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Abstract

Cyclin-dependent kinase-like 5 (CDKL5) deficiency disorder (CDD) is a
monogenic developmental and epileptic encephalopathy with onset in early
infancy that is caused by mutations in the CDKL5 gene. CDD patients often
exhibit profound neurodevelopmental delay, visual and motor deficits, and
autistic-like manifestations, whereas epileptic seizures typically appear as
early as the third week after birth. CDKL5 is a neuron-specific serine/threonine
kinase that has been implicated in different cellular processes including
neurite outgrowth, microtubule remodelling, and synaptogenesis. Animal
models of CDKL5 deficiency have revealed phenotypes associated with
defective neurotransmission. However, the potential role of CDKL5 in
presynaptic processes and synaptic vesicle (SV) membrane trafficking remains

unknown.

In this project, we used a novel CDKL5 KO rat model to detect potential
phenotypes that are linked to loss of CDKL5 function. Using a genetically
encoded fluorescent reporter, we revealed that absence of CDKL5 results in
defective SV recycling in an activity-dependent manner in primary
hippocampal neurons. Using a molecular replacement strategy, we showed
that the kinase domain of CDKL5 was able to restore the speed of SV
endocytosis indicating that the catalytic activity of CDKL5 is essential for its
role in SV recycling. In agreement, we revealed that CDKL5 mutants either
lacking the kinase domain or containing kinase-inactive mutations reported in
CDD patients were unable to rescue this impairment suggesting that defective

presynaptic processes may contribute to the CDD onset.
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Since the kinase activity is critical for CDKL5-mediated SV recycling, we
also explored whether the phosphorylation levels of its in vitro presynaptic
substrate, amphiphysin 1 (Amph1), were altered in CDKL5 KO neurons. We
revealed that CDKL5 does not exert its presynaptic role by phosphorylating
Amphl at S293. At the same time, this work showed that Amphl-mediated
complexes are important for SV endocytosis in presynaptic terminals.
Furthermore, we mapped the Amphl motif that interacts with a different
endocytosis protein, endophilin Al, and we demonstrated that the Amph1-
endophilin Al complex is essential for SV regeneration. Finally, the
phosphorylation dynamics at Amphl1-5293 dictates both Amphl-mediated
interactions with endophilin Al and SV endocytosis, indicating that
phosphorylation-dependent Amphl-endophilin Al interaction is essential for
optimal SV endocytosis. Overall, this study offers the first evidence of a
presynaptic role of CDKLS5 that is mediated through its kinase activity and
creates the basis for future research on presynaptic CDKL5 that could lead to

potential treatments for CDD patients.



Lay summary

Cyclin-dependent kinase-like 5 (CDKLS5) deficiency disorder (CDD) is an
infant disorder that is characterised by intellectual disability and epilepsy. In
CDD, modifications in the region of DNA that produces the human CDKL5
protein are responsible for constructing a damaged and dysfunctional version
of the protein. CDKLS5 is present in nerve cells (neurons) in the brain, and its
role is to attach a chemical group called phosphate to other proteins to modify

their function.

Neurons have the ability to transfer information from one to another. Two
neurons meet each other at a junction called synapse that has two sides, a
delivering presynaptic part and a receiving postsynaptic part. Small packs of
chemical molecules, known as synaptic vesicles (S5Vs), are used for the
delivery. The most important work of the presynaptic side is the preparation
of SVs for delivery, the delivery itself, and then the reformation of SVs for the
next round. Poor communication between the presynaptic and postsynaptic
part leads to various disorders similar to CDD with the presynaptic part alone
being critical for many of them. CDD is currently untreatable; as a result, it is
very important to understand what roles the CDKL5 protein plays in the

presynaptic side that could potentially assist the appearance of CDD.

In this study, we used neurons from rat brains that were not able to
produce any CDKLS5 protein to test if the SV cycle or any other process at the
presynaptic side of the neuron was damaged. In neurons lacking CDKL5
protein, we found that the SV cycle becomes dysfunctional with the
reformation of SVs taking more time compared to neurons producing CDKL5.

Furthermore, we reported that inability of CDKL5 to add phosphate groups to
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other proteins was key for slowing SV reformation. We tested whether one of
these proteins was amphiphysin 1 (Amphl), since CDKL5 was previously
shown to add phosphate to it. Amphl generally assists the SV reformation at
the presynaptic side, however we revealed that CDKL5-dependent phosphate
addition to Amphl played no role in SV reformation. At the same time, we
explored the role of Amphl in SV reformation by examining its ability to bind
to a number of proteins. Changes in Amphl that mimicked the addition of
phosphate revealed that its interactions were altered with a different protein
called endophilin. Furthermore, SV reformation was also affected, revealing
that Amph1 binding to endophilin is important for this process. Overall, this
project shows for the first time that CDKL5 is necessary for proper SV
recycling at the presynaptic side and its loss might damage communication
between neurons leading to CDD. This breaks new ground for future research
on presynaptic CDKL5 that could lead to potential treatments for CDD

patients.
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Chapter 1: Introduction

All animal central nervous systems (CNSs) consist of two cellular
components, neurons and glial cells, that are initially organised into neural
circuits and further into neural systems. Neural systems serve distinct
purposes, including processing of different types of information from the
environment (sensory), organisation and generation of actions (motor), or
performing higher brain functions, such as memory, emotions, language,

perception, and thinking.

Most neurons are specialised for long-distance electrical signalling and
intercellular communication. These properties are attributed to the electrically
excitable character of the neuronal membrane and the overall neuronal
morphology. Two major features of neurons protrude from the cell body, the
axon and the dendrites. The axon has numerous nerve terminals and can
extend for a long distance from the cell body. On the other hand, the dendrites
are characterised by extensive branching and can expand to a large surface in
the vicinity of the cell body. Typically, the axonal terminal of a neuron reaches
a particular region on the dendrites or cell body of a following neuron forming
a specialised site, the synapse, that lacks physical connection, however.
Intercellular communication occurs mainly in a unidirectional manner with
postsynaptic elements being responsible for receiving inputs from the nerve
terminals of presynaptic neurons that are then integrated and transmitted

towards the axon. Axons, in turn, can deliver electrical activity towards nerve



terminals over long distances as “action potentials” due to regulated ion

exchange across the neuronal membrane.

1.1 Neuronal communication at central synapses

Since the time of the “War of the Soups and the Sparks”}, it is now well
established that neuronal communication occurs mainly through chemical
transmission at synapses. Synaptic signalling involves the release of chemical
neurotransmitters, stored in synaptic vesicles (5Vs) within the presynaptic
nerve terminal, that bind to and activate receptors residing on the postsynaptic
neuron triggering a cascade of intracellular reactions. The main excitatory
neurotransmitter is the amino acid glutamate, whereas the main inhibitory
neurotransmitter is y-aminobutyric acid (GABA). Neurotransmitter secretion
occurs in discrete quanta and is mediated by SV exocytosis in a calcium-
dependent manner, usually after depolarization of the presynaptic membrane.
After exocytosis, the membrane corresponding to fused SVs together with
their molecular components is endocytosed via various modes and SVs are
subsequently recycled. This membrane recycling that SVs undergo in nerve
terminals is adequately fast and necessary to prevent any shortage due to

continuous neurotransmission preserving thus neuronal activity.

1 Reference is made here on the book “The War of the Soups and the Sparks” by Elliot S.
Valenstein (Columbia University Press, 2005) that describes the debate over whether neuronal
impulses are transmitted electrically or chemically that emerged between pharmacologists
and electrophysiologists in the 1950s.



1.1.1 Neurotransmitter release

Neurotransmitters are released through SV exocytosis generally in
response to excitation of the presynaptic membrane that occurs upon arrival
of action potentials. During exocytosis, SVs fuse with the lipid bilayer of the
plasma membrane allowing their content to be secreted into the surrounding
presynaptic cleft. Although exocytosis is a common mechanism of membrane
trafficking in cells, exocytosis of SVs differs as it is a calcium-dependent
process and takes place exclusively at a specialised site of the presynaptic
membrane, known as active zone, that spans opposite to the postsynaptic
density (PSD). The depolarization of the presynaptic membrane results in
opening of voltage-gated calcium channels that are organised in nano- or
microdomains within the active zone leading to influx of calcium into the
nerve terminal (Eggermann et al., 2011; Dolphin & Lee, 2020). This initiates the
fusion of SVs with the local neuronal membrane, but only those physically
attached to the active zone. These requirements prior to fusion indicate that

SV exocytosis is a complex multi-step cellular process.

One of the steps that precedes SV fusion is the physical translocation of SVs
closer to the active zone. In general, SVs are organised into functionally
distinct clusters within the cytoplasm of individual presynaptic boutons
(Crawford & Kavalali, 2015). These vesicle subpopulations differ in size,
mobility, position with respect to the active zone and are generally supplied
by different modes of endocytosis (Fowler & Staras, 2015). Under prolonged
stimulation, SVs composing the recycling pool move to the active zone to
replenish vesicles as they are exocytosed. The recycling pool is considered to
reside close to the active zone bound to a cytoskeletal matrix that includes

various protein components, such as Rab3-interacting protein (RIM), ELKs,



bassoon, and piccolo (Schikorski & Stevens, 2001; Emperador-Melero &
Kaeser, 2020). The remaining SVs form the reserve pool (or resting pool) that
constitutes around 50 % of the total vesicle pool in rodent hippocampal
synapses and is confined to a static state of unknown physiological
significance (Crawford & Kavalali, 2015). SVs are held together with the help
of synapsin, a peripheral vesicle protein, via phase separation (Shupliakov et
al., 2011; Orenbuch et al., 2012; Milovanovic et al., 2018; X. Chen et al., 2020;
Pechstein et al., 2020). SV pools are dynamic entities both within and across
synapses and evidence suggests that synapsin is the major regulator of vesicle
mobility (Fernandez-Alfonso & Ryan, 2008; Bykhovskaia, 2011). Whether
sorting of SVs originating from different cluster locations or endocytosis spots
involves partly diffusion or is mediated entirely by actin and motor proteins,
such as myosin V, has not been fully clarified (Ryan, 1999; Gramlich &
Klyachko, 2017). Nevertheless, it has been supported that the interplay
between Cdk5-mediated phosphorylation and calcineurin-mediated
dephosphorylation of synapsin 1 is important for sorting newly endocytosed

SVs (Fassio et al., 2016).

After being recruited to the active zone, SVs are subjected to docking and
priming that refers to their physical attachment to the release site and
activation of the release machinery, respectively. Docked and primed SVs are
considered a distinct vesicle pool of the nerve terminal known as the readily
releasable pool (RRP) and they are the first vesicles to be fused in response to
brief stimulus. In cultured hippocampal neurons, ~4 docked vesicles are
estimated to exist per synapse, whereas electron microscopy studies revealed
that the RRP consists of ~10-15 (Ariel et al., 2012; Kaeser & Regehr, 2017).
Undocked vesicles close to empty docking sites form connections to the same

active zone macromolecules that hold the docked vesicles at rest (Szule et al.,



2012). Docking is achieved by interaction of the vesicle protein VAMP2 or
synaptobrevin 2 with the plasma membrane proteins SNAP-25 and syntaxin 1
forming a heterotrimeric complex known as soluble N-ethylmaleimide-
sensitive factor (NSF)-attachment receptor (SNARE) complex and the
assistance of proteins of the active zone, such as the Rab3-interacting molecule
(RIM) and Munc13 (Dulubova et al., 2005; Jahn & Fasshauer, 2012; Kaeser &
Regehr, 2017). RIM interacts with the vesicle protein Rab3 tethering the SV at
the release site (Wang et al., 1997). Attached SVs undergo priming, a reaction
to make them competent for fusion in a calcium-triggered manner, with the
aid of Muncl3 and Muncl8 (Lai et al., 2017). Muncl8 is cytosolic protein
interacting tightly with syntaxin 1 that adopts a “closed” conformation
preventing possibly a premature SNARE complex assembly as well as
controlling the timing of the SNARE activation (Verhage & Sorensen, 2008;
Jahn & Fasshauer, 2012). Furthermore, Muncl8 also participates in docking in
chromaffin cells (Voets et al., 2001), although the number of docked SVs
remains unaltered in Muncl8-deficient terminals (Verhage et al., 2000). The
Muncl3-facilitated dissociation of Muncl8 from syntaxin 1 allows the
assembly of the SNARE complex where syntaxin 1 participates in an “open”
state (Lai et al., 2017). The activation of the SNARE complex at the release site
forces the lipid bilayer of the SV to closely associate with the lipid bilayer of
the active zone. Two structures of four parallel a-helices from the SNARE
proteins are formed on both sides of the attached vesicle (zippering) that
extend into the membrane (Sutton et al., 1998; Stein et al., 2009; Sinha et al.,
2011). The docking and priming together require about 10-20 ms and are both

reversible.

Calcium induces the completion of fusion in less than 0.5 ms involving the

binding of multiple calcium ions at calcium binding C2 domains (Shao et al.,



1998; Ubach et al., 1998; Ubach et al., 2001). Several candidates bearing C2
domains are present at SVs and active zones, however, synaptotagmin 1
containing two C2 domains, C2A and C2B, constitutes the major calcium
sensor for synchronous evoked release (Geppert et al., 1994; Fernandez-
Chacon et al., 2001). Synaptotagmin 1 interacts with the SNARE complex
through several interfaces including a large calcium-independent interface
(Zhou et al., 2015). Upon calcium binding, synaptotagmin 1 binds to curved
membranes promoting the SNARE-mediated fusion of SVs (Martens et al.,
2007; Hui et al., 2009). Despite that several mechanisms have been proposed
for the synaptotagmin 1-SNARE complex cooperation (Rizo, 2018), this results
in the opening of a fusion pore that expands as the SV membrane merges with
the local neuronal membrane allowing the release of neurotransmitters.
Another small cytosolic protein, named complexin, partially promotes the
stabilization of the zippered SNARE complex and also activates it for
synaptotagmin 1-regulated fusion (Xue et al., 2008; Xue et al., 2010; Jahn &
Fasshauer, 2012; Yang et al., 2013). After completion of fusion, conformational
changes in NSF due to ATP hydrolysis result in the dissociation of the SNARE
complex with the aid of the cytosolic factor a-SNAP (Sollner et al., 1993;
Hanson et al., 1997; Rizo, 2018) allowing therefore for another round of

exocytosis to occur.

1.1.2 Synaptic vesicle regeneration

The limited number of SVs in presynaptic terminals in combination with
the altered surface tension established after SV fusion urges SVs to be
reformed in order to avoid their depletion upon repeated rounds of exocytosis

as well as to preserve membrane homeostasis. Retrieval of SVs occurs at the



periactive zone region through distinct endocytosis pathways that include the
clathrin-mediated endocytosis (CME) and three clathrin-independent modes
known as activity-dependent bulk endocytosis (ADBE), ultrafast endocytosis,
and “kiss-and-run” depicted in Figure 1.1 (Milosevic, 2018). Except for their
clathrin-dependency, these pathways differ in terms of the size of the
internalised synaptic membrane: in CME, endocytosed clathrin-coated
vesicles are of similar size to SVs (described in more depth in 1.1.2.1 Clathrin-
mediated endocytosis); in ADBE, large membrane invaginations are observed,
known as bulk endosomes (described in detail in 1.1.2.2 Activity-dependent
bulk endocytosis); in ultrafast endocytosis, large endocytic vesicles are
reported that do not reach the size of bulk endosomes; and lastly, in “kiss-and-
run”, a transient fusion pore closes to directly reform the exocytosed SV. The
stimulation conditions, kinetics, temperature sensitivity, neuronal subtype,
and presynapse maturity are additional aspects that determine the SV
endocytosis route (Renden & von Gersdorff, 2007; Gan & Watanabe, 2018;
Chanaday et al., 2019). Newly endocytosed SVs are subsequently reacidified
and refilled with neurotransmitters with the aid of the vacuolar-type H*-
ATPase that drives protons into the SV lumen upon ATP hydrolysis and
vesicular neurotransmitter transporters that utilise the protonmotive force
generated to accumulate neurotransmitters (Farsi ef al., 2017; Gowrisankaran
& Milosevic, 2020). Neurotransmitter-filled SVs either supply the reserve pool
for future use or return to the local recycling pool to enter another cycle of
fusion. Since SV endocytosis is key for the SV regeneration and defines their
fate in the presynaptic bouton, different mechanisms of SV endocytosis are
reviewed in the following subsections with a special focus on CME and ADBE

that have been explored in this thesis.
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Figure 1.1 Main modes of SV endocytosis in nerve terminals

Schematic illustration of the major routes of SV endocytosis in nerve terminals that
include “kiss-and-run”, CME, ultrafast endocytosis, and ADBE as illustrated in the
figure. “Kiss-and-run” involves the SV regeneration after closure of the fusion pore
without having been preceded by a full fusion with the presynaptic membrane.
CME occurs via clathrin-coated vesicles that bud directly from the plasma
membrane. Ultrafast as well as bulk endocytosis involve the formation of large
endosome-like structures from which SVs bud subsequently. Adapted from Jahne

et al. (2015).



