DCTN6. Therefore, we also performed pull-
down experiments combined with mass spectrometry analysis to identify possible links with 
synapses, and we found neurobeachin as one of our possible interactors. Drosophila mutants 
of neurobeachin exhibit abnormal synaptic architecture and transmission (Wise et al., 2015), 
suggesting for a role of neurobeachin in synapse function. Interestingly, neurobeachin has been 
shown to be involved in the targeting of inhibitory GABAA receptors to synapses (Farzana 
et al., 2016), and it can interact with excitatory postsynapse protein synapse-associated 
protein 102 (SAP102/Dlg3) (Lauks et al., 2012). The possible interaction of DCTN6 with 
neurobeachin may promote the proper trafficking and/or targeting of receptors to both 
excitatory and inhibitory postsynapse, or may be important for signaling pathways triggered 
by neurobeachin. It will be interesting to address if neurobeachin interacts with DCTN6 
by performing pull-down experiments, and to map the interaction regions between the 
two proteins. Once this is achieved, it would be possible to use mutant neurobeachin that 
can no longer interact with DCTN6 or vice-versa, and determine if the trafficking and/or 
targeting of receptors towards postsynapses is dependent on the interaction between the 
two proteins.

Another possibility is that DCTN6 may be important for the maintenance of synaptic 
structure by regulating cytoskeleton dynamics. In chapter 3, by performing pull-down 
experiments followed by mass spectrometry analysis, we found that non-muscle myosin 
MyoIIb may interact with DCTN6. MyoIIb can translocate, crosslink and maintain tension 
on actin filaments (Vicente-Manzanares et al., 2009). MyoIIb-induced actin remodeling 
is involved in dendritic spine maturation, and determines the morphology, size and 
localization of postsynaptic density within the dendritic spine (Hodges et al., 2011; Ryu 
et al., 2006). MyoIIb motor activity also induces forces on actin filaments that promote 
actin polymerization, which is needed for the stabilization of synaptic plasticity (Rex et al., 
2010). Therefore, I hypothesize that a potential interaction of MyoIIb and DCTN6 may be 
important for the maintenance of postsynaptic structures in both excitatory and inhibitory 
synapses under control or synaptic activation conditions. It will be interesting to address 
if MyoIIb indeed can interact with DCTN6 by performing pull-down experiments, and if 
they co-localize in excitatory and inhibitory postsynapses by performing overexpression and 
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immunocytochemistry experiments. Moreover, it would be interesting to address if DCTN6 
may be required for the actin remodeling induced by synaptic activity. 

ACTIN IS REQUIRED FOR PRESYNAPTIC BOUTON DYNAMICS
Actin filaments are present in all living organisms, and they are central for many cellular 
processes, from cell movement to intracellular trafficking (Pollard and Cooper, 2009). In 
neurons, actin is important for several neurodevelopmental processes, ranging from axon 
initiation and outgrowth to synapse formation and plasticity. Actin at axonal growth cones 
and at dendritic spines has intrigued of many neuroscientists throughout the years, while 
actin along the axonal shaft has remained less studied. However, recent live-imaging and 
super-resolution studies have uncovered a highly intricate architecture and dynamic behavior 
of axonal actin, leading to new models for the role of actin in axons (Roy, 2016). 

Actin is highly enriched at presynaptic boutons (Wilhelm et al., 2014), and it is 
continuously assembled and disassembled under baseline conditions (Bleckert et al., 2012; 
Bourne et al., 2006; Colicos et al., 2001). During increased activity levels, actin can be recruited 
from the axonal shaft to presynaptic boutons (Colicos et al., 2001; Sankaranarayanan et al., 
2003), suggesting that actin plays a role in activity-dependent circuit adaptation. However, 
studies addressing the role of actin remodeling on presynaptic bouton dynamics is sparse. In 
chapter 6, we showed that actin is involved in tuning inhibitory presynaptic bouton dynamics. 
More precisely, actin remodeling induced by nanomolar concentrations of LatrunculinB 
(LatB), an actin monomer sequestering drug, promoted the stabilization of inhibitory boutons 
without affecting bouton disassembly. In this way, our data suggested that actin remodeling 
is one of the first events during inhibitory synapse formation, in agreement with two recent 
findings in Drosophila (Piccioli and Littleton, 2014) and in C. elegans (Chia et al., 2014). 
Even though we show that both Sema4D and actin remodeling promote the stabilization 
of presynaptic boutons, we do not know which actin-interacting proteins or structures 
are involved in this process. I further discuss three possible, and not necessarily opposing, 
models involving (i) actin trails along the axon, (ii) transport and capture of synaptic vesicles, 
and (iii) actin structures at presynaptic boutons. 

