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Abstract

To form a synaptic terminal, various components have to be targeted to specific
sites in the axon. Presynaptic proteins are synthesized in the cell soma, packaged
in vesicular cargos and transported by the motor complexes traveling along micro-
tubules. During synapse development and maturation, the intracellular transport of
proteins is highly regulated by mechanisms governing the interactions and movement
of motor proteins. Additional specificity and regulation is provided by interaction of
motor proteins with their cargos through adaptor and scaffolding proteins.

Previous studies have shown that FEZ1 acts as an adaptor for kinesin-1 and its
binding to the motor is regulated by serine-58 phosphorylation. FEZ1/kinesin-1
complex partakes in presynapse formation by transporting syntaxin and Munc18 in
the axon. Identification of numerous synaptic vesicle and active zone proteins in the
FEZ1/kinesin-1 immunoisolated vesicles suggested the association and transport of
these components with this complex. Although functional studies in Caenorhabdi-
tis elegans showed synaptic disorganization, the relevance of mammalian FEZ1 in
neurons have not yet been investigated.

In this study, the mobility of FEZ1 and its phosphomutants were characterized in
mammalian neurons. Furthermore, the role of FEZ1-mediated transport in forma-
tion of presynaptic and postsynaptic specializations was investigated by ablating the
expression of FEZ1 using CRISPR/cas9 knockdown system. The data in this study
show that mobility of neuronal FEZ1 is a result of precise modulation of its bind-
ing to kinesin-1 by serine-58 phosphorylation. This study also provides evidence for
FEZ1 role in transport of active zone components and synaptic vesicle precursors,
albeit in distinct mechanisms. Additionally, FEZ1 impacts neuronal development
by regulating dendritic branching in young neurons, and dendritic spine formation
during later stages.
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1. Introduction

The brain is the central part of the mammalian nervous system. Proper brain func-
tion hinges on accurate development of its regions and their functional modules,
known as neural circuits. Neural circuits are anatomical and functional entities, and
can refer to a cluster of interconnected brain regions which translate large amounts
of information into appropriate behavioral or cognitive responses. On a lower scale,
neural circuits may also refer to an ensemble of interconnected neurons that receives,
modifies and eventually transmits electrical and chemical information to other cir-
cuits [1].

Neural circuits are able to accomplish complicated functions due to their distin-
guished cellular building blocks, known as neurons. Neurons, as evident from their
distinct morphology, are specialized for long-distance signaling. The extensive branch-
ing observed in neurons is the main morphological feature of neurons, specializing
them in communication. A typical neuron has elaborate arborization stemming from
the cell body known as dendrites, and a long projection called the axon, which can
reach tens of centimeters in length [2].

During neonatal and early postnatal periods of development, neural circuits are
initially formed through progressive events such as cell migration, neurite growth,
target recognition and synaptogenesis. The communication in the brain is facilitated
by neuronal connections known as synapses. Navigating axons reach distant target
regions and form synapses either at the terminal region (terminal bouton) or along
the axoplasm (en passant synapse) [3]. Neural circuits are later refined through
regressive events, during which exuberant or unused synapses are removed. Regres-
sive events encompass processes such as synapse elimination and axon and dendrite
pruning [4].

1.1. The synapse

Synapses are intercellular conjunctions between a presynaptic neuron and another
cell, often also a neuron. Synapses are able to integrate and transmit electrical

3



Chapter 1 Introduction

stimulation in the form of action potentials to chemical neurotransmission [5, 6].
Synaptic transmission is made possible by the precise juxtaposition of the presy-
naptic and the postsynaptic specializations. At the presynapse, a highly specialized
region within the axon, synaptic vesicles filled with neurotransmitters are ready to
be exocytosed and release their content in the synaptic cleft, while the postsynaptic
plasma membrane is decorated with numerous neurotransmitter receptors [7].

Although synapses demonstrate a wide diversity with regards to their morphology,
neurotransmitter type, release probability and postsynaptic receptors, they essen-
tially share a basic architecture. All synapses are composed of three main cellular
compartments: the presynaspe, the synaptic cleft, and the postsynaptic specializa-
tion. The presynapse is characterized by clusters of synaptic vesicles (SVs) filled with
neurotransmitters, which undergo Ca2+-triggered fusion with the plasma membrane
upon arrival of action potential and release their content into the synaptic cleft [8].
Synaptic fusion occurs in a specialized membrane region in the presynapse, known
as the active zone (AZ) [9, 6]. The postsynaptic side receives the neurotransmitter
signal through various receptors and converts it into electrical and chemical changes
in the cell. In the CNS, the excitatory and inhibitory postsynaptic specializations
are distinguished by the characteristic ligand gated channels; glutamate and gamma-
aminobutyric acid (GABA) receptors, respectively. In addition to their receptors,
excitatory and inhibitory synapses differ morphologically and in their molecular or-
ganization [10].

1.1.1. The active zone

The active zone is a specialized region of the presynapse, with a set of evolutionary
conserved core components, where synaptic vesicle exocytosis occurs. This region
can be observed as an electron-dense region in the presynapse [11]. In the CNS
neurons of vertebrates, active zones are disc-like structures with a diameter of about
0.2 to 0.5 µm.

The active zone spatially and functionally organizes neurotransmission by integrating
three key roles [6, 12]:

1. The active zone organizes the synaptic vesicle pools and facilitates tethering,
docking and priming the SVs.

2. It recruits the voltage-gated Ca2+ channels necessary for synchronous coupling
of electrical stimulation and neurotransmitter release. This process, known
as ‘positional priming’, spatially regulates neurotransmission by bringing the
fusion machinery and the calcium source in close proximity.

4



1.1 The synapse

3. The active zone facilitates the precise alignment of the pre- and postsynapse
by proper localization of trans-synaptic cell adhesion molecules and tethering
synaptic vesicles and Ca2+ channels to synaptic adhesion proteins.

Given the crucial organizational roles of the AZ in steps preceding and during fusion,
it is not surprising this specialization is also involved in short and long term plasticity
[13]. This process is regulated by the AZ either by directly responding to Ca2+ signals
through release, or indirectly by recruiting other proteins responsible for plasticity.

1.1.1.1. Active zone components

The collection of proteins enriched in the active zone are known as the cytoma-
trix at the active zone (CAZ). The majority of the CAZ proteins are scaffolding
proteins, each harboring multiple protein-protein interaction domains and few cat-
alytic domains. The core components of the active zone consist of five evolutionary
conserved proteins: RIM (for Rab3-interacting molecules), Munc13, RIM-binding
proteins (RIM-BP), A-Liprin and ELKS/ERCs/CAST proteins [6]. These five com-
ponents form a single large protein complex, which docks and primes the SVs, re-
cruits the calcium channels, and tethers the SVs and the calcium channels to the
trans-synaptic adhesion molecules. In addition to these core proteins, Bassoon and
Piccolo, two large homologous proteins, are also associated with the active zone in
vertebrates [14].

RIMs RIMs have five main interacting domains: an N-terminal zinc finger domain,
a PDZ domain, and a proline rich domain flanked by two non-Ca2+ binding C2
domains. They bind to numerous proteins present at the AZ as well as associate
with synaptic vesicles. Therefore, RIMs are considered to be the central organizers
of the active zone [15, 16]. There are 4 RIM genes expressed in vertebrates, among
which only RIM1 and RIM2 genes produce proteins including all domains, known
as RIM1A and RIM2A, respectively. RIM3 and RIM4 genes produce short isoforms,
known as RIM3γ and RIM4γ proteins, expressing only the last C-terminal C2 domain
[16].

Several studies in C. elegans and mice have shown that RIMs are involved in both
vesicle docking and priming [17, 18, 19, 20, 21, 22], recruiting the Ca2+ channels
to active zones [20], and synaptic plasticity [18, 23]. In addition to its functions in
regulation of release, RIM also tethers ELKS and N- and P/Q-type calcium channels
in the active zone through its central PDZ domain, thereby acting as an organizing
hub at the presynapse [24, 25].

5



Chapter 1 Introduction

RIM-BP RIM binding proteins are multi-domain proteins, expressed by three genes
in vertebrates and only one in Drosophila [26, 27, 28]. They form a complex with
RIMs, and assist them in recruiting Ca2+ channels to the presynapse [26, 29]. Studies
in Drosophila have shown that the presence of RIM-BPs is not only essential for
accurate organization of the active zone, but also crucial for proper Ca2+ channels
clustering and Ca2+ influx, and its deletion reduces the release probability drastically
[28].

Munc13 The main function of mammalian orthologs of UNC-13 in C. elegans,
Munc13s, is to prime synaptic vesicles for exocytosis, which they accomplish by
priming the SNARE/SM protein fusion machinery. They also influence the short
term plasticity by regulating this priming activity [30, 31]. The priming function of
Munc13 is activated by binding to RIMs and disruption of Munc13 autoinhibitory
homodimers [21].

α-Liprins α- and β-liprins are related proteins with protein-protein interaction do-
mains in both N- and C-termini, capable of forming homo- and heterodimers in
addition to complexes with RIMs [18], ELKS [32, 33], CASK[34], and LAR-type
receptor phosphotyrosine phosphatases [35]. The sum of C. elegans studies carried
out on A-liprin and related proteins suggests that it recruits synaptic vesicles and
Ca2+ channels to the active zone via linking synaptic cell adhesion molecules to the
RIM/Munc13/RIM-BP core complex [36, 33, 37].

ELKS ELKS are the most enigmatic core components of the active zone. They were
initially discovered as an interacting partner for Rab6 [38], then found to be localized
in the active zone and renamed CAST [24] or ERC [25]. There is one ELKS-like
gene expressed in C. elegans, and two highly homologous ELKS proteins expressed
in mammals, named ELKS1 and ELKS2 [25]. Interestingly, Drosophila expresses an
ELKS fusion protein, known as ‘bruchpilot’, comprised of N-terminal ELKS-related
domain and C-terminal plectin-related domain [39]. ELKS participates in the active
zone structure by binding to the PDZ domain of RIMs along with A-liprin [25, 32].

Piccolo and Bassoon Originally discovered in a screen designed to characterize
the rat brain synaptic junctions, these two highly homologous large proteins seem
to have redundant as well as distinct roles in CAZ organization [40, 41, 42, 43, 44].
Bassoon and Piccolo are specific to vertebrates, although there are structurally more
distant versions expressed in invertebrates which might play a similar organizational

6



1.1 The synapse

role in the active zone [39, 45, 46]. Deleting the central region of Bassoon in mice
did not exhibit an effect on the ultrastructure organization of the active zone, but
it led to reduced neurotransmission. Although the number of clustered and docked
synaptic vesicles appeared normal, they were unable to fuse [47].

Consistent with the observed diminished neurotransmission in mutant Bassoon mice,
a few studies have collectively proposed that Bassoon is important for the accurate
positioning of the Ca2+ channels in the active zone, in addition to rapid vesicle
replenishment in the vacant release sites [48, 49, 50, 51]. With regards to recruitment
of Ca2+ channels, Bassoon seems to selectively position P/Q-type (and not the N-
type) Ca2+ channels near the release sites in the hippocampal synapses [52].

RNAi-mediated knockdown of Piccolo in cultured neurons did not affect the forma-
tion or morphology of glutamatergic synapses. It is however suggested to negatively
regulate SV exocytosis through a calmodulin kinase II-dependent mechanism, influ-
encing the dynamics of synapsin Ia [53]. Cultured neurons and acute slices from
Piccolo knockout mice have shown that the absence of Piccolo has no significant
effect on neither survival nor synaptic transmission. The same phenotype was ob-
served when Bassoon was also acutely knocked down from these neurons. However,
synaptic vesicle clustering was severely reduced in the absence of both Bassoon and
Piccolo, leading the authors to propose a redundant function of Bassoon and Piccolo
in SV clustering at the nerve terminal [54].

1.1.2. Synaptic vesicles

Synaptic vesicles are the main means of interneuronal communication in the nervous
system. These 40-nm trafficking organelles are accumulated at the presynaptic nerve
terminals, and are filled with neurotransmitters. Upon the arrival of an action po-
tential and influx of Ca2+ into the presynaptic terminal, SVs go through exocytosis
and neurotransmitter release in less than a millisecond [55]. SVs can be biochem-
ically purified and their molecular composition has been extensively characterized
[56, 57, 58].

Synaptic vesicles are uniform in size and shape, and while the exact stoichiometric
ratio of proteins varies among individual SVs, they require at least five distinct
members to be able to take up neurotransmitters, respond appropriately to the
calcium signal and fuse with the plasma membrane [59]:

1. The soluble n-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)
synaptobrevin for fusion with the plasma membrane
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2. Synaptotagmin for detection of Ca2+ influx before exocytosis

3. The neurotransmitter transporter to fill up the SVs with neurotransmitters

4. SV protein 2, probably involved in release [60]

5. The abundant but poorly understood Synaptophysin [58]

At the nerve terminal, synaptic vesicles have been classically grouped in three distinct
subpopulations based on their release capability [61]. The readily releasable pool
(RRP) refers to the SVs that are thought to be docked at the AZ and are rapidly
depleted upon electrical stimulation or depolarization [62, 63, 64, 65, 66, 67]. The
recycling pool is released more slowly that the RRP, and comprise 5-20% of all vesicles
[61]. These vesicles are continuously recycling upon stimulation by physiological
frequencies [67, 68, 69, 70]. The majority of the vesicles however comprise the reserve
pool, from which release only occurs upon prolonged or intense stimulations [71, 72,
66, 67, 68, 70].

1.1.3. Trans-synaptic adhesion molecules

Many synaptic adhesion molecules reside at the synaptic sites in dendrites and axons.
These molecules, known as synaptically localized cell adhesion molecules (SAMs),
bridge the pre- and postsynaptic specializations and can interact in either homo- or
heterophilic fashion across the synaptic cleft. Trans-synaptic adhesion molecules not
only facilitate the juxtapositioning of pre- and postsynapses and provide mechanical
support, but they also induce formation of new synapses and regulate the function of
existing synapses through triggering signaling cascades or secondary protein-protein
interactions [73]. Among several well-studied trans-synaptic adhesion molecules, the
importance of two is briefly discussed in the following sections.

1.1.3.1. N-cadherins

Cadherins are a large protein family with more than 80 members in a single mam-
malian species [74]. Initially studied in epithelial cells, N-cadherins have also been
shown to play key roles in synaptic formation, maintenance, transmission and plas-
ticity. Classical cadherins, type I and II, have five extracellular repeats which bind to
Ca2+, a transmembrane domain, and a cytosolic tail capable of binding to β-catenin,
δ-catenin, and α-catenin (via β-catenin). The most widely expressed cadherins in
neurons are N-cadherins [74]. They localize evenly along the nascent synapses in
young cultured neurons, while clustering more in the active zone in more mature
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neurons [75]. N-cadherins are transported with the trafficking packets of active zone
components to the sites of synaptic formation [76, 77, 75]. N-cadherins are found in
both pre- and postsynaptic compartments, and they exert their functional roles by
binding to cytosolic catenins, which in turn interact with their respective signaling
molecules. In addition to the structural role of N-cadherin through providing synap-
tic contact, it has also been shown to play a key role in clustering of synaptic vesicles
through indirect interaction with the postsynaptic adhesion molecule neuroligin-1.
Microscopy studies have shown that N-cadherin recruits neuroligin-1 in the postsy-
naptic compartment via the scaffolding molecule S-SCAM, which activates neuroligin
and leads to presynaptic vesicle clustering. The functional role of N-cadherin is fur-
ther highlighted by its role in increasing release probability in mature synapses [78].

1.1.3.2. Neuroligins and neurexins

Another major trans-synaptic adhesion complex inducing synaptogenesis is the neuroligin-
neurexin complex. Neuroligins are a class of postsynaptic adhesion molecules with
four members [79]. Different subtypes of neuroligins exhibit distinct subcellular lo-
calization; while neuroligin-1 and 2 selectively localize to excitatory and inhibitory
synapses respectively, neuroligin-3 is found in both types of synapses [79, 80, 81,
82, 83]. On the postsynaptic side, neuroligins interact with PSD95 among other
proteins [84], while they extracellularly associate with β-neurexins as their presy-
naptic binding partners [84, 85]. There has been a line of studies focusing on the
mechanisms through which neuroligin-neurexin complex contribute to synaptogen-
esis. Neuroligin-1 and 2, when expressed on the surface of non-neuronal cells and
contacting navigating axons, can recruit presynaptic proteins to these contact sites
[86]. Later work also showed that binding of neuroligin to neurexin was sufficient
for its clustering, which was in turn sufficient to initiate presynapse formation by
recruiting vesicles through interactions mediated by cytosolic domains of neurexin
[87, 88].

1.1.4. Synapse formation

Formation of the presynaptic terminals requires the transport of active zone compo-
nents and synaptic vesicle proteins to the axo-dendritic contacts at the right time.
The newly synthesized presynaptic proteins are generally sorted in at least two dis-
tinct groups of precursory organelles, PTVs (Piccolo Bassoon transport vesicles) and
STVs (synaptic vesicle protein transport vesicles). Numerous studies over the last

9



Chapter 1 Introduction

two decades have investigated the content and transport dynamics of these trafficking
organelles.

1.1.4.1. Assembly of the active zone

PTVs are 80-nm dense-core granulated vesicles carrying the active zone proteins
Piccolo and Bassoon, in addition to other proteins involved in exocytosis, such as
SNAP25, Munc13, Munc18 and syntaxin [89, 76]. Several studies in the last decade
have demonstrated that there are at least three distinct transport vesicles which are
carrying Munc13, or complexes between Piccolo-Bassoon-ELKS/CAST, and RIM-
Neurexin-CASK-Voltage gated Ca+2 channels (VGCCs) [90, 91, 92]. In neurons,
PTVs move bidirectionally and in a saltatory manner. They occasionally split into
smaller puncta or coalesce into larger clusters [76]. PTVs begin their journey along
the axon from the trans-Golgi network [93], and their initial assembly requires Piccolo
and Bassoon [92]. They eventually fuse to the plasma membrane and establish the
active zone [94, 92].

1.1.4.2. Assembly and delivery of synaptic vesicles

A large body of research in the last decades has investigated how and when the com-
ponents of SVs assemble on a trafficking organelle and begin their journey towards the
nerve terminal. Transporting the SV components in prepackaged structures rather
than individually is faster and energetically less demanding on the cell. Indeed,
there are several studies suggesting that synaptic proteins travel into the axon by
forming vesicular intermediates, and their contents have been studied by biochemical
methods, electron microscopy and confocal imaging.

The trafficking organelles containing the synaptic vesicle proteins are a morphologi-
cally heterogeneous population, called STVs (synaptic vesicle protein transport vesi-
cles) [95]. It has been shown that synaptic proteins travel along the axon in discrete
packets, which in addition to clear SVs, contain dense core vesicles, tubulovesicular
structures and pleiomorphic vesicles in different combinations [96]. These struc-
tures were also observed by electron microscopy in embedded neurons labeled for
SV proteins [97, 98, 90]. Immunolabeling of numerous SV proteins in neurons, such
as synaptophysin, synapsin I and SV2 showed a high colocalization in the axons,
implying that synaptic vesicle proteins are indeed transported together [96, 99].

Live imaging of young cultured neurons have shown that simimilar to PTVs, STVs
also move in a saltatory fashion punctuated with frequent directional changes. They
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have been observed to sometimes split off from a stable cluster of STVs into smaller
units, or coalesce into larger ones [98, 96, 99]. These trafficking organelles are elec-
trophysiologically active within less than one hour of recruitment to targeted axonal
regions [96].

1.1.5. Initiation of synapse formation

In order for a functional synapse to form, navigating axons have to make contact
with the dendritic branches. The physical contact has to be further stabilized in the
presence of essential synaptic and active zone proteins. While the requirement of an
extensive set of proteins is undebatable, there are three different models proposed
for the initiation of synaptogenesis.

1.1.5.1. Axo-dendritic contact precedes synaptogenesis

Randomly growing axons can establish cell-cell adhesion contacts with dendritic
filopodia, which upon stabilization can eventually differentiate into a fully functional
synapse. In this model, the initial contact of axons and dendrites precedes the
recruitment of synaptic proteins on either side [100]. Such a mechanism has been
observed in a few studies [96, 101, 76]. For instance, in order to resolve a timeline
for synaptic bouton formation, it was observed that the new boutons capable of
vesicle recycling appear within 30 min of initial axo-dendritic contact. Accumulation
of postsynaptic proteins, specifically SAP90/PSD95 and glutamate receptors, was
observed 45 min after the appearance of such boutons, leading to a fully assembled
synapse within 1-2 h of initial axo-dendritic contact [102].