1.1.2.1 Clathrin-mediated endocytosis

CME is a ubiquitous process of eukaryotic cells that refers to the uptake of
surface material into the cytoplasm employing clathrin-coated vesicles
(McMahon & Boucrot, 2011). In nerve terminals, CME occurs with time
constants over 5-10 s making CME a slow type of SV endocytosis with respect
to other endocytosis mechanisms (Milosevic, 2018). Clathrin is composed of
three clathrin heavy chains that form a trimeric structure known as triskelion
and three clathrin light chains that have a regulatory role. Triskelia interact
with each other to form polygonal “cages” that enclose invaginated endocytic
pits. CME occurs in five successive stages that include initiation, cargo
loading, membrane bending, vesicle scission, and disassembly of the coat

(Kaksonen & Roux, 2018).

The process starts with the clustering of coat proteins in the cytosolic side
of endocytic pits that display high local concentration of transmembrane
proteins meant to be incorporated into the retrieved SV (cargo) and
phosphatidylinositol 4,5-bisphosphate PI(4,5)P: phospholipids (Antonescu et
al., 2011). These two signatures of endocytic sites act as the seed for promoting
the endocytic coat assembly at a specific location. Although CME is named
after clathrin, this endocytic coat consists also of clathrin-associated adaptors
that mediate the attachment of the clathrin “cage” to the plasma membrane
and cargo, such as the heterotetrameric adaptor protein 2 (AP2) complex and
the F-BAR domain only protein 1/2 (FCHO1/2) (Henne et al., 2010; Kelly et al.,
2014). In addition, several scaffold proteins are recruited that participate in
assembling the coat components together. Proteins with scaffolding activities
are the epidermal growth factor receptor substrate 15 (EPS15), EPS15-like 1
(EPS15R) and intersectin (Marie et al., 2004; Koh et al., 2007). Binding of the



AP2 complex allows the recruitment of clathrin thus forming a clathrin-coated
pit after being progressively polymerised to curved lattice. In parallel,
interaction between the cytosolic region of cargo molecules and coat proteins
results in cargo accumulation in the coated sites of the membrane and
simultaneously induces membrane bending (Traub, 2009). Initiation-
promoting adaptor and scaffolding proteins in addition to other cargo-
associated adaptors, such as proteins of the clathrin assembly lymphoid
myeloid leukaemia (CALM) family, AP180 and epsins, are essential for cargo
loading and membrane bending (Ford et al., 2001; Ford et al., 2002; Miller et al.,
2015).

Following clathrin-coat assembly and cargo loading, the initial membrane
bending deepens progressively enabling the budding of the clathrin-coated
pit. Membrane curvature is mediated by several endocytic elements including
coat-associated proteins, actin filaments as well as scission-related proteins
(Saheki & De Camilli, 2012; Kaksonen & Roux, 2018). Although the way
clathrin lattice contributes to forcing membrane to deform is still debatable,
other coat proteins that bear amphipathic helices are involved including
AP180 and epsin initially, while sorting nexin 9 and FBP17 arrive later as the
membrane bending progresses (Ford et al., 2002; Miller et al., 2015). Evidence
also supports a role for actin cytoskeleton in membrane shaping according to
which regulatory proteins of the neural Wiskott-Aldrich syndrome protein (N-
WASP) induce transient actin nucleation at endocytic sites mediated by actin-
related protein 2/3 (ARP2/3) and other actin-related components (McMahon &
Boucrot, 2011; Li et al., 2015).

During vesicle scission, the neck of the mature clathrin-coated membrane
is constricted and cut to detach the clathrin-coated vesicle (CCV) from the

plasma membrane. The fission is assigned to the GTPase dynamin 1 (Dyn1)
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that polymerises to a collar-like structure surrounding the neck of the budding
vesicle upon GTP hydrolysis (Antonny et al., 2016). Dyn1 is mainly recruited
by the Bin/Amphiphysin/RVS (BAR)-containing proteins amphiphysin and
endophilin that arrive at the site of the budding pit when the membrane there
is highly bent (Daumke et al., 2014). These proteins not only are able to detect
and stabilise membrane curvature but also coordinate vesicle scission with
actin assembly and recruit uncoating elements (Frost et al., 2009; Milosevic et
al., 2011). However, whether they facilitate or block vesicle scission itself

remains quite controversial (Boucrot et al., 2012; Takeda et al., 2018).

The cargo containing CCV undergoes uncoating that involves the
dissociation of the endocytic machinery. Coat disassembly is mediated by
synaptojanin 1, a phosphatase that dephosphorylates PI(4,5)P: to PI promoting
thus the unbinding of clathrin adaptor proteins and heat shock cognate 70
(HSC70) chaperone that breaks the clathrin lattice in an energy-dependent
manner and is recruited by the clathrin-binding auxilin cofactor (Massol et al.,
2006; Perera et al., 2006; Kaksonen & Roux, 2018). The uncoated SV can fuse
with its targeted endosomal compartment from which it is retrieved and
reacidified afterwards as mentioned above in subsection 1.1.2. Alternatively,
the SV can be acidified and directly supply the recycling pool, whereas
endocytic components can be reused for another round of endocytosis

(Milosevic, 2018).

1.1.2.2 Activity-dependent bulk endocytosis
While CME can support neurotransmission at a slow rate and under mild

to moderate depolarising conditions, faster endocytosis processes are required

upon increased neuronal activity. ADBE is the predominant pathway
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employed during intense activity levels and involves the clathrin-independent
internalisation of large plasma membrane regions (Clayton et al., 2008;
Kasprowicz et al., 2008). These membrane invaginations undergo scission in a
couple of seconds forming bulk endosomes often larger than 100 nm in
diameter (Wu & Wu, 2007; Clayton et al., 2008). After bulk endosomes are
retrieved, SVs bud from their surface with the aid of a clathrin lattice
comparable to that of the CME pathway although other patterns for
regenerating endosome-derived SVs have been described (Cheung & Cousin,

2013; Milosevic, 2018).

ADBE acts as a highly regulated homeostatic mechanism for balancing the
presynaptic net surface area upon increased excitation and restocking the SV
pool when the neurotransmission demands are high. What seems to drive the
formation of a large invagination instead of a clathrin-coated vesicle (as in
CME) or a large endocytic vesicle (as in ultrafast endocytosis) is tightly
associated with the dependence of ADBE on the strength of the stimulus.
ADBE initiation is coupled with preceding calcium-induced SV fusion
triggered by high stimulation frequencies (Wenzel et al., 2012; Morton et al.,
2015). Firstly, high calcium influx due to elevated activity increases the
presynaptic calcium concentration at such a level that can be detectable in the
region adjacent to the active zone activating a series of downstream events that
differentially switch on ADBE compared to other SV recycling pathways.
EGTA-AM achieves to block ADBE proving that delocalised calcium is needed
to trigger it (Morton et al., 2015). Secondly, this calcium influx is likely to utilise
preferentially ADBE-promoting calcium channels, such as the SV-associated
calcium channel Flower that is transferred to the periactive zone where ADBE

occurs upon fusion (Yao et al., 2017).
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Initially, calcium accumulation induces the calcium-dependent
phosphatase calcineurin to form a complex with calmodulin and Dyn1 and
dephosphorylate the latter (Clayton et al., 2009; Xue et al., 2011). The
dephosphorylated form of Dyn1 at S774 and S778 interacts subsequently with
syndapin 1 through utilising specific proline-rich protein motifs (Clayton et al.,
2009; Quan & Robinson, 2013). Knocking down syndapin 1 was shown to
impair ADBE in neuronal cultures similarly to presynaptic microinjection of
syndapin antibodies, pointing to a key role for syndapin 1 in mediating ADBE
(Andersson et al., 2008; Clayton et al., 2009). Syndapin 1 contains an F-BAR
domain that preferentially detects less curved membranes and thus it has been
proposed that it facilitates and stabilises the bulk membrane bending
(Andersson et al., 2008; Clayton et al., 2009). Reversibly, phosphorylation of
Dynl at S774 by glycogen synthase kinase (GSK) 3 that requires prior
phosphorylation at 5778 by cyclin-dependent kinase (CDK) 5 abolishes the
binding to syndapin 1 (Clayton et al., 2010). During high frequency
stimulation, GSK3 is phosphorylated itself by Akt and thus remains inactive
(Smillie & Cousin, 2012). Whereas the stimulus-evoked Dynl
dephosphorylation-rephosphorylation interplay dictates the binding to
syndapin 1 and thus is important for ADBE, the contribution of other
endocytic proteins whose phosphorylation state is also regulated in an
activity-dependent manner, such as amphiphysin or synaptojanin, is still

unknown.

The bulk membrane undergoes scission to form a bulk endosome that it is
possibly mediated by the GTPase activity of Dyn1 (Clayton et al., 2009; Nguyen
et al, 2012; Kasprowicz et al., 2014). Whether syndapin 1 recruits
dephosphorylated Dynl monomers at the neck of the bulk invagination to

promote scission remains unclear. Besides, it is not unlikely that other Dyn-
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binding proteins involved in CME are also implicated in ADBE. For example,
overexpression of a dominant-negative mutant of endophilin in primary
neuronal cultures impairs SV endocytosis after high frequency stimulation
(Kononenko et al., 2014). Moreover, a mutant of the Drosophila ortholog of
intersectin lacking Dyn-interacting domains causes translocation of Dynl
from the periactive zone and accumulation of large membrane invaginations
there (Winther et al., 2013). Except for Dynl, other Dyn isoforms might also
contribute to membrane scission in ADBE in the absence of Dyn1, since bulk
endosomes are reported in Dyn1/3 double knockout (KO) neurons potentially
due to the action of Dyn2 (Wu et al., 2014). A role for actin polymerisation in
both initiation and maturation of the bulk invagination has been also proposed
(Nguyen et al., 2012; Kononenko et al., 2014; Wu et al., 2016; Soykan et al., 2017).
Two regulatory molecules of ADBE, the promoting Rab GTPase Rab11 and the
inhibitory synaptotagmin 11, have been identified but their activity extends to
other retrieval modes implying that they are more general endocytosis

regulators than ADBE-specific (Wang et al., 2016; Kokotos et al., 2018).

Several SV cargoes have been identified to be also retrieved by bulk
endosomes (Kokotos et al., 2018). To date, only the vesicle-associated
membrane protein 4 (VAMP4) has been confirmed as an ADBE-specific cargo
(Nicholson-Fish et al., 2015). VAMP4 is sorted in bulk endosomes after
interacting with the adaptor protein 1 (AP1) through a dileucine motif (Peden
et al., 2001; Nicholson-Fish et al., 2015). In addition, it seems to be essential for
ADBE itself since its downregulation inhibits ADBE in neuronal cultures

(Nicholson-Fish et al., 2015).

After their internalisation, bulk endosomes undergo slow acidification
with the time constant to be estimated around 32 s (Nicholson-Fish et al., 2015).

Apart from ADBE, SVs regeneration from the endosomal membrane require
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both calcium and calcineurin (Cheung & Cousin, 2013). The calcium source for
SV reformation is considered to be the bulk endosome itself, since it contains
high concentration of calcium imported during ADBE and released into the
cytosol upon its acidification (Cheung & Cousin, 2013). This calcium efflux
activates calcineurin and triggers the same Dyn/syndapin interaction needed
to form bulk endosomes (Cheung & Cousin, 2019). Clathrin and different
adaptor protein complexes including AP1, AP2 and adaptor protein 3 (AP3)
are essential for facilitating SV budding from the endosomal membrane
(Cheung & Cousin, 2012; Kononenko et al., 2014). Following their retrieval,
ADBE-derived SVs restock exclusively the reserve SV pool that is employed

during high frequency stimulation (Cheung et al., 2010).

1.1.3 Presynaptic deficits in neurodevelopmental disorders

Neurodevelopmental disorders (NDs) refer to a heterogeneous group of
conditions with onset during the developmental period (American Psychiatric
Association, 2017). Although the various classification systems for NDs are
quite inconsistent, a broader grouping incorporates attention deficit
hyperactivity disorder, autism spectrum disorders, intellectual disability, as
well as psychiatric disorders, such as schizophrenia and bipolar disorder, and
epilepsy (Thapar et al., 2017). NDs usually involve disruption of proper brain
development and lead to cognitive, social and motor deficits, whereas
epileptic seizures are a frequently observed comorbidity (Zoghbi & Bear, 2012;
Thapar et al., 2017). NDs are attributed to diverse and still elusive etiologies,
including both environmental factors and genetic causes of different
inheritance. While genetic studies have revealed a large number of loci

implicated in NDs, de novo mutations in key developmental genes make also a

15



major contribution to NDs onset with a prevalence of approximately 1 to 200-
450 live births (Vissers et al., 2016; Deciphering Developmental Disorders,
2017). For example, de novo mutations in single genes, such as CDKL5, MeCP2,
and SCN1A, are responsible for some of the most severe neurodevelopmental
conditions in infants (Fallah & Eubanks, 2020). However, despite their
significant socioeconomic impact, the neuropathological mechanisms

underlying NDs are still not understood in most cases.

Strong evidence supports that alterations in presynaptic processes can lead
to NDs, such as autism and epilepsy (Waites & Garner, 2011; Fukata & Fukata,
2017). Genetic studies have identified pathogenic mutations in proteins
associated with many aspects of the SV biology including SV recycling
(Cortes-Saladelafont et al., 2018). Remarkably, SV-related conditions are often
characterised by severe early-onset neurodevelopmental delay and
intellectual disability (Cortes-Saladelafont et al., 2018). An example of an SV
protein that has been associated with epilepsy is the synaptic vesicle
glycoprotein 2A (SV2A), which is the target of multiple candidate antiepileptic
drugs (Lynch et al., 2004; Stephen & Brodie, 2018; Wood et al., 2020). SV2A is
an integral vesicular glycoprotein that regulates calcium-induced exocytosis
at low stimulation frequencies by facilitating SV priming at the release sites
and interacting with the main calcium sensor, synaptotagmin 1 (Custer et al.,
2006). It also enables the internalisation of synaptotagmin 1 in a
phosphorylation-controlled way suggesting a potential role for SV2A in SV
retrieval (Zhang et al.,, 2015). Homozygous and heterozygous missense
mutations on SV2A have been reported in humans to result in severe epilepsy
and cognitive impairment (Serajee & Hugq, 2015; Wang et al., 2019). Likewise,
de novo heterozygous mutations in the gene encoding for synaptotagmin 1

have been identified in patients that experience profound cognitive
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impairment (Baker et al., 2018). These mutations that cluster particularly
within the C2B domain impact on SV recycling and display impaired exocytic
rate after sustained stimulation (Baker et al., 2018). Lastly, a nonsense mutation
in the gene encoding for synapsin 1, a SV phosphoprotein that maintains the
reserve pool and facilitates SV clustering, has been associated with epilepsy
and autism-related behaviours (Garcia et al., 2004). Neurons derived from
synapsin 1-deficient mice, that exhibit seizure activity (Etholm et al., 2012),
display decreased RRP size coupled with impaired SV recycling rate (Baldelli
et al., 2007).

Epilepsy-related genes encoding for synaptic proteins that mediate SV
endocytosis suggest that endocytic molecules are equally important for
modulating neuronal excitability. Mice carrying de novo heterozygous
mutation in Dnm1 exhibit consistently recurrent seizures with the phenotype
being more severe or even lethal in the homozygous state (Boumil et al., 2010).
Spontaneous patients mutations impact on SV endocytosis in a dominant-
negative way in vitro (Dhindsa et al., 2015). Mechanistically, Dynl variants
demonstrate declining oligomerisation capability and fission activity
(Dhindsa et al., 2015). Pathogenic mutations are also reported in the gene that
encodes for AP1 subunits resulting in severe intellectual disability (Tarpey et
al., 2006; Candiello et al., 2016). Evidence shows that these mutations cause
accumulation of early endosomes, reduced number of SVs, and slower SV
recycling (Candiello et al., 2016). Another endocytic molecule that has been
linked to epilepsy is amphiphysin (Amph) 1 (Di Paolo et al., 2002). Evidence
for the epileptogenic role of Amphl comes from a KO mouse model that
displays increased susceptibility to seizures together with severe learning
deficits (Di Paolo et al., 2002). Absence of Amphl accompanied by loss of an

additional amphiphysin brain isoform, Amph2, causes a slowing in SV
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endocytosis and priming, and results in decreased RRP (Di Paolo et al., 2002).
Generalised seizures are reported in a syndapin 1 KO mice affecting different
aspects of SV recycling in addition to accumulation of endosomal
intermediates and enlarged SVs (Koch et al., 2011). Lastly, spontaneous
epileptic activity has been also observed in endophilin 1/2 and 1/3 double KO
mice, while total absence of endophilin results in impaired neurotransmission

(Milosevic et al., 2011).

1.2 CDKL5 deficiency disorder

In 1998, exon-trapping experiments led to the isolation of a novel transcript
expressed by the Xp22 region with a highly homologous N-terminal kinase
domain to that of eukaryotic serine-threonine kinases (Montini et al., 1998).
Due to its homology, Montini et al. initially named this newly identified
product as serine-threonine kinase 9, only to be established later as cyclin-
dependent kinase-like 5 (CDKL5) and be classified as a member of the CDKL
family of kinases (Montini et al., 1998). Although CDKLS5 can be found in many
tissues, it is robustly expressed in the brain and especially in neurons. Its
preferable presence within neurons highlights only in part the potential
importance of CDKL5 for proper brain function. Notably, it is the high
occurrence of CDKL5 mutations reported in various neurodevelopmental
conditions that has brought CDKL5 to the forefront as a kinase essential for

brain development.