Actin trails along the axon
In chapter 6, we found that treatment with nanomolar doses of LatB promote the stabilization 
of inhibitory presynaptic boutons. The low doses of LatB used in our study presumably do 
not lead to the complete disassembly of actin structures (Bleckert et al., 2012; Ganguly et 
al., 2015; Honkura et al., 2008). However, we hypothesized that LatB treatment may affect 
axonal actin architectures, such as formin-dependent actin trails (Ganguly et al., 2015) or 
Arp2/3-dependent presynaptic clusters (Chia et al., 2014). Actin trails are dynamic actin 
filaments suggested to be a source of actin for presynaptic boutons or other axonal actin 
structures, such as actin rings (Ganguly et al., 2015). On the other hand, Arp2/3 complex 
has been shown to promote the formation of an actin patch at developing synapses, which 
is required for synapse assembly in C. elegans (Chia et al., 2014). Formin and Arp2/3 
proteins have been shown to compete for the availability of actin monomers in fission 
yeast, maintaining the overall homeostasis of the actin cytoskeleton (Burke et al., 2014; 
Suarez et al., 2015). By limiting the availability of actin monomers, treatment with LatB may 
indirectly change the balance between formin- and Arp2/3-induced actin polymerization, 
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and thus regulate the subcellular actin cytoskeleton organization. In yeast, lowering the actin 
content in the cell prompts formin-induced actin polymerization, whereas increasing actin 
levels facilitates Arp2/3-induced actin polymerization (Burke et al., 2014). We speculate that 
LatB treatment may promote formins to induce the elongation of actin trails (Ganguly et al., 
2015), which may contribute to the transport of actin into immature boutons. In this way, 
immature boutons may acquire a proper actin network for synaptic vesicle capture, further 
promoting their maturation to functional presynapses. Future studies will be required to 
unravel which axonal actin structures are involved in LatB-induced bouton stabilization. For 
example, inhibiting formin-dependent polymerization with small molecule SMIFH2 (Rizvi et 
al., 2009) may help us to understand if formins are required for the Sema4D-induced bouton 
stabilization. 

Transport and capture of synaptic vesicles
At mature synaptic terminals, actin is thought to act as a barrier for the dispersion of regulatory 
proteins (Sankaranarayanan et al., 2003). Consequently, it is plausible to hypothesize that 
LatB treatment may contribute to weaken actin structures at mature terminals, promoting 
the exchange of synaptic vesicles between neighboring boutons. Future studies involving the 
use of FM dyes and fluorescence recovery after photobleaching, such as the ones performed 
by Darcy and colleagues (Darcy et al., 2006), may help us to address if local LatB treatment 
triggers the exchange of synaptic vesicles between boutons. 

In cortical neurons, treatment with micromolar doses of LatB was shown to increase 
the pausing probability and the pausing duration of synaptic vesicles (Sabo et al., 2006). 
One may assume that increased pausing of synaptic vesicles may increase the likelihood 
of synaptic vesicle capture at immature inhibitory boutons. It will be important to address 
if these immature boutons acquire presynaptic proteins required for synaptic function, 
such as synapsin. In Drosophila, synapsin is one of the first proteins to arrive at immature 
boutons (Vasin et al., 2014). Therefore, it would be interesting to follow synapsin movement 
and accumulation into stabilized presynaptic boutons, as this would further sustain our 
claim that these boutons become functional presynapses within tens of minutes. We also 
showed in chapter 6 that acquisition of presynaptic vesicles precedes the maturation of 
inhibitory postsynaptic sites following Sema4D treatment. As we suggest that both Sema4D 
and actin dynamics are cooperatively promoting the stabilization of inhibitory presynaptic 
boutons, future studies should address if LatB treatment also induces increases in the area 
of presynaptic clusters prior to the establishment of postsynaptic sites, similarly to Sema4D. 

Actin structures at presynaptic boutons
Non-muscle myosin II proteins (MyoII) have been implied in the regulation of neurotransmitter 
release at excitatory presynaptic nerve terminals in different systems (Mochida et al., 1994; 
Peng et al., 2012; Seabrooke and Stewart, 2011). In inhibitory presynaptic boutons, the role 
of MyoII proteins has not been addressed so far. In chapter 3, we have focused on the role of 
one of the MyoII proteins, MyoIIb, in axon formation and we performed mass spectrometry 
experiments to identify possible MyoIIb interactors. These interactors may be important 
for MyoIIb function in hippocampal neurons, including the role in presynaptic boutons. One 
of the highest hits in our mass spectrometry analysis was MyoXVIIIa. MyoXVIIIa can form 
mixed bipolar filaments with MyoII proteins, and two roles for the mixed filaments have been 
proposed: (i) MyoXVIIIa may contribute to the attachment of MyoII/MyoXVIIIa filaments 
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to anchored structures, or (ii) the PDZ domains of MyoXVIIIa may contribute to the 
recruitment of specific proteins to the MyoII/MyoXVIIIa filaments (Billington et al., 2015). As 
several proteins at the active zone contain PDZ domains (Ackermann et al., 2015; Petzoldt 
et al., 2016; Sudhof, 2012), it is interesting to speculate that MyoII/MyoXVIIIa filaments may 
favor the localization of synaptic proteins to synapses. It will be important to address if MyoII 
and MyoXVIIIa are required for the stabilization of inhibitory boutons upon LatB treatment. 
This could be achieved by performing loss of function experiments using viral expression of 
knockdown constructs in inhibitory neurons, followed by treatment with LatB. MyoXVIIIa 
can also interact with β-pix (Hsu et al., 2010)), a Rac/Cdc42 guanine nucleotide exchange 
factor (GEF) involved in the regulation of actin dynamics. β-pix stimulates the polymerization 
of actin at presynaptic terminals, which was shown to be important for synaptic vesicle 
localization at presynaptic boutons of hippocampal neurons (Sun and Bamji, 2011). We 
showed that stabilized inhibitory boutons acquire synaptic vesicles in tens of minutes, 
suggesting that actin polymerization may take place at these locations. LatB treatment may 
induce changes on the actin cytoskeleton that may promote the activation of β-pix and its 
interaction with MyoXVIIIa. Addressing if these events are necessary for inhibitory bouton 
stabilization may be interesting in future studies. 