1.1.5.2. Pre-defined synaptogenic sites within the axon

Contrary to the conventional notion that synapse formation is preceded by axo-
dendritic contact, there are a number of studies postulating a model where there
are pre-defined sites for synapse formation in the axonal membrane. There is a
considerable body of evidence in favor of this hypothesis. PTVs and STVs move
bidirectionally in the axons displaying frequent pauses and change of direction [96,
76]. Interestingly, they appear to co-migrate extensively and have the tendency to
pause at the same sites as one another [103, 104]. The coordinated transport and
pause sites of STVs and PTVs suggest the existence of intrinsic pre-defined areas
within the axonal membrane where presynapses eventually form. Additionally, it has
been observed that there are many active presynapses in the axons capable of evoked
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release, despite the lack of any postsynaptic partners. These orphan presynapses
are mobile presynaptic material that have been transiently immobilized at specific
regions due to evoked action potentials, and demonstrate the same SV dynamics as
mature synapses [105]. Orphan boutons eventually either fuse to existing presynaptic
sites or establish new release sites [105, 106]. Lastly, STVs are more prone to pause
at the pre-defined sites where a future axo-dendritic contact will occur [95].

Two determinants of pre-defined pause sites within the axon have been proposed.
First, the Sec6/8 subunit of the exocyst, a multisubunit protein, has been shown
to display a punctate distribution pattern in developing axons of young cultured
neurons and to be downregulated as neurons mature [107]. Sec6 also localizes to
preferred STV pause sites [95]. In another line of research, lipid rafts have been
suggested to play a role in specifying the presynapse location. Lipid rafts are small
microdomains in plasma membrane containing high cholesterol and sphingolipid con-
centration [108]. In one study, BDNF was shown to promote neuronal lipid raft
formation, followed by upregulation of presynaptic protein expression, specifically in
lipid rafts but not in non-rafts [108, 109].

1.1.5.3. Postsynaptic initiation of synaptogenesis

Similar to axons, there are also pre-defined sites along the dendrites that can pro-
mote the establishment of a functional synapse. There are several studies that have
reported the non-synaptic clustering of postsynaptic proteins in the dendrites of
young neurons [110, 111, 101, 112, 113, 114]. Further analysis of the postsynaptic
protein complexes in young cultured neurons has shown that they all contain PSD95,
guanylate-kinase-associated protein (GKAP) and Shank. Most of these complexes
appeared to be stationary and located at both synaptic and non-synaptic sites. In-
terestingly, the fraction of the stationary complexes containing neuroligin-1 was able
to recruit synaptophysin-containing transport vesicles in the axons, and a presynap-
tic bouton was able to form within 2 hours on the other side [115]. Consistent with
the evidence on PSD proteins, non-synaptic membrane specializations have also been
observed in vivo with the help of EM analysis [116, 117, 110, 118].

1.2. Cytoskeleton in neurons

Neurons are highly polarized cells, with their axons reaching targets tens of centime-
ters away. Efficient transport of various organelles and proteins to distant regions of
the cell depends on the neuronal cytoskeleton. Furthermore, the cytoskeleton is also
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involved in establishment and maintenance of neuron morphology and polarity. The
neuronal cytoskeleton is composed of microtubules (MT), actin filaments and neuro-
filaments. MT and actin filaments are mainly involved in neurite formation, axonal
differentiation and short and long distance transport [119, 120]. Neurofilaments are
highly abundant in the axon and are mainly involved in axonal radial growth and
conductance [121, 122, 123].

Due to high dynamicity of the cytoskeletal filaments, they have gained much atten-
tion in regards to axonal regeneration and neurological disorders. The regenerative
ability of the axon is dependent on either the remodeling of the cytoskeleton itself, or
on the transport of growth factor receptors to the site of injury [124, 125]. Moreover,
disruption in the axonal transport has been implicated in neurological disorders such
as amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease (AD) [126, 127].

1.2.1. Microtubules

Microtubule protofilaments are composed of stable heterodimers of α and β tubulins,
aligned in a head-to-tail polar fashion. Both tubulin monomers have a binding site
for GTP. While the GTP bound to α-tubulin is trapped within the dimer structure
and cannot be hydrolyzed, the β-tubulin can be found in a GTP or GDP-bound form.
Thirteen protofilaments are laterally joined together to form a hollow cylindrical tube
with an outer diameter of 25 µm [128]. The protofilaments are always aligned in a
parallel fashion with the α-tubulin positioned at one end and the β-tubulin at the
other, maintaining an inherent structural polarity in MT. Generally, one end of the
microtubule filament is more dynamic, where both growth and disassembly of the
filament is occurring at a faster rate. The fast end of the microtubule is called the
plus end, while the other is the minus end. MT alternate between phases of slow
growth and rapid disassembly, a phenomenon known as dynamic instability [129].
This feature enables the microtubules to grow and explore different regions of the
cell, and retract in the absence of appropriate signals [129, 130]. The microtubule
plusend is also a major regulatory site [128], where microtubule plus end tracking
proteins (+TIPs) are bound. For instance, end binding proteins (EB) regulate MT
growth dynamics, in addition to binding to several other MT-related proteins, such
as MT motors, actin-associated proteins and signaling proteins [131, 132].

1.2.1.1. Microtubules in neurons

Microtubules have to be in the correct orientation to carry out their function. In
the axon and the distal dendrites, microtubules are generally found with the plus-
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ends pointing away from the cell body, while exhibiting a mixed polarity in the
proximal regions of the dendrites [133, 134, 135, 136, 137]. As one of the three
major constituents of the cytoskeleton, microtubules have various functions within
two main themes in neurons:

(i) Microtubules are involved in inducing morphological changes during different
stages of neuron development:

• Neuron migration: Migration of the neurons is the result of cooperation be-
tween both actin filaments and microtubules. Actin filaments facilitate the
formation of the leading process by polymerization at its tip, and generating
propelling contractions at the rear end of the cell. Meanwhile, microtubules
protruding out of the centrosome create a cytoskeletal cage around the nu-
cleus, which is being pulled at the proximal end of the leading process, thereby
carrying the nucleus in the same direction as the entire cell [138, 139, 140].

• Neurite initiation: The initial symmetry of the newborn neuron is disrupted
by small neurite protrusions [141]. Formation of neurites is facilitated by a
combination of microtubule stabilization and forces generated by increased
actin dynamics [142, 143].

• Axonal differentiation and elongation: After the initial neurite formation in
young neurons, one of the neurites grows longer and eventually differentiates
into the axon [144]. Several studies have implicated that axonal differentiation
is facilitated by local stabilization of MT [145]. Microtubule stabilization could
also explain the targeting of kinesin motors which actually precedes axonal
differentiation. Kinesins show a higher affinity for stabilized microtubules,
which implies higher membrane trafficking to the future axons [146, 147]. It
has been shown that microtubules facilitate axonal elongation by sliding apart,
which is powered by the forces generated by motor proteins [148, 149, 150].

(ii) Microtubules provide railways for intracellular transport of vesicles, organelles
and soluble proteins by motor proteins. While microtubules, actin filaments
and neurofilaments all contribute to neuronal function and morphology, in-
tracellular transport is almost entirely dependent on microtubules. Transport
occurs bidirectionally, with cargos moving towards the cell periphery (antero-
grade transport) mainly done by kinesins, and from the periphery to the cell
soma (retrograde transport) by dyneins [151, 152].
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1.2.1.2. Microtubules at the synapse

Over the last few decades, many studies have investigated the presence of micro-
tubules within the nerve terminals. Microtubules have been detected in presynaptic
membrane fractions associated with both SVs and dense core vesicles [153, 154].
More recent studies have also found tubulin by performing mass spectrometry on
presynaptic preparations [155, 156, 157], suggesting that microtubules may interact
with the CAZ proteins and direct SVs to the presynaptic membrane or contribute
to the organization of AZ [158]. Ultrastructural analysis by EM has shown that
presynaptic microtubules are spaced closer together than the axonal microtubules,
and they appear to expand to form vesicle-filled varicosities in the presynaptic region
[159].

A number of studies in Drosophila have attributed a structural and physiological role
to microtubules at the presynaptic terminals. Firstly, at the Drosophila NMJ, there is
an equilibrium between the tubulin monomers and polymers of tubulin [160], and mi-
crotubules have been shown to dynamically protrude into the presynaptic terminals
forming structures known as ‘pioneer presynaptic MTs’ [161]. Microtubules also in-
teract with the components of the active zone via binding to the Drosophila homolog
of MAP1B, known as Futsch [162, 163]. This interaction promotes MT stability at
the presynaptic terminal and supports synaptic growth [164, 165]. Futsch also facil-
itates the association between MT and the Drosophila ELKS homolog, Bruchpilot,
and calcium channel Cacophony [163]. Therefore, through interacting with Futsch,
presynaptic microtubules support the stabilization of active zone components and
regulate presynaptic physiology.

Microtubules have also been known to interact with synaptic vesicle proteins. Rapidly
frozen tissues analyzed by EM demonstrated that microtubule fibers are connected to
the SVs at the nerve terminals by thin strands [166], which were later suggested to be
single synapsin I molecules [167, 168]. It has been also shown that synatoptagmin-1
interacts with tubulin through its cytoplasmic C2A and C2B domain, which might
propose a novel mechanism of how MT associates with the SVs at the presynaptic
region [169].

Microtubules have also been observed to invade the dendritic spines during devel-
opment in an activity-dependent manner [170]. Microtubule plus ends invading the
dendritic spine also affects the actin dynamics within the spine and modulates synap-
tic plasticity [171]. Local calcium transients have also been shown to increase the
entry of MT in the spines by upregulating actin polymerization, further implying
that spine shape formation by microtubules is affected by synaptic activity [172].
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Lastly, microtubules have also been observed to associate with mitochondria in the
presynaptic region, and may contribute to proper mitochondria positioning [173, 174,
175, 176].

1.2.2. Actin filaments

Actin filaments (F-actin) are composed of globular actin monomers (G-actin). Much
like tubulins, actin monomers also have a nucleotide binding site, which binds to
ATP/ADP rather than GTP/GDP. The actin subunits also assemble in a head-to-
tail fashion, which leads to distinctly polar actin filaments. Actin filaments are made
of two actin protofilaments twisted around each other in a right-handed helix. F-
actin dynamics is regulated by numerous actin binding proteins, which control its
nucleation, capping, severing and crosslinking [177]. In the axon, actins are generally
found in two distinct populations. It has been shown that actin filaments form
regularly spaced rings beneath the axonal plasma membrane, providing mechanical
support and organizing the membrane proteins in the axon [178, 179]. In addition,
in a recent study it was observed that there are ‘actin hotspots’ within the axon,
where the F-actin undergoes constant assembly and disassembly. The authors have
suggested that these spots help enrich actin at the presynapse and possibly contribute
to synaptic plasticity [180].

1.2.2.1. Actin filaments at the synapse

F-actin is the most abundant cytoskeletal protein at both sides of the excitatory
synapse, and its localization becomes more prominent as the neuron matures [179].
From a functional standpoint, there are several studies attributing a variety of roles
to F-actin in the presynaptic terminal, including a structural function, facilitating
recruitment and positioning of SVs, and regulating both exocytosis and endocytosis
[181]. Actin has been shown to be specifically crucial for initial steps of synapto-
genesis in Drosophila and C. elegans [182, 183]. The role of actin filaments during
the initial stages of synapse formation is highlighted by the observation that actin
depolymerizing agent, latrunculin A, almost completely disrupted the clustering of
synaptophysin in culture during the synaptogenesis peak [184].

Another interesting role that has been attributed to F-actin is the coordination of SV
and active zone protein clustering. Formation of the N-cadherin-ß-catenin complex
triggers downstream signaling cascades which result in increased actin polymerization
at synapses. Upon enhanced polymerization of actin filaments, SVs are recruited and
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clustered at the presynapse [185]. Synapsin I is also known to interact with actin
filaments in a highly regulated manner. Depolarization induces phosphorylation of
synapsin I at S566 and S603 by CamKII, which ultimately reduces the synapsin-
actin interaction [57, 186, 187]. However, while this process promotes the clustering
of SVs, it is not sufficient for the recruitment of active zone proteins. The missing link
between actin dynamics and the active zone components might be Piccolo. It has
been observed that boutons lacking Piccolo exhibit reduced F-actin polymerization,
suggesting Piccolo as a key regulator in actin network assembly at the presynapse
[188]. Taken together, it is plausible to think of F-actin assembly as one of the key
mechanisms neurons utilize to bring active zone and SV components together at the
presynapse.

1.3. Axonal transport in synapse formation

It is generally known that there are two main types of transport in the axons: the
fast component and the slow component. Fast axonal transport refers to the delivery
of vesicles and organelles at a speed of about 50-400 mm/day, whereas slow axonal
component includes the delivery of cytosolic and cytoskeletal proteins moving at
a speed of less than 8 mm/day [151]. Both kinesin and dynein motor proteins
contribute to intracellular transport in the axons and synapse formation [152].

1.3.1. Anterograde transport by kinesins

Kinesin superfamily proteins (KIFs) are a large group of motor proteins with 45
members in mammals, 38 of which are expressed in the brain [189]. Depending on the
motor domain position, kinesins are divided in three groups: the N-terminal motor
domain KIFs (N-KIFs), middle motor domain KIFs (M-KIFs), and C-terminal motor
domain KIFs (C-KIFs) [190, 189]. N- and C-KIFs are composed of the motor region,
which moves on the microtubules with the aid of ATP hydrolysis, the stalk region and
a tail domain. Kinesins utilize their tail domain, and occasionally the stalk region, to
associate with their cargos [191]. A more recent standardized nomenclature groups
kinesins in 14 different subfamilies which have common functional and structural
features [192].
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1.3.1.1. Kinesin-1 (KIF5)

Kinesin-1 is composed of a dimer of kinesin heavy chains, in addition to a dimer of
kinesin light chains (KLCs), which is not always part of the complex [193]. KIF5
heavy chain is expressed in three different isoforms in mammals; KIF5A, KIF5B and
KIF5C [189]. All heavy chains form homodimers and/or heterodimers, suggesting
some functional redundancy. The main distinction among the isoforms are the local-
ization and expression levels in various neuronal types [194]. In the absence of cargo,
kinesin-1 C-terminal tail region folds onto the N-terminal motor domain, thereby
keeping the motor in a folded, compact state to avoid unnecessary ATP hydrolysis
[195, 196, 197, 198, 199, 200]. Autoinhibition of kinesin-1 is relieved by binding to
cargo, which enables the motor protein to hydrolyze ATP and traverse along the mi-
crotubules [195, 201, 202, 203]. KLCs are thought to contribute to kinesin activity
by regulating KHC autoinhibition, as well as binding to cargos [202, 204, 205].

Cargos of Kinesin-1 in neurons Kinesin-1 plays a key role in synapse formation by
transporting AZ precursors by interacting with syntaxin 1 via syntabulin as a trans-
port adaptor [206]. Interrupting the interaction of syntabulin with KIF5B diminished
the axonal flux of PTVs, and led to reduced number of functional presynapses [201].
In addition to syntabulin, FEZ1 also binds to KIF5C and drives the transport of syn-
taxin 1 along the axons [207]. Kinesin-1 has also been suggested to directly associate
with SNAP-25 and facilitate the transport of SNAP-25 containing vesicles to the pe-
riphery of the cell, thereby contributing to synaptic fusion [208, 209]. Recently, the
kinesin-1 homolog of C. elegans, UNC-116, has been shown to mediate the delivery
and removal of AMPARs at the synapse, thereby regulating the synaptic strength
[210].

Kinesin-1 has also been suggested to contribute to synaptic vesicle transport by nu-
merous studies. Historically, kinesin-1 has been shown to associate with and translo-
cate synaptic vesicles in vitro [211], and KIF5A and KIF5B have also been identified
on synaptic vesicles [58]. Moreover, functional studies on its homolog in C. elegans,
unc-116, have suggested that proper localization of synaptobrevin is dependent on
this motor [212]. Proper transport of synaptotagmin-1 has also been partially at-
tributed to kinesin-1 through forming a complex with UNC-51/ATG1 and UNC-76
[213].

Another neuronal cargo of kinesin-1 is the amyloid-β precursor protein-containing
vesicle, the precursor of the protein that forms the senile plaques observed in Alzheimer’s
disease [214]. Deficient axonal transport of APP could have implications in progres-
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sion of Alzheimer’s disease [215, 216]. Specifically, the early axonal transport defi-
ciencies observed in the AD mouse model are suggested to increase the proteolysis
of APP resulting in senile plaque formation [217]. It has been suggested that APP-
containing vesicles can be either transported as an independent cargo via direct inter-
action with kinesin-1, or co-transported with c-Jun NH2-terminal kinase-interacting
protein 1 (JIP1) in a phosphorylation-regulated manner [218].

Another crucial function of KIF5 is transporting the retrograde motor protein.
Dynein-dynactin complex is the only retrograde motor protein in mammals, and
it needs to be transported to the distal axon to be able to bind to its cargos [219].
Recently, it has been proposed that dyneins are transported to the distal axon by
slow axonal transport via transient interactions with kinesin-1 [220]. This model
seems to be in agreement with the previous data where 95% of dynein had been
observed to move via either slow axonal transport or with vesicles [221].

1.3.1.2. Kinesin-3 (KIF1)

The kinesin-3 family motor proteins KIF1A and KIF1Bβ are two very similar ki-
nesins, with a pleckstrin homology (PH) domain and a conserved stalk domain. It
has been demonstrated that the PH domain is necessary but not sufficient for bind-
ing of KIF1A and KIF1Bβ to their cargos [222]. The PH domain has a tendency
to bind to phosphatidylinositol 4,5-bis-phosphate (PtdIns(4,5)P2), which is found
primarily in the plasma membrane [223]. This motor protein is activated by binding
to phospholipids and dimerization [224, 223, 225].

Cargos of kinesin-3 in neurons KIF1A and KIF1Bβ and their homologs in in-
vertebrates, UNC-104 in C. elegans and imac in Drosophila, are mainly respon-
sible for transporting synaptic vesicle precursors (SVPs) and dense core vesicles
[224, 226, 227, 228, 229]. It has been shown that overexpression of KIF1A facil-
itates BDNF-induced synaptogenesis and enhanced learning in the hippocampus
[230]. Overexpression of UNC-104 or a gain of function mutation in unc-104 de-
creases the capture probability of STVs by stable presynaptic sites, pointing to the
role of this motor in proper synapse distribution [104]. An alternatively spliced vari-
ant of KIF1Bß, known as KIF1Bα, has been shown to transport mitochondria via
interacting with kinesin binding protein (KBP) [231, 232]. Several loss of function
studies have shown that deletion of UNC-104 or its adaptors severely affect different
aspects of synapse formation. For instance, in Kif1 knockout mice and unc-104 C.
elegans mutants, the number of synaptic vesicles was reduced while the active zone
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remained normal [224, 233, 234]. In Drosophila, mutation of kinesin-3 homolog imac
led to abnormal synaptic bouton formation and reduced number of synaptic vesicles
[228].

KIF1A and KIF1Bβ proteins bind to STVs through association with the adaptor
protein DENN/MADD [235]. DENN/MADD is an effector for Rab3, a GTPase
abundantly found on synaptic vesicles. The death domain of DENN/MADD binds to
the stalk region of KIF1A and KIF1Bβ and the MADD domain interacts exclusively
with the GTP-bound form of Rab3 on the synaptic vesicles. Given that the GDP-
bound form of Rab3 is unable to bind to the MADD domain, it is speculated that
GTP hydrolysis in Rab3 is a mechanism for cargo unloading [235]. Not surprisingly,
the size and number of synaptic vesicles are reduced in DENN/MADD knockout
mice [236] and deletion of the DENN/MADD homolog in C. elegans, aex-3, leads to
Rab3 mislocalization [237].

Another important adaptor of kinesin-3 for transporting STVs is α-liprin, known
as SYD-2 in C. elegans [238]. The ultrastructure of the active zone is significantly
lengthened in syd-2 C. elegans mutants, whereas the number of synaptic vesicles per
active zone remained unchanged [239]. Moreover, the net anterograde movement
and velocity of UNC-104 is reduced upon syd-2 mutation in C. elegans, suggesting
its necessity for motor motility control and transport of cargos [240]. Studies have
shown that α-liprin facilitates the clustering of KIF1A monomers, thereby improving
its processivity [241, 240].
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1.3 Axonal transport in synapse formation

Figure 1.3.1.: Presynaptic cargos are sorted in two distinct trafficking or-
ganelles and transported in the axon by kinesins and dyneins. Newly
synthesized SV and CAZ proteins are packaged in at least two species of traf-
ficking organelles known as STVs and PTVs, respectively. STVs and PTVs then
bind to kinesins either directly or through binding to scaffold or adaptor proteins,
and are transported to developing synapses. Retrograde transport occurs by bind-
ing to dynein. Illustration adapted from Bury and Sabo, 2016 [242]. Used with
permission from SAGE publishing.