Sporadic genetic mutations in the X-linked gene encoding for CDKL5 have
been associated with a distinct early infantile epileptic encephalopathy (Fehr

et al., 2013; Mangatt et al., 2016). Early infantile epileptic encephalopathies
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represent a group of conditions in which epileptic seizures affect brain
development and maturation resulting in cognitive, sensory and/or motor
impairment occurring during the first 12 months of life (Dulac, 2001). CDKL5
mutations have been identified in children diagnosed with various
neurodevelopmental disorders, including X-linked infantile spasm syndrome
(or X-linked West syndrome), an atypical variant of Rett syndrome, and
Lennox-Gastaut syndrome (Kalscheuer et al., 2003; Weaving et al., 2004; Evans
et al., 2005; Mari et al., 2005; Scala et al., 2005). There is a high variability in
pathogenic CDKL5 mutations ranging from large rearrangements, such
deletions and duplications, to point mutations including missense, nonsense,

splice, and frameshift mutations. (Guerrini & Parrini, 2012).

Since most pathogenic mutations are found within the kinase domain and
have been widely shown to result in loss of protein function, CDKL5-related
pathogenic phenotypes have been termed collectively as CDKL5 deficiency
disorder (CDD). Despite that CDD is commonly associated with early-onset
epilepsy and severe intellectual disability, the clinical spectrum of CDD-
related conditions is actually broad, and the identified pathogenic CDKL5
variants are abundant. Therefore, CDD has been only recently recognized as a
distinct disorder. However, the ever-increasing frequency of patients being
diagnosed with CDKL5 pathogenic mutations establishes CDD as one of the
most common monogenic epileptic disorders in early childhood with the
prevalence to be estimated around 1:40,000-60,000 live births (Lindy et al.,
2018; Jakimiec et al., 2020).
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1.2.1 Clinical features of CDD

In most CDD patients, refractory epileptic activity emerging during the
first three months of life is the most outstanding clinical feature (Fehr et al.,
2013). Besides that, early disruption of the brain development accompanied by
profound intellectual disability is the core phenotype that portrays CDD. So
far, numerous studies have assessed the clinical profile of CDKL5 patients
either by examining patient cohorts or individual cases, of which frequent
CDD-related manifestations briefly involve: (1) cognitive delay, (2) visual
impairments, (3) autistic-like features, such as poor eye contact and reduced
social interaction, (4) bruxism (teeth grinding), (5) absent language skills, such
as non-verbal communication, (6) motor impairments and hypotonia, (7) hand
stereotypies, (8) scoliosis, (9) autonomic complications, such as respiratory
disturbances and impaired sleep pattern, (10) hypsarrhythmia, (11) normal
magnetic resonance imaging scan, and (12) mostly absent facial
dysmorphisms, that are reviewed by (Guerrini & Parrini, 2012; Demarest et al.,

2019; Kadam et al., 2019; Olson et al., 2019; Jakimiec et al., 2020).

CCD affects mostly heterozygous female patients with the severity of
symptoms depending mainly on the pattern of X-chromosome inactivation
(Bahi-Buisson & Bienvenu, 2012). However, despite the remarkably fewer
cases of male patients diagnosed with CDD, they are more severely affected in
relation to females possibly due to the presence of a single X chromosome in
their genome (Mirzaa et al., 2013; Fehr et al., 2016a; Liang et al., 2019). Except
for the gender, the severity of CDD symptoms seems to rely also on the type
and position of the pathogenic mutation, although this correlation has been
difficult to prove, owning to the broad genetic and phenotypic spectrum in

CDD. For example, it has been reported that individuals with a pathogenic
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truncation towards the end of the CDKL5 protein are able to walk unaided
and use more advanced communication compared to those with no functional
protein (Russo et al., 2009; Fehr et al., 2016a). On the other hand, point
mutations within the kinase domain as well as frameshift mutations have been
linked to severe encephalopathy, inability to walk, and microcephaly (Bahi-
Buisson et al., 2012; Maortua et al., 2012).

Different seizure types are observed in CDD and, in many cases,
generalized tonic-clonic seizures are followed by epileptic spasms prior to
myoclonic epilepsy, whereas a hypermotor-tonic-spasms pattern with frontal
onset has been also reported as a distinctive seizure type (Klein et al., 2011;
Melani et al., 2011; Bahi-Buisson & Bienvenu, 2012). Only few cases with milder
epileptic encephalopathy have been responsive to antiepileptic drug
administration with epilepsy in CDD being largely untreatable with
conventional therapeutic approaches (Bahi-Buisson & Bienvenu, 2012;

Melikishvili et al., 2019).

1.2.2 The biology of CDKL5

1.2.2.1 Evolutionary history of CDKL5

Orthologs of the CDKL5 gene can be found among all three subphyla of
Chordata with certain well-conserved sequences, including definitely the
kinase domain, and protein structure (Fichou et al., 2011; Fahmi et al., 2019).
The presence of a protein kinase sharing a highly homologous catalytic
domain with CDKLS5 in Chlamydomonas, a genus of green algae, indicates that

CDKL5 might also be present in other kingdoms apart from animals as initially
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thought (Tam et al., 2013). However, no orthologs have been discovered in any

prokaryotic species yet.

CDKLS5 belongs to a large family of eukaryotic serine/threonine kinases
known as the CMGC group from the initials of its most important subgroups
that include the cyclin-dependent kinases (CDKs), mitogen-activated protein
kinases (MAPK), glycogen synthase kinases (GSK) and CDK-like kinases
(CDKLs). As its name reveals, CDKL5 is classified into the last kinase
subgroup together with four closely-related kinases (CDKL1, CDKL2, CDKLS3,
CDKL4) with high-level sequence similarity within the N-terminal catalytic
domains and C-terminal tails of variable lengths (Canning et al., 2018).
Although CDKLs contain cyclin-binding domains similarly to CDKs, there are
no interactions with cyclin reported and they also seem to diverge

evolutionarily from CDKs (Canning et al., 2018).

1.2.2.2 CDKLS5 distribution

In mammals, CDKLS5 is highly expressed in the brain but it can be also
found in a wide range of peripheral tissues including the testes, thymus, lung,
heart, and liver (Lin et al., 2005; Chen et al., 2010). Within the brain, in situ
hybridization and immunoblotting analysis has shown that CDKLS5 is present
in multiple regions including the cortex, hippocampus, and striatum, and, to
a lesser extent, in cerebellum, brainstem, and olfactory bulb (Rusconi et al.,
2008; Chen et al., 2010; Wang et al., 2012; Schroeder et al., 2019). CDKLS5 is
widely considered as a neuronal kinase and, despite it being suggested to be
preferentially enriched in excitatory synapses in cultured hippocampal
neurons, it can be found in both excitatory and inhibitory neurons (Rusconi et

al., 2011; Ricciardi et al., 2012; Tang et al., 2019). Though traces of CDKL5 have

22



been reported in glial cells, most of the studies do not detect any CDKL5
(Rusconi et al., 2008; Chen et al., 2010).

The temporal expression profile of CDKL5 in the brain has been assessed
by various studies. CDKL5 expression seems to increase during perinatal and
mainly early postnatal stages (Rusconi et al., 2008; Chen et al., 2010). However,
whether CDKLS5 isoforms start to express as early as the initial stages of
embryogenesis is debatable, with studies detecting robust levels of CDKL5
mRNA in the foetal brain (Rademacher et al., 2011; Hector et al., 2016). In the

mature brain, CDKL5 continues to express throughout adulthood.

1.2.2.3 CDKLS5 gene and its regulation

In humans, CDKLS5 is encoded by a single gene that was mapped to the
chromosomal locus Xp22.13 comprising an area of 240 kb (Montini et al., 1998;
Kilstrup-Nielsen et al., 2012). CDKL5 consists of 27 exons numbered as
presented in Figure 1.2A, of which exons 2-10, 12-16, and 18 are constitutive,
whereas exons 1 and la-le are untranslated. Five major mRNA transcripts
(hCDKL5_1, hCDKL5_2, hCDKL5_3, hCDKL5_4, hCDKL5_5) are produced due
to alternative splicing and variable untranslated region (UTR) lengths (Hector
et al., 2016). The various isoforms are differentially expressed relying on the
tissue type, with the 9.7-kb hCDKL5_1 variant that is transcribed from exon 1
predominantly expressed within the brain (Williamson et al., 2012; Hector et
al., 2016). In the mature hCDKL5_1 mRNA, exon 1 and part of exon 2 form the
5-UTR, whereas part of exon 19 structures the 3-UTR with the
polyadenylation signal (AATAAA) found 6.6 kb downstream of the stop
codon (Hector et al., 2016). Exons la-le as well as exon 17 are excluded as

depicted in Figure 1.2B. With the initiation codon located within exon 2,
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translation of the brain-specific variant results in a large protein of 960 residues
with an N-terminal catalytic domain encoded by exons 2-11 as shown in
Figure 1.2C. This protein product has been previously defined as CDKL5107
owning to its molecular weight (Williamson et al., 2012). Repeated sequences,
such as Alu elements, are detected within CDKL5 and, despite their effect on
its expression is not understood, they seem to facilitate pathogenic deletions

(Erez et al., 2009).

Some evidence is available about the regulation of CDKL5 expression at the
transcriptional level in contrast to the splicing or translational levels of
regulation that have not been investigated yet. Upstream of exon 2, multiple
transcription start sites spread across a region of over 18 kb and therefore the
presence of multiple promoters has been predicted (Hector et al., 2016). Two
CDKL5 promoters have been mapped so far, which are characterised by the
presence of CpG islands in their vicinity and lack of TATA boxes (Vitezic et al.,
2014). The only detected active enhancer is sited in a region over 245 kb
upstream of the CDKL5 gene (Vitezic et al., 2014). Several putative binding sites
for transcription factors have been found, such as SP1, RREB1, FOXP1 and
NFY (Vitezic et al., 2014). In mice, the proliferation-promoting transcription
factor MYCN has been reported to repress Cdkl5 expression and this is
achieved by interacting with an SP1-binding site (Valli et al., 2012). Another
repressor of Cdkl5 transcription is MeCP2 that acts after CpG methylation of
the 5-UTR of rat Cdkl5 in response to cocaine (Carouge et al., 2010). Given that
MYCN and MeCP2 have been shown to control the transcription of rodent
orthologs, further studies are required to evaluate their impact on human

CDKL5 expression.
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Figure 1.2 Expression of the human CDKLS5 protein in the brain

Schematic presentation of the expression of the brain-specific isoform of CDKL5 in
humans. (A) The human CDKL5 gene comprises of 27 exons, of which exons 2-10,
12-16, and 18 are constitutive. Exons 1, la-le, part of 19, and part of 22 are
untranslated (black). (B) CDKL5 undergoes alternative splicing producing a 9.7-kb
transcript variant that is defined as hCDKL5_1 and expresses highly in the brain.
The initiation codon is found within exon 2. The 5’-UTR consists of exon 1 and part
of exon 2 (black), while the 3'-UTR is formed by part of exon 19 (black) with the
polyadenylation site located 6.6 kb downstream of the stop codon. (C) Translation
of hCDKL5_1 results in a large protein of 960 residues. The kinase domain (yellow)
occupies the N-terminal region of the protein (13-297 aa) and is expressed by exons
2-12 (yellow). The numbering of CDKL5 exons and nomenclature follow the
recommendations of Hector et al. (2016). The lengths of exon and intron sequences

do not represent actual sizes.
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1.2.2.4 CDKLD5 structure

The brain-specific isoform of CDKL5 consists of 906 residues and is divided
into two regions based on the functional role each one serves: the N-terminal
kinase domain that phosphorylates targeted substrates and the long C-
terminal tail that occupies the remaining two thirds of the molecule as
depicted in Figure 1.3A. The kinase domain that is highly conserved across
species is the only part of CDKLS5 that has been crystallised (Protein Data Bank
ID 4BGQ) as shown in Figure 1.3B (Canning et al., 2018). It mostly consists of
a-helices with the exception of an antiparallel (3-sheet. CDKL5 bears three
characteristic features of S/T kinases including a G-rich region close to a K
residue following the pattern GxGxxGxrK that is involved in ATP binding (19-
43 aa), a region with a conserved D residue required for its catalytic activity
(131-141 aa), and, lastly, a conserved TEY motif (169-171 aa) that is a signature
motif of the MAP kinase group (Montini et al., 1998).

Regarding the C-terminal tail of CDKLS5, there are no crystallographic data
available so far. Likewise, attempts to predict the tertiary structure of the C-
terminal tail have not been successful. What is known, however, is that it
contains extensive amount of intrinsically disordered regions that provide
additional interaction surfaces as well as accessible sites for posttranslational
modifications (Fahmi et al., 2019). Two nuclear localisation signals (NLS) and
a single nuclear export signal (NES) can be found within the C-terminal tail
that facilitate transport towards and from the nucleus (Bahi-Buisson &

Bienvenu, 2012).
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Figure 1.3 Structure of CKDL5 protein

Linearised and three-dimensional diagrams representing the structure of CDKLS5.
(A) CDKLS5 is divided into the N-terminal kinase domain and the long non-domain
C-terminal tail. Based on the amino acid sequence, a few typical kinase motifs are
found within the kinase domain, such as the ATP-binding site (turquoise), the STK
motif (pink), and the TEY motif (purple). Similarly, a few sequences required for
nuclear transport are localised within the C-terminal tail including nuclear
localisation sequences (NLS; fuchsia) and a nuclear export sequence (NES; light
blue). (B) Two representations of the three-dimensional conformation of the kinase
domain as was extracted from the Protein Data Bank (4BGQ). Both representations
depict the kinase motifs that reside within the substrate docking groove (turquoise
and pink highlights). Whereas the kinase domain consists of a-helices almost in its

entirety, the ATP-binding site is structured by an antiparallel B-sheet.
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1.2.2.1 Subcellular sorting and regulation of CDKL5

CDKL5 is primarily distributed into the cytoplasm and, to a lesser extent,
to the nucleus (Rusconi et al., 2011; Wang et al., 2012; Schroeder et al., 2019).
Within the cytoplasm, CDKL5 has been detected at the postsynaptic density
of dendritic spines (Ricciardi et al., 2012; Zhu et al., 2013), but it is likely to be
widely distributed throughout the neuron. In the nucleus, CDKL5 localises
preferably at nuclear speckles (Ricciardi et al., 2009). It has been suggested that
translocation of CDKLS5 into or from the nucleus is mediated by its C-terminal
tail and occurs in a phosphorylation- and activity-dependent manner (Rusconi
et al., 2008; Rusconi et al., 2011; Oi et al., 2017). During neurogenesis, CDKLS5 is
mainly present at the centrosome of cultured developing neurons (Barbiero et

al., 2017b).

Whether CDKL5 undergoes any posttranslational modifications has not
been addressed exhaustibly. A few potential phosphorylation sites have been
identified downstream of the kinase domain including S306, S308, S407, S529,
5543, and S720 (Oi et al., 2017; Munoz et al., 2018; Fahmi et al., 2019). The protein
kinases that mediate CDKL5 phosphorylation remain largely unknown with
the exception of dual specificity tyrosine-phosphorylation-regulated kinase
1A (DYRK1A) that has been identified to bind and phosphorylate CDKL5 at
S308 exclusively (Oi et al., 2017). Interestingly, CDKL5 has the ability to
autophosphorylate itself within the kinase domain on Y171 that consists part
of the TEY motif (Munoz et al., 2018) and this modification is likely to be
induced by brain-derived neurotrophic factor (BDNF) (Chen et al., 2010).

In hippocampal dendrites, it has been shown that dendritic CDKLS5 levels
are controlled in a depolarising-dependent way since KCl-mediated

stimulation appears to be able to induce local translation of CDKL5 mRNA (La
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Montanara et al., 2015). However, sustained glutamate activation of N-methyl-
D-aspartate receptor (NMDAR) triggers proteasomal degradation of CDKL5
after the latter was dephosphorylated by phosphatase 1 (Rusconi et al., 2011;
La Montanara et al., 2015). Similarly, both deprivation of neurotrophic factors
and hydrogen peroxide treatment promote proteasomal degradation of

CDKLS5 (Rusconi et al., 2011).

1.2.3 Mammalian models for studying CDKL5

A number of genetic models has been produced in order to unravel the in
vivo biological role of CDKL5. The first mouse line deficient of CDKL5 was
developed by targeting exon 6 of the mouse CdkI5 gene causing thus an early
truncation within its kinase domain (Wang et al., 2012). Despite the absence of
spontaneous seizures, this mouse model exhibits CDD-like features, such as
hyperactivity, motor defects, reduced anxiety, decreased social interaction,
respiratory deficiencies and impaired learning and memory that can associate
with the severe intellectual disability commonly reported in CDD patients
(Wang et al., 2012; Lee & Liao, 2018). A similar CDKL5 KO mouse line was
generated by targeting exon 4 of the Cdkl5 gene (Amendola et al., 2014).
Although these CDKL5-null mice do not display any spontaneous seizures
either, they have phenotypes mirroring CDD features, like hypoactivity,
elevated sleep apnoea occurrence, increased limb clasping, impaired
hippocampus-related memory, and altered electroencephalogram profiles in
response to kainate-induced seizures (Amendola et al., 2014; Fuchs et al., 2014;
Trazzi et al., 2016; Lo Martire et al., 2017). Moreover, both constitutive mouse

models display altered sensory information processing indicative of impaired
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neuronal connectivity as well as disruption of signal transduction underlying

the loss of CDKL5 (Wang et al., 2012; Amendola et al., 2014).