 
CONCLUDING REMARKS
Our brain is an astonishingly complex organ composed of billions of neuronal cells. The 
complexity of the tasks executed by the brain depends on the intricate networks established 
between neurons. Neuronal networks are not static, and can undergo molecular and 
structural rearrangements that are critically involved in learning and memory formation. 
Uncovering how the cytoskeleton contributes to neurodevelopmental and plasticity 
processes has been a central question in Neuroscience. The results described in this thesis 
provide new mechanisms in the outgrowth of the axon and on the dynamics of synapses, 
opening new lines of research for the future. It is plausible to think that regulatory pathways 
activated early in development may be reused later in life, when plasticity-related processes 
occur. As discussed in this chapter, the different results described in this thesis are closely 
related to each other, and may improve our understanding on supposedly distinguished 
phenomena, such as axon outgrowth and presynaptic bouton dynamics. We live in exciting 
times with the development of novel tools and microscopy techniques that allow us to study 
the cytoskeleton in more detail and in more physiological situations. In fact, recent years 
have been successful in the observation of different actin structures in neuronal processes, 
but the large majority of these studies were performed in dissociated hippocampal neurons. 
Performing super-resolution or live-imaging studies in organotypic hippocampal cultures 
may provide insights on the role of such structures in a more physiological context. The 
ultimate goal would be to perform such studies in intact brain tissue, during experience-
dependent circuit adaptation.

By studying the physiological phenomena underlying brain function and plasticity, 
we may become closer to understanding the pathophysiology of neurodevelopmental and 
neurological disorders. Many of these disorders have been associated with mutations in 
hundreds of genes that lead to defects in synapse development and function (Chen et al., 
2014; Grant, 2012). One of such genes encodes the tyrosine-kinase receptor MET, and 
mutations in its promoter region have been associated with autism-spectrum disorder. Our 
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discovery of the involvement of MET in inhibitory bouton stabilization implies that defects 
on inhibitory connections may also underlie the etiology of autism spectrum disorders. 
Hence, the study of inhibitory plasticity in autism mouse models may help us to unravel to 
what extent local activity-dependent changes are required for the proper functioning of the 
brain. 
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SUMMARY
The brain is an astonishingly complex organ, central for many activities of the human body, such 
as movement and sensing. This organ is responsible for the translation of external information 
into coordinated and precise responses, being composed by billions of neurons. Neurons 
acquire an optimized structure for the reception and processing of information, with long 
protrusions extending from the neuronal cell body. These protrusions are morphologically 
and functionally different from each other, and are crucial for the establishment of a dynamic 
and intricate neuronal network. The axon is a long protrusion responsible for the transmission 
of electrochemical signals to other neurons, while dendrites receive these signals. The 
propagation of information from the axon of one neuron to the dendrite of another happens 
at specialized regions called synapses. When a signal travels along the axon and reaches 
the presynapse, it induces the fusion of synaptic vesicles with the plasma membrane in 
the presynaptic terminal, releasing neurotransmitters. These neurotransmitters can bind 
to receptors present at the postsynaptic membrane of the receiving neuron, generating a 
signal that can be transmitted to the next neuron. To ensure the accurate communication 
between neurons, synapses must be correctly assembled during development and supplied 
with specific proteins to the pre- and postsynaptic compartments. As most of the proteins 
are synthesized in the cell body, they need to be transported to the proper location by 
motor proteins, which use the underlying actin and microtubule cytoskeleton as rails. 
Interestingly, deficits in synapse formation and plasticity have been implicated in numerous 
neurodevelopmental, neuropsychiatric and neurodegenerative disorders, such as autism, 
schizophrenia or Alzheimer’s disease. Therefore, studying the fundamental mechanisms of 
synapse formation and function may help us to better understand the processes that may 
underlie brain diseases.