1.3.2. Co-trafficking of synaptic vesicle and active zone proteins

As described in 1.1.4.1 and 1.1.4.2, it has been suggested that SV and AZ compo-
nents are assembled and transported in two distinct trafficking organelles. However,
there has been some evidence in support of association between AZ proteins and
STVs during transport. Retrospective EM analysis combined with live imaging in
cultured neurons have revealed that STVs are found in close proximity to dense core
vesicles [96]. Immuno-gold labeling and EM ultrastructural analyses using Piccolo
and Bassoon antibodies, in addition to a number of synaptic vesicle proteins has also
implicated the assembly of these proteins in multivesicular aggregates [90]. PTVs
and STVs have also been shown to co-migrate and pause at the same sites in cultured
neurons and in C. elegans [103, 104]. The association of SV and AZ proteins during
transport may provide a mechanism to co-regulate their assembly and localization
in the axon [104].
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1.3.3. Dyneins

Dyneins are divided into two main functional groups in eukaryotes.

1. Axonemal dynein is mostly involved in flagellar motility and intraflagellar
transport [243, 244, 245].

2. Cytoplasmic dynein is the main retrograde motor protein in the axons and den-
drites, facilitating transport of cargos towards the minus end of microtubules
[244].

Cytoplasmic dynein is composed of a heavy chain, multiple intermediate chains, light
intermediate chains and light chains. The numerous isoforms of each dynein com-
ponent have diverged to specifically interact and transport a wide variety of cargos,
enabling dynein to be the sole retrograde motor in neurons [246, 247]. Additionally,
dynactin, a multisubunit protein, binds directly to dynein and is necessary for its
motor activity [248]. In addition to well-documented roles of dynein in axonal dis-
tribution of vesicles and organelles, there are studies indicating the role of dynein in
neuronal morphogenesis. For instance, in the dandelion clock (dlic) Drosophila mu-
tant, in which the dynein light intermediate chain is mutated, the proximal dendritic
branching is increased whereas the branching in the distal regions is significantly
decreased [249]. The roles of dynein light intermediate chain 2 (dlic 2) and inter-
mediate chain (dic) were later confirmed in this process, in addition to ensuring the
uniform microtubule organization in axons [250].

1.3.3.1. Dynein motor in synapse formation

Although presynaptic components move predominantly in the anterograde direction
during neuronal development, association of synaptic proteins with a retrograde mo-
tor protein is also crucial for moving between neighboring synaptic boutons. For
instance, dynein LC8 light chain 1 (DLC1; DynII1) and DLC2 (DynII2) have been
shown to directly interact with Bassoon, thereby suggested to facilitate the trans-
port of PTVs between synapses and contribute to synaptic plasticity [251]. Dynein
has also been proposed to contribute to postsynaptic plasticity by forming a trans-
port complex with the scaffolding protein Gephyrin, and glycine receptor (GlyR).
Gephyrin acts as a transport adaptor in binding of GlyR to dynein DLC1 and DLC2,
and is crucial for internalization of glycine receptors [252, 253].
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1.3 Axonal transport in synapse formation

1.3.4. Diseases associated with genetic ablation of motor
proteins

The importance of intracellular transport by kinesins is highlighted by the numerous
diseases associated with their mutation or deletion.

1.3.4.1. Kinesin-1

Kif5a mutant mice demonstrate loss of large caliber axons and accumulation of neu-
rofilaments in the neurons. In humans, point mutations in KIF5A causes heredi-
tary spastic paraplegia (HSP), which is a neurodegenerative disease characterized
by progressive spastic weakness of the lower extremities [254, 255, 256, 257]. These
mutations are located in either the neck or the motor domain, the latter reducing the
microtubule affinity and/or gliding velocity [258]. Moreover, mutations in KIF5 gene
have been implicated in malformations of cortical development (MCD) and severe
intellectual disabilities [259]. KIF5B has been proposed to be involved in transport-
ing many crucial organelles, including mitochondria and lysosomes. Kif5b knockout
mice are embryonically lethal [260]. While Kif5c knockout mice are viable, they show
a decreased brain size and loss of neurons in brain motor nuclei [194].

1.3.4.2. Kinesin-3

Given that kinesin-3 motor proteins transport synaptic vesicle precursors [235, 226,
261], it is not surprising that there is a wide range of pathologies associated with
mutations in either of these motors. Kif1a and Kif1b knockout mice are both lethal
during the perinatal period, and exhibit severe neurological disorders. On a cellular
level, neuronal death is increased and the number of synaptic vesicles in the presy-
naptic area is reduced [234, 261], the latter also observed in kif1b mutant zebrafish
[262]. Moreover, a functional mutation in the motor domain of KIF1B has been
observed in a family with Charcot-Marie-Tooth disease Type 2A, the most common
inherited peripheral neuropathy in humans [261, 263]. Lastly, some studies in hu-
mans and zebrafish have indicated a role for KIF1B in myelination through affecting
the localization of the mbp mRNA in the myelinating oligodendrocyte process [262].

1.3.4.3. Dynein

As the major retrograde motor protein, dynein malfunction severely worsens any
process that is hinged on proper retrograde signal transduction. Dynein heavy chain
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1 (Dync1h1) knockout mice are embryonically lethal, with dispersion of the Golgi
and endosome-lysosome system [264]. Dynein dysfunction has been shown to hinder
retrograde transport of axonal injury signals such as phosphorylated MAP kinases
Erk1 and Erk2 [265], and the activated c-Jun NH2-terminal kinase (JNK) [266]. It
also results in premature aggregation of mutant Huntingtin in addition to increased
levels of autophagosome marker LC3-II in cell culture and mouse model of Hunting-
ton disease [267]. Dynein has also been suggested as a key influencer in development
of brain folds and grooves by interacting with LIS1-NDEL complex as its cargo. The
LIS1-NDEL complex is crucial for neuronal migration and correct positioning of the
nuclei during development [268].

1.3.5. Regulation of directionality in axonal transport

Given the complex architecture of neurons and their vital roles as the building blocks
of the nervous system, proper intracellular transport is crucial. Several studies have
demonstrated that anterograde and retrograde motors are bound to the cargos si-
multaneously [269, 270, 271, 272, 273, 274]. There are several models proposed for
regulation of transport directionality. In a tug-of-war model, both motors are bound
to the cargo, and the direction of movement is eventually determined by the motor
applying greater force. Stochastic detachment of the motors from microtubule tracks
would result in transport of the cargo by the dominant motor [275]. In reality, this
would result in a bidirectional movement of the cargos, punctuated by frequent di-
rectional switches. In fact, there is a considerable body of evidence in favor of this
hypothesis, including the axonal motility of late endosomes and lysosomes [270].

Alternatively, in a coordination model cargos are often bound to both motors. How-
ever, the activity of motor proteins is tightly regulated via post translational mod-
ifications or by scaffold and adaptor proteins. The simultaneous binding of antero-
and retrograde motor proteins to the cargo can facilitate rapid directional changes
to avoid traffic jams and roadblocks, or as a response to local cellular environmental
cues [276, 277]. Moreover, this model can also explain the processive movement of
cargos in one direction for long distances, despite their simultaneous association with
kinesins and dyneins.

1.3.6. Regulation of motor proteins by adaptor proteins

Scaffolding proteins involved in regulation of the motor activities can be found in
a complex with the membrane cargo receptors, components of kinesin and dynein
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1.3 Axonal transport in synapse formation

motor proteins and signaling proteins such as kinases and GTPases. They mediate
many protein-protein interactions and integrate regulation with the motor protein
activity. For instance, KHC motor activity is regulated at the synapse by binding to
the Milton/Miro complex in a Ca2+-dependent manner in Drosophila [278, 279, 280].
Huntingtin has been shown to act as a molecular switch in the transport of BDNF
vesicles. When phosphorylated at serine-421, it recruits kinesin-1 to the dynactin
complex on BDNF vesicles, promoting anterograde transport. In contrast, at its
non-phosphorylated state, kinesin-1 detaches from BDNF vesicles and they are more
likely to be transported retrogradely [281]. JIP1 has also been shown to interact
directly with kinesin-1 and dynactin. The p150Glued subunit of the dynein/dynactin
complex binds to JIP1, inhibiting kinesin-1 activation and promoting the retrograde
movement of APP-containing vesicles. However, phosphorylation at serine-421 in
JIP1 stabilizes the JIP1-kinesin-1 complex and enhances the anterograde transport
[282, 283].

1.3.7. FEZ1 is a kinesin-1 adaptor

FEZ1 and FEZ2 are the mammalian homologs of the UNC-76 protein in invertebrates
[284, 285]. UNC-76 was found in an analysis of C. elegans mutants exhibiting loco-
motive defects. Mutations in unc-76, along with unc-34 and unc-71 genes, caused
the axons to end prematurely within the ventral and dorsal nerve cords and also
to exit their normal nerve bundles [286, 287, 288]. Locomotion deficiencies were the
most severe in unc-76 mutants. Further analysis of unc-76 mutants showed that this
protein is normally expressed throughout the VNC, DNC and the nerve ring, and
seems to play a crucial role in establishment and maintenance of proper axon-axon
contacts in nerve bundles [284].

In an attempt to resolve the means through which kinesin-1 associates with its cargos,
it was revealed that UNC-76 interacts with the tail domain of KHC in Drosophila.
Mutations of the unc-76 gene in flies resulted in progressive paralysis, in addition to
abnormal aggregation of syntaptotagmin containing vesicles in the segmental nerves
of larvae, phenotypes that closely resembled khc and klc null mutants. Given that
the UNC-76 immunostaining did not show the same punctate pattern observed in
syntaptotagmin distribution, the authors speculated that UNC-76 might act as a
cargo adaptor for transport of non-vesicular cargos in the axons [289].

It has been shown that FEZ1 binding to kinesin-1 is necessary for activating its
motor activity in vitro [202]. Recent research has also revealed that FEZ1 is found
in a complex with KIF5C, Munc18 and syntaxin-1a. Consistently, unc-76 C. elegans
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mutants exhibited an abnormal clustering of UNC-64 (syntaxin homolog) in the
VNC, which was rescued by restoring the expression of UNC-76 [207].

Previously, it had been shown that phosphorylation of serine-143 in UNC-76 is neces-
sary for associating with and transporting synaptotagmin [213]. The corresponding
residue to serine-143 in FEZ1 is serine-58, which has been suggested to be one of the
crucial phosphosites, along with S134, S301 and S316, in binding of FEZ1 to KIF5C
[207].
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1.4. Aims of this study

Previous data from our laboratory and others have shown that FEZ1 acts as an
adaptor for kinesin-1 in a phosphorylation-dependent manner and is necessary for
its activation [202, 207]. This is particularly intriguing since it introduces another
transport adaptor for syntaxin transport, in addition to the previously described
syntabulin [206]. Syntaxin 1a is suggested to be transported on the same traffick-
ing vesicles as many other active zone proteins [89, 201]. Therefore, it is plausible
to hypothesize that FEZ1 might also contribute to delivery of AZ proteins to the
presynapse. This notion appears more likely when one considers the enrichment
of synaptic vesicle and active zone components in FEZ1/kinesin-1 immunoisolated
vesicles from the rat brain [290].

However, the role of FEZ1 in transporting presynaptic cargo in mammalian neurons
has not yet been addressed. This study was initiated in order to investigate the
function of mammalian FEZ1 in synapse formation and to answer the following
questions:

1. How does the phosphorylation of serine-58 affect FEZ1 movement and trans-
port activity in neurons?

2. What is the role of mammalian FEZ1 in axonal transport and assembly of the
presynaptic components?

3. How does FEZ1-mediated transport influence the postsynaptic specializations?
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2.1. Materials

2.1.1. Chemicals

Table 2.1.1.: List of chemicals used in this study.

Chemical Manufacturer Catalog/EC-Index number

Boric acid Sigma-Aldrich B1934

Sodium
tetraborate

Sigma-Aldrich S9640

Poly-D-Lysine Sigma-Aldrich P6407

L-Cysteine Sigma-Aldrich 30129

D-Glucose AppliChem
PanReac

A0883

CaCl2 Sigma-Aldrich C1016

NaOH Merck 109141

CaCl2.2H2O Merck 233-140-8

Na2HPO4.2H2O Merck 231-448-7

KCl Merck 231-211-8

NaCl Merck 231-598-3

Sodium butyrate Sigma-Aldrich 205-857-6

MgCl2.6H2O Merck 232-094-6

NaHCO3 Merck 205-633-8

Ethanol Merck 200-578-6

HEPES Roth 6763.3
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Albumin
Fraction V

AppliChem
PanReac

A1391

Paraformaldehyde Sigma-Aldrich P6148

Agarose low
EEO (Agarose
Standard)

AppliChem
PanReac

A2114

Ponceau S Sigma-Aldrich P3504

Acetic acid Merck 200-580-7

2-
mercaptoethanol

Sigma-Aldrich M6250

Triton X-100 Merck 108603

2.1.2. Enzymes

Enzyme Company Catalog Number

DNase I from bovine pancreas Sigma-Aldrich D5025

Papain Worthington LS003126

Trypsin EDTA Lonza BE17-161E

FastDigest Esp3l Thermo Fisher Scientific FD0454

T4 DNA Ligase New England BioLabs M0202

Q5 High Fidelity DNA
polymerase

New England BioLabs M0491

Taq DNA Polymerase Thermo Fisher Scientific EP0401

Table 2.1.2.: List of enzymes used in this study.
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2.1.4. Kits

Kit Name Company Catalog Number

ProFection® Mammalian Transfection
System

Promega E1200

NEBuilder® HiFi DNA Assembly New England
BioLabs

E5520

LipofectamineTM 2000 Invitrogen 11668-019

EndoFree Plasmid Maxi Kit Qiagen 12362

NucleoBond Xtra Midi Macherey-Nagel 740410

NucleoSpin Plasmid Macherey-Nagel 740588

NucleoSpin gel and PCR clean-up Macherey-Nagel 740609

Western lightning plus-ECL PerkinElmer NEL104001EA

Table 2.1.4.: List of kits used in this study.
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2.1.5. Reagents and Supplements

Reagent Company Catalog Number

L-alanyl-L-glutamine Merck Millipore K0302

B-27 supplement Gibco 17504-044

MEM-Vitamin Biochrom K0373

Mito+TM serum extender Discovery
Labware

355006

Filtrated bovine serum PAN Biotech P90-8500

Goat serum PAA
Laboratories

B11-035

Penicillin-Streptomycin Lonza DE17-602E

cOpmleteTM, EDTA-free protease
inhibitor cocktail tablet

Roche
diagnostics

05056489001

NuPAGE LDS sample buffer (4X) Invitrogen NP0008

Mini-PROTEAN TGX gels (4-20%) BioRad 456-1096

Trans-Blot TurboTM 5X transfer buffer BioRad 10026938

Trans-Blot TurboTMmini-size transfer
stacks

BioRad 1704158

GeneRuler 1 kb DNA ladder Thermo
Scientific

SM0314

Blue/Orange Loading Dye (6X) Promega G1881

GelGreen Nucleic Acid Gel Stain
(10,000X)

Biotium 41005

Table 2.1.5.: List of supplements and reagents used in this study.
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2.1.6. Buffers

Buffer Composition

PBS 2.7 mM KCl, 1.5 mM KH2PO4, 137 mM NaCl, 8 mM Na2HPO4

TBST 15 mM Tris-HCl, 150 mM NaCl, 0.05 % Tween 20

TAE 20 mM Tris, 10 mM acetic acid, 1 mM EDTA, pH 8.2-8.4

SDS running
buffer

25 mM Tris-HCl, 192 mM glycine, 0.1 % SDS

Lysis buffer
50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
pH 7.2

Protease
inhibitor

25X solution: 1 tablet of cOpmleteTMEDTA-free protease
inhibitor cocktail tablet dissolved in 2 ml ddH2O

PFA (fixative
solution)

Paraformaldehyde 4% (in PBS)

Ponceau S
staining solution

0.5% (w/v) Ponceau S, 1% acetic acid

mGBSS
1.5 mM CaCl2, 4.9 mM KCl, 0.2 mM NaH2PO4, 11 mM MgCl2,
0.3 mM MgSO4, 130 mM NaCl, 2.7 mM NaHCO3, 0.8 mM
Na2HPO4, 22 mM HEPES, 5mM D-glucose

HBSS Lonza, Cat. No. BE10-547F

Sodium borate
buffer

25 mM boric acid, 6.3 mM sodium tetraborate

Enzymatic
solution

11.39 mM L-Cysteine, 50 mM NaEDTA, 100 mM CaCl2, 3 mM
NaOH, 0.1 g/l DNase I, 0.428 g/l papain (in mGBSS)

Inactivation
solution

2.5 g/l BSA, 0.1 g/l DNase I (in serum media)

Table 2.1.6.: List of buffers and solutions used in this study.
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2.1.7. Cell culture and Bacterial Media

Media/Solutions Company Catalog Number

DMEM F-12 Ham Sigma-Aldrich D6421

MEM Sigma-Aldrich M2414

DMEM Lonza BE12-733F

Opti-MEM Gibco 11058-021

Table 2.1.7.: List of cell culture media used in this study.

Media Composition

Neuronal plating medium 500 ml DMEM F-12 Ham, 500 µl
L-alanyl-L-glutamine (200 mM), 1 ml B27

Serum medium 25 ml of minimum essential media, 95 mg
D-glucose, 250 µl L-alanyl-L-glutamine (200 mM),
125 µl MEM-Vitamin, 50 µl Mito+ serum extender,
1.25 ml FBS

D10 medium 500 ml DMEM, 10 % FBS, 4 mM L-glutamine, 250
units Penicillin-Streptomycin

LB medium 1 l LB medium, 10 g tryptone, 5 g yeast extract, 10
g NaCl

LB agar plates 1 l LB medium, 15 g BactoAgar

Table 2.1.8.: List of self-prepared media used in this study.
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2.1.9. DNA constructs

Plasmid Insert Source

LentiCRISPRv2 Cas9, gRNA Addgene plasmid
#52961(Feng Zhang; [291])

LentiCRISPRv2 GFP Cas9, gRNA and GFP Addgene plasmid #82416
(David Feldster; [292])

RFP-Bsn95-3938
RFP-tagged Bassoon (amino
acids 95-3938)

Eckart D. Gundelfinger
[293]

mCherry-syt-1
mCherry-tagged
synaptotagmin-1

Camin Dean [294]

FHUGW-GFP
C-terminally GFP-tagged FEZ1
variants (wt, S58A and S58D)

Oleksandr Yagensky

pCMV-VSV-G
Envelope protein for producing
lentiviral particles

Addgene plasmid #8454
(Bob Weinberg; [295])

psPAX2 lentiviral packaging plasmid Addgene plasmid #12260
(Didier Trono)

Table 2.1.10.: List of plasmids used in this study.
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Equipment/Material Details Manufacturer

Glass coverslips 18 mm Ø No. 1 Glaswarenfabrik Karl
Hecht GmbH.

Microscope slides 25 × 75 × 1 mm Thermo Scientific

Immuno-Mount Mounting medium Thermo Scientific

Table 2.1.12.: List of imaging equipment used in this study.

2.1.11. Bacterial strains

Strain Company Catalog Number

Library efficiency™ DH5α™ E. coli Invitrogen 18263012

One Shot™ Chemically Competent
Stbl3™ E. coli

Invitrogen C737303

Table 2.1.13.: List of bacterial strains used in this study.

2.2. Methods

2.2.1. Cloning Procedures

2.2.1.1. Digestion of the lentiCRISPRv2 plasmid

LentiCRISPRv2 plasmid was digested with FastDigest Esp3l for 30 min at 37 °C in
the reaction mixture described in table 2.2.1:

LentiCRISPRv2 5 µg
FastDigest Esp3l 3 µl
10X FastDigest Buffer 6 µl
DTT (100 mM) 0.6 µl
ddH2O up to 60 µl

Table 2.2.1.: Reaction mixture for digestion of lentiCRISPR plasmid.

Digestion of the LentiCRISPRv2 plasmid by Esp3l produced two fragments: a 2-kb
’filler’ sequence immediately upstream of the gRNA scaffold, and the 13-kb fragment,
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expressing cas9 endonuclease, which was used for ligation. The digestion products
were mixed with the loading dye and separated by agarose gel electrophoresis, for
which 1% agarose gel containing was prepared in TAE buffer. The gel was run at
100 V for 1 h in TAE buffer and incubated in 0.3% (v/v) GelGreen solution for
30 min to label the DNA fragment. The stained gel was imaged under blue light
(Safe Imager, Invitrogen; figure 2.2.1). The 13-kb fragment was extracted from the
gel using the NucleoSpin gel and PCR clean-up kit according to the manufacturer’s
protocol (Table 2.1.4), and used for the subsequent ligation step. The same procedure
was performed for digestion of LentiCRISPRv2GFP plasmid.