Another mouse model developed by floxing exon 2 of Cdkl5 demonstrates
increased susceptibility to NMDA-induced -but not kainate-induced- seizures,
altered long-term potentiation, enhanced anxiety, altered social behaviour and
spatial memory in the absence of CDKL5 (Okuda et al., 2017; Okuda et al.,
2018). Recently, a novel knockin model was developed bearing the CDD
patient nonsense mutation R59X (Tang et al., 2019; Yennawar et al., 2019). R59X
mice display autistic-like features as well as learning and memory impairment
(Tang et al., 2019; Yennawar et al., 2019). Moreover, these mice are predisposed
to pentylenetetrazol-induced seizures implying elevated underlying
hyperexcitability (Yennawar et al., 2019). Given that reporting spontaneous
epileptic activity in murine models has been challenging, this leads to the
notion that loss of CDKL5 causes epilepsy in ways that might differ across
species and neural network complexity and that further studies are needed in

order to explore the epileptogenic mechanisms of CCD.

Since epileptic seizures are attributed largely to excitatory/inhibitory
imbalance, several studies have followed alternative approaches that involve
the conditional eradication of CDKL5 expression from either glutamatergic or
GABAergic neuronal subpopulations of certain brain regions. A few
independent studies have used such conditional KO models generated by
targeting different exons of the Cdkl5 gene (Amendola et al., 2014; Tang et al.,
2017; Schroeder et al., 2019; Tang et al., 2019). Firstly, findings indicate that
different behavioural deficits due to loss of CDKL5 emanate from distinct
brain regions and/or neuronal type. For example, significantly reduced
locomotion is observed when CDKL5 expression is ablated in cortical

interneurons or striatal spiny neurons, but remains unaltered when removed
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in cortical or hippocampal pyramidal neurons (Amendola et al., 2014).
Accordingly, deficits in memory and learning associated with deletion of
CDKLS5 from glutamatergic neurons of the Nex-conditional KO mice are not
observed in CDKL5-deficient GABAergic neurons of the DIx-conditional KO
mice (Tang et al., 2017; Tang et al., 2019). Secondly, impairment of cellular
events, such as signal transduction, or altered protein levels due to loss of
CDKLS5 can also vary between excitatory and inhibitory neurons (Schroeder et

al., 2019).

Induced pluripotent stem cells (iPSCs) technology offers an alternative tool
for investigating pathogenic mechanisms in patient-specific neurons
(Amenduni et al., 2011; Negraes et al., 2021). Human iPSC-derived neurones
developed from patients carrying pathogenic CDKL5 mutations seem to
preserve X-chromosome inactivation upon differentiation with some clones
expressing the mutant and other clones the wild-type allele of the CDKL5 gene
(Amenduni et al., 2011). Patient-derived neuronal systems display
compromised proliferation and glutamatergic synaptogenesis, loss of synaptic
contacts, elongated dendritic spines, reduced levels of CDKL5-mediated
phosphorylation of microtubule (MT)-binding proteins in agreement to
phenotypes observed in animal models (Ricciardi et al., 2012; Baltussen et al.,
2018; Negraes et al., 2021). Lastly, a few studies have employed patient-derived
fibroblasts as model system to study the pathogenetic profile of CDD revealing
CDKL5-related RNA splicing deficits and deregulation of molecules
implicated in cholesterol homeostasis (Ricciardi et al., 2009; Pecorelli et al.,

2015).
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1.2.4 CDKL5 subcellular functions

Since all known pathogenic missense mutations cluster within the kinase
domain of CDKL5, much of the research into its neuronal role has
understandably focused on its catalytic activity. Despite that absent or
aberrant CDKL5 expression has been associated with altered phosphorylation
levels of several molecules, it is not clear whether CDKL5 directly catalyses
these reactions with the exception of a limited number of confirmed substrates.
As its structure reveals, CDKLS5 is an active kinase and it has been suggested
that recognises and preferentially phosphorylates substrates bearing an
RPX(S/T)(A/G/P) motif (Canning et al., 2018; Munoz et al., 2018). All proposed

in vivo and in vitro substrates of CDKL5 can be found in Figure 1.4.

Despite the biological significance and clinical relevance of the kinase
activity of CDKLS5, assessing its role in the developing brain needs to extend
beyond its catalytic activity. The C-terminal tail of CDKLS5 is equally essential
as it performs multiple roles in neurons. Firstly, it is involved in subcellular
sorting of CDKL5 (Rusconi et al., 2008; Zhu et al., 2013). Secondly, a growing
number of interacting molecules have been identified to bind to it exclusively
(Figure 1.4). Thirdly, it has been proposed that the C-terminal tail is critical for
the stability of CDKL5 (Lin et al., 2005; Williamson et al., 2012). Lastly, it
contains multiple putative phosphorylation sites that could regulate CDKL5
activity post-translationally (Oi et al., 2017; Munoz et al., 2018). Indeed, an early
study shows that loss of the C-terminal tail enhances the autophosphorylation
ability of CDKL5 in vitro (Lin et al., 2005). Whether the C-terminal tail serves
any other regulatory roles in relation to the kinase activity of the protein

towards various putative substrates is still unclear.
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Several cellular functions have been attributed to CDKL5 in murine
neurons, patient-derived iPSCs, or various cell lines depending on the
developmental stage, subcellular compartment, substrate, signal cascade and
interactions that are established. A summary of different physiological roles

of neuronal CDKLS5 is outlined below.

Cell proliferation. Some evidence suggests that CDKLS5 is involved in cell
proliferation. In the human neuroblastoma cells SH-SY5Y, blocking CDKL5
expression results in enhanced proliferation activity (Valli et al., 2012). Flow
cytometric analysis reveals that CDKL5 might regulate proliferation by
inhibiting the cell cycle in the G1/G0 phase, rather than inducing apoptosis
(Valli et al., 2012). Similarly, in the dentate gyrus, primary neural progenitor
cells proliferate at higher rate when CDKLS5 is absent (Fuchs et al., 2014).
However, the impact of CDKL5 on cell division in various cell lines has been
shown to be different. Immunofluorescence analysis detects CDKL5 at the
centrosome and midbody of proliferating cells (Barbiero et al., 2017b). This
indicates that CDKLS5 is potentially important for stages of the cell cycle other
than interphase. Indeed, silencing CDKL5 expression results in several defects
during mitosis, such as mitotic spindle multipolarity, chromosome
segregation impairment, and cytokinesis arrest (Barbiero et al., 2017b).
CDKL5-mediated cytokinesis seems to be particularly associated with
phosphorylation of the extrachromosomal histone H2B at 514 by the HIPK2
kinase at the midbody (Barbiero et al., 2017b). In agreement with a
proliferation-promoting role, overexpression of CDKL5 stimulates
proliferation in glioma cells through the PI3K/AKT signalling pathway (Jiang
et al., 2019). Therefore, further studies are required to assess whether CDKL5
is a positive or negative regulator of cell division during neuronal

development.
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Neuronal differentiation. Independently of its role in proliferation,
CDKLS5 expression seems to strongly increase upon differentiation although
its absence does not seem to affect the differentiation rate itself (Ricciardi et al.,
2012; Valli et al., 2012). Nevertheless, there is only little evidence supporting a
primary role of CDKLS5 in inducing differentiation (Valli et al., 2012). Instead,
CDKLS5 is likely to have a downstream activity in the neurodevelopmental

course and even modulate apoptotic cell death (Fuchs et al., 2014).

Neuronal migration. Defects in neuronal migration during the perinatal
and early postnatal stages have been linked to CDKL5 downregulation. In rat
brains, silencing of CDKL5 expression results in delayed migration of neurons
into the cortical layers (Chen et al., 2010). The migrating ability of glioma cells
has been also tested in vitro, where CDKL5 seems to have a promoting role
(Jiang et al., 2019). CDKLS5 interacts in vivo with the IQ domain-containing
GTPase-activating protein 1 (IQGAP1), a scaffold protein participating in
cytoskeleton stabilisation (Barbiero et al., 2017a). Using a wound-healing assay
in HeLa cells, it was shown that CDKLS5 silencing hinders the accumulation of
IQGAP1 at the leading edge during migration. Moreover, CDKL5
downregulation disrupts the interaction of IQGAP1 with both the Rho GTPase
Racl, a well-known regulator of actin dynamics, and the MT plus-end tracking
protein CLIP70 (Barbiero et al., 2017a). These findings indicate that CDKL5

might modulate neuronal migration by influencing cytoskeleton dynamics.

Neuronal polarisation. A substantial body of work points towards an
involvement of CDKLS5 in different aspects of neuronal morphogenesis, such
as axon growth and dendritic arborisation, whereas a potential role in
establishing axonal specificity has been hypothesised. CDKL5 has been
reported to regulate axonal specificity since aberrant CDKLS5 levels are related

to less polarised hippocampal neurons in culture. These neurons display either
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multiple or even no axons (Nawaz et al., 2016). This is accomplished through
the interaction of CDKL5 with the brain-specific protein shootin 1, that
regulates the axonal generation during polarization (Nawaz et al., 2016).
Although the phosphorylation levels of shootin 1 seem to decrease upon
CDKL5 downregulation, it is not clear yet whether CDKL5 plays any direct
role in shootin 1 phosphorylation (Nawaz et al., 2016). Apart from neuronal
polarity, these two proteins that colocalise at the distal tip of growing axons
also regulate the axonal elongation since silencing either CDKL5 or shootinl
causes the formation of significantly shorter axons (Nawaz et al., 2016).
Whether the ternary complex IQGAP1-Rac1-CLIP170, which was introduced
earlier, and shootin 1 share any complementary roles in CDKL5-mediated
axonal growth has not yet been addressed. However, CLIP170 is mislocalised
and fails to bind effectively to MTs in growth cones when CDKLS5 is silenced,
leading to shorter and less polarised axons and abnormal growth cones in

neurons (Barbiero et al., 2017a; Barbiero et al., 2019b).

Neuronal morphogenesis. In neuroblastoma cells and cultured cortical
neurons, knocking down CDKLS5 leads to the formation of shorter axons and
dendrites that also appear less branched (Chen et al., 2010; Valli et al., 2012). In
agreement with this, cortical pyramidal neurons exhibit defects in apical
dendritic morphology during the early postnatal stages upon CDKL5
downregulation using in utero electroporation (Chen et al., 2010). CDKL5
deficient mice present abnormal dendritic branching of both cortical and
hippocampal neurons in vivo as well as subsided dendritic length of newly
generated granule cells (Amendola et al., 2014; Fuchs et al., 2014; Okuda et al.,
2018). The growth-promoting effect of CDKL5 on dendritic length may be
assisted by Racl via its C-terminal tail (Chen et al., 2010). Overexpression of a

kinase-dead mutant of CDKLS5 fails to promote dendrite growth in cultured
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cortical neurons suggesting that the kinase activity is possibly implicated in

determining dendritic length (Chen et al., 2010).

CDKL5-mediated regulation of neuronal morphogenesis and maturation is
also likely to occur by altering gene expression. An indirect involvement of
CDKLS5 in these nuclear processes occurs through its substrate histone
deacetylase 4 (HDAC4) (Trazzi et al., 2016). CDKL5-mediated phosphorylation
of HDAC4 at S632 traps HDAC4 within the cytoplasm, preventing it from
performing its nuclear tasks that include histone 3 deacetylation. This results
in altered expression of target genes, such as BDNF (Trazzi et al., 2016). In mice
lacking CDKL5, HDACH4 is capable of translocating into the nucleus of neural
progenitor cells, pointing towards a mechanism for regulating neuronal

morphogenesis and maturation at the DNA level (Trazzi et al., 2016).

Synaptogenesis. CDKL5 is important for dendritic spine formation,
growth, and stabilisation (Ricciardi et al., 2012; Zhu et al., 2013; Della Sala et al.,
2016). Evidence provided by CDKL5 downregulation either in cultured
neurons or in vivo suggests that mushroom-shaped spines are replaced by
longer and thinner ones that display a more dispersed distribution along
dendrites (Ricciardi et al., 2012; Okuda et al., 2018). Two molecules have been
implicated in CDKL5-mediated spine formation, PSD95 and the cell adhesion
molecule, netrin-G1 ligand 1 (NGL1) (Ricciardi et al., 2012; Zhu et al., 2013).
CDKLS5 binds and phosphorylates NGL1 specifically at S631, thus stabilising
its interaction with PSD95, while CDKL5 itself also interacts with
palmitoylated PSD95. In cultured hippocampal neurons, disruption of the
CDKL5-PSD95 interaction reduces the accumulation of CDKL5 at spines,
affecting both the spine density and length (Zhu et al., 2013). In accordance

with this, overexpression of a phospho-null mutant of NGL1 at S631 impacts
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on spine elongation, possibly modifying the NGL1-PSD95 interaction
(Ricciardi et al., 2012).

Except for spine formation, it is likely that CDKLS5 is also involved in the
specificity of the presynaptic compartment. Expression of GRID1 that encodes
for glutamate D1 receptor (GluD1) has been reported to be dysregulated in
human iPSC neurons derived from CDKL5 patients (Livide et al., 2015).
Interestingly, GluD1 is a neurexin-associated adhesion molecule that usually
induces the inhibitory presynaptic differentiation of cortical neurons
indicating thus a potential role of CDKL5 in presynapse development

(Yasumura et al., 2012; Fossati et al., 2019).

Microtubule assembly. Since neurodevelopmental processes depend
heavily on MT dynamics (Lasser et al., 2018), effort has been aimed recently on
investigating a putative involvement of CDKL5 in MT reorganization and/or
stabilisation. This has been reinforced by the identification of the MT-
associated protein MAP1S (S812 and S900), the MT end-binding protein EB2
(5222), the centrosome-related protein CEP131 (S35) and DLG5 (S1115), a
protein involved in MT-based signalling, as direct CDKL5 substrates
(phosphorylation sites in brackets) (Baltussen et al., 2018; Munoz et al., 2018).
The CDKL5-mediated phosphorylation of MAP1S impacts on its affinity for
MTs, possibly impeding thus cargo trafficking (Baltussen et al., 2018).
However, there is no evidence regarding the impact of phosphorylation on the
remaining substrates. Moreover, CDKL5 might largely regulate MT-based
structures, since involvement of CDKL5 in both cilia and flagella length

control has been also reported (Tam et al., 2013; Canning et al., 2018).
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Nuclear roles. In the nucleus, CDKL5 appears to perform activities related
to different aspects of gene expression. It has been suggested that nuclear
CDKLS5 is involved in regulating alternative splicing (Ricciardi et al., 2009).
There, CDKLS5 is enriched in nuclear speckles where several splicing factors
reside (Ricciardi et al., 2009). CDKLS5 is important for maintaining nuclear
speckle morphology and organisation, since aberrant CDKL5 levels either
result in a more diffuse distribution of speckles components in the nucleus or
prompt the assembly of abnormal speckles (Ricciardi et al., 2009). It has been
proposed that its kinase activity targets different splicing factors, therefore
regulating splicing at the pre-mRNA level. However, there are not any

identified targets yet.

An indirect involvement of CDKLS5 in regulating gene expression occurs
through phosphorylation of cytoplasmic HDAC4 (Trazzi et al., 2016). As
mentioned earlier, phosphorylated HDAC4 at S632 fails to translocate to the
nucleus, where it catalyses histone 3 deacetylation thus impacting on gene
expression during neuronal maturation (Trazzi et al., 2016). In agreement to
this, transcriptomic analysis in neural progenitor cells derived from CDKL5
patients has shown differential expression of various genes, indicating that
CDKL5 might also participate in transcriptional regulation (Jagtap et al., 2019).
Besides, the nuclear proteins MeCP2, a known epigenetic factor, and DNA
methyltransferase 1 (DNMT1) that is responsible for maintenance of DNA
methylation patterns have been identified as potential CDKL5 binding
partners as well as substrates (Mari et al., 2005; Kameshita et al., 2008), although
any possible phosphosites are yet undetermined. However, according to
different studies, the ability of CDKL5 to phosphorylate these substrates in
vitro is not robust (Lin et al., 2005; Sekiguchi et al., 2013). Lastly, it is likely that

CDKL5 modulates protein translation as well, since CDKL5-null mice display
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reduced phosphorylation of the ribosomal protein S6 (rpS6) modulatory

subunit at 240/244 in the somatosensory cortex (Amendola et al., 2014).

Presynaptic role. While CDKLS5 localises at the distal tip during axonal
elongation and has been implicated in inducing presynaptic specificity, little
is known about any involvement in biogenesis or function at the nerve
terminal. The one exception is that it phosphorylates Amphl at 5293 in vitro,
impacting on its affinity for endophilin (Sekiguchi et al., 2013; Katayama et al.,
2015). As discussed in 1.1.2.1, Amphl facilitates SV recycling through CME,
indicating that CDKL5 might be implicated in SV endocytosis. According to a
couple of early studies, amphiphysin is also involved in neurite outgrowth
(Mundigl et al., 1998), whereas it localises in growth cones and can undergo
mitotic phosphorylation in dividing cells (Floyd et al., 2001). Therefore, it has
been hypothesised that Amphl phosphorylation may alter actin dynamics
regulating thus dynamic properties of developing neurons as well as the

function of mature synapses (Floyd et al., 2001).