The axon extends considerably from the soma to reach the appropriate synaptic 
partners, and the molecular mechanisms underlying this process have intrigued many 
neuroscientists. We can study axon development in a controlled environment by culturing 
neurons from rodent brains. In this system, the axon is formed within the first 24 hours after 
plating, and the factors that support axon development and outgrowth have to be delivered 
by motor proteins to the proper location. In chapters 3 and 4, we depleted different motor 
proteins from hippocampal neurons to study their role in the formation and extension of 
the axon. In chapter 3, we studied the role of myosin proteins, which walk along the actin 
cytoskeleton, in axon formation. We found that Myosin IIb is required for the establishment 
of the axon and that its depletion promotes changes in the microtubule cytoskeleton at the 
proximal part of the axon. In this way, we suggest that Myosin IIb may be required for the 
crosstalk between the actin and microtubule cytoskeletons during the early stages of axon 
development. In chapter 4, we focused on another superfamily of motor proteins, the kinesins, 
which walk along the microtubule rails. We found that several kinesin motor proteins are 
important for proper axon outgrowth. One of these kinesins was KIF19, which can trigger 
the breakdown of the microtubule rails in the cell. Besides the role on axonal growth, 
KIF19 is also important for the maintenance of distinct axon and dendritic compartments 
in hippocampal neurons. 

The constant supply of synaptic proteins from and to the synapse is crucial for 
synaptic function. In chapter 5, we evaluated the contribution of each individual motor 
protein in the maintenance of both excitatory and inhibitory synapses. Dynein-interacting 
proteins promote transport along the microtubules in the opposite direction of kinesins, 
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and depletion of some of these proteins leads to changes in the density of both types 
of synapses. We also uncovered roles for dynein-interacting proteins in the maturation of 
postsynaptic specializations, in the surface level of excitatory neurotransmitter receptors 
and in the trafficking of membrane vesicles. 

Chapters 2 and 6 are centered on the dynamics of presynapses along inhibitory axons. 
In chapter 2, we provide an overview of molecular mechanisms involved in the regulation of 
inhibitory presynaptic bouton dynamics. Chapter 6 focuses on a new regulatory pathway of 
inhibitory synapse formation triggered the by the guidance protein Semaphorin4D (Sema4D). 
By treating hippocampal slices with Sema4D, we found that it promotes the stabilization of 
inhibitory presynaptic boutons. Moreover, Sema4D triggers a signaling pathway that requires 
the activation of MET, a protein previously shown to be reduced in the postmortem brains 
of autistic patients.

Altogether, this thesis describes fundamental mechanisms that support axon 
outgrowth and presynaptic function, providing new insights into how neurons wire the brain 
to establish a functional network. As many brain diseases are associated with deficits in 
synaptic transmission, the results described here may help us eventually to understand the 
etiology of neurodevelopmental and neurological disorders.



182

Addendum

&

SAMENVATTING

Het brein is een indrukwekkend orgaan, dat ten grondslag ligt aan veel handelingen van 
het menselijk lichaam, zoals bewegen en waarnemen. Het brein, bestaande uit miljarden 
neuronen, is verantwoordelijk voor de vertaling van externe informatie naar gecoördineerde 
en nauwkeurige reacties. Neuronen ontwikkelen lange uitstulpingen uit het neuronale 
cellichaam en deze structuur is optimaal voor het ontvangen en verwerken van informatie. 
Deze uitstulpingen zijn qua vorm en functie verschillend van elkaar en zijn cruciaal voor het 
tot stand komen van een ingewikkeld en dynamisch neuronaal netwerk. Het axon is een 
lange uitstulping die verantwoordelijk is voor het zenden van elektrochemische signalen naar 
andere neuronen. Andere uitstulpingen, genaamd  dendrieten, ontvangen deze signalen. Het 
zenden van informatie van het axon van het ene neuron naar de dendriet van het andere 
neuron vindt plaats op gespecialiseerde locaties genaamd synapsen. Wanneer een signaal door 
het axon reist en bij de presynaps uitkomt, activeert het de fusie van synaptische blaasjes met 
het plasmamembraan in het presynaptisch uiteinde, waarbij neurotransmitters vrijkomen. 
Deze neurotransmitters kunnen aan receptoren binden die zich aan de postsynaptische 
membraan van het ontvangende neuron bevinden. Hierbij wordt een signaal gegenereerd dat 
vervolgens naar een volgend neuron kan worden gestuurd. Om nauwkeurige communicatie 
tussen neuronen te waarborgen, moeten synapsen correct samengesteld worden tijdens 
de ontwikkeling en moeten zij van specifieke eiwitten worden voorzien voor de pre- en 
postsynaptische compartimenten. Omdat de meeste eiwitten in het cellichaam worden 
gemaakt, moeten deze vervolgens naar de juiste locatie worden getransporteerd door middel 
van motoreiwitten, die het onderliggende cytoskelet, bestaande uit actine en microtubuli, als 
rails gebruiken. Tekortkomingen in synapsformatie en plasticiteit zijn betrokken bij talrijke 
aandoeningen die te maken hebben met neuronale ontwikkeling, neuropsychiatrie en 
neurodegeneratie zoals autisme, schizofrenie of de ziekte van Alzheimer. Derhalve is het 
belangrijk om de fundamentele mechanismen van synapsformatie en -functie te bestuderen, 
wat ons kan helpen bij het beter begrijpen van de processen die tot hersenaandoeningen 
leiden.