10000-

8000-

6000-

5000-

4000-
3500-
2500-

2000-

1500-

1000-

750-

500-

250-

bp

Digested 

LentiCRISPR V2

2-kb ‘�ller’ 

fragment

13-kb fragment,

 for ligation

Figure 2.2.1.: Esp3l digestion of LentiCRISPRv2 plasmid excises the 2-
kb filler sequence upstream of the gRNA scaffold. Esp3l cuts the lenti-
CRISPRv2 plasmid at two sites, which results in the excision of a smaller filler
sequence, and the 13-kb fragment. The 13-kb DNA fragment, indicated by the up-
per band, was extracted from the agarose gel and used for ligation to the annealed
gRNA oligos.

2.2.1.2. Synthesis and annealing of the gRNA oligos

The online platform provided by Feng Zhang’s lab (http://crispr.mit.edu/) was used
to design the gRNAs targeting the 2nd exon of the FEZ1 rat gene. According to the
protocol by the same lab, the oligos were synthesized with a CACCG at the 5’ end
of the forward oligo and AAAC at the 5’ end of the reverse oligo (Eurofin Genomics,
Germany). The addition of the mentioned overhangs was necessary for the insertion
of the oligos in Esp3l-digested LentiCRISPRv2 plasmid.

The oligos were mixed according to the reaction mixture described in table 2.2.2,
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and annealed by incubating the mixture in thermocycler using the program detailed
in table 2.2.3.

Forward Oligo (100 µM) 1 µl
Reverse Oligo (100 µM) 1 µl
10X T4 ligation buffer 1 µl
ddH2O 7 µl

Table 2.2.2.: Reaction mixture for annealing the gRNAs.

37 °C 30 min
95 °C 5 min, then decreasing to 25 °C at 5 °C/min

Table 2.2.3.: Thermocycler parameters used to anneal the gRNA oligos.

The annealed oligos were diluted at 1:200 ratio with ddH2O.

2.2.1.3. Ligation of the oligos into the lentiviral plasmid

The digested LentiCRISPRv2 plasmid and the diluted, annealed oligos were then
ligated at 25 °C for 1 hour, in the reaction mixture outlined in table 2.2.4.

Esp3l digested plasmid 50 ng
Diluted annealed oligos 1 µl
10X T4 ligase buffer 1 µl
T4 DNA ligase 1 µl
ddH2O up to total volume of 10 µl

Table 2.2.4.: Ligation reaction of digested LentiCRISPRv2 and annealed
gRNA oligos.
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2.2.1.4. Transformation of lentiviral plasmids

Stbl3™ chemically competent E. coli were briefly thawed on ice. From the ligation
reaction, 0.5-1 µl was added to the bacteria and the mixture was incubated for 30
min on ice. The bacteria were then heat-shocked at 42 °C for exactly 45 s, followed
by a 2-min incubation on ice. For recovery, 900 µl of the S.O.C. media was added to
the bacteria and the cells were then incubated at 37 °C for 1 hour, whilst shaking at
300 rpm. Fifty to 100 µl of the transformed bacteria were plated on LB agar plates
supplemented with ampicillin (100 mg/ml).

2.2.1.5. Colony selection

To select the colonies expressing the plasmids with the correct insert, 6-8 colonies
were picked from each plate and resuspended in 50 µl ddH2O. The colony PCR re-
action mixture was prepared according to table 2.2.5. The colony PCR primers were
designed spanning over the 2-kb filler sequence, such that the positive clones yielded
a 2102-bp PCR product, and the negative clones resulted either in a 3962-bp PCR
product, which was the product of the re-ligated lentiCRISPRv2 plasmid lacking
the correct insert, or no product at all (see figure 2.2.2). The resuspended positive
colonies were used to inoculate 5 ml LB media supplemented with ampicillin (100
mg/ml) in round bottom tubes, and the cultures were grown overnight at 37 °C while
shaking at 150 rpm. The cultures were then centrifuged at 4000g for 10 min. The
supernatant was discarded, and the plasmids were extracted from the pellets using
the NucleoSpin miniprep kit according to the manufacturer’s protocol (See table
2.1.4). The plasmids were verified by sequencing using the ’LentiCRISPR_seq_f’
primer (See table 2.1.9).
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dNTP (10 mM) 0.5 µl
CRISPR_f_colPCR (10 µM) 0.5 µl
CRISPR_r_colPCR (10 µM) 0.5 µl
DMSO 100% 0.75 µl
25 mM MgCl2 2 µl
Taq DNA polymerase 0.125 µl
Taq (NH4)2SO4 buffer 2.5 µl
Resuspended colony (in 50 µl ddH2O) 3 µl
ddH2O up to total volume of 25 µl

Table 2.2.5.: Reaction mixture for colony PCR of lentiCRISPRv2 plas-
mids to select the positive clones.

10000-
8000-
6000-
5000-
4000-

3500-
2500-

2000-

1500-

1000-
750-

500-

250-

bp

(-) (+)

2102 bp

3962 bp

Figure 2.2.2.: Colony PCR product was analyzed by agarose gel elec-
trophoresis. An example of re-ligated lentiCRISPRv2 plasmid, yielding the
larger 4-kb PCR product, and the positive colony, resulting in the 2-kb PCR
product has been shown.

Liquid cultures were prepared from the positive plasmids by adding 1 ml LB medium
to the original culture tubes. The culture was incubated for 3-4 h at 37 °C while
shaking at 150 rpm, and then it was used to inoculate 200 ml of LB media. The
culture was incubated overnight at 37 °C while shaking at 150 rpm. The plasmids
were purified from the culture using the NucleoBond Xtra Midi kit according to the
manufacturer’s protocol (Table 2.1.4).

The cloning procedure for LentiCRIPRv2GFP plasmid was similar to LentiCRISPRv2.
However, since LentiCRIPRv2GFP lacks the 2-kb filler sequence, colony PCR was
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not performed to select for the positive colonies. Instead, plasmids were purified
from 8 to 10 colonies from each LB plate, and insertion of gRNA was verified by
sequencing.

2.2.2. Cell Culture Methods

2.2.2.1. Mammalian cell line maintenance

HEK 293T cells were cultured in D10 medium and maintain in 10 or 15-cm Petri
dishes for 3-4 days at 37 °C in 5% CO2. The cells were passaged when they reached
90% confluency. The cells were initially washed with 8 ml PBS, and incubated with 2
ml Trypsin EDTA for 1 min at room temperature. The trypsin activity was inhibited
by adding 8-10 ml of fresh medium. The cells were collected and seeded in new Petri
dishes with 10 ml fresh D10 medium. The cells were maintained 37 °C in 5% CO2.
All steps were performed in a sterile condition in a laminal hood.

2.2.2.2. Preparation of hippocampal neuron culture

Prior to preparing the neurons, the coverslips were treated with 1 M HCl overnight,
and then by 1 M NaOH for 2 hours. The coverslips were then washed 3 times with
100% ethanol for 10 min, and kept at RT in 100% ethanol. To prepare the culture,
the coverslips were briefly flamed and distributed in a 12-well plate. The coverslips
were incubated with 600 µl of 0.01 mg/ml Poly-D-lysine solution (in sodium borate
buffer) overnight at 37 ºC. Then, the coverslips were washed once with sterile water,
air-dried in a sterile condition under the laminal hood, and incubated with 1 ml
plating media at 37 °C in 5% CO2 for 1 hour.

The media and solutions used for neuron culture were freshly prepared (except for
the PDL solution), and filtered through 0.2 µm membrane filter (GE healthcare life
sciences, USA). The enzymatic and inactivation solutions were incubated in a 15-ml
falcon tube with loosely closed lid at 37 °C in 5% CO2 and the enzymes were added
in a subsequent step immediately before adding the hippocampal tissue.

The P0 rat pups were decapitated and the brain was extracted and placed into a 3-
cm Petri dish filled with filtered mGBSS solution. The hemispheres were separated
and the meninges were removed. Then, the hippocampus was isolated from each
hemisphere. The isolated hippocampi were then added to the enzymatic solution
and incubated at 37 °C for 30 min, during which the solution was inverted 8-10
times every 10 min. Following the enzymatic dissection, the tissues were allowed to
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settle at the bottom of the tube, and the solution was aspirated. The inactivation
solution added to the tissues. After a 2-min incubation at RT, the solution was
removed, and 1-2 ml of serum media was dispensed in the falcon tube using a fire
polished glass Pasteur pipette. The tissue was then triturated in serum media by
pipetting up and down. The cell suspension was transferred to a new falcon tube,
and centrifuged at 500g for 5 min. Afterwards, the supernatant was discarded, and
the cell pellet was resuspended in 3 ml of serum media. To count the cells, 10 µl of
the cell suspension was transferred to Neubauer counting chamber. 50,000 neurons
were seeded in each well of 12-well plate and maintained at 37 °C in 5% CO2.

2.2.2.3. Transient transfection of neurons

Neurons were transfected on DIV1-2. The coverslips were transferred to a new 12-well
plate containing 750 µl freshly prepared plating media in each well, and incubated
at 37 °C for 30 min. The transfection mix was prepared according to table 2.2.6,
using the reagents provided in transfection kit from Promega (See table 2.1.4), and
incubated at RT for 30 min. 100 µl of the transfection mixture was added drop-wise
to each well, and the neurons were incubated with the DNA for 30 min at 37 °C.
Afterwards, the neurons were washed briefly with acidified HBSS 4 times (already
incubated at 37 °C in 10% CO2), such that at each washing step, 500 µl of the
media was replaced with 500 µl of HBSS to prevent the coverslips from drying. The
coverslips were then transferred back to the original plate, and maintained at 37
°C in 5% CO2. The procedure was entirely performed in sterile condition under a
laminal hood.

Endonuclease-free DNA 10 µg
CaCl2 12.6 µl
Endonuclease free water 85 µl
2x HBS 100 µl

Table 2.2.6.: Transfection mixture for mammalian neuron transfection.
All reagents were provided in the transfection kit. The amounts shown are suffi-
cient for two wells of a 12-well plate.

2.2.2.4. Lentivirus production

HEK 293T cells were seeded in 15-cm culture dishes (diluted 1:2 from 90-100% con-
fluent 10-cm dishes) and incubated at 37 °C in 5% CO2 overnight. The cells (now at
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40-50 % confluency) were transfected with LentiCRIPSRv2 (or LentiCRISPRv2GFP)
plasmid, along with pCMV-VSV-G and psPAX2 plasmids (expressing the envelope
and packaging proteins for producing lentiviral particles) at 2:1:1 ratio, respectively.
The D10 media was replaced with Opti-MEM supplemented with 10% FBS, and the
cells were incubated at 37 °C for 1 h. To transfect one plate, appropriate amounts of
the 3 plasmids were diluted in 2 ml Opti-MEM. Lipofectamine 2000 was also diluted
in 2 ml Opti-MEM, incubated for 5 min at RT, and added to the plasmid mixture.
The transfection reaction mixture is described in table 2.2.7. The transfection mix
was subsequently incubated at RT for 1 h, then added drop-wise to the cells. The
cells were transferred to the S2-safety level facility, and incubated at 37 °C in 5%
CO2 for 5-6 hours.

Lentiviral plasmid 27 µg
diluted in 2 ml Opti-MEMEnvelope plasmid 13.5 µg

Packaging plasmid 13.5 µg
Lipofectamine 2000 reagent 60 µl diluted in 2 ml Opti-MEM

Table 2.2.7.: Transfection mixture used for lentivirus production in HEK
cells. The values are sufficient for one 15-cm dish. The DNA and lipofectamine
solutions were prepared separately, then mixed in 1:1 ratio.

The media was then exchanged with DMEM supplemented with 2% FBS and 10
mM sodium butyrate to boost protein production, and the cells were returned to
the incubator. After 20-22 h, the viral supernatant was collected, filtered through
a 0.4 µm membrane filter (Merck Millipore, USA), and centrifuged at 1000g for
10 min at 4 °C to remove the cell debris. The viral supernatant was collected,
and concentrated in Amicon Ultra-15 membrane filters (100 kDa MWCo, Merck
Millipore, USA) at 3500g, for 20 min at 4 °C. After discarding the flow-through, the
concentrated viral supernatant was collected from the column using a 23 G syringe
needle (B. Braun, Germany), and diluted with DMEM F-12 Ham. To keep the virus
titration consistent, the concentrated supernatant from each 15-cm dish was diluted
up to total volume of 1 ml. The lentivirus was aliquoted and flash-frozen in liquid
nitrogen, and kept at -80 °C.

2.2.2.5. Infection of neurons

Neurons were infected on DIV1. Lentiviruses were thawed at RT immediately before
infection, and 50-75 µl of virus was added drop-wise to each well of the 12-well culture
dishes. The volume of virus used for control and knockdown conditions were similar.
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Neurons were maintained at 37 °C in 5% CO2. Infection and maintenance of neurons
were carried out in the S2-safety level facility.

2.2.2.6. Immunocytochemistry of fixed neurons

Neurons were initially washed with PBS, then fixed by incubating with 4% PFA in
PBS for 15 min at RT. Afterwards, the neurons were washed 3 times with PBS,
and then permeabilized with 0.3% Triton X-100 in PBS for 5 min. The coverslips
were then washed 3 times with PBS, and then incubated with blocking buffer (10%
NGS in PBS) for 1 h at RT. Primary antibodies were diluted in the appropriate
ratio (See table 2.1.3) in blocking buffer, and incubated on the coverslips for 1 h at
RT. The coverslips were subsequently washed 3 times with PBS. Fluorescent dye-
conjugated secondary antibodies were diluted in blocking buffer in the suitable ratio
and applied to the coverslips for 1 h at RT. The coverslips were washed 3 times with
PBS, mounted on the microscopy glass slides using mounting medium, and stored
at 4 °C for the mounting medium to solidify.

2.2.2.7. Labeling synaptic vesicles for release experiments

On DIV14, 300 µl of the old medium on neurons were transferred to a new 12-well
plate. The coverslips were then transferred to the new culture dish, and 2.5 µl of
the 1 mg/ml CypHer5E-conjugated syt-1 antibody solution was added to each well.
The neurons were then incubated at 37 °C in 5% CO2 for 45 min to 1 h. The cells
were subsequently washed 3 times with Tyrode’s solution and transferred back to the
original plate. The procedure was performed in a sterile condition under a laminal
hood.

2.2.3. Biochemical Methods

2.2.3.1. Sample collection from neuron cultures

The media was replaced by 1 ml of ice-cold sterile PBS, and the neurons were scraped
off from the coverslips. The cell suspension was then transferred to 1.5-ml eppendorf
tubes, and centrifuged at 13000g for 15 min at 4 °C. The supernatant was discarded
and the pellet was resuspended in 7.5 µl lysis buffer supplemented with protease
inhibitor solution. Then, 7.5 µl of 2X LDS sample buffer supplemented by 5% ß-
mercaptoethanol was added to the the resuspended pellet. Samples were boiled at
95 °C for 5 min and analyzed by SDS-PAGE.
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2.2.3.2. SDS-PAGE and Western blotting

To analyze the efficacy of the knockdown, 15 µl of sample (collected typically from
two wells of neuron culture) prepared as described in section 2.2.3.1 was loaded
on 4-20% Mini-Protean TGX stain-free gels, a pre-cast polyacrylamide gel. Elec-
trophoresis was performed in the running buffer described in table 2.1.6 for 30 min
at 200 V. For Western blotting, separated proteins were transferred from the gel to
nitrocellulose membrane (BioRad, USA) using the ’Mixed MW (Turbo)’ protocol on
Trans-Blot TurboTM transfer system (BioRad, USA). This pre-programmed proto-
col is designed to transfer proteins with the molecular weight of 5-150 kDa, and is
performed at 1.3 A, up to 25 V for 7 min. Afterwards, the membrane was briefly
stained by Ponceau S staining solution to ensure the efficiency of protein transfer.
The membrane was then washed with distilled water, and blocked with 5% skim
milk powder in TBST for 1 h at RT. The primary antibody was diluted in blocking
buffer and incubated with the membrane overnight at 4 °C. The membrane was then
washed with TBST 3 times for 10 min, and then incubated with HRP-conjugated
secondary antibodies diluted in blocking buffer for 45 min at RT. The membrane
was subsequently washed 3 times with TBST for 10 min and then covered with 1:1
mixture of ECL. After a 1-min incubation period, the membrane was visualized by
the chemiluminescence detector on LumiImager (Boehringer Ingelheim, Germany).
In the event of using fluorescent secondary antibodies, the blots were scanned using
the Odyssey® imaging system (LI-COR, USA).

2.2.4. Image Acquisition

Immunocytochemistry on fixed neurons Images from the fixed neurons were ac-
quired using Axiovert 200 epifluorescence microscope or AxioObserver confocal laser
scanning microscope (Zeiss, Germany).

Tracking of axonal cargos in living neurons Mobility of RFP-Bassoon and mCherry-
syt-1 in neurons were tracked using SP8 confocal microscope (Leica, Germany). The
time lapse experiments were carried out for 120 frames, at a rate of 0.5 fps.

FRAP experiments The FRAP experiments were performed on AxioObserver
confocal laser scanning microscope (Zeiss, Germany). The FEZ1 wt demonstrated a
stronger signal and therefore was imaged at 1% laser power, while the FEZ1 S58A
and S58D mutants were visualized using the laser at 5-6 % power. The bleaching was
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performed at 100% laser power, for 35 iterations and lasted no longer that 60 seconds
for each neuron. For every experiment, 15 frames were acquired before bleaching,
followed by 105 frames during the recovery period, at a rate of 0.5 fps.

Synaptic release measurement Neurons were imaged at 37 °C in 5% CO2 in
an OKOLab cage incubator system (OKOLab, Italy) assembled on a Ti-E (Nikon,
Japan). The coverslip was covered with Tyrode’s solution, and the electrodes were
installed on top. The neurons were imaged for a duration of 5 min, acquiring images
at the rate of 0.5 fps. The neurons were stimulated at two time-points during the
acquisition period: 60 action potentials were applied at 20 Hz after 60 s, to induce the
exocytosis of the readily releasable pool. The second stimulation was applied after 90
s of the beginning of the experiment, for which 600 action potentials were applied to
the neurons at 20 Hz, to release the entire releasable population of synaptic vesicles.
To correct for acquisition bleaching in the analysis procedure, each coverslip was also
imaged once for the same duration without the stimulations.

Electron microscopy Neurons grown on ACLAR®–Fluoropolymer film (Science
Services, Germany) were fixed on DIV14 by immersion using 2% glutaraldehyde
in 0.1 M cacodylate buffer at pH 7.4 overnight at 4°C. After post-fixation in 1%
osmium tetroxide and pre-embedding staining with 1% uranyl acetate, tissue samples
were dehydrated and embedded in Agar 100. Thin sections (80 nm) were examined
using a Philips CM 120 BioTwin transmission electron microscope (Philips Inc, The
Netherlands). Images were taken with a TemCam F416 CMOS camera (TVIPS,
Germany). Statistics of bound synaptic vesicles were performed using the iTEM
software (Olympus Soft Imaging Solutions). The number of bound vesicles were
counted and normalized by the length of the presynaptic density. Image acquisition
and analysis was kindly done by Dr. Dietmar Riedel (facility for electron microscopy,
Max Planck Institute for Biophysical Chemistry, Göttingen, Germany).

2.2.5. Image Analysis

All images were converted to 8-bit TIFF files using Fiji before analysis [296].

2.2.5.1. Quantification of Western blots

The protein bands were quantified relative to the loading control in the same lane.
A region of interest was selected around the protein of interest, with the minimum
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area covering the entire protein band. The same ROI was used to select the loading
control and the background in each lane. The background was selected from an
area of the blot without stains or protein bands. A separate background region was
selected for the protein of interest and the loading control. Then, the signal intensities
were obtained using the measurement function in Fiji. The measured values were
then inverted (subtracted from 255). To obtain net values, the inverted value for the
protein of interest and the loading controls were subtracted from their corresponding
inverted background value. Relative amount of protein was calculated by dividing
the net value of protein to the net value of the loading control. The obtained ratio
from the negative control (LUC gRNA) was scaled to 100%, and the relative protein
in the knockdown samples were calculated accordingly.

2.2.5.2. Puncta density quantification

To analyze the puncta density, a MATLAB script (Mathworks, USA) was kindly
provided by Dr. Andrew Woehler (Berlin Institute for Medical Systems Biology,
Berlin, Germany), which is generated based on a multiresolution algorithm [297].
The image was loaded in MATLAB. A line was drawn manually along the neurite of
interest. To limit the spot detection to the area of interest, a distance threshold was
defined from the center of the drawn line. The script created sub-images centered
on detected spots. The background for each spot was locally defined as the mean
intensity of neighboring pixels with the lowest intensity, and subtracted from the
integrated intensity of the detected spot. The number of detected spots were divided
by the length of the drawn line in µm to quantify the puncta density. The area of
the spots were quantified and provided as a matrix. The script for spot detection
has been included in the appendix.