Other roles. CDKL5 has been also implicated in preserving cholesterol
homeostasis and regulating cellular responses to oxidative stress (Pecorelli et
al., 2015; Jagtap et al., 2019). Mitochondrial abnormalities and altered oxygen
consumption rate in combination with aberrant expression of redox-related
genes that were reported in CDD-derived neural cells might underlie partly
the generation of oxidative stress (Jagtap et al., 2019). Defective mitochondrial
function and decreased ATP production are also reported in CDKL5 KO mice
(Vigli et al., 2019; Carli et al., 2021). This implies that CDKL5 possibly regulates
brain energy metabolism and/or has antioxidative role during

neurodevelopment.
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1.2.5 Signal transduction pathways

A potential role in coordinating signalling pathways has been proposed for
CDKLS5 owning to evidence provided by either animal models or cell lines. In
support of this, mice lacking CDKL5 display impaired phosphorylation
profiles of various S/T kinases that are involved in different cellular cascades,
such as the protein kinase A and Akt (Wang et al., 2012). The major signalling
pathway that is affected due to loss of CDKLS5 is the PI3K/Akt/mTOR pathway,
that is typically known to contribute to neurodevelopmental disorders and
epileptogenesis ~ (Costa-Mattioli &  Monteggia, 2013).  Reduced
phosphorylation levels of Akt-S473 and the mechanistic target of rapamycin
(mTOR)-52448 sites have been reported, pointing to a dysregulation of the
PI3K/Akt/mTOR signaling cascade in the absence of CDKL5 (Wang et al., 2012;
Amendola et al., 2014; Fuchs et al., 2014; Jiang et al., 2019). Another member of
the PI3K/Akt/mTOR pathway that is affected is the glycogen synthase kinase
3B (Fuchs et al., 2014). Less phosphorylated GSK3f at S9 displays enhanced
activity, resulting in hippocampal neurodevelopment defects coupled to
CDKLS5 loss that can be restored only after GSK3[ inhibition (Fuchs et al.,
2015). However, whether CDKL5 is implicated in this pathway as an
intermediate or direct kinase remains elusive. Intriguingly, it has been
suggested that the PI3K/Akt/mTOR signalling is differentially altered in

excitatory compared to inhibitory neurons (Schroeder et al., 2019).

CDKLS5 is also involved in the BDNF-Racl signalling pathway during the
early postnatal stages (Chen et al., 2010). As mentioned earlier, CDKL5 can
form complexes with Racl in cortical neurons through its C-terminal tail.
Under growth-inducing conditions, BDNF preferentially triggers CDKL5-

dependent activation of Racl that is involved in modulating actin remodelling
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(Chen et al, 2010). In addition, BDNF induces tyrosine-specific
phosphorylation of CDKL5, highlighting that CDKL5 can be regulated
posttranslationally for performing actin-related functions (Chen et al., 2010).
However, mice lacking CDKL5 do not display altered BDNF expression or
function (Amendola et al., 2014). More recently, it has been reported that
CDKL5 also regulates the transforming growth factor 3 (TGF-B) signaling
pathway by phosphorylating the SMAD3 protein mediator in vivo (Fuchs et al.,
2019b). This pathway is responsible for various cellular processes, such as cell
proliferation, axonal specification and protection against cell death, that are
disrupted upon loss of CDKL5 supporting a possible crosstalk between
CDKL5 and TGF-f in neurons.

1.2.6 Neuronal excitability and plasticity

Several studies point to the idea that an imbalance of excitatory-inhibitory
signalling underlies CDD, similar to other epilepsy-related disorders. This
indicates that CDKL5 may participate in mechanisms of neuronal excitability
and neurotransmission. For example, loss of CDKLS5 from forebrain inhibitory
neurons results in increased excitatory, but unaltered inhibitory transmission
and hyperexcitability at the circuit level, owning to increased levels of the
GluN2B subunit of NMDARs at the PSD (Tang et al., 2019). Aberrant paired-
pulse facilitation as a presynaptic short-term mechanism of synaptic plasticity
is also observed when CDKLS5 is knocked out from inhibitory neurons (Tang
et al.,, 2019). On the other hand, deletion of CDKL5 from glutamatergic
pyramidal neurons is accompanied by hyperexcitability and increased
frequency of both miniature excitatory postsynaptic currents (mEPSCs) and

miniature inhibitory postsynaptic currents (mIPSCs) (Tang et al., 2017).
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Intriguingly, spontaneous glutamate/GABA efflux ratio is considerably
increased in the absence of CDKLS5, in contrast to evoked release that remains

unchanged (Sivilia et al., 2016).

Decreased levels of the GluA2 subunit of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid-type glutamate receptors (AMPARs) have been
reported in R59X knockin mice, modifying therefore both AMPAR-related
function and plasticity (Yennawar et al., 2019). Data also suggest that
alterations in serotonergic neurotransmission may contribute to the
pathophysiology of CDD (Fuchs et al., 2019a; Vigli et al., 2019). In the primary
visual cortex, disturbance of circuit organisation with a higher density of
parvalbumin-positive interneurons being hyperconnected to pyramidal
neurons, dysregulation of pre- and post-synaptic elements and circuit
hypoactivity are observed in CDKL5-deficient mice (Pizzo et al., 2016).
CDKL5-downregulated neurons display reduced frequency and amplitude of
mEPSCs, indicating that CDKL5 contributes to regulation of excitatory
synaptic strength (Ricciardi et al., 2012). Lastly, impaired LTP and synapse
maintenance have been also reported in CDKL5 KO neurons suggesting that
plasticity is compromised after loss of CDKL5 (Della Sala et al., 2016; Ren et al.,
2019).
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Figure 1.4 CDKLS5 is implicated in various biological processes in the brain

CDKLS5 is involved in distinct biological process both in the developing and mature
neuron through various molecules, including interacting partners (magenta), in
vivo and in vitro substrates (green and blue, respectively), and others (grey frame).

Phosphosites are also reported with numbering according to the human isoforms.
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1.3 Amphiphysin 1

Amphl is a cytosolic protein belonging to a family that includes also
Amph? in vertebrates. Amphl is mainly expressed in the brain, where it is
significantly enriched in presynaptic terminals (Lichte et al., 1992). Amphl can
be also detected in a range of tissues, including the retina, pancreas, liver,
pituitary gland, testes, albeit considerably less abundant (Lichte et al., 1992; De
Camilli et al., 1993; Yamamoto et al., 1995; Floyd et al., 1998; Grabs et al., 2000;
Terada et al., 2002). In humans, the gene encoding for Amphl is located on the
short arm of chromosome 7 (7p13-14) and is transcribed into six splice
variants, of which one is mainly neuron-specific and four are exclusively
expressed in ribbon synapses in the retina (Yamamoto et al., 1995; Floyd et al.,
1998; Terada et al., 2002; Hosoya et al., 2004). The remaining splice variant can
be found in a variety of tissues outside of the central nervous system at low
levels (Floyd et al., 1998). Mouse and rat Amphl genes are mapped on
chromosome 13 and 17, respectively, and express proteins that share highly
homologous N- and C-terminal regions with human Amphl (85.1 % and 86.4

% total sequence similarity, respectively) (Jenkins et al., 1995).

The neuron-specific isoform of Amphl consists of 695 residues and has
characteristic structural architecture based on its amino acid composition
(Lichte et al., 1992; Yamamoto et al., 1995). The N-terminal domain is
characterised by the presence of long stretches of amphiphilic a-helices. This
module consists of an N-BAR domain and is a common feature of several
proteins in addition to Amphl (Peter et al., 2004). The domain C-terminal to
the N-BAR domain is overall positively charged and consists of several P

residues. As a result, it is known as proline-rich domain (PRD). Apart from P
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residues, it also contains other small aa, such as A and S residues, and has a
high predisposition for 3-turn secondary structures. Lastly, the remaining C-
terminal region of Amphl is pronouncedly acidic and contains two additional
domains. The first one is known as clathrin-associated protein binding region
(CLAP) domain, whereas the other has been identified as a Src homology 3
(SH3) domain (David et al., 1994). In between, Amphl contains a short
hydrophobic region of 12 residues that is prone to form a transmembrane
helix, although it is highly hydrophilic overall (David et al., 1994). The domain
structure of Amph1 can be found in Figure 1.5A. The pattern of domains, their
amino acid sequences as well as their physicochemical properties, such as the
charge distribution, appear to be well-conserved across vertebrate species
with the exception of the region spanning between the CLAP and SH3

domains that differs considerably (David et al., 1994; Yamamoto et al., 1995).

Amphl is a well-researched presynaptic protein implicated in different
aspects of CME, an SV endocytosis pathway that has been described in more
detail in subsection 1.1.2.1. The different stages of CME are presented in Figure
1.5B. During CME, Amphl senses the membrane curvature that triggers its
recruitment in the vicinity of the clathrin-coated pit (Evergren et al., 2004; Peter
et al., 2004). The scission of the clathrin-coated pit requires the GTPase activity
of Dyn1 (Pucadyil & Schmid, 2008) and Amph1 is important for recruiting
Dyn1 around the deeply invaginated pit (Yoshida et al., 2004). Furthermore, it
has been suggested that Amphl coordinates invagination and scission by
remodelling the actin cytoskeleton (Yamada et al., 2009). To perform the above
activities, Amphl forms multiple domain-specific interactions pointing
therefore to the notion that it acts as multifunctional adaptor (Slepnev et al.,
2000). These interactions are discussed later in subsection 1.3.2. Lastly, Amph1

has been implicated both in epilepsy and tau-mediated neurodegeneration
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indicating the importance of this endocytic protein in proper presynaptic
function. Mice lacking Amphl display presynaptic defects in SV recycling and
are more prone to seizures (Di Paolo et al., 2002). In another mouse model,
accumulation of pathological tau aggregates has been associated with
dysregulation of Amphl, similarly to multiple endocytic proteins that
contribute to the early pathogenesis in Alzheimer’s disease (De Jesus-Cortes et

al., 2012; Marsh & Alifragis, 2018; Xu et al., 2018).
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Figure 1.5 Amphl has characteristic molecular structure that facilitates its

involvement in CME

(A) Schematic illustration of the domain structure of Amphl. The N-BAR domain
(blue) comprises the N-terminal region of Amph1 and is responsible for membrane
bending. This is followed by the PRD (purple), the CLAP domain (yellow), and the
SH3 domain (green) that is located at the most distant part of the C-terminal region.

The residues that define each domain follow the human Amphl numbering. (B)
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Different stages of CME include nucleation, invagination, fission, and uncoating of
SVs. Amphl is recruited at the endocytic pit during late invagination and scission.

Adapted from Daumke et al. (2014).

1.3.1 Activity-dependent modifications of Amph1

Several potential phosphorylation sites are present throughout the
sequence of Amphl suggesting that this posttranslational modification might
dictate Amphl activity in nerve terminals (Lichte et al., 1992). Amphl is
detected as a double band by western blot analysis that is attributed to
different phosphorylation states of the protein (Bauerfeind et al., 1997; Craft et
al., 2008). Different studies reveal that it is a substrate of various protein
kinases either in wvivo or in wvitro, including Cdk5 MAPK, minibrain
kinase/dual-specificity tyrosine phosphorylation-regulated ~ kinase
(Mnb/Dyrk1A), casein kinase 2 and CDKL5 (Floyd et al., 2001; Shang et al.,
2004; Doring et al., 2006; Murakami et al., 2006; Liang et al., 2007; Sekiguchi et
al., 2013). In CHO cells, another member of the Cdk family, the mitotic
cdc2/cyclin B kinase complex, has been reported to also phosphorylate Amphl
(Floyd et al., 2001). A mass spectrometric study using rat brain synaptosomes
detected 13 in vivo phosphorylation sites, of which 5293 and T310 are the most
abundant (Craft et al., 2008). A list of the known phosphosites of Amphl can
be found in Table 1.1 together with the in vitro kinases that potentially

mediated some of these reactions.

Amphl undergoes reversible dephosphorylation that is facilitated by the

calcium/calmodulin-dependent phosphatase calcineurin in vitro causing a
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clear electrophoretic shift of its upper band (Bauerfeind et al., 1997). In contrast
to calcineurin, the protein phosphatases 1 and 2B fail to catalyse this reaction
(Bauerfeind et al., 1997). Amphl dephosphorylation occurs in an activity-
dependent manner with calcium influx being critical while SV exocytosis is
not important per se (Bauerfeind et al., 1997; Micheva et al., 1997b). Notably,
Amphl1-5293 has been revealed as a major dephosphorylation site on KCl-

stimulation of synaptosomes (Craft et al., 2008).

Amphl is also subjected to m-calpain-mediated cleavage mainly at 5333,
S377, and V392 residues distributed within the CLAP domain (Wu et al., 2007).
Calpain is a calcium-dependent cysteine protease that cleaves Amphl in
response to extensive calcium influx induced by either strong stimulation or
kainate-induced hyperexcitation (Wu et al., 2007). Despite that N-terminal
fragments of Amphl are still capable of binding to lipids, the interaction of
truncated Amphl with Dynl is impaired and ring formation is blocked,
suggesting that Amph1 truncation is an additional mechanism for regulating
SV endocytosis in rodent nerve terminals following high-frequency

stimulation (Wu et al., 2007).

Table 1.1 Phosphorylation sites on Amph1

Site Domain Kinase in vitro in vitro in vivo References
S250 PRD not known - + (Craft et al., 2008)
S252 PRD not known - + (Craft et al., 2008)
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1260

5262

5268

5272

5276

5285

5293

5295

PRD

PRD

PRD

PRD

PRD

PRD

PRD

PRD

not known

not known

not known

Cdk5, Cdc2

Cdk5, Cdc2

Cdk5, Cde2,

MAPK

Dyrkl1A, MAPK,

CDKL5

DyrklA

+ (Choudhury et al., 2008)

+

(Craft et al., 2008)

+

(Craft et al., 2008)

+ (Floyd et al., 2001)

(Craft et al., 2008)

+ (Floyd et al., 2001)

(Liang et al., 2007)

(Craft et al., 2008)

+ (Floyd et al., 2001)

(Liang et al., 2007)

(Shang et al., 2004)

(Craft et al., 2008)

+ (Shang et al., 2004)

(Murakami ef al., 2006)

(Craft et al., 2008)

(Sekiguchi et al., 2013)

- (Murakami ef al., 2006)
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T310 PRD DyrklA + + (Murakami et al., 2006)

(Craft et al., 2008)

T350 CLAP casein kinase 2 + - (Doring et al., 2006)
T387 CLAP casein kinase 2 + - (Doring et al., 2006)
5496 - not known - + (Craft et al., 2008)
S514 - not known - + (Craft et al., 2008)
S539 - not known - + (Craft et al., 2008)
5626 SH3 not known - + (Craft et al., 2008)

1.3.2 Molecular interactions of Amph1

Each of the major modules that comprise Amphl not only bears unique
structural features but is also essential for mediating distinct protein-protein
or protein-lipid interactions within presynaptic terminals. The contribution of
Amphl in SV endocytosis as a multifunctional adaptor will be reviewed next

per domain and a summary table can be found in Table 1.2.

N-terminal-mediated interactions. BAR domains are dimeric membrane-
binding modules forming characteristic crescent-shaped structures. Based on

their length, intrinsic curvature, and binding affinity to the membrane, BAR
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domains are categorised in three subtypes: the N-terminal amphipathic helix-
containing BAR (N-BAR), Fes/CIP4 homology BAR (F-BAR), and inverse BAR
(I-BAR) (Simunovic et al., 2015). Amphl belongs to the first group of BAR-
containing proteins and can either homodimerize or form heterodimers with
Amph2, with the latter being the predominant form in the brain (Wigge et al.,
1997; Slepnev et al., 1998). Amph?2 is an isoform of 90 kDa with similar tissue
expression, subcellular distribution, and structural organization with Amphl
(Wigge et al., 1997), whereas it shares interacting partners with Amphl

(Ramjaun et al., 1997) assisting the role of Amph1 as a scaffolding protein.

The Amphl N-BAR domain is characterised by the ability to sense highly
curved membrane formations with a diameter of 220 A (Peter et al., 2004).
Apart from curvature sensor, it has been suggested that Amphl N-BAR can
tubulate membranes fitting them to the curvature of its own crescent structure
depending on its density (Sorre et al., 2012). However, this occurs only when
the membrane has already reached a certain degree of curvature since Amphl
binds to the highly-curved membrane of the clathrin-coated pit just prior to
scission (Taylor et al., 2011). The mechanism through which Amphl N-BAR
shapes the membrane involves most probably the interaction of positively
charged areas located throughout its curved-in surface with negatively
charged phospholipids rather than helix insertion (Blood & Voth, 2006;
Arkhipov et al., 2009).

Apart from Amph2, three additional proteins have been reported to
interact with Amph1 through its N-terminal region. The first one is the Cdk5-
activating subunit p35 that interacts with Amph both in vivo and in vitro (Floyd
et al., 2001). Amphl undergoes Cdk5-mediated phosphorylation and this
modification has been related to actin remodelling during neuronal outgrowth

(Floyd et al., 2001). The second interacting partner on Amphl is phospholipase
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D (PLD) that hydrolyses phosphatidylcholine, producing the signalling
molecule phosphatidic acid and soluble choline. Amphl binding to PDL
results in its inhibition, thus controlling the production of phosphatidic acid
that is possibly important for regulating clathrin-coat assembly (Lee et al.,
2000). Finally, both the N-BAR and SH3 domains contribute to the interaction
of Amph1 with the actin regulatory protein N-WASP triggering the N-WASP-

and Arp2/3-dependent actin assembly (Yamada et al., 2009).