Het axon strekt zich aanzienlijk uit vanuit het soma om de juiste synaptische 
partners te bereiken en de moleculaire mechanismen die hier ten grondslag aan liggen, zijn 
intrigerend geweest voor vele neurowetenschappers. We kunnen de ontwikkeling van het 
axon bestuderen in een gecontroleerde omgeving door neuronen van knaagdierhersens 
te kweken. In dit systeem wordt het eerste axon gevormd binnen de eerste 24 uur na 
uitplaten en de factoren die de ontwikkeling en de uitgroei van het axon ondersteunen, 
worden door motoreiwitten naar de juiste locatie gebracht. In hoofdstuk 3 en 4 hebben 
we de hoeveelheid van verschillende motoreiwitten in hippocampale neuronen verminderd 
om de vorming en groei van het axon te bestuderen. In hoofdstuk 3 hebben wij de rol van 
myosine-eiwitten, die over het actine-cytoskelet lopen, tijdens de vorming van het axon 
bestudeerd. Wij hebben gevonden dat myosine IIb nodig is voor de totstandkoming van het 
axon en dat de verminderde expressie veranderingen aan het microtubuli-cytoskelet in het 
deel van het axon dicht bij het cellichaam teweegbrengt. Wij concluderen dat myosine IIb 
mogelijk nodig is voor de interactie tussen de actine en de microtubuli van het cytoskelet 
tijdens de vroege stadia van de ontwikkeling van het axon. In hoofdstuk 4 hebben we de 
nadruk gelegd op een andere superfamilie van motoreiwitten, de kinesines, die over rails 
bestaande uit microtubuli lopen. We hebben gevonden dat verschillende kinesinemotoren 
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belangrijk zijn voor de correcte groei van het axon. Één van deze kinesines was KIF19, die de 
afbraak van microtubuli in cellen in gang kan zetten. Naast de rol in axonale groei, is KIF19 
ook belangrijk voor het onderhoud van specifieke axonale en dendritische compartimenten 
in hippocampale neuronen.

De constante toestroom van synaptische eiwitten van en naar de synaps is cruciaal 
voor het functioneren van de synaps. In hoofdstuk 5 hebben we de bijdrage  van elk 
individueel motoreiwit in het onderhouden van zowel excitatoire en inhibitoire synapsen 
geëvalueerd. Eiwitten die een interactie aangaan met dyneïne, stimuleren het transport over 
de microtubuli in de tegenovergestelde richting als kinesines en het verwijderen van enkele 
van deze eiwitten leidt tot veranderingen in de dichtheid van beide synapstypes. Bovendien 
hebben wij ontdekt dat eiwitten die interacteren met dyneïne een rol spelen in het volgroeien 
van postsynaptische specialisaties, in de hoeveelheid stimulerende neurotransmitters aan het 
oppervlak en in het transport van membraanblaasjes.

Hoofdstuk 2 en 6 zijn gecentreerd rondom de dynamiek van presynapsen langs inhibitoire 
axonen. In hoofdstuk 2 hebben we een overzicht gegeven van de moleculaire mechanismen 
die betrokken zijn bij de regulatie van inhibitoire presynaptische boutondynamiek. Hoofdstuk 
6 richt zich op de nieuwe regulerende route in inhibitoire synapsvorming geïnitieerd 
door het gidseiwit Semaphorin4D (Sema4D). Door hippocampale plakken met Sema4D 
te behandelen, vonden we dat stabilisatie van inhibitoire presynaptische boutons wordt 
geïnitialiseerd. Bovendien initieert Sema4D een signaalroute die nodig is voor de activatie 
van MET, een eiwit dat in een verminderde hoeveelheid aanwezig was in post mortem brein 
van autismepatiënten.