2.2.5.3. Spine density quantification

Quantification of dendritic spines was carried out using a semi-automatic method
with Fiji [296, 298]. The images were binarized using the thresholding function, then
converted to the skeleton of the neurite with the skeletonize function. The binary
function ’close’ was applied to the skeletonized image, followed by another round of
skeletonization, to remove the overlaying and the short branches. The image was
then analyzed by the skeleton analysis function, and the number of skeleton endings
were obtained. Adjustments were made accordingly in case of obtaining more than
one skeleton from a single neurite due to low signal to noise ratio.

51



Chapter 2 Materials and Methods

2.2.5.4. Time-lapse imaging

Mobility of Bassoon and syt-1 were tracked using the TrackMate plug-in available
through Fiji [299, 296]. To detect the spots, the DoG detector (an approximation
of the LoG operator by differences of gaussian) was used, and the estimated spot
diameter was set to 1 µm. After the initial automated detection of the spots by
TrackMate, the spots were manually examined, and the quality threshold was ad-
justed so that falsely detected spots outside of the axon due to low signal to noise
ratio were omitted. To track the movement of spots, the ’linear motion LAP tracker’
method was selected, and the ’initial search radius’ and ’search radius’ were both
set to 1 µm. The detected tracks were filtered such that only the tracks with at
least 5 detected spots were selected. To ensure the accuracy of detected tracks, all
were manually examined. Lastly, the detected tracks were sorted based on the direc-
tion of movement (anterograde vs. retrograde movements) and filtered according to
the number of consecutive frames in which they were detected, total length of dis-
placement and average speed using a MATLAB script (Mathworks, USA). The spots
detected in at least 5 consecutive frames, demonstrating a minimum displacement of
0.5 µm and minimum speed of 0.2 µm/s were considered mobile.

2.2.5.5. FRAP experiments

Image analysis of FRAP experiments were carried out using multiple MATLAB
function kindly provided by Prof. Dr. Silvio Rizzoli (Department of Neuro- and
Sensory Physiology, University Medical Center Göttingen, Göttingen, Germany).
To generate FRAP curves, circles with a radius of 20 pixels were drawn along the
bleached region until the entire FRAP area was covered. Each of the circles have
been referred to as ’segments’ in the results. The mean intensity of each circle was
quantified and normalized to the average intensity of the same area in the 15 pre-
bleaching frames. The FRAP curves were plotted using the normalized intensity
from each segment against time, and these values were subsequently fitted to an
exponential curve in MATLAB with the following equation:

y = A(1 − e−τt)

A represents the mobile fraction, while τ is the time constant of recovery, indicative
of the mobility rate of the protein. The half-maximum was then calculated using the
following formula:

τ1/2 = ln0.5
−τ
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2.2.5.6. Synaptic release

The average intensity of the entire field of view over time was quantified using the
Time Series Analyzer V3, a plug-in available through Fiji [296]. Data analysis was
performed using a MATLAB script kindly provided by Sven Truckenbrodt (Depart-
ment of Neuro- and Sensory Physiology, University Medical Center Göttingen, Göt-
tingen, Germany). The values obtained from the bleaching experiments were nor-
malized to the average intensity of the first frame, and subsequently scaled to 100%.
The normalized, scaled bleaching curves from each condition were averaged, and
used to correct for the acquisition bleaching of the coverslips from the same condi-
tion. The same procedure was performed to normalize and scale the experimental
data. Subsequently, the experimental values at each time point were divided by the
corresponding value in the average bleaching curve. The average curves were then
generated in Origin (OriginLab, USA).

2.2.5.7. Sholl analysis

Sholl analysis was performed on images using the Sholl analysis plug-in available
through Fiji [300, 296].

2.2.6. Statistical analysis

All statistical analyses in this study were performed using Origin (OriginLab). The
bar graphs in this study represent the average from the indicated number of cells,
and the error bars represent the standard error of the mean (SEM). All values re-
ported in the results are the mean ± standard error of the mean (SEM). Statistical
significance was determined using the Kruskal-Wallis ANOVA test, and the p-values
for significant differences have been indicated in the figure legends. P-values below
0.05 were considered statistically significant.
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3. Results

3.1. FEZ1 is mobile in neurons and mobility is
regulated by its phosphorylation

Previous reports have indicated that FEZ1 is involved in microtubule plus-end trans-
port by functioning as an activator and adaptor of kinesin-1 [289, 202, 207]. It has
also been shown that phosphorylation of serine-58 in FEZ1, one of its four phospho-
sites, is necessary for binding to kinesin-1 [207, 301, 302], thereby directly influencing
its mobility. However, the dynamics of FEZ1 movement itself in neurons has not yet
been directly addressed. To confirm that mammalian FEZ1 is similarly involved in
axonal transport, I began by analyzing the movement of FEZ1 and its S58 mutants
in cultured neurons. The two phosphomutants were generated by replacing serine-58
to alanine (S58A) or aspartate (S58D). There were two main issues to be addressed:

1. How does the mobility of FEZ1 change in correlation to the phosphorylation
state of S58?

2. Considering that FEZ1 is an adaptor facilitating the anterograde movement,
is there a directional bias in the movement of FEZ1 in axons, and how is it
affected by phosphorylation state of S58?

FEZ1, a soluble protein, is widely expressed throughout the neuron. While endoge-
nous FEZ1 demonstrates punctate staining over a strong diffuse background (as
shown in figure 3.1.1), overexpression of this protein leads to a completely diffuse lo-
calization. Therefore, to track the movement of FEZ1 and its phosphomutants within
the axon, fluorescence recovery after photobleaching (FRAP) experiments were per-
formed [303]. Neurons were transiently transfected with C-terminally GFP-tagged
FEZ1 variants (wt, S58A and S58D) one day after plating and FRAP experiments
were carried out on DIV7. To track the movement with sufficient temporal reso-
lution, a 60-70 µm segment of the axon was bleached. The proximal edge of the
bleached area was never farther than 50-60 µm from the cell body. As demonstrated
in figure 3.1.2, bleaching was achieved with very high efficiency.
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a

b

Figure 3.1.1.: Endogenous vs. overexpressed FEZ1 in neurons on DIV7.
(a) Endogenous FEZ1 shows a punctate staining overlaying a strong diffuse back-
ground. (b) Overexpression of FEZ1 shows a completely diffuse localization. Scale
bar = 10 µm.

For the analysis, the bleached area was divided into 20-pixel longitudinal segments
(yielding either 7 or 8 segments per bleached region). The segments located closest
to the cell body are indicated as ’proximal’ segments, and the ones located farthest
from the cell soma are indicated as ’distal’ segments. The segments were num-
bered, starting from the segment closest to the FRAP edge. To gain a complete
overview of FEZ1 dynamics in anterograde and retrograde directions, three neigh-
boring segments at either end of the FRAP region were analyzed (Figure 3.1.3.a).
The FRAP curves were normalized against the mean fluorescent intensity of the
pre-bleach frames (frames 1-15). The normalized curves were then plotted against
time.

In figure 3.1.3.b, c and d, the average recovery curves of the 1st, 2nd and 3rd proximal
segments are shown, respectively. The average recovery curves of the 1st, 2nd and 3rd

distal segments have been depicted in figure 3.1.3.e, f and g, respectively. In each
segment, average recovery of FEZ1 wt reaches the highest extent in comparison to
both FEZ1 S58A and FEZ1 S58D.

To better demonstrate this observation, the recovery curves of individual neurons
were plotted and fitted to exponential curves. The exponential fit yields the mobile
fraction, which is the fraction of the protein that contributes to recovery. In figure
3.1.4.a, b and c, the mobile fraction of each FEZ1 variant has been calculated and
compared in the 1st, 2nd and 3rd proximal segments, respectively. The mobile frac-
tions of FEZ1 variants in the 1st, 2nd and 3rd distal segments are shown in figure
3.1.4.d, e and f. As summarized in the table in figure 3.1.4.g, substitution mutations
at S58 reduce the mobile fraction significantly in all segments analyzed, implying
that both mutant variants lead to an overall decreased mobility. Specifically, FEZ1
S58A demonstrates the least mobility, while FEZ1 S58D exhibits an intermediate
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Figure 3.1.2.: Representative images of the FRAP experiments performed
on neurons overexpressing FEZ1 wt (a), FEZ1 S58A (b), and FEZ1
S58D (c). The field of view is shown on the left with the bleached region indicated
by the yellow box. The bleached region is shown at four time points, indicating
(from top to bottom) the region before bleaching, immediately after bleaching and
the start of recovery (time = 2 s) and two time points during recovery (time = 70
and 170 s). Scale bar = 10 µm.

behavior. FEZ1 S58A is unable to bind to and activate kinesin-1 [207]. Therefore,
diminished mobility of this mutant is not surprising and agrees with previous re-
search where FEZ1 binding to kinesin-1 increased the number of motile events in
vitro [202]. The fact that FEZ1 S58D, the variant with supposedly the highest as-
sociation with kinesin-1, shows less mobility than FEZ1 wt is somehow surprising
[207, 302]. Overexpression of FEZ1 S58D leads to upregulated binding of this pro-
tein to kinesin-1, resulting in a larger population of activated motors. In vitro assays
have suggested that increasing the concentration of kinesins above a critical value
can lead to jamming and reduced velocity [304]. Therefore, hampered mobiliy of
FEZ1 S58D might be a result of a crowding effect in the axon.
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Figure 3.1.3.: FRAP experiments were performed on DIV7 neurons over-
expressing GFP-tagged FEZ1 wt, FEZ1 S58A and FEZ1 S58D to in-
vestigate the movement of FEZ1 variants. (a) The axon segments used for
acquisition and analysis are schematically shown. The bleached area was divided
into 7 or 8 20-pixel segments for analysis. The segments were numbered in such
a way that the 1st segment always refers the one closest to the FRAP edge. The
three segments closest to and farthest from the cell soma are referred to as prox-
imal and distal segments, respectively. Signal recovery in the proximal segments
would indicate an anterograde movement, whereas recovery in the distal segments
is a result of retrograde movement of the protein. (b-d) Recovery curves for the
proximal segments in the bleached region. (e-g) Recovery curves for the distal
segments in the bleached region. The number of cells analyzed for each condition
are shown on the bottom table.
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Figure 3.1.4.: Mobile fractions of FEZ1 variants in segments 1- 3 at
the proximal (a-c) and distal (d-f) sides. (a) p-valuewt vs. S58A= 10-7, p-
valuewt vs. S58D= 10-3.(b) p-valuewt vs. S58A= 7×10-6, p-valuewt vs. S58D= 2×10-3.(c)
p-valuewt vs. S58A= 10-4, p-valuewt vs. S58D= 0.02. (d) p-valuewt vs. S58A= 10-7, p-
valuewt vs. S58D= 3×10-4. (e) p-valuewt vs. S58A= 10-6, p-valuewt vs. S58D= 2×10-5.(f)
p-valuewt vs. S58A= 10-4, p-valuewt vs. S58D= 0.02. All p-values were calculated using
the Kruskal-Wallis ANOVA test. (g) Calculated mobile fractions are summarized.

Next, the speed of movement in FEZ1 variants was investigated. To this end, the time
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Figure 3.1.5.: The time to reach half of maximum recovery observed in the
wild type for FEZ1 mutants in the first segment. (a) p-valuewt vs. S58A=
0.003. (b) p-valuewt vs. S58A= 6 ×10-6, p-valuewt vs. S58D= 6 ×10-4. P-values were
calculated using the Kruskal-Wallis ANOVA test.

it took for FEZ1 mutants to reach half of the maximum recovery observed in normal
condition (i.e. in FEZ1 wt) was analyzed in the 1st proximal and distal segments.
Half of maximum recovery at each segment for FEZ wt was estimated by dividing
the FEZ1 wt value for mobile fraction by 2 (31.15% in the proximal segment, and
28.45% in the distal segment). The time to reach this value was then calculated and
compared for each FEZ1 mutant (Figure 3.1.5). On the proximal side, FEZ1 S58A
showed the slowest movement with time of recovery of 82.66 ± 11.45 s while FEZ1
S58D showed an intermediate recovery time of 62.93 ± 8.04 s. The S58A mutant
showed a significant deviation from the wt condition though the effect was less severe
for S58D. The same trend could be observed on the distal side, where FEZ1 S58A
took 93.78 ± 10.27 s to reach half the fluorescence recovery present in the wild type,
while this value was 77.30 ± 12.77 s for FEZ1 S58D. These data show that FEZ1
S58A moves at the slowest speed in the axon, while the speed of FEZ1 S58D falls
intermediate between wt and S58A. Nevertheless, the differences observed between
the rate of recovery of FEZ1 S58A and S58D did not reach statistical significance.

Another purpose of this experiment was to determine if FEZ1 is in fact an adaptor
facilitating the anterograde movement, and whether this function is influenced by the
phosphorylation state of S58. To this end, the mobile fraction and half life (τ1/2) of
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the closest segments to the accessible protein reservoir for recovery (i.e. segment 1 in
either proximal or distal region) was calculated and compared for each FEZ1 variant
(Figure 3.1.6). The hypothesis was that a significant increase in the rate of recovery
(indicated by a shorter τ1/2) or the mobile fraction in the proximal region would hint
at directional preference in the anterograde direction, while faster recovery or higher
mobility in the distal region would implicate a preferential retrograde movement.

As shown in figure 3.1.6.a, FEZ1 wt did not demonstrate a significant difference
in the rate of recovery between the 1st proximal and distal segments (41.7 ± 3.1 s
in the proximal segment vs. 38.9 ± 1.6 s in the distal segment). Comparing the
distal and proximal τ1/2 of FEZ1 S58A and FEZ1 S58D demonstrated the same
behavior (29.8 ± 2.9 s in proximal vs. 32.6 ± 1.8 s in the distal region for S58A, and
36.4 ± 2.7 s in proximal vs. 37.4 ± 2.6 s in distal region for S58D). Similarly, the
proximal and distal mobile fraction of FEZ1 wt were not significantly different (62.37
± 2.61% in proximal vs. 56.93 ± 3.30% in distal region), and the same phenomenon
was observed in mobility of S58A and S58D mutants (36.85 ± 1.93% in proximal
vs. 32.40 ± 1.61% s in distal region for S58A, and 47.61 ± 2.11% in proximal vs.
41.89 ± 1.68% in distal region for S58D). The observation that FEZ1 wt is equally
mobile and recovers at the same speed at either side of the FRAP area implies that
this protein is moving similarly in the anterograde and retrograde direction. This
phenomenon is also observed for FEZ1 S58A and FEZ1 S58D, which means that the
phosphorylation state of serine-58 does not seem to affect the directional preference
of FEZ1.

In summary, FEZ1 wt is very dynamic in the neurons, and the phosphorylation state
of its serine-58 residue influences its mobility and speed of movement significantly.
This phosphorylation however does not appear to affect the directional preference of
FEZ1 movement.
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Figure 3.1.6.: Comparison of recovery rate and mobile fraction at the 1st

segment of the distal and proximal FRAP area suggests symmetrical
movement in either direction for all FEZ1 variants. The average τ1/2 (a)
and the mobile fraction (b) of the 1st segment at proximal and distal ends of the
bleached area for FEZ1 wt, FEZ1 S58A and FEZ1 S58D have been derived and
plotted. The Kruskal-Wallis ANOVA test was performed on the data.
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3.2. Acute knockdown of FEZ1 in cultured neurons
by CRISPR/cas9

Previous work in our lab had shown that mutation of UNC-76 in Caenorhabditis
elegans impairs axonal transport, leading to aggregation of syntaxin (UNC-64) in
axons. The irregular clustering of syntaxin in the ventral nerve cord of C. elegans
was rescued by expressing the UNC-76 mammalian ortholog, FEZ1 [207]. Cluster-
ing of syntaxin-1a had also been observed upon knockdown of syntabulin, another
kinesin-1 transport adaptor in young neurons [206]. Moreover, later studies showed
that synaptobrevin puncta appear enlarged or disorganized in unc-76 mutants of C.
elegans, implying a defective synapse formation [290]. Taken together, these data
suggest a key role for FEZ1 in delivering synaptic components and establishing func-
tional presynaptic terminals. To extend the relevance of these findings to mammalian
neurons, I took advantage of the CRISPR/cas9 knockdown system and designed three
different guide RNAs (gRNA) targeting the FEZ1 gene in Rattus norvegicus. FEZ1
gene is comprised of 10 coding exons, which yields a 1683-nucleotide mRNA, and is
eventually translated into a 393-amino-acid protein (Figure 3.2.1). The gRNAs were
designed using the online CRISPR design tool provided by Feng Zhang’s laboratory
(http://crispr.mit.edu/) and targeted the second exon of the FEZ1 gene. Three gR-
NAs targeting the FEZ1 gene were selected based on the scoring system provided
by the design platform, such that the function of their possible off-target genes had
the least probability of interfering with any neuronal processes. As negative con-
trol, one gRNA was designed to target the luciferase gene (See table 3.2.1). The
gRNAs were then cloned into two lentiviral plasmids: One co-expressing cas9 en-
donuclease and the gRNA, and another with the same backbone with the puromycin
selection marker replaced by a GFP tag (LentiCRISPRv2 No. 52961 from addgene,
and LentiCRISPRv2GFP, No. 82416 from addgene). The GFP tag helps select for
the infected neurons during the imaging experiments. For all experiments in this
study, the lentiviral plasmid co-expressing cas9, gRNA and GFP was used, unless
noted otherwise.

To evaluate the ability of the gRNAs to eliminate FEZ1 expression, dissociated
P0 rat hippocampal neurons were infected with lentiviruses encoding either control
or FEZ1 gRNAs one day after plating. Immunoblot analyses of neurons infected
with lentiviruses encoding either FEZ1a or FEZ1b (but not FEZ1c) gRNA on DIV7

63

http://crispr.mit.edu/


Chapter 3 Results

AUG UAA

1a

1 16835’ UTR 3‘ UTR

155 1336
845 1041

coiled-coil 

309-328

313-332

442-461
1b

1c

start stop

Figure 3.2.1.: Schematic of the rat FEZ1 transcript and the relative po-
sition of CRISPR/cas9 gRNAs targeting regions. The FEZ1 gene in rat
encodes a 1683-nucleotide transcript, which is subsequently translated into the
393-aa FEZ1 protein. FEZ1 CDS is indicated by the green box (the sequence from
position 155 to 1336). The regions targeted by the gRNAs are indicated by the
red boxes. The coiled-coil domain of FEZ1 is shown.

gRNA Forward Reverse

FEZ1a GGACTTGAAGCTGATTATTT AAATAATCAGCTTCAAGTCC
FEZ1b AATCAGCTTCAAGTCCATGG CCATGGACTTGAAGCTGATT
FEZ1c GGAGGAGACTCTTCGGGATG CATCCCGAAGAGTCTCCTCC
LUC CCGGGCTTTAACGAATATGA TCATATTCGTTAAAGCCCGG

Table 3.2.1.: Designed gRNA sequences targeting the FEZ1 gene and lu-
ciferase gene as the negative control.

showed a marked reduction in endogenous FEZ1 levels. This was not observed in
control neurons infected with a non-targeting gRNA (LUC). In comparison, neurons
infected with FEZ1c lentivirus did not display any change in FEZ1 expression over
control neurons (Figure 3.2.2). These results demonstrated the effectiveness of the
gRNAs FEZ1a and FEZ1b, but not FEZ1c, to ablate FEZ1 expression in neurons.
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Figure 3.2.2.: Infection of DIV1 hippocampal neurons using FEZ1 specific
gRNAs ablates expression of FEZ1. Knockdown efficiency of FEZ1 gRNAs
in cultured hippocampal neurons was assessed by Western blotting. Neurons were
lysed 6 days after infection, and the expression of FEZ1 was analyzed by SDS-
PAGE. Actin was used as the loading control. Samples analyzed on separate gels
are quantified and shown separately. Replicates of the experiment are shown in
the appendix.