PRD-mediated interactions. Downstream of the N-BAR domain, an
overall basic PRD is found that contains, except for several P residues, other
small amino acids. This domain displays high susceptibility to
phosphorylation by various kinases implying its importance for regulating
Amphl function. Similarly to PRDs found in other endocytic proteins, the PRD
of Amph1 binds to SH3 modules with high affinity. Interestingly, given that
Amphl comprises both a PRD and an SH3 domain, it has been hypothesized
that an intramolecular interaction can be potentially formed between them
hindering therefore binding to other interactors (Farsad et al., 2003). To date,
endophilin A1l has been identified to bind to the PRD of Amph1 through its
SH3 domain (Micheva et al., 1997b) and this interaction is possibly regulated
by Dyrkl1A- and/or CDKL5-mediated phosphorylation of Amphl (Murakami
et al., 2006; Sekiguchi et al., 2013). Altered phosphorylation of Amph1 at 5293
by either kinase reduces its affinity for endophilin A1 (Murakami et al., 2006;
Sekiguchi et al., 2013). Endophilin Al is another N-BAR- and SH3-containing
protein that is linked to SV endocytosis (Kjaerulff et al., 2011). Apart from
Amphl, several interactions with endocytic proteins have been revealed
suggesting that it also acts as a scaffolding protein. Moreover, owning to its N-
BAR domain, endophilin Al is associated with membrane bending prior to

scission (Gallop et al., 2006). Endophilin Al also facilitates the uncoating of
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newly generated SVs (Gad et al., 2000; Verstreken et al., 2003; Sullivan, 2011).
Lastly, it has been linked to regulation of fusion kinetics in chromaffin cells,

independently of its endocytic roles (Gowrisankaran et al., 2020).

CLAP-mediated interactions. Via the CLAP domain, Amphl was reported
to interact with the clathrin adaptor complex AP1 at the trans-Golgi and AP2
at the plasma membrane through the ear domain of the a-adaptin subunit as
well as with clathrin heavy chain (CHC) in vitro (Wang et al., 1995; Slepnev et
al., 2000; Huser et al., 2013). These interactions are crucial for CME, since
truncation of Amphl within the CLAP domain results in inhibiting SV
endocytosis as well as depression of synaptic transmission (Wu et al., 2007).
Two phosphorylation sites have been identified to be located within the CLAP
domain, T350 and T387 (Doring et al., 2006). The double phosphomimic
mutant T350E/T387E results in reduced binding of clathrin triskelia to Amphl
implying possibly that clathrin has lower affinity for phosphorylated Amphl
(Doring et al., 2006).

SH3-mediated interactions. The SH3 domain is a short module of around
60 aa that is present in several proteins serving a wide range of biological
processes, such as altering the local concentration of various components or
facilitating the assembly of multiprotein complexes (McPherson, 1999). The
SH3 domain of Amphl occupies the C-terminal region and can bind with high
affinity to both Dynl and synaptojanin 1 in their C-terminal polyproline tail
harbouring a PXXP motif (David et al., 1996; McPherson et al., 1996; Micheva
etal., 1997a; Cestra et al., 1999). Multiple interactions between the amphiphysin
SH3 domain and Dyn are required for Dyn recruitment to clathrin-coated pits
in vivo (Rosendale et al., 2019), whereas disruption of their interaction has been
shown to block SV fission (Shupliakov et al., 1997). Amphl does not only

recruit Dyn1 into the neck of the endocytic pit, but it also contributes to the
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fission itself either physically or by stimulating the GTPase activity of Dyn1
(Meinecke et al., 2013; Takeda et al., 2018).

Another interacting partner of Amphl SH3 domain is the focal adhesion
kinase (FAK), a stimulus-dependent tyrosine kinase present in the presynaptic
terminals (Messina et al., 2003). This interaction has been suggested to enable
the FAK-induced recruitment of amphiphysin to the plasma membrane and
its disruption seems to impact on actin cytoskeleton and calcium-dependent
endocytosis (Messina et al., 2003). Last but not least, the calcineurin inhibitor
(Cain) that regulates SV endocytosis through calcineurin activity and synapsin
1 are two additional interacting partners of the SH3 domain of Amphl in the
nerve terminal (Lai et al., 2000; Onofri et al., 2000). In the case of synapsin 1,
interaction with Amph1 SH3 impairs its binding to protein components of SVs

and also weakens its ability to trigger actin polymerisation (Onofri et al., 2000).

Table 1.2 Established interacting partners of Amphl and their role in endocytosis

Interacting partner Known interaction Known interaction Role in endocytosis
site/domain site/domain on Amph
Amph?2 N-terminal region =~ N-terminal region Membrane
remodelling

(Wigge et al., 1997)

Scaffold protein
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Cdk5-activating

subunit p35

(Floyd et al., 2001)

PLD

(Lee et al., 2000)

N-WASP

(Yamada et al., 2009)

Endophilin

(Micheva et al.,

1997b)

CHC

(Slepnev et al., 2000)

Unknown

Unknown

Unknown

SH3 domain

N-terminal

domain

N-terminal region

N-terminal region

N-terminal region

and SH3 domain

PRD domain

Unknown

(in Amph2:

RKGPPVPPLP)

CLAP domain

DLD and WD

Phosphorylation of

Amphl by Cdk5

Clathrin-coat

assembly

Arp2/3-dependent

actin polymerization.

Membrane

remodelling

Scaffold protein

Possibly scission

Uncoating

Clathrin coat

assembly
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AP2

(Slepnev et al., 2000)

AP1

(Huser et al., 2013)

Dyn1 (David et al.,
1996; Grabs et al.,

1997)

Synaptojanin 1
(Micheva et al.,
1997a; Cestra et al.,

1999)

ear domain of a-

adaptin subunit

Unknown

PRD

PSRPNR

PIRPSR

PTIPPR

CLAP domain Clathrin recruitment

FFED (and DPF) Clathrin coat

assembly

Interaction with

dynamin
CLAP domain Clathrin coat
assembly (trans-
WDLW
Golgi network)
(Amph1/2
heterodimer)
SH3 domain Scission via GTPase-
dependent
PXRPXR(H)R(H)
mechanochemical
activity and release
of CCVs
SH3 domain Fission
Uncoating
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Focal adhesion C-terminal SH3 domain Actin cytoskeleton
kinase (Messina et proline-rich remodelling

al., 2003) region
Role in endocytosis?

Cain Proline-rich SH3 domain Inhibition of

region calcineurin activity
(Lai et al., 2000)

Synapsin 1 Proline-rich C- SH3 domain Actin cytoskeleton
terminus? remodelling
(Onofri et al., 2000)
Attachment to SVs

1.4 Project objectives

Whilst the impact of CDKLS5 deficiency on the development of human brain
is evident given the severity of conditions associated with CDD, neither the
physiological role nor the pathological defects of CDKL5 are well understood.
This is exaggerated when the presynapse is considered, since the presence of

CDKLS5 there has not been properly established, and, thus, a putative role for
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CDKLS5 in presynaptic terminals has been poorly addressed. However, the
evidence that Amphl, a highly enriched endocytic protein in nerve terminals,
is a putative substrate of CDKLS5 in vitro points to a possible presynaptic role
for CDKL5. Also, many other neurodevelopmental epileptic conditions have
been linked to defects of well-known presynaptic molecules, including
endocytic proteins, which makes the task of examining the presynaptic role of
CDKLS5 necessary. This would allow us to achieve a better understanding of
the basic CDKL5-related neurobiology and neuropathology. Moreover, the
knowledge of the molecular events that involve CDKL5 -similar to other
epileptic molecules- can be beneficial for the development of potential
therapeutic strategies for CDD and, at the same time, help establish common
approaches for similar epileptic disorders. To this end, our hypothesis was
that CDKL5 deficiency at the presynapse impairs SV recycling and this is
possibly mediated by altering the ability of neuronal activity to control the
interaction between Amphl and endophilin Al due to phosphorylation of
Amphl at the 5293 residue.

The aims of this project as addressed per chapter are:

% Chapter 3: Characterise a novel KO rat model of CDKL5 deficiency
(Cdkl5 KO Long-Evans) presynaptically focusing on various
parameters of the SV cycle that might be affected due to the loss of
CDKL5

K/
L X4

Chapter 4: Follow a structure-function approach to examine whether
presynaptic deficits can be restored using a molecular replacement
strategy with different exogenous CDKL5 constructs and investigate
whether Amphl is an interacting partner and substrate of CDKL5

focusing specifically on the 5293 residue
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<+ Chapter 5: Determine the functional role of Amphl complexes in SV
recycling at central presynaptic terminals and further elucidate the

interaction between Amphl and endophilin Al.
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Chapter 2: Materials and methods

2.1 Materials

Synaptophysin-pHluorin was obtained from Prof L. Lagnado (University
of Sussex, UK). The full-length rat Amph1 was gifted from Dr H. T. McMahon
(MRC Laboratory of Molecular Biology, Cambridge, UK). The Amphl-
mCerN1 expression vector was generated by the Cousin lab by cloning full-
length rat Amphl into an mCerulean (mCer) N1 vector with the sense CTC
GAG ATG GCC GAC ATC AAG ACG GGC ATC T and antisense TGG ATC
CCG TTC TAG GTG TCG TG TGA AGT TCT C primers and the restriction
enzymes Xhol and BamHI (sites underlined), respectively. The full-length
human CDKL5_1 (hCDKL5_1; hereafter referred to as CDKL5) was gifted
from Dr V. Kalscheuer (Max Planck Institute for Molecular Genetics, Berlin,
Germany). CDKL5-mCerC1 was generated by the Cousin lab by cloning
CDKLS5 into an mCerC1 vector with the sense CAT CAT CTC GAG GAA TGA
AGA TTC CTA ACA TTG GTA ATG and antisense CAT CAT GGT ACCTTA
CAA GGCTGT CTCTTT TAA ATC primers and the restriction enzymes Xhol
and Kpnl (sites underlined), respectively. Lastly, the pGEX-KG plasmid vector
was gifted by Dr C. Rickman (Heriot-Watt University).

General reagents and chemicals were obtained from Sigma-Aldrich or
Thermo Fisher Scientific. Specific reagents used for each method can be found

in the following subsections.
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2.2 DNA cloning

2.2.1 DNA recombination

2.2.1.1 Polymerase chain reaction

DNA amplification was achieved by polymerase chain reaction (PCR)
using a pair of sense and antisense primers that were designed to introduce
specific restriction enzyme recognition sites on either side of the DNA
fragment. All the primers were generated by Eurogentec (Belgium) and a list
of them can be found in Table 2.1. The reaction mix consisted of a Pfu 10x
Reaction Buffer with 20 mM MgSOs (Promega, USA; M776A), a sense and
antisense primer (1 uM), dNTPs (10 mM; Invitrogen™), Pfu DNA polymerase
(6 U/ul; Promega, USA; M774A), and the DNA template (100 ng). PCR was
carried out in a SimpliAmp Thermal Cycler machine (Thermo Fisher
Scientific) under the following conditions: 95°C for 2 min, 40 cycles of 95°C for
30 s, 55°C for 1 min, and 72°C for 1 min/kilobase plasmid, and 72°C for 10 min

followed by cooling to 4°C.

2.2.1.2 Agarose gel electrophoresis

To estimate the purity and identity of PCR amplified samples, gel
electrophoresis was performed, where DNA fragments were separated based
on their size. A small amount of PCR samples was loaded onto an 1 % (w/v)
agarose gel (UltraPureTM Agarose; Invitrogen™) with SYBR® Safe DNA gel
stain (10,000x; Invitrogen™) in Tris/Borate/EDTA buffer that consisted of 44.6
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mM Tris, 44.4 mM boric acid and 1.6 mM EDTA. Apart from the samples, the
HyperLadder™ 1kb DNA ladder (Bioline; BIO33026) was also loaded. Gel
electrophoresis was performed at 120 V constant for 35 min. The DNA bands
were visualized using ultraviolet light in a Syngene InGenius3 imaging system

(Cambridge, UK) and GeneSys software (Syngene; Cambridge, UK).

2.2.1.3 Digestion with restriction enzymes

The PCR amplified insert as well as the vector of interest were digested by
the appropriate pair of restriction enzymes to create compatible sticky ends.
All restriction enzymes used were purchased from Thermo Fisher Scientific
and can be found in Table 2.1. The digestion mix consisted of a 10x FastDigest
Green Buffer (Thermo Fisher Scientific), 1 pl of each restriction enzyme, and 1
ug of either the insert or the vector. Three different types of controls were also
prepared, including one with either the first or the second restriction enzyme
and another one without any restriction enzymes. The digestion was
performed in a water bath at 37°C for 1.5 h or at room temperature overnight.
The digested DNA fragments were separated by gel electrophoresis (see above
in 2.2.1.2 Agarose gel electrophoresis) and the bands representing the digested
insert and vector, respectively, were cut out of the gel. The DNA was extracted
using the Zymoclean™ Gel DNA Recovery Kit (Zymo Research) according to

the manufacturer’s instructions and ultrapure H2O for the elution step.
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2.2.1.4 Quantification of DNA concentration

The concentration of extracted DNA was estimated by measuring optical
density at 260 nm using a NanoDrop spectrophotometer (Thermo Fisher
Scientific). The absorbance ratios 260/280 and 260/230 were also evaluated as
they indicate the presence of proteins and other contaminants evaluating thus
the purity of the DNA samples. The values ~1.8 for the 260/280 and 2.0-2.2 for

the 260/230 ratios were considered acceptable for the purity of DNA samples.

2.2.1.5 Introduction of DNA insert into expression vectors

Insert DNA was introduced into an expression vector bearing
complementary sticky ends, using a T4 DNA Ligase (Promega; USA; M180A)
and a 2x Rapid Ligation Buffer (Promega; USA; C6711) after the two molecules
were mixed in a ratio 3:1 of insert:vector. The amount of insert DNA (ng) that
was necessary for the ligation reaction was determined with the help of the
NEBioCalculator v1.10.1 online calculator, for which the insert DNA length
(bp), vector DNA length (bp) and vector DNA mass (ng) were required.
CDKL5 truncated constructs were incorporated into mCerCl expression
vector, whereas Amphl mutated constructs lacking the F-BAR domain were
inserted into pGEX-KG plasmids. The ligation solution was incubated at room

temperature for 30 min followed by overnight incubation at 4°C.
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2.2.1.6 Bacterial transformation

DNA constructs were mixed with either XL10 or BL21 competent bacterial
cells and incubated on ice for 30 min. A sample of competent cells in which no
DNA construct was added served as a negative control. Introduction of
plasmid DNA into the bacterial host cells was achieved by the heat shock
method at 42°C for 45 s followed by incubation on ice for 2 min. Pre-warmed
lysogeny broth media containing 10 g tryptone (Merck), 5 g yeast extract and
171 mM NaCl, pH 7.4, was added aseptically to the transformed bacteria,
which were then incubated at 37°C for 1 h in a shaking incubator. Pre-warmed
agar plates containing the appropriate antibiotic (ampicillin, 100 ng/ml;
kanamycin, 30 ug/ml) were inoculated aseptically and incubated at 37°C
overnight. The plates were kept inverted to prevent any condensed water
interfering with the growth of the bacteria. The following day the plates were
checked for bacterial colonies and stored at 4°C. The plasmid vectors mCerCl1
and mCerN1 were resistant to kanamycin (Fisher Bioreagents; BP 906-5),

whereas the pGEX-KG plasmids to ampicillin.

2.2.1.7 Isolation of recombinant plasmid from bacteria

After transformation and growth of bacterial cells, colonies of identical
plasmid clones were selected randomly and allowed to grow in lysogeny broth
media containing the appropriate antibiotic (see above in 2.2.1.6 Bacterial
transformation) at 37°C overnight in a shaking incubator. The bacterial culture
was then lysed, and the plasmid DNA was purified chemically. Depending on
the volume of the culture and the subsequent yield of plasmid DNA, either the
Gene]ET Plasmid Miniprep Kit (Thermo Fisher Scientific) or the HiSpeed®
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Plasmid Maxi Kit (Qiagen) was used for this purpose, according to the
manufacturer’s instructions. The yield and purity of the recombinant DNA
was estimated as described above (2.2.1.4 Quantification of DNA

concentration).

2.2.1.8 DNA sequencing

Sanger sequencing was conducted by Source BioScience, UK, to verify that
the nucleotide sequence of purified DNA constructs was correct. Primers used
for sequencing were either designed and supplied together with the samples
(listed in Table 2.1) or were provided by Source Bioscience, UK, such as the
EGFP C F or PGEX 5' generic primers. Chromatographs were subsequently
analysed using the A plasmid Editor v2.0.60 software created by Dr W. Davis
(University of Utah).

Table 2.1 List of primers.