Deze thesis beschrijft fundamentele mechanismen die de groei van het axon en de 
functie van de presynaps ondersteunen, wat bijdraagt aan nieuwe inzichten in hoe neuronen 
verbindingen maken om het brein te vormen als functioneel netwerk. Aangezien talrijke 
hersenaandoeningen geassocieerd zijn met tekorten in synaptische transmissie, zouden de 
resultaten die hier zijn beschreven uiteindelijk bij kunnen dragen aan het algemeen begrip 
van de etiologie van hersenontwikkelings- en neurologische aandoeningen.
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O cérebro é um órgão extremamente complexo, importante para muitas das actividades 
desempenhadas pelo corpo humano, tais como o movimento coordenado e os sentidos. 
Este órgão é responsável pela conversão de sinais exteriores em respostas precisas e 
coordenadas, sendo constituído por biliões de neurónios. Para a receção e processamento 
de informação, os neurónios adquirem uma morfologia única, estendendo longas protrusões 
originadas no corpo celular. Estas protrusões são morfológica e funcionalmente distintas, 
sendo importantes para o estabelecimento de uma rede neuronal dinâmica e intrincada. O 
axónio é a protrusão responsável pela transmissão de sinais eletroquímicos para o neurónio 
seguinte, enquanto as dendrites são estruturas especializadas na receção desses sinais. 
A passagem de informação do axónio de um neurónio para a dendrite de outro ocorre 
em regiões especializadas designadas sinapses. Quando um sinal viaja ao longo do axónio 
e atinge a pré-sinapse, ele desencadeia a fusão de vesículas sinápticas com a membrana 
plasmática do terminal pré-sináptico, induzindo a libertação de neurotransmissores. Estes 
neurotransmissores podem ligar-se a recetores localizados na membrana pós-sináptica do 
neurónio recetor, gerando um sinal que pode ser transmitido ao neurónio seguinte. De modo 
a assegurar uma comunicação precisa entre os neurónios, as sinapses têm de ser formadas 
corretamente durante o período de desenvolvimento e, continuamente, abastecidas com 
proteínas específicas dos compartimentos pré- e pós-sinápticos. A maioria das proteínas 
é sintetizada no corpo celular, tendo de ser transportadas para o seu destino final através 
da ação de proteínas motoras, que usam o citoesqueleto de actina ou de microtúbulos 
como auto-estradas celulares. Curiosamente, défices na formação e plasticidade das sinapses 
têm sido implicados em diversas doenças do neuro-desenvolvimento, neuropsiquiátricas e 
neurodegenerativas, como o autismo, a esquizofrenia ou a doença de Alzheimer. Deste modo, 
o estudo dos mecanismos que regulam a formação e função das sinapses pode ajudar-nos a 
compreender os processos que podem ser causativos de doenças cerebrais. 

O axónio alonga-se desde o corpo celular para atingir os seus parceiros sinápticos 
e os mecanismos moleculares que despoletam este processo têm intrigado muitos 
neurocientistas. É possível estudar o desenvolvimento do axónio num ambiente controlado 
através da implementação de culturas de neurónios provenientes de cérebros de ratos e 
ratinhos. Neste sistema, o axónio forma-se nas primeiras 24 horas pós-cultura e os fatores 
que promovem o seu densenvolvimento e alongamento têm de ser transportados até ao 
local onde são necessários pelas proteínas motoras. Nos capítulos 3 e 4, nós removemos 
diferentes proteínas motoras para estudar a sua contribuição para a formação e o 
crescimento do axónio em neurónios de hipocampo. No capítulo 3, estudámos as miosinas, 
ou seja, as proteínas que caminham ao longo dos filamentos de actina. Este estudo mostrou 
que a Miosina IIb é necessária para a formação do axónio, e que a sua remoção origina 
modificações nos microtúbulos localizados na parte proximal do mesmo. Neste sentido, nós 
sugerimos que a Miosina IIb pode ser importante para a interação entre os filamentos de 
actina e microtúbulos durante os estadios iniciais do desenvolvimento axonal. No capítulo 4, 
focámo-nos noutra superfamília de proteínas motoras, as cinesinas, que se movem ao longo 
dos microtúbulos. Neste estudo descobrimos que diferentes cinesinas são importantes para 
uma extensão normal do axónio. Umas das cinesinas com efeito na arborização axonal foi 
a KIF19, uma cinesina capaz de promover a despolimerização dos microtúbulos na célula. 
Além do papel no crescimento axonal, a KIF19 é também importante para a manutenção dos 
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compartimentos axonal e dendrítico em neurónios do hipocampo.
O fluxo constante de proteínas sinápticas, de e para a sinapse, é indispensável 

para a função sináptica. No capítulo 5, avaliámos a contribuição de cada proteína motora 
na manutenção de sinapses excitatórias e inibitórias. As proteínas que interagem com a 
dineína promovem o transporte ao longo de microtúbulos na direção oposta das cinesinas. A 
diminuição da expressão destas proteínas induz alterações na densidade de ambos os tipos 
de sinapses. Neste estudo, também descobrimos que as proteínas interatoras da dineína têm 
funções na maturação de especializações pós-sinápticas, no nível superficial dos receptores 
de neurotransmissores excitatórios e no tráfego de vesículas membranares.

Os capítulos 2 e 6 são centrados na dinâmica das pré-sinapses que se encontram 
ao longo de axónios inibitórios. No capítulo 2, nós proporcionamos uma visão geral dos 
mecanismos moleculares envolvidos na regulação da dinâmica dos botões pré-sinápticos 
inibitórios. O capítulo 6 é focado no estudo de uma nova via de regulação de formação 
de sinapses inibitórias, desencadeada pela proteína sinalizadora Semaforina4D (Sema4D). 
Ao tratar as fatias de hipocampo com a Sema4D, descobrimos que esta proteína induz a 
estabilização dos botões pré-sinápticos inibitórios. Além disso, a Sema4D desencadeia uma 
via de sinalização que requer a ativação da proteína MET, cujos níveis estão reduzidos nos 
cérebros postmortem de pacientes autistas.