3.3. Investigating the effect of FEZ1 deletion on
transport of presynaptic components

Previous studies have shown that unc-76 mutation in Drosophila leads to abnormal
aggregation of synaptotagmin-positive vesicles [289]. As mentioned previously, we
have also observed that unc-76 mutants of C. elegans exhibit abnormal clustering of
syntaxin-1a and synaptobrevin in the axons, suggesting an impaired axonal trans-
port [207, 290]. It is important to note that the clogging phenotypes observed in
unc-76 mutants imply transport deficiency in two primary populations of transport
packets, namely STVs and active zone protein containing vesicles. Consistent with
this notion, it was also shown that both synaptic vesicle and active zone proteins
are associated with FEZ1/kinesin-1 vesicles [290]. Collectively, these data suggest
that FEZ1, through linking the kinesin-1 heavy chain to presynaptic cargos, plays
an important role in presynaptic development. However, the functional relevance
of this phenomenon in mammalian neurons has not been clarified. To this end, the
effect of FEZ1 deletion on motility of Bassoon and synaptic vesicles was analyzed
in living neurons. Cultured neurons were co-transfected with the lentiviral plasmid
co-expressing cas9, FEZ1a gRNA (or LUC gRNA for control) and GFP, along with
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either RFP-tagged Bassoon (amino acids 95-3938, Bsn95-3938) or mCherry-tagged
synaptotagmin-1 on DIV1. Bassoon and synaptotagmin-1 had both been identi-
fied as FEZ1/kinesin-1 associated cargos in the brain [290]. The migration of these
two markers was then tracked using confocal microscopy at a time point when the
synapses were beginning to form, which is around DIV8 in our cultures. Imaging was
performed on a 80-100 µm section of the main axonal shaft, no farther than 60-70
µm from the cell body.

3.3.1. Mobility of Bassoon is reduced upon FEZ1 knockdown

RFP-Bsn95-3938 can be observed as mobile puncta in transfected neurons. This
N-terminally truncated Bassoon construct has been extensively characterized and
shown to fully represent all the properties of full-length Bassoon, including presy-
naptic localization and juxtanuclear concentration. The advantage of using this Bas-
soon variant rather than the full-length protein is that it does not produce diffuse
fluorescence caused by tag cleavage in neurons [293, 93]. However, the fluorescence
level of overexpressed RFP-Bassoon per cell was low, causing a relatively poor signal
to noise ratio (Figure 3.3.1.a, b). This is possibly due to the large size of Bassoon
that could have hampered the delivery of the plasmid into neurons and also on its
expression once delivered.

a

GFP

RFP-Bassoon

retrograde anterograde

c

LUC FEZ1a

b

d

Figure 3.3.1.: Time lapse microscopy of RFP-Bsn95-3938 in control and
FEZ1 knockdown neurons on DIV8. (a,b) Representative images of control
(a) and FEZ1a knockdown (b) neurons co-transfected with lentiviral plasmid and
RFP-Bassoon. Scale bar = 5 µm. (c,d) Kymographs displaying movement of
RFP-Bassoon in time. Examples of movement of Bassoon are indicated with
arrows.
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Mobile vesicles containing Bassoon were tracked displaying an average anterograde
displacement of 2.58 ± 0.05 µm in control neurons and 2.42 ± 0.05 µm in FEZ1
knockdown neurons. The retrograde displacement of Bassoon puncta varied from an
average of 2.50 ± 0.05 µm in control to 2.53 ± 0.05 µm in FEZ1 knockdown neurons
(Figure 3.3.2.a). These values are in agreement with the previously reported run
lengths of Bassoon in neurons [251]. The comparison of net displacement in either
direction between control and knockdown neurons suggested no significant effect of
FEZ1 ablation in the distance traversed by Bassoon containing trafficking packets.

The average anterograde speed of Bassoon puncta was 0.275 ± 0.002 µm/s in control,
and 0.266 ± 0.002 µm/s in FEZ1 knockdown neurons. The observed speed of retro-
grade movement was 0.271 ± 0.002 in control and 0.266 ± 0.002 µm/s in knockdown
neurons (Figure 3.3.2.b). The observed average speed of RFP-Bassoon is within the
same range as observed in previous research (between 0.1 and 0.3 µm/s on DIV8
as reported by [201], and [76]). Similar to displacement measurements, these values
imply that the effect of FEZ1 depletion was negligible on the average transport speed
of Bassoon puncta in either direction, except for a slight decrease in the anterograde
movement of these particles.

Interestingly, when the total number of mobile particles was quantified in each condi-
tion, it was observed that the mobile pool of Bassoon puncta was diminished in FEZ1
knockdown neurons (Figure 3.3.2.c). The percentage of mobile Bassoon puncta de-
creased significantly from 58.64 ± 2.95% in control to 43.99 ± 3.68% in FEZ1 deletion
neurons. In vitro motility assays have shown that addition of FEZ1 to kinesin-1 is
accompanied by the activation of the motor and a significant increase in the number
of motile events [202]. This finding is in agreement with the marked reduction of
mobile Bassoon puncta upon FEZ1 knockdown. This phenotype points to a smaller
population of available FEZ1 to bind to and activate kinesin-1, which in turn leads to
a lower number of Bassoon containing vesicles being transported. Considering that
the acute knockdown of FEZ1 does not diminish its presence entirely, the remaining
pool of the protein remains available to associate with kinesin-1 and mediate the
transport of Bassoon to the length and at a speed similar to the wild type condi-
tion. Furthermore, the unchanged run length and speed of Bassoon movement can
be partially explained by the presence of syntabulin, which is also known to trans-
port Bassoon [206, 201]. Overall, these data suggest that FEZ1 plays an important
role in the axonal transport of Bassoon, and possibly the cohort of other active zone
proteins found within the same trafficking packet, to the presynaptic terminals.
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Figure 3.3.2.: FEZ1 knockdown does not affect the distance and speed
of individual Bassoon puncta in the axons, but it reduces the mobile
Bassoon population. (a) Displacement of Bassoon in the proximal axon does
not change significantly upon FEZ1 deletion. (b) Speed of Bassoon movement
in proximal axon does not change significantly in FEZ1 knockdown neurons. p-
valueLUC vs. FEZ1a KD(ant)= 0.01. (c) The percentage of mobile Bassoon puncta in
total number of tracked spots. p-value = 0.003. The number of cells and tracked
puncta are indicated on the table. Error bars = SEM. P-values are derived from
Kruskal-Wallis ANOVA test. The results are from 4 independent experiments.

3.3.2. Transport of synaptic vesicle precursors are also affected
in FEZ1 knockdown

Our previous data also indicated the presence of subpopulations of SV proteins in
FEZ1/kinesin-1 transport vesicles [290]. To determine if FEZ1 could indeed play
a role in transporting these proteins (which has been conventionally attributed to
kinesin-3 [224, 226, 261, 227]), the effect of FEZ1 depletion on delivering synaptic
vesicle precursors was investigated by co-transfecting DIV1 neurons with mCherry-
tagged synaptotagmin-1, as a marker for synaptic vesicles, and lentiviral plasmid
co-expressing cas9, GFP, and gRNAs targeting either LUC or FEZ1 gene. The
neurons were then imaged on DIV8. The co-transfection efficiency and the signal to
noise ratio of both plasmids were sufficiently high (Figure 3.3.3).

While the average anterograde displacement of synaptotagmin remains unchanged
upon FEZ1 knockdown (4.07 ± 0.38 µm in control vs. 4.98 ± 1.07 µm in FEZ1
knockdown), the vesicles appear to travel longer distances in the retrograde direction
in the knockdown compared to the control neurons (5.1 ± 0.34 µm in control vs. 7.16
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Figure 3.3.3.: Time lapse microscopy of mCherry-synaptotagmin-1 in con-
trol and FEZ1 knockdown neurons on DIV8. (a,b) Representative images of
control (a) and FEZ1a knockdown (b) neurons co-transfected with lentivirus plas-
mid and mCherry-syt-1. Scale bar = 5 µm. (c,d) Kymographs displaying move-
ment of mCherry-syt1 in time. Examples of retrograde and anterograde move-
ments of synaptotagmin-1 are indicated with arrows and arrowheads, respectively.

± 0.73 µm in FEZ1 knockdown, figure 3.3.4.a). Overall, these values are comparable
to the observed run lengths of STVs in mammalian neurons in previous research
[103, 240]. Syt1-containing vesicles move at an anterograde speed of 0.286 ± 0.010
µm/s in the FEZ1 knockdown, which is not a significant deviation from their speed
of 0.279 ± 0.006 µm/s in the control condition. However, in the retrograde direction,
synaptic vesicles travel at a speed of 0.301 ± 0.007 µm/s in the FEZ1 knockdown,
which is significantly faster than that of control cells (0.276 ± 0.004 µm/s, figure
3.3.4.b). While the range of STV speed observed in this study is within the same
range as reported in mammalian neurons [103, 240], it is slower compared to studies
on isolated vesicles in vitro [223] and on synaptic markers in C. elegans [305, 306].
This discrepancy might be due to the different model systems used. When the
percentage of mobile syt-1 vesicles was quantified, no significant change was observed
caused by FEZ1 deletion (18.47 ± 2.09% in control vs. 17.77 ± 2.17% in knockdown
neurons, figure 3.3.4.c).

Our results indicate that FEZ1 scarcity in neurons leads to an exaggerated retrograde
STV motility with regards to both speed and distance. So far, there has been no
report on a direct interaction between FEZ1 and kinesin-3, although components
of synaptic vesicles, including syt-1, have been identified in the kinesin-1/FEZ-1
transport vesicles [290]. The observed phenotype might be due to the transport of at
least a fraction of STVs by FEZ1/kinesin-1 vesicles. Alternatively, FEZ1 might also
interact directly with kinesin-3 in a yet unknown mechanism. Furthermore, most
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axonal cargos are bound simultaneously to anterograde and retrograde motors [270,
269, 271, 307]. Lack of sufficient FEZ1 as a promoter of anterograde movement, might
indirectly lead to higher processivity of dynein-mediated transport by diminishing
its opposing force. Therefore, this phenotype might further emphasize the role FEZ1
plays as a kinesin adaptor.
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Figure 3.3.4.: FEZ1 knockdown promotes the speed and length of syt-1
retrograde transport, while it has no effect on the ratio of the motile
STV population. (a) Retrograde displacement of syt-1 in the proximal axon
is increased following FEZ1 knockdown. p-valueLUC vs. FEZ1a KD (ret.) = 0.01. (b)
Speed of syt-1 movement in proximal axon is increased slightly but significantly in
the retrograde direction. p-valueLUC vs.FEZ1a KD (ret.)= 5×10-4. (c) The percentage
of mobile syt-1 vesicles remains unchanged in FEZ1 knockdown. The results are
from 3 independent experiments.

3.4. Effect of ablation of FEZ1 expression on synapses

The importance of FEZ1 in axonal transport in living neurons has been established.
To further characterize the phenotypes caused by FEZ1 knockdown, the distribution
of synaptic vesicle and active zone markers was analyzed using immunocytochemistry
in control and FEZ1 knockdown neurons.
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3.4.1. FEZ1 knockdown leads to reduction of presynaptic sites

First, the localization of synapsin I was analyzed. Synapsins are one of the most
abundant phosphoproteins present at most synapses in the vertebrate CNS [308, 309,
310, 311]. These soluble proteins have been found to co-purify with synaptic vesicles,
and at 8.3 copies per vesicle are among the most abundant SV-associated proteins [57,
58]. Microscopy studies have demonstrated that synapsin I highly colocalizes with
mobile VAMP2 and synaptophysin vesicles, suggesting their co-transportation during
presynapse assembly [96, 312]. Synapsin I has also been suggested to keep STVs at
their pausing sites along the axons during initial stages of synaptogenesis [95], which
is consistent with its documented role in tethering SVs to the actin cytoskeleton
at the synaptic boutons [309, 313, 314]. Taken together, these studies presented
synapsin I as a suitable marker for investigating the effect of FEZ1 knockdown on
the formation of presynaptic specializations.

To ablate the FEZ1 expression, cultured P0 hippocampal neurons were transduced
with lentiviruses expressing either the LUC or FEZ1a gRNA with GFP on DIV1.
The neurons were then fixed and immunostained on DIV7. The density of synapsin I
puncta along axons was assessed by automatically detecting and counting the number
of puncta and dividing this number by the neurite length. As can be appreciated
from figure 3.4.1.a, FEZ1 ablation leads to partial loss of synapsin I puncta and
dispersion of its signal. Quantification results of puncta density in control neurons
revealed the synapsin I density to be 0.73 ± 0.03 per µm, while it was decreased
to 0.57 ± 0.04 per µm when FEZ1 expression was suppressed (Figure 3.4.1.b). The
reduced density of synapsin I puncta highlights abnormalities in the formation of the
presynapse.
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Figure 3.4.1.: Density of synapsin I puncta is reduced in FEZ1 knock-
down. (a) Representative images of synapsin I immunostaining on DIV7. Scale
bar = 5 µm. (b) Quantification of synapsin I puncta density (number of punc-
ta/µm). The number of analyzed cells and puncta in each condition is indicated.
p-value (derived from Kruskal-Wallis ANOVA test) = 0.006. The results are from
3 independent experiments.

It is generally accepted that the presynaptic components are transported from the
cell soma into axons in two biochemically and morphologically distinct populations of
transport packets [96, 315, 99, 95, 90, 316]. The assembly of presynaptic terminals
requires the presence of both species of transport vesicles at the same site [94].
Indeed, there are a number of studies suggesting a correlation between the transport
of STVs and PTVs. Microscopy of living neurons have shown that STVs and PTVs
tend to pause at the same sites within the axons [103], and immunolabeling of electron
micrographs have indicated that numerous SV markers, such as VAMP and SV2,
are found in the proximity of vesicular structures containing Piccolo and Bassoon
[90]. Furthermore, we had previously observed that syntaxin 1 transport is heavily
impacted in unc-76 mutants of C. elegans [207], and syntaxin 1 has been shown to
co-migrate with the transport vesicles containing Bassoon and Piccolo [89, 76, 201].
Therefore, following the observed decrease in synapsin I density, to gain more insight
into FEZ1 roles in presynapse formation, densities of Bassoon and Piccolo puncta
were quantified.

To knock down FEZ1 expression, DIV1 neurons were transduced with lentiviruses
expressing either cas9, FEZ1a gRNA with GFP, or cas9 and FEZ1b gRNA (without
GFP). Control and FEZ1 knockdown neurons were fixed and immunostained on
DIV7 (Figure 3.4.2.a, b). As shown in figure 3.4.2.c, density of Bassoon puncta was
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significantly decreased from 0.81 ± 0.04 per µm in control to 0.59 ± 0.03 per µm in
the knockdown when FEZ1a gRNA was used, and 0.51± 0.03 per µm when FEZ1b
gRNA was used.

Staining for Piccolo also showed a significant decrease in puncta density in FEZ1a
knockdown, from 0.89 ± 0.03 per µm in control to 0.61 ± 0.04 per µm in knockdown
neurons (Figure 3.4.3.b). The aberrant clustering and significant decrease in puncta
density of Bassoon and Piccolo upon deletion of FEZ1 points to a defect in active
zone formation. Moreover, the puncta not only seemed to aggregate abnormally,
but they also appeared slightly enlarged (specially observed in Bassoon staining).
To confirm this, the area size of Bassoon and Piccolo puncta were also quantified.
The area size of the Bassoon puncta was indeed increased significantly in FEZ1
knockdown, while this increase was less severe in the case of Piccolo (Figure 3.4.4).
The increased size of Bassoon puncta can be explained by the hampered mobility and
clustering of Bassoon containing vesicles within the axon, which leads to enlarged
puncta. This is also in line with previous research pointing to the role of UNC-76 in
normal presynaptic organization [317].
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Figure 3.4.2.: Density of Bassoon puncta is reduced in FEZ1 knockdown.
(a) Control and FEZ1a knockdown neurons were immunostained for Bassoon. The
FEZ1a gRNA was expressed by the lentiviral plasmid along with GFP. Scale bar
= 5 µm. (b) Control and FEZ1b knockdown neurons were immunostained for
Bassoon. The lentiviral plasmid expressing the FEZ1b gRNA did not have the
GFP tag. Neurons were co-stained with cas9 antibody to select for the infected
cells (not shown). Scale bar = 5 µm. (c) Comparison of Bassoon puncta indicated
a significant reduction in density in FEZ1 knockdown. p-valueLUC vs. FEZ1a = 7
×10-4 , p-valueLUC vs. FEZ1b = 7.3 ×10-6. The number of cells and puncta in the
analysis are indicated in the table below. The results are from 3 independent
experiments for FEZ1a, and 2 independent experiments for FEZ1b. All p-values
are derived from the Kruskal-Wallis ANOVA test.

74



3.4 Effect of ablation of FEZ1 expression on synapses

LUC

P
u

n
c

ta
 D

e
n

si
ty

 (
µ

m
-1

)
0.0

0.4

0.8

1.2

1.6

2.0

a

*

GFP

Cells

Spots

29 27

2136 1152

PiccoloLU
C

GFP

Piccolo

F
E

Z
1

a

FEZ1a

b

LUC FEZ1a

Figure 3.4.3.: Density of Piccolo puncta is reduced in FEZ1 knockdown.
(a) Control and FEZ1a knockdown neurons were immunostained for Piccolo.
Scale bar = 5 µm. (b) Density of Piccolo puncta was quantified. p-value =
4×10-6(derived from the Kruskal-Wallis ANOVA statistical test). The number of
cells and puncta in the analysis are indicated in the table below. The results are
from 3 independent experiments.
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Figure 3.4.4.: Puncta area of Bassoon is increased in FEZ1 knockdown,
while this increase is less significant in Piccolo staining. (a) Area size
of Bassoon puncta in control and FEZ1 knockdown neurons were measured. p-
valueLUC vs. FEZa = 0.005 , p-valueLUC vs. FEZ1b = 4×10-7. All p-values are derived
from the Kruskal-Wallis ANOVA statistical test. The results are from 3 indepen-
dent experiments for FEZ1a, and 2 independent experiments for FEZ1b. (b) Area
size of Piccolo puncta in control and FEZ1 knockdown neurons was measured, and
did not show a significant shift. The results are from 3 independent experiments.
The number of analyzed cells and puncta are the same as Bassoon and Piccolo
puncta density quantifications.

To determine if the defects observed in the early synaptogenesis might persist as neu-
rons further develop, the puncta density of Bassoon was also quantified on DIV14-15.
Morphologically, the Bassoon puncta density did not appear starkly different between
control and knockdown on DIV14-15 (Figure 3.4.5.a), which was also confirmed by
measured puncta density of 1.88 ± 0.1 per µm in control vs. 1.96 ± 0.11 per µm in
FEZ1 knockdown neurons (Figure 3.4.5.b). Considering that the difference between
these values was not statistically significant, the effect of early impairment in axonal
transport and reduced puncta density of Bassoon appears to be alleviated at a later
stage during development in neurons that survive.

In order to determine if the effect of FEZ1 ablation acts preferentially on sub-
types of presynapses, the densities of excitatory and inhibitory presynaptic sites,
two major types of synapses in hippocampal neurons were quantified. Excitatory
presynapses were labeled using vesicular glutamate transporter-1 (VGLUT-1), while
inhibitory presynapses were marked using gamma-aminobutyric acid (GABA) trans-
porter (VGAT) antibodies. Interestingly, it was observed that FEZ1 knockdown has
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Figure 3.4.5.: Density of Bassoon puncta on DIV14-15 in FEZ1 knock-
down remained the same in comparison to control neurons. (a) Repre-
sentative images of Bassoon immunostaining are shown from control and FEZ1
knockdown neurons. Scale bar = 5µm. (b) Quantification of puncta density of
Bassoon on DIV14-15. Clustering of the Bassoon puncta was alleviated as neurons
matured. Results are from 3 independent experiments, and the number of cells
quantified is indicated on the table below.

a more severe effect on VGAT rather than VGLUT-1 distribution (Figure 3.4.6).
While the density of VGLUT-1 puncta did not change dramatically from control
(1.49 ± 0.07 per µm) to knockdown neurons (1.42 ± 0.07 per µm), VGAT puncta
density exhibited a slight but significant reduction from control (1.11 ± 0.04 per
µm) to knockdown (0.97 ± 0.05 per µm) condition. The marked reduction of VGAT
staining upon deletion of FEZ1 suggests that FEZ1 might be, directly or through
transport of active zone components, more involved in trafficking of components of
inhibitory synapses.
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Figure 3.4.6.: FEZ1 knockdown leads to a more severe reduction in puncta
density of inhibitory rather than excitatory synaptic vesicles. (a,b) In-
fected control (a) and FEZ1 knockdown (b) neurons were distinguished by GFP
expression by the lentivirus, and stained for VGLUT-1 and VGAT. Merging of the
VGLUT-1 and VGAT channels demonstrates little to no colocalization between
the two transporters. (c,d) Quantification of VGLUT-1 puncta density shows no
significant difference between the control and knockdown neurons, while FEZ1
knockdown causes a slight but significant drop in density of the VGAT puncta.
The results are from 3 independent experiments. p-value (Kruskal-Wallis ANOVA)
= 0.04. Scale bar = 5 µm.
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3.5. Effect of FEZ1 ablation on the ultrastructure of
presynaptic terminals

Although FEZ1 knockdown impaired the distribution of active zone and synaptic
vesicles in young neurons, analysis of the puncta density of Bassoon on DIV14 sug-
gested that this phenotype is less severe as neurons mature. However, immunofluores-
cence staining of neurons cannot address the morphological deficiencies in individual
synapses. Therefore, the ultrastructure of the presynaptic terminals on DIV14 was
analyzed using electron microscopy. As before, cultured P0 hippocampal neurons
were transduced with lentiviruses targeting either the FEZ1 gene, or the LUC gene
as the control. Neurons were fixed on DIV14, and electron microscopy images were
acquired from the synapses (kindly done by Dr. Dietmar Riedel, facility for electron
microscopy, Max Planck institute for biophysical chemistry).