Name Sequence 5'-3’

Primers for cloning Amph1 constructs into pGEX-KG vector

Sense_PRD CATCATGAATTCTAGGAGCTCCCAGTGATTCGGGTC

Restriction enzyme: EcoRI (FD0274)

Antisense_SH3 ATGATGCTCGAGCTATTCTAGGTGTCGTGTGAAGTTCTC

Restriction enzyme: Xhol (FD0694)
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Antisense_ ASH3

ATGATGCTCGAGCTAAGGAGGCAGTTCCTGAGCGG

Restriction enzyme: Xhol

Primers for generating truncated versions of CDKL5-mCerC1

Sense_aal

Sense_aa298

Sense_aa353

Antisense_aa297

Antisense_aa352

Antisense_aa960

For sequencing the
SH3 domain of
Amphl

For sequencing the C-
terminus domain of
CDKL5

CATCATCTCGAGTAATGAAGATTCCTAACATTGG

Restriction enzyme: Xhol

CATCATCTCGAGTACAAACCCAGAGACTTCTGG

Restriction enzyme: Xhol

CATCATCTCGAGTACTGCCCCGGGCTGACGAAG

Restriction enzyme: Xhol

ATGATGGAATTCCTAAAATGTAGGGTGATTCAAAC

Restriction enzyme: EcoRI

ATGATGGAATTCCTAGCCTACACTCAGGTTCTG

Restriction enzyme: EcoRI

ATGATGGGTACCTTACAAGGCTGTCTCTTTTAAATC

Restriction enzyme: Kpnl (FD0524)

Sequencing primers

GAAGCAGGAACTGGCTACAG

CITATGGACTGGGCTACACC,

GTTACATCTCTCTTCGGCCTC
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2.2.2 Site-directed mutagenesis

Point mutations were introduced in full-length rat Amphl or human
CDKLS5 protein by PCR using a pair of sense and antisense primers that
contain the respective modification. Some of these mutations located in
different domains of Amphl were shown to disrupt protein-protein
interactions with different endocytic molecules (Cestra et al., 1999; Slepnev et
al., 2000). These mutations were introduced in rat Amphl1, using the full-length
Amphl-mCerN1 plasmid as template of the PCR reaction. Similarly, single-
base pair mutations were introduced in human CDKLS5, using the full-length
CDKL5-mCerC1 vector as DNA template. The missense mutation R178P that
was reported in CDD patients (Elia et al., 2008; Nemos et al., 2009) as well as
the K42R mutation that was shown to block the kinase activity of CDKL5 (Lin
et al., 2005) were both generated by the Cousin lab. The primers that were used
for introducing point mutations were all purchased from Eurogentec
(Belgium) and can be found in Table 2.2. The PCR reaction was performed as
described in 2.2.1.1 Polymerase chain reaction, and was followed by digestion
at 37°C for 1 h with 1 ul Dpnl endonuclease (Biolabs; R0176L) that cleaves
selectively methylated DNA. XL10 competent cells were transformed by heat
shock and mutated DNA constructs were purified either by miniprep or
maxiprep as per manufacturer’s instructions. The presence of the desired point

mutations was confirmed by Sanger sequencing.
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Table 2.2 List of primers used in site-directed mutagenesis.

Name

Sequence 5’-3’

Primers for the site-directed mutagenesis of Amphl-mCerN1

AP2 (FFESSR)

Sense

AP2 (FFESSR)

Antisense

GAGAACATCATCAATTCCTCTAGGGAC
AACTTTGTACCAG

CTGGTACAAAGTTGTCCCTAGAGGAAT
TGATGATGTTCTC

CL_I (DLD>HSR)

Sense

CL_I (DLD>HSR)

GGAGACTTTGCTGCATTCGCGCTTTGA
CCCTTTCAAAC

GTTTGAAAGGGTCAAAGCGCGAATGC
AGCAAAGTCTCC

Antisense

CL_II (WD->SR) CAGACATTGCCCTCGCGCTTATGGACG
ACAAG

Sense

CL_II (WD->SR) CTTGTCGTCCATAAGCGCGAGGGCAAT

Antisense

GTCTG

PRD_I (PP_I>AA)

Sense

PRD_I (PP_I>AA)

Antisense

GACAAGGAAAGGGGCTGCTGTCCCAC
CTCTGC

GCAGAGGTGGGACAGCAGCCCCTTTC
CITGTC

PRD_II (PP_II>AA)

Sense

GAAAGGGCCTCCTGTCGCAGCTCTGCC
TAAAGTC
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PRD_II (PP_II>AA)

Antisense

GACTTTAGGCAGAGCTGCGACAGGAG
GCCCTTTC

PRD_IIT (PPVPP>AAVAA)

Sense

PRD_IIT (PPVPP>AAVAA)

Antisense

CAAGGAAAGGGGCTGCTGTCGCAGCT
CTGCCTAAAG

CITTAGGCAGAGCTGCGACAGCAGCC
CCTTTCCTTG

PRD_IV (PVRP>AVRA)

Sense

PRD_IV (PVRP>AVRA)

Antisense

GCATCTCCTGCCGCAGTGCGAGCCAGA
TCACCTTCAC

GTGAAGGTGATCTGGCTCGCACTGCGG
CAGGAGATGC

SH3 (G>R, P>L)

Sense

SH3 (G>R, P>L)

Antisense

GCCACATACAAACGCCTCTTTCTAGAG
AACTTCACAC

GTGTGAAGTTCTCTAGAAAGAGGCGTT
TGTATGTGGC

S293A
Sense

Generated by the Cousin lab

S293A
Antisense

Generated by the Cousin lab

CCAGTGCGACCCAGAGCACCTTCACA
GACAAGG

CCTTGTCTGTGAAGGTGCTCTGGGTCG
CACTGG

S293E
Sense

Generated by the Cousin lab

CCAGTGCGACCCAGAGAACCTTCACA
GACAAGG
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S293E CCTTGTCTGTGAAGGTICTCTGGGTCGC

Antisense ACTGG

Generated by the Cousin lab

Primers for the site-directed mutagenesis of CDKL5-mCerC1

K42R GAAATTGTGGCGATCCGGAAATTCAA

GGACAGT
Sense

Generated by the Cousin lab

K42R ACTGTCCTTGAATTTCCGGATCGCCAC

Antisense AATTTC

Generated by the Cousin lab

R178P GCCACCAGATGGTATCCGTCCCCAGAA

CTCTTA
Sense

Generated by the Cousin lab

R178P TAAGAGTTCTGGGGACGGATACCATCT
GGTGGC

Antisense

Generated by the Cousin lab

2.2.3 Cloning short hairpin RNA sequences

For knocking down Amphl, a short hairpin RNA sequence (shRNA) was
cloned into a pPSUPER.neo+gfp vector (Oligoengine) modified to express mCer
instead of the original green fluorescent protein (GFP) probe (Clayton et al.,
2010). The shAmphl expressing vector was generated by ligating annealed

custom-made oligonucleotides with a pSUPER vector that was previously
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digested using BglIl (FD0083) and Xhol at 37°C for 30 min and gel purified.
The annealing reaction was prepared by mixing a pair of sense and antisense
oligonucleotides (3mg/ml) corresponding to the mouse Amphl sequence in
the appropriate annealing buffer (100 mM NaCl and 50 mM HEPES, pH 7.4)
and was performed at 90°C for 4 min followed by 70°C for 10 min. The
annealed oligonucleotides were cooled down to 10°C in 5°C steps, with 3 min
for each step. A scrambled control was also generated using a pair of
oligonucleotides that do not match any mouse Amphl sequence. All the
oligonucleotides used were purchased from Eurogentec (Belgium) and can be
found in Table 2.3. The pSUPER vector used also expressed sypHy, which was
mutated within its BglII site to avoid digestion there (mutated and cloned by
the Cousin lab). The expression of mCer was prevented by introducing an
early stop codon to the mCer sequence using site-directed mutagenesis. A map
of the pSUPER vector used to silence Amphl expression is presented in Figure
2.1. XL10 competent cells were transformed by heat shock and shRNA
expressing pSUPER vectors were purified either by miniprep or maxiprep as
per manufacturer’s instructions. The presence of the shAmphl was confirmed

by Sanger sequencing.
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Figure 2.1 pSUPER vector expressing shAmphl

Schematic presentation of the pPSUPER plasmid vector that was used to silence the
expression of Amphl. The shAmphl (red) and sypHy (green) expression is
controlled by the H1 (light red) and T7 (light green) gene promoters, respectively.
The expression of mCer (turquoise) was interrupted by introducing an early stop

codon (star). The BglII site within sypHy was modified to prevent digestion (also
star).
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Table 2.3 List of oligonucleotides for knocking down Amphl.

Primer Sequence 5’-3’

shAmph1 GATCCCCGGAAGCTTGTGGATTATGATTCAAGA

Sense GATCATAATCCACAAGCTTCCTTTTTC

shAmph1 TCGAGAAAAAGGAAGCTTGTGGATTATGATCTC
. TTGAATCATAATCCACAAGCTITCCGGG

Antisense

Scrambled GATCCCCTICGCGATTAGTTCATTAGGTTCAAGAG

Sense ACCTAATGAACTAATCGCGATTTTTC

Scrambled TCGAGAAAAATCGCGATTAGTTCATTAGGTCTCT
. TGAACCTAATGAACTAATCGCGAGGG

Antisense

2.3 Animals

All experimental procedures were conducted according to the Animals

(Scientific Procedures) Act 1986 on the protection of animals used for scientific

purposes, with approval of institutional animal welfare guidelines. Animals

were maintained on a 12-hour light/dark cycle under temperature-controlled

environment, with food and water provided when needed.

73



2.3.1 CdkiI5 KO Long-Evans breeding colony

All the animals used for studying the role of CDKL5 at nerve terminals
belonged to the Cdkl5 KO Long-Evans rat breeding colony. This model was
generated by Horizon Discovery, USA, by deleting a 10-bp sequence in exon
8 of the CDKL5 gene (138367-76 in genomic sequence) that results in the
introduction of an early stop codon. CDKL5 heterozygous females (Cdkl5*")
and WT Long-Evans males (Cdkl5*Y) were set up for timed matings and rat
embryos were obtained from pregnant females at E17-E19. Embryos were
sexed by dissecting the abdomen to reveal their inner reproductive organs.
Only male CdkI57" embryos (hereafter referred to as CDKL5 KO) and littermate
controls (hereafter referred to as WT) were used for neuronal cultures given
that Cdkl5 is an X-linked gene. Adult male rats of both WT and CDKL5 KO

background were used for biochemistry experiments.

2.3.2 Genomic DNA extraction

Genomic DNA was extracted from nose or tail (a couple of millimetres)
biopsies of rat embryos following the HotShot method. Briefly, DNA was
prepared by boiling tissue samples at 95°C for 50 min in alkaline lysis reagent
consisting of 25 mM NaOH and 0.2 mM disodium EDTA in double-distilled
H:O, pH 12. After cooling to 4°C, neutralising reagent was added containing
40 mM Tris-HCl in double-distilled H2O, pH 5 and the extracted DNA was

stored at -20°C.
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2.3.3 Genotyping

The DNA sequence of interest was amplified by PCR using a pair of sense-
antisense primers and an additional sense primer matching a 10 bp sequence
present only in the genomic DNA derived from WT tissues that can be found
in Table 2.4. Prior to PCR, a master mix was prepared including 1x Green
GoTaq® Reaction Buffer, the above primers (500 nM), dNTPs (200 uM),
GoTaq® DNA Polymerase (0.03125 U/ul), 1 ul DNA and double-distilled H-0
up to final volume 20 ul. PCR was carried out in a SimpliAmp Thermal Cycler
machine (Thermo Fisher Scientific) under the following conditions: 94°C for 3
min, 94°C for 20 s, 56°C for 30 s (40 cycles), 72°C for 1 min, 72°C for 2 min and
cooling to 4°C. PCR amplified samples were loaded onto a 0.6 % (w/v) agarose
gel (UltraPureTM Agarose; Invitrogen) in 1x Tris/Borate/EDTA buffer using
RedSafe Nucleic Acid Staining Solution (20,000x; GH Science). Apart from the
samples, the HyperLadder™ 1kb (Bioline) DNA ladder, a WT, a KO, and a
water control were also loaded. Gel electrophoresis was performed at 120 V
constant for 35 min. The DNA bands were visualized using ultraviolet light in
the Syngene InGenius3 imaging system (Cambridge, UK) and the GeneSys
software (Syngene; Cambridge, UK). WT samples were represented as a
double band of 335 bp and 135 bp, whereas CDKL5 KO samples as a single
band of 325 bp due to the 10-bp deletion from exon 8, as shown in Figure 2.2.
Since the sense primer matching this deletion was not able to bind, the low

molecular weight band was absent from CDKL5 KO samples.
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Table 2.4 List of primers used for genotyping.

Primer Sequence 5’-3’ Location

Sense GGGCTTGTAGCAAATCCATCC Intron 6

Sense; matching a 10 bp ATACGTGGCTACTCGGTGGTAC Exon 8

deletion

Antisense AGCAAGCAGAGTTCTATTTTCCT Intron 7
A B
Exon 7 Exon 8 Exon 9 ‘ WT KO
----- . Intron 6 . Intron 7 A W 335bp
- - I IS
135 bp
_’

Figure 2.2 Genotyping strategy

(A) Schematic representation of the Cdkl5 gene region that encompasses the 10-bp
deletion (red box) in exon 8 as well as the binding sites for the genotyping primers
(black arrows). The genotyping strategy includes a third primer that recognizes the
region containing the 10-bp deletion (red arrow). (B) Two PCR-amplified
fragments of the Cdkl5 gene are detected at 335 bp and 135 bp, respectively, in WT
embryonic tissues. A single 325-bp fragment lacking the 10-bp deletion is detected

in CDKL5 KO embryonic tissue.
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2.3.4 Wildtype animals

Wildtype mice from the C57Bl/6] colony were set up for timed matings and
mouse embryos were obtained from pregnant females at E16-E17. Mouse
embryos of both sexes were used for neuronal cultures. Adult Sprague Dawley
rats were preferably used for biochemistry experiments (see 2.9.1 Crude
synaptosome purification) due to the larger starting material that can be

obtained compared to mice.

2.4 Cell culture

2.4.1 Preparation of primary hippocampal neurons

Primary neuronal cultures were prepared from the hippocampus of CdkI5
LE KO rat male embryos at E17-19 or C57Bl/6] wildtype mouse embryos of
both sexes at E16-17. Dissected hippocampi were incubated in papain (10
U/ml; Worthington Biochemical; LK003178) at 37°C for 20 min before
trituration in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(Thermo Fisher Scientific) supplemented with penicillin/streptomycin
solution (Life Technologies; 15140-122) and filter-sterilised foetal bovine
serum (Biosera; S1810-500). The solution was spun at 350 x ¢ for 5 min at room
temperature and resuspended in Neurobasal medium (Thermo Fisher
Scientific) containing penicillin/streptomycin solution, L-glutamine (0.5mM,;
Life Technologies; 25030-024) and B27 supplement (1% v/v; Life Technologies;
17504-044). Cells were counted with a Marienfeld Neubauer counting chamber

and loaded onto pre-warmed 25 mm coverslips containing 50 uL of laminin
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(Sigma-Aldrich; L2020)-enriched Neurobasal in 6-well plates at a density of 4.0
x 106 cells/ml. The coverslips were previously coated in poly-D-lysine (0.05
ug/ul; Sigma-Aldrich; P7886-50MG) dissolved in 100 mM boric acid solution,
pH 8.5, overnight at room temperature. After 1-h incubation at 37°C, each well
was filled with 2 mL of Neurobasal medium. Cytosine 3-D-arabinofuranoside
(Sigma-Aldrich; C1768-100MG) was added to the cells to a final concentration
1 uM after 3 days to avoid proliferation of glia. Cells were kept in a humidified
incubator at 37 °C/5% CO: for up to 15 days.

2.4.2 Transfection

Hippocampal neurons were transfected between 8-10 days in vitro (DIV)
using 1-2 ul of Lipofectamine® 2000 Transfection reagent (Thermo Fisher
Scientific) and 1 ug of plasmid per well incubated together for 20 min before
transfection. In the case of the mCer, 0.7 ug of the plasmid were used per well.
Transfection was performed using unsupplemented Neurobasal medium
(Thermo Fisher Scientific) for 2 h at 37°C/5 % CO: prior to being replaced by

the initial supplemented Neurobasal medium of the culture.

2.5 Imaging assays and microscopy

2.5.1 Synaptophysin-pHluorin live-cell imaging

For monitoring the kinetics of the SV cycling in nerve terminals of primary

hippocampal neurons in real time, a GFP-derived tag was used called
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pHluorin (Miesenbock et al., 1998). This probe is characterized by high pH-
sensitivity and is fused to lumenal domains of synaptic vesicle proteins, such
as synaptoptophysin (Granseth et al., 2006). Synaptophysin-pHluorin (sypHy)
is a fusion SV protein with four transmembrane domains that bears the
pHluorin tag in an intravesicular loop (Granseth et al., 2006). The fluorescence
of sypHy is dictated by the differences in pH between the lumen of SVs and
that of the extracellular fluid under 488-nm excitation. At rest, the sypHy
fluorescence is quenched by the acidic pH intralumenally (pH ~ 5.5). Upon
stimulation, SV fusion with the plasma membrane leads to an increase in
fluorescence due to the exposure of pHluorin molecules to the basic
environment outside of the neuron (pH 7.4) and their subsequent
deprotonation. The retrieval of the vesicular membrane and its protein
components is followed by rapid reacidification (t ~3-5 s) of the newly
internalised SVs resulting in fluorescence being quenched again (Atluri &
Ryan, 2006; Kwon & Chapman, 2011). Since reacidification occurs fast
compared to endocytosis, this decay in fluorescence can be used to estimate
the speed of SV endocytosis following stimulation (Sankaranarayanan &

Ryan, 2000).