De um modo geral, esta tese descreve mecanismos fundamentais que suportam o 
crescimento axonal e a função pré-sináptica, dando novas perspetivas sobre a forma como 
os neurónios se conetam para formar uma rede funcional no cérebro. Considerando que 
muitas das doenças cerebrais estão correlacionadas com défices na transmissão sináptica, 
os resultados aqui descritos poderão, eventualmente, ajudar-nos a perceber a etiologia de 
doenças do neuro-desenvolvimento e neurológicas no futuro.
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your friendship, and I know we still have many things to live together. Andrea, we initially 
connected because of our common taste for movies and music. We could talk for hours 
about “There will be blood” or how great the music from Jeff Buckley is, but we developed 
a beautiful friendship that I hold dearly. I admire your strong will, your intelligence and your 
hard-working attitude. I know if there is something that may look impossible, you will find a 
way to make it work. I am glad to see you happy in your new adventure in sunny California, 
and you know I will always stick around to see the new chapters of your life. Obrigada 
por tudo, pimpolha! :) Marta, a nossa Martinha, I am so grateful to have met you! I still 
remember when you asked me to join the dancing lessons with you, and from then on you 
have become family to me. I have always admired your work ethics, your persistence and the 
way you always try to do more and better. I am extremely lucky to have you as a friend, and 
I am truly thankful for all the support you gave me throughout the years. I wish you the best 
life has to offer, and I am glad with how your life turned around in the last year. I will always 
be right there for you, whenever you need me. 

The last words directed at people from the lab go to my paranymphs. Oh guys, how 
honored I am you accepted to be by my side on the last steps of this journey! Dennis, 
how far we have come since that interview of yours… Even though I didn’t like you at the 
beginning, you are one of the people I hold more dearly from the lab. You are an intelligent, 
caring and talented guy and I am proud to be your friend. Just a piece of advice: caged 
glutamate is not good for your eyes, neither is MiliQ! ;) Thank you for all the support you 
gave me these last 2 years, and remember I will always be there for you, no matter where 
I end up. Inês, what can I say? Me and the other Portuguese girls were lucky you decided 
to come to Casper’s lab. You are one of the most caring people I know, and your heart is 
gigantic. This chapter of my life is going to end with you by my side, and I couldn’t have wished 
for anything better. Your friendship means a lot to me, and you are like the oldest sister I 
never had (we even dress the same way sometimes). Thank you for everything you do for 
me, and I do hope I show my appreciation to you! Always remember to put your well-being 
first, no matter how life may turn around. You deserve all the happiness in the world. And at 
every step of your way, you know I will be right there.

While becoming used to living in the Netherlands, I met several people that made my 
life outside the lab more fun. Daniel, it was amazing that you moved to the Netherlands, and 
that we became friends. I know that next to you, we will never have a boring meeting! Thank 
you for your friendship, and good luck with the PhD! Roland, I am so glad Inês met you and 
brought you to the crazy Portuguese family. I appreciate your calmness, your kindness, but 
most of all I appreciate your friendship and the nice words you always have for me. I wish 
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the Piekorz’s an amazing life in Germany! Dancing made my crazy days better, and going to 
Touchée allowed me to meet some great people! Elisa, Doenja, Vuza, Saskia and Serge, 
your energy and personality helped me to deal with all the stress and frustration. Fromagies, 
may we keep on meeting for some dancing parties or for some stressful Jenga nights!

I was extremely lucky to be given the opportunity of being a Marie Curie ITN fellow. 
But more than that, I was lucky to meet a group of people that became my friends during 
our travels around Europe. All the times we were together there were many moments of 
happiness, laughter and friendship that a keep dearly in my memory. Nplastists, we are a 
crazy mixture of people that fit perfectly together and we have created something unique! 
Thank you for everything, thank you for all the moments we shared. I am proud of us, and I 
wish you all the best in your bright future. See you all soon! :)

Some of my college friends from Lisbon ended up in Utrecht, and this led to some 
memorable meetings together. Between mimosas, tons of food, pancakes (finally we had 
them) and games, we shared many stories, thoughts and laughter. Ritinha and Caspar, I 
wish you all the luck in your adventure in the city that never sleeps! Ramalho and Ré, you 
are such good people to have around. I wish you all the best in finishing your PhDs! Andreia, 
you are such a sweet girl and I really hope that things turn perfect for you. Keep your head 
high, girl! Euclides, the coolest man around, all the best in the future. Rock those worms 
of yours!

My dearest friends, the group that sticks together for more than a decade! Science 
and life created a physical distance between us, but that doesn’t mean that our friendship 
gets weaker. On the contrary, when we are together, it is like nothing has changed. Inês, 
minha amora, I loved visiting you in Copenhagen and Malmö. You visited me at the right time 
in Utrecht, and you were that shoulder I needed. I wish you a happy life together with Mário, 
and many meetings in the future between the Netherlands, Denmark and Sweden! João 
(Djix), tio da sobrinha, you are an amazing person, a true friend. I hope the future only holds 
you nice surprises, as you well deserve. João (Teddyzãooo), I am so happy with how your 
life with Elizabeth is developing. I wish you all the happiness in the world for both of you. 
Ricardo, meu primogénito, keep on fighting for your dreams, whether they are in Iceland or 
anywhere else. Inês, good luck in finishing up your PhD! You can do this, girl! To all of you, 
you are part of the core, and I hope we meet each other very soon!