FEZ1 knockdown neurons demonstrated a slight but significant reduction of the
number of docked synaptic vesicles at the active zone (Figure 3.5.1). This observa-
tion might be a result of the impaired formation of the active zone as a result of
diminished transport of AZ components. It has been shown that the simultaneous
deletion of Bassoon and Piccolo in mice leads to a severe reduction in the number
of synaptic vesicles in the 150-nm proximity of the active zone and the number of
docked vesicles per synapse [54]. Moreover, ultrastructural and functional studies
have shown that deletion of Bassoon reduces the number of membrane-proximal
vesicles and impairs vesicle replenishment [49, 48, 51]. These data emphasize the
importance of Bassoon presence for clustering and docking of SVs. While the overall
localization of Bassoon appears normal in FEZ1 knockdown neurons on DIV14, it
is possible that the quantity of this protein at individual synapses is reduced due
to deficient axonal transport. Therefore, the recruitment of synaptic vesicles to the
synapse might be negatively affected by FEZ1 ablation. Nevertheless, these results
have to be confirmed by replicates.
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Figure 3.5.1.: Analysis of the electron microscopy images of FEZ1 knock-
down neurons shows a significant decrease in the number of docked
synaptic vesicles. (a) Representative images of synapses in control and FEZ1
knockdown neurons on DIV14 are shown. Examples of docked vesicles are indi-
cated by arrowheads in the inset. Scale bar (entire image) = 500 nm, scale bar
(inset) = 100 nm. (b) The number of docked vesicles per 100 nm are shown. p-
value (Kruskal-Wallis ANOVA) = 0.04. Results are from one experiment. Imaging
and analysis was kindly done by Dr. Dietmar Riedel.
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3.6. Effect of FEZ1 ablation on the postsynaptic
specializations

In order for a synapse to fully mature, after axo-dendritic contact, the presynaptic
and postsynaptic elements have to come together at the opposing sides of the synapse.
There have been numerous studies showing a correlation between the positioning of
pre- and postsynapse in developing neurons at sites of synaptogenesis [318, 319, 320,
321]. In cultured neurons, it has indeed been observed that the axonal accumulation
of synaptic vesicles precedes formation of PSD95 clusters in the postsynaptic neurons
[322]. Moreover, it has also been demonstrated that neuroligin-1-containing PSD
clusters can in fact recruit synaptic vesicles on the presynaptic side, which leads to
formation of synapses capable of release [115]. These data suggest that irregular
presynapse formation might lead to aberrant postsynaptic localization.

So far, the experiments have shown that FEZ1 knockdown causes defects in presynap-
tic specializations. To investigate whether the presynaptic impact of FEZ1 knock-
down also influences the postsynaptic densities, the density of PSD95 puncta, and the
colocalization of Bassoon and PSD95 were assessed in cultured neurons on DIV14-15.
This time point was selected to give the synapses sufficient time to fully mature. As
shown in figure 3.6.1, there was no significant difference in the distribution of PSD95
between control and FEZ1 knockdown neurons (2.95 ± 0.16 per µm in control vs.
3.01 ± 0.18 per µm in FEZ1 knockdown neurons). Moreover, Pearson’s coefficient
indicating the colocalization of Bassoon and PSD95 did not change significantly from
0.54 ± 0.02 in control to 0.56 ± 0.03 in FEZ1 knockdown (Figure 3.6.2). These data
collectively suggest that FEZ1 knockdown does not affect the apposition of pre- and
postsynaptic sites.
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Figure 3.6.1.: Ablation of FEZ1 expression did not affect the density of
PSD95 puncta on DIV14-15. (a) Representative images of PSD95 staining
are shown in control and FEZ1 knockdown neurons on DIV14-15. Scale bar =
5µm. (b) Quantification of PSD95 puncta density in dendrites. The number of
cells quantified are indicated. Results are from 3 independent experiments.
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Figure 3.6.2.: Ablation of FEZ1 expression did not influence the colocal-
ization of Bassoon and PSD95 on DIV14-15. (a) Representative images
from control and FEZ1 knockdown neurons, stained for Bassoon and PSD95 are
shown. The merged image has been shown to depict the colocalization of the two
proteins. (b) The number of cells quantified are indicated, and the Pearson’s coef-
ficient was calculated to assess the colocalization of Bassoon and PSD95. Results
are from 3 independent experiments.
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3.7. FEZ1 affects the morphology of dendritic spines

FEZ1 deletion in mature neurons did not affect the density of postsynaptic special-
izations along the axons, or the juxtaposition between the pre- and postsynaptic
sites. However, examining the morphology of neurons on DIV14 showed a stark
distinction between the dendritic protrusions in control and FEZ1 knockdown (Fig-
ure 3.7.1). To confirm, neurons were categorized based on the morphology of their
dendritic protrusions: the ones showing mostly mushroom spines, and the ones with
mostly filopodial protrusions. While 80.00% of control neurons demonstrated mostly
mushroom spines in the dendrites, this population was reduced to 39.28% in FEZ1
knockdown neurons (Figure 3.7.2.a).

Moreover, quantification of spine density in each category showed that the spine
density in the dendrites of the filopodial group remained similar between the control
and knockdown neurons (0.08 ± 0.01 in control, vs. 0.09 ± 0.01 in FEZ1 knockdown,
per 10 µm dendritic length). However, FEZ1 deletion reduced the spine density of
the mushroom category from 0.14 ± 0.01 in control to 0.09 ± 0.01 in the knockdown
(Figure 3.7.2.b).

GFP

PSD95

merged

GFP

PSD95

merged

LUC FEZ1a

Figure 3.7.1.: FEZ1 knockdown induces a shift from mostly mushroom
spines to filopodial protrusion in dendrites. Representative images of GFP
signal and PSD95 immunostaining are shown. Neurons were infected on DIV1 and
imaged on DIV7. Scale bar = 5 µm.

It is known that during development, dendritic spines first appear as filopodia search-
ing for synaptic terminals, and eventually turn into mature spines [100]. Dendritic
spines are highly dynamic, and can disappear or change their shape in response to
a variety of stimuli. Therefore, their morphology is a crucial means for structuring
synaptic interactions and plasticity [323, 324, 325, 326, 327, 328, 329, 330]. There
are numerous psychiatric and neurological disorders associated with aberrant spine
morphology and number, including mental retardation [331], schizophrenia [332, 333]
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Figure 3.7.2.: Categorization of neurons based on the morphology of den-
dritic spines, and quantification of the spine density in each category.
(a) A larger population of control neurons demonstrate mostly mushroom spines,
while the spines on FEZ1 knockdown neurons are mostly filopodial. (b) Quan-
tification of spine density in each group shows that FEZ1 knockdown leads to a
significant reduction in the mushroom group. p-value = 0.005. Numbers of ana-
lyzed cells are indicated on the table below. The results are from 3 independent
experiments.

and autism [334]. Presence of thin filopodial dendritic protrusions in mature neu-
rons has been long associated with mental retardation. First observed in a study
on children with non-specific mental retardation [335], it has also been observed in
fragile X syndrome, an inheritable form of mental retardation, where spines tend to
be long and thin [336]. Individuals with Down syndrome also exhibit decreased spine
density [337, 338, 339, 340].

FEZ1-dependent transport deficiencies observed thus far pointed to an important
role of this protein in presynaptic assembly. The fact that the FEZ1 knockdown
leads to a transition from mature, mushroom spines to filopodial spines on dendrites
suggests that this protein might also play a key role in postsynapse development.
This task might be accomplished by influencing the postsynapse formation through
presynaptic transport, or by directly associating with postsynaptic cargos [290].

3.8. Effect of FEZ1 knockdown on dendritic
development

FEZ1 has recently been shown to participate in adult neurogenesis of the mouse
dentate gyrus. Knockdown of FEZ1 expression in newborn neurons led to soma en-
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largement accompanied by a dramatic increase in dendritic complexity and length.
This phenotype was enhanced upon concurrent knockdown of FEZ1 and its inter-
action partner, Disrupted-in-Schizophrenia-1 (DISC1) [341]. Moreover, suppression
of FEZ1 in the subgranular zone (SGZ) of postnatal mice (P6) was followed by an
increase in the dendritic complexity as revealed by Sholl analysis two weeks after
manipulation. This study also suggests FEZ1 to be a negative regulator of dendritic
development in the early postnatal stage of development in young neurons [342]. Con-
sistent with studies in mice, the interaction between FEZ1 and DISC1 was shown to
be upregulated during neuronal differentiation in PC12 cells, and disruption of this
interaction inhibited neurite outgrowth. However, overexpression of DISC1 in PC12
cells was followed by enhanced neurite outgrowth, suggesting a facilitating role for
DISC1 during early stages of neuronal development [343].

To investigate whether FEZ1 also plays a role in early neuronal development, den-
dritic morphology was studied in FEZ1 knockdown neurons. Cultured neurons were
transfected with lentiviral plasmids co-expressing cas9 and FEZ1 targeting gRNAs
along with GFP on DIV1. The effect of FEZ1 deletion on dendritic development
was investigated by Sholl analysis on DIV7 [344]. This method measures the com-
plexity of dendritic arborization by drawing concentric circles around the cell body
and counting the number of their intersections with the neurites. Remarkably, as
depicted in figure 3.8.1, a significant decrease in dendritic complexity was observed in
FEZ1 knockdown. The phenotype was similar using either FEZ1a or FEZ1b gRNAs.

The observed phenotype in primarily pyramidal neurons of the hippocampal cultures
suggests that FEZ1 suppression has a negative effect on dendritic development at
an early postnatal stage. The contrast between our results and the previous stud-
ies might lie within the fundamental differences between adult neurogenesis in the
dentate gyrus and early postnatal neuronal development. Moreover, the enhanced
dendritic complexity in FEZ1 knockdown at the postnatal stage was observed in 3-
week-old mice [342], which is in comparison at a significantly more mature stage. It
might be plausible to speculate that FEZ1 plays a bi-modal role during neuronal de-
velopment, where its sufficient expression is crucial during initial neurite outgrowth
in young neurons, whereas later it might have a ceiling effect on dendritic arboriza-
tion, and its suppression leads to exaggerated outgrowth in dendrites.
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Figure 3.8.1.: FEZ1 suppression decreases dendritic complexity in cul-
tured hippocampal neurons. (a) Representative images of neurons transfected
with the lentiviral plasmid concurrently expressing either control (LUC), FEZ1a
or FEZ1b gRNA and GFP. The images show the GFP expressed in the lentiviral
plasmid. (b) Dendritic complexity was reduced in the absence of FEZ1 as revealed
by Sholl analysis. The Kruskal-Wallis ANOVA test was performed on the area un-
der the curves. p-valueLUC vs. FEZ1a = 2×10–4, p-valueLUC vs. FEZ1b = 0.004. The
results shown are from 2 independent experiments. Error bars = SEM.
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3.9. The effect of FEZ1 deletion on neurotransmission

So far, it was concluded that FEZ1 deletion impacts the axonal movement of presy-
naptic components, including synaptic vesicle precursors and active zone proteins.
Moreover, it was also shown that FEZ1 deletion seems to reduce the number of
docked vesicles. These data confirm the role of FEZ1 in presynapse formation, how-
ever it was yet unclear whether it influenced synaptic activity. To address the role
of FEZ1 in synaptic release, neurons were transduced by lentiviruses co-expressing
Cas9, GFP and either LUC or FEZ1a gRNA, and synaptic transmission was mea-
sured by using a pH-sensitive dye, CypHer5E, conjugated to an antibody against the
lumenal domain of syt-1 on DIV14 [345].

The neurons were stimulated by 60 (stimulation 1) and 600 (stimulation 2) action
potentials at 20 Hz to induce the exocytosis of vesicles in the readily releasable pool
and the entire releasable SV pool, respectively. Images were acquired every 2 seconds,
for a total of 5 minutes. The fluorescence recovery of CypHer5E was subsequently
corrected for acquisition bleaching and plotted against time.

As depicted in figure 3.9.1, the fluorescent signal drop followed by stimulation 1
averaged to 1.36 ± 0.23% in control and 2.18 ± 0.43% in knockdown neurons. In
stimulation 2, the fluorescence signal was reduced by 1.81 ± 0.43% in control and
2.64 ± 0.77% in knockdown neurons. As can be appreciated from the overlap and
the large error bars seen in the traces, the bleaching or the recovery behavior of the
two conditions did not show any difference. The signal loss observed after the second
stimulation (to release to entire releasable SV pool) appears to be similar to that of
stimulation 1, which was not expected. Nevertheless, FEZ1 depletion does not seem
to dramatically affect the release of synaptic vesicles, at least at the time point and
with the procedure used in our measurements.
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Figure 3.9.1.: FEZ1 knockdown does not impact synaptic release. The
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4. Discussion

In this study, I characterized the mobility of a kinesin-1 transport adaptor known as
UNC-76 in invertebrates and FEZ1 in mammalian neurons. I also investigated the
function of FEZ1 in formation of presynaptic terminals by studying the movement of
active zone and synaptic vesicle precursors following FEZ1 deletion. My results show
that neuronal FEZ1 is highly mobile, and its movement is dependent on serine-58, a
phospho-site previously shown to be crucial in its binding to kinesin-1 [207]. FRAP
experiments on FEZ1 variants demonstrated that saturating the system with FEZ1
phosphomimetic (S58D) or abundance of phosphorylation-deficient variant of FEZ1
(S58A) lead to axonal stalling of this protein, and possibly of its cargos. Furthermore,
FEZ1 was shown to be involved in transport of active zone precursors, indicated by
diminished mobility observed in Bassoon puncta upon FEZ1 loss. FEZ1-mediated
anterograde transport was further highlighted by an exaggerated retrograde trans-
port observed in synaptotagmin-1. Overall, ablation of FEZ1 expression resulted in
disorganization of presynaptic markers. Finally, abnormal branching of dendrites in
young neurons, in conjunction with an unexpected predominance of filopodial spines
observed in mature neurons suggests an important role for FEZ1 in development and
formation of postsynaptic specializations.

4.1. FEZ1 mobility is regulated by serine-58
phosphorylation

FEZ1 has been shown to transport syntaxin by biochemical and functional studies
in worm [207], and is suggested to be associated with the components of active zone
and synaptic vesicles [289, 290]. Transport function of FEZ1 can be regulated on
two levels: either by modulating its association with the cargo, or alternatively via
regulating its binding to the motor. The latter has been suggested by the necessity
of serine-58 phosphorylation for binding to kinesin-1 in previous studies [207, 302].

My FRAP experiments addressed the mobility of mammalian FEZ1 variants for the
first time. The results helped clarify the regulatory role of serine-58 on two important
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parameters of FEZ1 dynamics: mobility and speed.

Based on my results, the transport activity of FEZ1 is regulated by maintaining a
balanced association with kinesin-1 through the phosphorylation on serine-58. Re-
placing this residue with alanine hampers FEZ1 mobility and speed, likely by in-
terrupting its association with kinesin-1 as evident from previous reports [207, 302].
The drastic reduction of FEZ1 S58A mobile fraction and recovery speed immediately
in the segments closest to FRAP edge shows that presence of functional FEZ1 is in
fact crucial for efficient delivery of its cargos. This is in agreement with previous re-
search where it was observed that FEZ1-activated kinesin-1 displays a higher number
of motile events in vitro [202].

Mutation of serine-58 to aspartate also diminishes FEZ1 mobile fraction and speed
in the neuron. Overexpression of FEZ1 S58D may saturate the system by activated
kinesin-1, which leads to axonal clogging or traffic jams. This phenomenon has been
observed in vitro, where increasing the motor concentration leads to increased flux
of motor protein to the microtubule plus end, creating a high density region. This
crowding effect in turn results in lower speed of motor movement [304]. A similar
scenario can by speculated for the movement of kinesin upon overexpression of its
activator FEZ1 S58D. Due to the phosphomimetic mutation, FEZ1 S58D does not
dissociate from kinesin-1, keeping it in an active state. Subsequently, this might lead
to overpopulating the MT with kinesin-1 and axonal clogging.

Lack of a significant difference between the mobility and speed of movement of FEZ1
wt in either direction suggests FEZ1 flux in the anterograde and retrograde direc-
tions are largely identical. This phenomenon could be partially explained by FEZ1
association with the retrograde motor protein, dynein (Butkevich et al. 2016), which
exhibits a similar speed to kinesin motor proteins in vivo (Ma and Chisholm 2002).
Alternatively, FEZ1 might be passively associated with the cargos that are now trav-
eling retrogradely. Nevertheless, the role of FEZ1 as a specific anterograde transport
adaptor was not clear from these experiments.

Some adaptor proteins participate in both anterograde and retrograde movements.
This bi-modal behavior is modulated by post translational modifications, such as
phosphorylation on serine-421 in JIP1 [283], or the modification on serine-421 in
Huntingtin [281]. Therefore, directional regulation of FEZ1 movement by its phospho-
site was an intriguing possibility, specially considering the identification of dynein
on FEZ1-associated vesicles [290]. However, our results show that phosphorylation
of serine-58 does not affect the directionality of FEZ1, and its influence appears to
be predominantly limited to mobility, and marginally on speed.

One intriguing follow-up experiment is to study the movement of FEZ1-associated
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cargos in the presence of overexpressed phosphomutants. It would be interesting to
investigate how the displacement or the speed of movement of, for instance, Bassoon
or synaptic vesicle proteins, is affected in presence of FEZ1 phosphomutants. These
experiments can provide additional mechanistic details of how FEZ1 phosphorylation
regulates its association with the cargo, rather than the motor protein.

4.2. FEZ1 is involved in presynaptic assembly

Motility of Bassoon, one of the earliest proteins to arrive at the active zone [102, 89],
was studied in FEZ1 knockdown neurons. The role of FEZ1 in transport of AZ
components, thereby in assembly of the active zone was investigated by monitoring
changes in Bassoon movement. My experiments in living neurons showed that the run
length of Bassoon is unaffected by FEZ1 deletion. This suggests that the processivity
of kinesin-1, the main motor protein for transport of AZ components [201], does not
diminish by FEZ1 scarcity. This observation is contradictory with in vitro studies
[202], where it was shown that binding of FEZ1 to kinesin-1 increases the motor
processivity. This discrepancy may be due to the different model systems used.

Similarly, FEZ1 deletion did not reduce the speed of Bassoon puncta movement in
either direction, which suggests that binding of FEZ1 does not affect the speed of
kinesin-1 motor protein. This closely resembles the observations in FEZ1-activated
kinesin-1 motor protein in vitro [202]. Together, these observations suggest that
reduced expression of FEZ1 does not affect the trafficking parameters of individual
motor-cargo complexes. It is however important to note, that AZ proteins are being
transported by, at least, another parallel mechanism, via using syntabulin as the
adaptor protein [206, 201]. Therefore, the quantified parameters are indicative of
both transport alternatives. It is possible that the effect of FEZ1 knockdown is par-
tially masked by the syntabulin-mediated transport. Considering that approximately
40% of Piccolo has been observed to colocalize with syntabulin in DIV8 neurons [201],
the effect of syntabulin-mediated transport on my observations cannot be overlooked.

Nevertheless, the contribution of FEZ1 to mobility of AZ precursors is emphasized by
the significant reduction in the mobile pool of RFP-Bassoon. This dramatic decrease
in trafficking of AZ components has also been observed in syntabulin knockdown neu-
rons [201]. Moreover, FEZ1 has also been shown to activate and induce motile events
in kinesin-1 [202]. Taken together, these results attribute a considerable fraction of
AZ precursor transport to FEZ1/kinesin-1 complex, and define a role for FEZ1 in
the assembly of active zone in mammalian neurons.
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Tracking the movement of syt-1, as the synaptic vesicle precursor marker in FEZ1
knockdown demonstrated that FEZ1 does not diminish the anterograde trafficking of
synaptic vesicle proteins. Interestingly, FEZ1 deletion increases retrograde run length
in these vesicles, which suggests a higher processivity in the transport towards the
cell soma. Similarly, the speed of retrograde movement appears slightly higher in
FEZ1 knockdown. This phenomenon can be interpreted in a few different scenarios.

It is known that synaptic vesicle precursors are mainly transported by kinesin-3 (or
KIF1) [224, 226, 227]. However, there are a number of studies suggesting a possible
role for kinesin-1 in transport of these vesicles. Stalling of vesicles in larval segmental
nerves has been reported in khc Drospholia mutants [346]. Kinesin-1 has also been
implicated in transport of synaptic vesicle proteins synaptotagmin and synaptobrevin
[212, 213]. Consistently, kinesin heavy chains KIF5A and KIF5B have been identified
on synaptic vesicles [58]. Lastly, in a recent study by our lab components of synaptic
vesicles were identified in mass spectrometry of FEZ1/kinesin-1 trafficking vesicles
in the rat brain [290]. Therefore, it is possible that kinesin-1 also contributes to
transport of synaptic vesicle precursors in a FEZ1-mediated manner.

It is known that most cargos are simultaneously bound to both anterograde and ret-
rograde motors, and the net movement is accomplished by the motor that exerts the
dominant force [270, 269, 271, 307]. FEZ1 deletion leads to a reduced population of
activated kinesin-1 [202]. This might in turn lead to higher probability of retrograde
motors winning in a tug-of-war mechanism [275]; hence the longer retrograde run
lengths in FEZ1 knockdown neurons.

Another possibility is the influence of FEZ1 on movement of STVs through its role in
trafficking of AZ proteins. It has been shown that transport of AZ trafficking packets
and synaptic vesicle precursor proteins are coordinated [201, 103]. Therefore, the
observed upregulation of retrograde movement might be an indirect result of FEZ1
function in transport of AZ precursor proteins.

Although there have been no reports so far on direct interaction of FEZ1 with kinesin-
3, the possibility of this interaction cannot be entirely ruled out. Switching to retro-
grade movement of synaptobrevin have been also observed when the kinesin scaffold-
ing protein, SYD-2, is unable to bind to the motor in C. elegans [240]. Therefore,
adaptor activity of FEZ1 for kinesin-3 can also be speculated, though it has to be
verified by follow-up experiments.
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4.3. FEZ1 deletion leads to presynaptic
disorganization

Consistent with the reduced trafficking of AZ precursors, Bassoon and Piccolo, two
major active zone proteins [14], were abnormally distributed. The clustering of
Bassoon as a result of its deficient transport had been also reported in syntabulin
knockdown [201]. Furthermore, this phenomenon also closely resembles the cluster-
ing behavior of syntaxin-1 in unc-76 C. elegans mutants [207]. Since syntaxin-1a,
Bassoon and Piccolo, in addition to other active zone components, have been shown
to be present on the same kinesin-1 associated transport packets [201, 76, 89], simul-
taneous disorganization of these proteins upon FEZ1 knockdown is not surprising.
Trafficking in living neurons and the localization of AZ proteins in immunostained
FEZ1 knockdown neurons collectively suggest that FEZ1 is largely involved in trans-
port and distribution of AZ components, and affects the active zone assembly.

The abnormal dispersion of synapsin I puncta in FEZ1 knockdown further sug-
gests an important role for FEZ1 in proper distribution of STVs. This observation
is in line with the reduced number of synaptophysin puncta along the axons ob-
served in syntabulin knockdown. Although SV proteins were not immunoisalated
on syntabulin-associated membranous vesicles, it was shown that the axonal density
of synaptophysin was reduced in syntabulin knockdown [201]. Synapsin I has been
identified in the FEZ1/kinesin-1 associated vesicles [290]. Therefore, FEZ1 might be
directly involved in transport of synapsin I containing STVs (as described in [96]).
Moreover, partial loss of synapsin I puncta in FEZ1 knockdown could be explained
by deficient transport of N-cadherin, present on Bassoon and Piccolo transport pack-
ets [89, 201]. This in turn leads to reduced recruitment and clustering of synaptic
vesicles to the presynaptic sites [347, 348]. Overall, dispersion of synapsin I puncta
points to a direct or indirect influence of FEZ1 in its proper distribution.

4.4. FEZ1 in dendritic morphology

Axonal density of Bassoon in FEZ1 knockdown in older neurons appeared similar to
normal condition. This suggests that at least some of the neurons were able to even-
tually compensate for the loss of FEZ1 by upregulating other transport pathways of
AZ precursors, for instance by increasing the expression of syntabulin [206]. It is also
possible that FEZ1-mediated transport is more crucial in the earlier developmental
stages of neuron. Consistently, the density of postsynaptic specializations was not
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significantly different between FEZ1 knockdown and control neurons on DIV14-15.
This is in agreement with several studies that suggest a correlation between clustering
of presynaptic and postsynaptic proteins [322, 320, 321].

Although the density of PSDs remained normal, FEZ1 knockdown led to a shift from
mushroom spines to filopodia-like protrusions. The presence of mostly filopodial pro-
trusions in dendrites of older neurons has important implications on the role of this
protein in synapse development. Dendritic spines exhibit a highly dynamic and ex-
perience dependent morphology [349, 350]. A number of neurological diseases exhibit
abnormal spine size, shape or number as common symptoms. Specifically, reduced
spine density and appearance of thin dendritic spines have been long associated with
mental retardation [335, 351, 352, 337, 353]. A larger number of filopodium-like
spines accompanied by a reduction in mushroom and stubby spines, with an overall
decrease in spine density have also been observed in individuals with Down syndrome
[354]. Decreased spine density has also been observed in schizophrenia [332, 333].

FEZ1 can induce this change either by directly participating, or lack thereof in FEZ1
knockdown, in transport of presynaptic cargos. While transport of various cargos
in the spine by actin based myosin motor proteins has been extensively studied
[355, 356, 357, 358], entry of microtubules into dendritic spines has been a recent
topic of research [359, 171, 360]. Presence of MT in the dendritic spines implies
possible roles of kinesin-mediated transport in spinogenesis. For instance, it has
been recently shown that kinesin-3 (KIF1A) is trafficked into the spines, and its
loss leads to a reduced spine density, along with an increase in dendritic filopodia.
The abnormal spine morphology is speculated to be a result of interrupted transport
of cargos into the spines [361]. It is therefore plausible to hypothesize that FEZ1
deletion also influences dendritic morphology through interrupting proper transport
of its cargos. Although this does not coalesce with the preliminary observation
that Bassoon is normally distributed in FEZ1 knockdown in mature neurons, more
elaborate characterizations of the synaptic markers at this time-point might reveal
other presynaptic abnormalities.

On the other hand, FEZ1 immunoisolated traffic vesicles have shown to contain post-
synaptic material, such as Gephyrin and Shanks [290]. Therefore, FEZ1-mediated
transport of postsynaptic cargos into the spines is also an intriguing possibility. The
postsynaptic phenotype also ties in with the decreased dendrite complexity observed
upon FEZ1 knockdown. Dendrite arborization and branching is an important process
during neuronal development and is regulated by various intrinsic and environmental
cues[362, 363]. Simultaneous deficiencies in dendrite branching and reduced spine
density have been shown in neurological disorders associated with intellectual dis-
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abilities, such as Down syndrome [364, 365, 366, 367] and Coffin-Siris syndrome [368].
These phenotypes together suggest a role for FEZ1 in overall neural network connec-
tivity. Analysis of postsynaptic compartment in FEZ1 knockdown reveals exciting
implications of this protein in development of neurons and possibly in neurological
diseases.

4.5. FEZ1 does not alter the synaptic release

Synaptic boutons in FEZ1 knockdown neurons responded similarly to normal con-
dition when stimulated by different action potential trains. Previously, it has been
shown that neurons on DIV14-21 exhibit an approximate 5% signal loss of CypHer5E-
syt1 in response to 50 APs at 20 Hz [345], which is comparable to what I observe
in both control and knockdown neurons. However, stimulating with 600 APs should
induce the exocytosis of the entire releasable SV pool, indicated by a larger reduction
in the CypHer5E fluorescent intensity [345]. This is not observed in my CypHer5E
experiments in neither control nor knockdown neurons. Considering that this trend
was persistent in all three repetitions, it is possible that neurons are not properly
stimulated at this time-point. Performing release assays at a later stage in neu-
rons could reveal more details on possible effects of FEZ1 loss in neurotransmission.
Loss of function of syntabulin has been shown to decrease FM dye uptake by the
presynaptic boutons, in addition to reduced amplitude of PSCs [201]. Moreover, pre-
liminary ultrastructure analysis of synapses in FEZ1 knockdown suggests that there
is a slight but significant reduction in the number of docked SVs to the active zone.
There are a number of studies supporting a model where readily releasable pool and
docked vesicles are positively correlated [369, 20, 22, 370, 371]. Therefore, collect-
ing more data on EM analysis of the synapses in FEZ1 knockdown, and perhaps
investigating neurotransmitter release by an alternative electrophysiological method
(e.g. using a different marker for release or performing the experiments at a different
developmental stage) are interesting routes to follow up.
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A.1. Confirmation of FEZ1 knockdown efficacy by
Western blotting

To ensure that the designed gRNAs efficiently knocked down the expression of FEZ1
in neurons, during this study neuron lysates were analyzed multiple times by SDS-
PAGE. Actin was used as the loading control, and the protein bands were visualized
by using fluorescent labeled secondary antibodies (Figure A.1.1.a). The expression
of synaptophysin and PSD95 were also assessed, to verify that the expression of
synaptic proteins are not affected by FEZ1 gRNA (Figure A.1.1.b).
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Figure A.1.1.: The efficiency of FEZ1a and FEZ1b gRNAs were confirmed
by Western blotting. (a) Neurons were infected with lentiviruses expressing
gRNAs targeting either LUC or FEZ1 gene (FEZ1a) on DIV1 and lysed on DIV7.
The blot was probed by fluorescent labeled antibodies, and the signal intensity
was quantified. The results are from 2 independent experiments. (b) Neurons
were transduced by increasing amounts of lentiviruses expressing FEZ1a or FEZ1b
gRNA on DIV1, and the expression of FEZ1, in addition to synaptophysin and
PSD95 on DIV14. The expression of FEZ1 remains effectively ablated in mature
neurons, while the expression of synaptic markers is unaffected.
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A.2. Immunocytochemistry of FEZ1 knockdown
neurons

The efficacy of gRNAs was further assessed by immunostaining for endogenous FEZ1
in infected neurons. Control neurons exhibited localization of FEZ1 in the cell soma
as well as the neurites. However, the presence of FEZ1 signal, specifically in the
neurites, was marginally reduced in neurons infected with either FEZ1a or FEZ1b
(Figure A.2.1). FEZ1 signal was not entirely abolished upon acute knockdown in
neurons due to the early onset of FEZ1 expression during the embryonic period [372].

GFP

FEZ1

LUC FEZ1a

lentivirus (with GFP) lentivirus (no GFP)

Cas9

FEZ1

LUC FEZ1b

a b

Figure A.2.1.: Immunocytochemistry of FEZ1 knockdown neurons. (a)
Neurons were infected with lentiviruses expressing either LUC or FEZ1a gRNA
along with GFP. (b) Neurons were infected with viruses expressing either LUC or
FEZ1b gRNA with no GFP. The infected neurons were detected by immunostain-
ing with cas9 antibody. Scale bar = 10 µm.
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A.3. MATLAB code for spot detection

1 % [ frameInfo imgDenoised ] = detectSpotsWT (img , S, dthreshold ,

postProcLevel )

2 %

3 % Performs detection of local intensity clusters through a

combination of

4 % multiscale products and denoising by iterative filtering

from

5 % significant coefficients :

6 % Olivo -Marin , " Extraction of spots in biological images using

multiscale products ," Pattern Recoginition 35, pp.

1989 -1996 , 2002.

7 % Starck et al., "Image Processing and Data Analysis ," Section

2.3.4 , p. 73

8 %

9 % INPUTS : img : input image (2D array)

10 % {S} : postprocessing level.

11 % { dthreshold } : minimum allowed distance of

secondary maxima in large clusters

12 % { postProcLevel } : morphological post processing

level for mask

13

14 % Parts of this function are based on code by Henry Jaqaman .

15 % Francois Aguet , March 2010

16

17 function [ frameInfo imgDenoised ] = spotDetector (img , S,

dthreshold , postProcLevel )

18

19 if nargin <2

20 S = 4;

21 end

22 if nargin <3

23 dthreshold = 5;

24 end

25 if nargin <4

26 postProcLevel = 1;

27 end

28

29
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30 maxI = max(img (:));

31 minI = min(img (:));

32 [ny nx] = size(img);

33

34 % ===================================================

35 % Iterative filtering from significant coefficients

36 % ===================================================

37 imgDenoised = significantCoefficientDenoising (img , S);

38

39

40 res = img - imgDenoised ; % residuals

41 sigma_res0 = std(res (:));

42

43 delta = 1;

44 while delta > 0.002

45 resDenoised = significantCoefficientDenoising (res , S);

46 imgDenoised = imgDenoised + resDenoised ; % add significant

residuals

47 res = img - imgDenoised ;

48 sigma_res1 = std(res (:));

49 delta = abs( sigma_res0 / sigma_res1 - 1);

50 sigma_res0 = sigma_res1 ;

51 end

52

53 % ===================================================

54 % Multiscale product of wavelet coefficients

55 % ===================================================

56 % The support of the objects is given by the multiscale

product in the wavelet domain .

57 W = awt( imgDenoised , S);

58 imgMSP = abs(prod(W(: ,: ,1:S) ,3));

59

60

61 % ===================================================

62 % Binary mask

63 % ===================================================

64 % Establish thresholds

65 [imAvg imStd] = localAvgStd2D ( imgDenoised , 9);

66

67 mask = zeros(ny ,nx);
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68 mask (( imgDenoised >= imAvg +0.5* imStd) & ( imgDenoised .* imgMSP

>= mean( imgDenoised (:)))) = 1;

69

70

71 % Morphological postprocessing

72 mask = bwmorph (mask , ’clean ’); % remove isolated pixels

73 mask = bwmorph (mask , ’fill ’); % fill isolated holes

74 mask = bwmorph (mask , ’thicken ’);

75 mask = bwmorph (mask , ’spur ’); % remove single pixels 8-

attached to clusters

76 mask = bwmorph (mask , ’spur ’);

77 mask = bwmorph (mask , ’clean ’);

78

79 if postProcLevel >= 1

80 mask = bwmorph (mask , ’erode ’);

81 if postProcLevel == 2

82 mask = bwmorph (mask , ’spur ’);

83 end

84 mask = bwmorph (mask , ’clean ’);

85 mask = bwmorph (mask , ’thicken ’);

86 end

87

88

89 % rescale denoised image

90 imgDenoised = ( imgDenoised -min( imgDenoised (:))) * (maxI -minI)

/ (max( imgDenoised (:))-min( imgDenoised (:)));

91

92 imgDenoised = mask .* imgDenoised ;

93 localMax = locmax2d ( imgDenoised , [9 9]);

94

95 % ===================================================

96 % Process connected components

97 % ===================================================

98 [labels , nComp] = bwlabel (mask , 8);

99

100 area = zeros(nComp , 1);

101 totalInt = zeros(nComp , 1);

102 nMaxima = zeros(nComp , 1);

103 xmax = zeros(nComp , 1);

104 ymax = zeros(nComp , 1);
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105 xcom = zeros(nComp , 1);

106 ycom = zeros(nComp , 1);

107 labelVect = zeros(nComp , 1);

108

109 xmax2 = cell(nComp , 1);

110 ymax2 = cell(nComp , 1);

111 area2 = cell(nComp , 1);

112 totalInt2 = cell(nComp , 1);

113 labelVect2 = cell(nComp , 1);

114

115 % Compute area and center of mass for each component

116 stats = regionprops (labels , imgDenoised , ’Area ’, ’

WeightedCentroid ’, ’PixelIdxList ’);

117

118 % component labels of local maxima

119 maxLabels = labels .* ( labels & localMax >0);

120 maxCoords (1: nComp) = struct (’PixelIdxList ’, []);

121 mc = regionprops (maxLabels , ’PixelIdxList ’);

122 maxCoords (1: length (mc)) = deal(mc);

123

124

125 for n = 1: nComp

126 %[yi ,xi] = find( labels == n); % coordinates of nth

component

127 [yi ,xi] = ind2sub ([ny nx], stats(n). PixelIdxList );

128 [ym ,xm] = ind2sub ([ny nx], maxCoords (n). PixelIdxList );

129 area(n) = stats(n).Area;

130 com = stats(n). WeightedCentroid ;

131 xcom(n) = com (1);

132 ycom(n) = com (2);

133

134 values = imgDenoised (stats(n). PixelIdxList );

135 totalInt (n) = sum( values );

136

137 nMaxima (n) = length (xm);

138 if nMaxima (n)==1

139 xmax(n) = xm;

140 ymax(n) = ym;

141 nMaxima (n) = 1;

142 labelVect (n) = labels (ym ,xm);
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143 elseif nMaxima (n)==0 % no maximum was detected for this

cluster

144 maxValueIdx = find( values == max( values ));

145 xmax(n) = xi( maxValueIdx (1));

146 ymax(n) = yi( maxValueIdx (1));

147 nMaxima (n) = 1;

148 labelVect (n) = labels (ymax(n), xmax(n));

149 else % resolve multiple maxima cases

150 maxValues = localMax ( sub2ind (size( localMax ), ym , xm));

% highest local max

151 maxIdx = find( maxValues == max( maxValues ));

152 xmax(n) = xm( maxIdx (1));

153 ymax(n) = ym( maxIdx (1));

154 labelVect (n) = labels (ymax(n), xmax(n));

155

156 % remove highest max from list

157 xm( maxIdx (1)) = [];

158 ym( maxIdx (1)) = [];

159

160 % compute distance of secondary maxima to primary

161 dist2max = sqrt (( xmax(n)-xm).^2 + (ymax(n)-ym).^2);

162 dist2com = sqrt (( xcom(n)-xm).^2 + (ycom(n)-ym).^2);

163 mindist = min(dist2max , dist2com );

164

165 % retain secondary maxima where mindist > threshold

166 idx2 = find( mindist > dthreshold );

167 if ~ isempty (idx2)

168 xmax2{n} = xm(idx2);

169 ymax2{n} = ym(idx2);

170 nSecMax = length (idx2);

171 nMaxima (n) = nSecMax +1;

172

173 % split area

174 area2{n} = area(n)*ones(nSecMax ,1)/ nMaxima (n);

175 area(n) = area(n)/ nMaxima (n);

176 labelVect2 {n} = labels ( sub2ind (size( labels ), ymax2

{n}, xmax2{n}));

177

178 % intensity values
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179 totalInt2 {n} = totalInt (n)*ones(nSecMax ,1)/ nMaxima

(n);

180 totalInt (n) = totalInt (n)/ nMaxima (n);

181 end

182 end

183 end

184

185 xmax2 = vertcat (xmax2 {:});

186 ymax2 = vertcat (ymax2 {:});

187 totalInt2 = vertcat ( totalInt2 {:});

188 area2 = vertcat (area2 {:});

189 labelVect2 = vertcat ( labelVect2 {:});

190

191 % assign results to output structure

192 frameInfo .xmax = [xmax; xmax2 (:) ];

193 frameInfo .ymax = [ymax; ymax2 (:) ];

194 frameInfo .xcom = [xcom; xmax2 (:) ];

195 frameInfo .ycom = [ycom; ymax2 (:) ];

196 frameInfo . totalInt = [ totalInt ; totalInt2 (:) ];

197 frameInfo .area = [area; area2 (:) ];

198

199 frameInfo . nMaxima = nMaxima ; % maxima per component

200 frameInfo . labels = [ labelVect ; labelVect2 (:) ];

201 frameInfo .nComp = nComp;

202

203 frameInfo .maxI = maxI;

204 frameInfo .minI = minI;

205

206

207 % prepare fields for tracker

208 nObj = length ( frameInfo .xmax);

209 frameInfo .amp = zeros(nObj ,2);

210 frameInfo . xCoord = zeros(nObj ,2);

211 frameInfo . yCoord = zeros(nObj ,2);

212

213 frameInfo .amp (: ,1) = frameInfo . totalInt ;

214 frameInfo . xCoord (: ,1) = frameInfo .xcom;

215 frameInfo . yCoord (: ,1) = frameInfo .ycom;

216

217 frameInfo .path = [];
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218 frameInfo . maskPath = [];

219

220

221

222

223 % =======================

224 % Subfunctions

225 % =======================

226 function result = significantCoefficientDenoising (img , S)

227 mask = zeros(size(img));

228 result = zeros(size(img));

229 W = awt(img , S);

230 for s = 1:S

231 tmp = W(:,:,s);

232 mask(abs(tmp) >= 3* std(tmp (:))) = 1;

233 result = result + tmp .* mask;

234 end
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