The trip to the Netherlands changed my life for the better. Even though I never thought 
I would fully integrate with the Dutch costumes, I see the Netherlands as my home now. And 
during the last 3 years, there are some people that made this even truer. Dammans, you 
welcomed me with your open arms and I feel like I have always been part of the family. All 
of our gatherings are always great and relaxed, and I really appreciate them! Corinne and 
Harry, your kindness and support mean a lot to me. I enjoy our travels and conversations a 
lot! Marleen, Ron and Linde, I wish you all the luck for the future. Marleen, I admire you 
and your hard work, and I am grateful for our talks about a scientist’s life. Linde, jij bent de 
liefste! Ellen and Bart, I hope your life in Winschoten develops as you have dreamed. I hope 
the future brings you lots of joy and happiness. 

À minha grande família, à base que me dá apoio em qualquer decisão que tome. Nós 
somos moldados pelas pessoas que nos rodeiam desde que somos pequenos, e vocês todos 
contribuíram para eu ser a pessoa que sou hoje. Não há palavras que possam descrever 
o quão importante é ter-vos aqui neste dia, a ver-me conquistar esta etapa. Tiago e Tia 
Isabel, vejo em vocês a força e a luta que tanto caracterizam a família Frias. Tia, estou tão 
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contente por vir conhecer as terras holandesas, e por a minha defesa ser importante para 
a tia. Primão, adorei o nosso encontro o ano passado, e quero que isto aconteça mais vezes, 
aqui ou em Londres. Tenho muito orgulho em ver a tua preserverança e a tua luta por uma 
vida melhor. Obrigada por virem e espero fazer esta vossa viagem valer a pena. Carla e 
Andreia, vocês nem sabiam que me iam visitar na altura mais determinante da minha vida. 
Vocês deram-me o apoio que eu precisava e fizeram-me lembrar que o mais importante 
é sentirmo-nos bem conosco próprios. No meio de muitas “Anacondas”, parvoíces e 
gargalhadas, vimos e vivemos muitas coisas juntas, e sei que mais do que primas, somos 
conselheiras e confidentes. Obrigada por terem cá vindo, não uma, não duas mas três vezes! 
:) Kikinha, as nossas conversas semanais fazem-me tão bem, às vezes falamos de tanto que 
nem nos apercebemos que o tempo passa. Eu sei que esta minha vitória é sua também, e 
sinto todos os dias o quanto a Kika gosta de mim e o quanto orgulho tem em mim. Obrigada 
por tudo! 

Avós, meus segundos pais, nenhum de vocês pode ver-me alcançar esta meta, mas 
sei que vocês estariam orgulhosos da vossa netinha. Avó Zita e Avó Isabel, tenho muitas 
saudades vossas! Obrigada por todo o amor que me deram em vida, eu lembro-me sempre 
de vocês. Sei que onde quer que estejam estão a ver-me com um sorriso nos lábios!

Aos meus pais, nem sei por onde começar... Sou uma sortuda por ter dois pais 
maravilhosos que me dão todo o apoio e liberdade para tomar as minhas próprias decisões. 
Sou quem sou porque vos tive como pais, e eu não podia estar mais orgulhosa de ser vossa 
filha. Vocês sempre lutaram pelo meu futuro, para que eu tivesse mais do que o que vocês 
tiveram, e olhem onde estamos hoje... :) Papi, você é a pessoa mais lutadora e escrupulosa 
que eu conheço! Você ensinou-me que nunca devemos parar de evoluir e que devemos 
enfrentar os nossos medos. Mumy, a sua bondade e sensibilidade fazem-na tão especial! A 
mãe pode não se aperceber, mas a sua garra e a sua persistência são inspiradoras! Obrigada 
por me mostrarem que os heróis são humanos, por serem como são, por serem o meu 
porto de abrigo. Esta tese é dedicada a vocês, porque sem vocês eu não estaria aqui. Adoro-
vos!

Now it is time to thank the one that deserves more than words can describe. Reinier, 
you are the most amazing, caring and kind person I have ever met. Falling for you happened 
without me even noticing, and I couldn’t be happier with how my life turned around. Many 
people spend a lifetime trying to find the right person, and I was lucky to find you right at 
Cell Bio! Thank you for all the love you give me, for making me feel special, for never letting 
me crash in the worst moments, for all the patience and support. This thesis is also yours! 
Amor, I am so grateful for our life together, and I cannot even wait for what the future is 
preparing for us. “And if you are in love, you are the lucky one”. I surely am, amo-te imenso!

Hora est (atchiiimmm)!
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