Two properties of sypHy have been crucial for studying the exocytosis-
endocytosis dynamics in cultured neurons: its high sensitivity to pH changes,
and low background fluorescence. The magnitude of the fluorescence signal
depends on the fraction of pHluorin molecules in the deprotonated state at a
given pH change (Sankaranarayanan et al., 2000). Since the dissociation
constant (pKa) of pHluorin has been determined to be ~7.1, pH changes from
5.5 to 7.4 result in approximately a 20-fold increase in the fluorescent light
emitted upon single SV fusion events (Sankaranarayanan et al., 2000). In

addition to its optimal response to pH differences, the precise localization of
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sypHy to SVs in combination with its low expression on the neuronal surface
results in an enhanced overall signal-to-noise ratio (Granseth et al., 2006). This
makes sypHy an excellent tool for exploring different parameters of the SV

cycle.

Primary hippocampal neurons at DIV 13-15 were mounted in a closed bath
imaging chamber with two parallel wires attached to the sides 6 mm apart
(RC-21BRFS; Warner) allowing electrical stimulation of the neurons. Two
coverslips were tightly sealed to the top and bottom of the chamber fixed with
silicone grease (medium viscosity; Acros Organics) with the latter carrying the
neuronal specimen. Thin tubes (Warner) attached to the chamber ensured the
smooth continuous perfusion of buffers within the chamber. The imaging
buffer that was used included 119 mM NacCl, 2.5 mM KCIl, 2 mM CaClz, 2 mM
MgClz, 25 mM HEPES, 30 mM D-glucose, pH 7.4, supplemented with 10 pM
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 50 uM 2-amino-5-
phosphonovaleric acid (AP5) to block glutamate receptors activity. This
prevents recurrent network activity due to spontaneous neuronal firing.
Neurons were stimulated with a train of action potentials of 1-ms pulse width
and 100 mA current output at different frequencies based on the protocol
applied using a D330 MultiStim Digitimer stimulator. The protocols used for
depolarising hippocampal neurons are presented in Figure 2.4. At the end of
each recording, neurons were perfused with NHiCl (pKa 9.24) solution, pH
7.4, consisting of the imaging buffer prepared as described above with 50 mM
NH:Cl instead of 50 mM NaCl. Ammonia can diffuse through cell membranes
causing all sypHy molecules to unquench allowing therefore an evaluation of
the total SV pool size. A typical response of sypHy-expressing boutons during
field stimulation and NH4Cl perfusion is presented in Figure 2.3A. All

recordings were performed at room temperature.
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Transfected neurons were visualized using a Zeiss Axio Observer D1
inverted epifluorescence microscope (Zeiss Ltd., Germany) and a 40x 1.3
numerical aperture (NA) oil immersion objective at 488 nm and 510 nm
excitation and emission wavelengths, respectively (like GFP). Neurons co-
expressing sypHy with mCer-tagged constructs were imaged at 500 nm
excitation wavelength using a 525-nm dichroic and a 535-nm emission filter as
mCer can be excited at 433 nm and detected at 475 nm (presence of mCer was
always confirmed prior to imaging). In this way, the fluorescent light emitted
represents sypHy and not mCer fluorescence. Images were acquired using a
Hamamatsu Orca-ER CCD digital camera and the acquisition rate was set at 4
s constantly pre- and post-stimulus as this offers adequate temporal resolution

for monitoring the exocytosis and endocytosis events.

2.5.1.1 Analysis of sypHy traces

Time-lapse stacks of image slices were analysed using the Fiji is just Image]
(Fiji) software (Schindelin et al., 2012; Schneider et al., 2012). These were
initially aligned using the StackReg plugin by selecting the Rigid Body as the
transformation type (Thevenaz et al., 1998). Regions of interest (ROIs) 0.8 um
in diameter were placed on each presynaptic bouton (~1-2 um in diameter) of
transfected axons that was responsive to stimulation within a field of view.
Fluorescence intensity was measured for all image slices using the Times
Series Analyzer plugin created by Dr J. Balaji (University of California, Los
Angeles). The ROI Trace Selection v0.10 software generated by D. Stewart
(University of Edinburgh) was employed for the manual removal of outlier
ROI traces. The ratio AF/Fo was calculated, where AF represents the change in

fluorescence intensity due to stimulation and Fo the initial fluorescence
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intensity prior to stimulation (baseline). When necessary, a one-phase
exponential fit was used to correct baseline for bleaching that was then
subtracted from all time points. The average AF/Fo data for each coverslip (~80-
120 ROIs) were normalised to the maximum fluorescence intensity either
during stimulation or NH4ClI perfusion. Peak height was calculated as AF/Fo
to the maximum fluorescence intensity in response to ammonia. The N refers
to the number of individual coverslips analysed. In Figure 2.3B, examples of

graphs produced during data analysis are presented.
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Figure 2.3 Imaging and analysis of sypHy expressing neurons

(A) Example response from sypHy expressing axons in primary hippocampal
neuronal cultures that were subjected to 400 APs at 40 Hz and perfused with NH4Cl
solution. Representative image slices were selected from the whole time-course that
was recorded. (B) Subsequent stages of sypHy analysis of 5 randomly picked

coverslips in response to stimulation (400 APs at 40 Hz; red bars) and alkaline
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solution (turquoise bars). Left, the fluorescence intensity of each coverslip is plotted
in time. Middle, the fluorescence intensity is plotted in time following subtraction
of the baseline fluorescence and normalisation with the latter. Right, the mean +
SEM of the normalised changes in fluorescence intensity in time is shown after

being decay corrected and normalised for the stimulation peak.

2.5.2 Bafilomycin A1

To measure exocytosis independently of endocytosis, sypHy imaging was
performed in the presence of bafilomycin A1 (ALFA AESAR, J61835.MX). This
antibiotic acts as a specific inhibitor of the SV proton pump, V-ATPase, that is
responsible for acidifying newly reformed SVs and, as a result, the pH
intralumenally remains neutral preventing sypHy fluorescence from being
quenched after endocytosis (Floor et al., 1990). Neurons were subjected to 900
APs at 10 Hz under the continuous perfusion of imaging buffer (as described
in 2.5.1 Synaptophysin-pHluorin live-cell imaging) supplemented with 1 uM
bafilomycin Al dissolved in DMSO and glutamate receptor blockers. The
imaging was performed using the same imaging setup and parameters
described in 2.5.1 Synaptophysin-pHluorin live-cell imaging. At the end of
each recording, neurons were perfused with NH4Cl solution to evaluate the
total pool size. The average AF/Fo data for each coverslip were normalised to
the average fluorescence intensity of the last 60 s during stimulation, when the

sypHy trace reaches a plateau.
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2.5.3 Acid perfusion

To examine the SV reacidification kinetics separately from the endocytosis
kinetics, sypHy-expressing neurons were subjected to 300 APs at 10 Hz and
perfused with acidic solution immediately after their stimulation. The acidic
solution, that was prepared by replacing HEPES in the imaging buffer (as
described in 2.5.1 Synaptophysin-pHluorin live-cell imaging) with 2-(N-
morpholino)ethanesulfonic (MES) acid (pKa 6.1), pH 5.5, quenches the
fluorescence of sypHy molecules residing on the plasma membrane.
Therefore, all the newly formed synaptic vesicles (still basic intralumenally)
contain sypHy molecules protected from the acidic extracellular environment.
It is the fluorescence quenching of these sypHy molecules that can be used to

estimate the speed of reacidification (Atluri & Ryan, 2006).

Since the reacidification of newly-endocytosed SVs is a rapid process, the
acquisition rate was set at 2 s, as this offers sufficient temporal resolution
(Atluri & Ryan, 2006; Kwon & Chapman, 2011). The imaging was performed
using the same imaging setup and parameters described in 2.5.1
Synaptophysin-pHluorin live-cell imaging. At the end of each recording,
neurons were perfused with NHCl solution to evaluate the total pool size. An
initial perfusion with acid was also applied prior to stimulation resulting in all
sypHy molecules residing on the neuronal membrane at resting conditions to
be quenched. This also serves as a control to estimate the speed of surface
sypHy quenching, in comparison to surface quenching plus SV acidification

during stimulation.
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Figure 2.4 Imaging protocols using sypHy

Protocols employed to examine different parameters of SV recycling in
hippocampal neurons expressing sypHy. (A, B, C) Neurons were stimulated at
different frequencies (10 Hz for 30 s, 40 Hz for 10 s, 5 Hz for 60 s; red bars) and left
to recover prior to perfusion with a NH4Cl solution (turquoise bars). (D) Protocol
for measuring exocytosis separately from endocytosis using bafilomycin Al to
block SV re-acidification. Neurons were stimulated at 10 Hz for 90 s (red bar) in the
presence of bafilomycin Al (purple bar) prior to perfusion with a NH4Cl solution

(turquoise bar). (E) Protocol for examining the re-acidification kinetics separately
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from endocytosis. Neurons were stimulated at 10 Hz for 30 s (red bar) and were
perfused with an acid solution pre- and post-stimulus for 50 s and 40 s, respectively

(yellow bars). At the end, a NH4Cl solution was also perfused (turquoise bar).

2.5.4 TMR-dextran uptake

Dextrans are hydrophilic polysaccharides of high molecular weight that
are formed by a-1,6-polyglucose linkages. Fluorescently labelled dextrans,
such as tetramethylrhodamine-dextran (TMR-dextran), can be used as
markers for the fluid uptake of extracellular solutes through endocytosis.
TMR-dextran is an anionic conjugate of 40 kDa characterised by excitation and
emission wavelengths at 555 nm and 580 nm, respectively. Based on its
molecular weight, the hydrodynamic radius (or Stoke’s radius) of TMR-
dextran in solution has been determined to be around 4.32 nm (Aimar ef al.,
1990). Due to their large size in combination with low enrichment on the
surface of the plasma membrane, TMR-dextran probes are less likely to be
endocytosed by single SVs but can selectively label bulk endosomes after

strong electrical stimulation (Holt et al., 2003; Clayton & Cousin, 2009).

Neurons were stimulated with 400 APs at 40 Hz in the presence of 50 uM
TMR-dextran in imaging buffer supplemented with glutamate receptors
blockers and washed for at least 2 min to remove excess TMR-dextran. Under
continuous perfusion with imaging buffer, TMR-dextran fluorescence was
excited at 550 nm and detected at > 575 nm using a 565 nm dichroic filter. The
imaging was performed using the same imaging setup described in 2.5.1

Synaptophysin-pHluorin live-cell imaging. Stacks of image slices were
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acquired from 8-10 fields of view with the same axonal density per coverslip
and analysed using the Fiji software. A maximum projection was applied
according to which the final image was formed by pixels of the largest value
across all slices. As a result, the dextran puncta that were bright in different
focus planes became visible and, thus, quantifiable. MaxEntropy thresholding
was applied and dextran puncta 0.64-2.24 um in diameter were counted using
the Analyze particles plugin of Fiji (Kapur et al., 1985). Unstimulated
coverslips were also imaged and analysed for all conditions. Since dextran is
internalised into presynaptic boutons following strong stimulation selectively,
the number of puncta from unstimulated coverslips provided an estimate of
the background uptake and, therefore, were subtracted from all stimulated

coverslips. The N refers to the number of individual coverslips analysed.

2.5.5 Immunofluorescence

Immunolabelling was performed using primary hippocampal neurons,
which were initially fixed with 4 % (w/v) paraformaldehyde/PBS solution for
10 min and then neutralized with 50 mM NH4CIl/PBS for 10 min. After three
washes with PBS, cells were permeabilized in 0.1% (v/v) Triton X-100, 1%
(w/v) BSA/PBS for 5 min and then blocked in 1% (w/v) BSA/PBS for 30 min.
Following blocking, cells were incubated with the appropriate primary and
secondary antibodies for 1-2 hours each at room temperature. A list of primary
and secondary antibodies used can be found in Table 2.5. Transfected neurons
were visualized using a Zeiss Axio Observer Z1 inverted epifluorescence
microscope (Zeiss Ltd., Germany) and either a 40x 1.3 NA or 63x 1.4 NA oil
immersion objective at both 475 nm and 555 nm excitation wavelengths.

Fluorescent light was detected at 500-550 nm and 570-640 nm using a 495-nm
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and a 570-nm dichroic filter, respectively. Neurons expressing mCer-tagged

constructs were visualized at 475 nm excitation wavelength using an anti-GFP

antibody with appropriate secondary antibody to increase the signal. Images

were acquired using a Zeiss AxioCam 506 camera and the Zeiss ZEN 2

software. Data analysis was performed using the Fiji software as indicated in

the following chapters.

Table 2.5 List of antibodies used for immunofluorescence.

Antibody against Host Dilution Manufacturer
Primary antibodies

Amphl Rabbit 1:250 Synaptic Systems
#120 003

GFP Chicken 1:5000 Abcam
ab13970

SV2A Rabbit 1:200 Abcam
ab32942

CDKL5 Sheep 1:200 Rouse lab (University

of Dundee)
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VGLUT1

Rabbit Alexa Fluor 488

Chicken Alexa Fluor 488

Rabbit Alexa Fluor 568

Rabbit Alexa Fluor 568

Guinea pig Alexa Fluor 568

Sheep Alexa Fluor 568

Guinea pig

Secondary antibodies

Donkey

Goat

Goat

Donkey

Goat

Donkey

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

Synaptic Systems

#135 304

Molecular Probes,
Thermo Fisher

Scientific

Molecular Probes,
Thermo Fisher

Scientific

Molecular Probes,
Thermo Fisher

Scientific

Molecular Probes,
Thermo Fisher

Scientific

Molecular Probes,
Thermo Fisher

Scientific

Molecular Probes,
Thermo Fisher

Scientific
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2.6 Cell lysis

Primary hippocampal neurons in culture were washed with PBS and lysed
on ice using RIPA buffer (50 mM Tris pH 7.8, 1 mM EDTA, 2 mM EGTA, 150
mM NaCl, 1 % (v/v) NP40, 0.5 % (w/v) deoxycholate, 0.1 % (w/v) sodium
dodecyl sulphate (SDS), protease inhibitors cocktail (500x)). Lysed cells were
collected and incubated at 4°C for 50 min while rotating. Cells were then
centrifuged at 21,500 x g for 10 min at 4°C. The clear supernatant was collected
and stored at -80°C. The total protein concentration of the samples was
measured (see 2.7 Protein quantification) and adjusted to 5 mg/ml prior to
western blotting. When adjustment of the protein concentration prior to
analysing the samples by western blotting was not necessary, a different
approach to produce cell lysates was followed according to which single
coverslips were directly lysed with 20 ul 2x sample buffer (prepared as in 2.8.1

Gel electrophoresis) followed by immediate boiling at 95°C for 5 min.

2.7 Protein quantification

2.7.1 Bradford assay

For quantifying the total protein content of samples, the Bradford-Solution
for Protein Determination (AppliChem; A6932) was used. A stock solution of
bovine serum albumin (BSA; 100 ug/ml) was diluted accordingly in water to
give the concentrations 0, 10, 20, 40, 60, 80, 100 ug/mL of protein standards and

in duplicates. Distilled water was used as control (does not contain protein),
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which served as blank. Samples were diluted 20 times and assayed in
duplicates. Bradford reagent was added to the standards and samples
followed by gentle vortexing and, after 10 min, the absorbance was measured
at 595 nm using a Pharmacia Biotech Ultrospec 2000 spectrophotometer. The
average values of the standards and samples were calculated. A standard
curve was produced in Microsoft Excel by plotting the average values of each
protein standard relative to its concentration (ug/ul), which was used to
determine the total protein concentration of each unknown sample. Since BSA
is a non-optimal protein standard for the Bradford assay, the protein
concentrations were multiplied by 2.1 for a closer approximation, as per

manufacturer’s instructions.

2.7.2 BCA assay

For quantifying the total protein content of samples in solutions that
interfere with the Bradford assay, the Pierce™ BCA Protein Assay Kit (Thermo
Scientific; 23227) was used. The Albumin Standard (BSA) provided by the kit
(2 mg/mL) was diluted accordingly to give the concentrations 25, 125, 250, 500,
750, 1,000, 1,500, 2,000 pg/mL of protein standards. The protein concentration
was determined for the protein standards and samples in duplicates according
to the manufacturer’s instructions provided for a Standard Protocol. The
absorbance was measured at 562 nm using a Pharmacia Biotech Ultrospec 2000
spectrophotometer. The average values of the standards and samples were
calculated, and the blank (0 pg/mL BSA) average absorbance was subtracted
subsequently. A standard curve was produced in Microsoft Excel by plotting

the average values of each Protein Standard relative to its concentration
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(ug/mL), which was used to determine the total protein concentration of each

unknown sample.

2.8 Immunoblotting

2.8.1 Gel electrophoresis

Protein samples were separated by SDS polyacrylamide gel
electrophoresis, which was performed using the Protean 3 system (Bio-Rad).
Sample loading buffer, which was prepared as a 3x stock containing 200 mM
Tris pH 6.8, 6 mM EDTA, 200 mM SDS, 28 % (v/v) glycerol, 0.7 % (w/v)
bromophenol blue and 0.14 % (v/v) B-mercaptoethanol, was added in equal
volumes with the samples. Proteins were denatured by heating at 95°C for 5
min. Samples were loaded into 10 % (v/v) gels in a Protean 3 system gel box,
where running buffer containing 24.8 mM Tris, 192 mM glycine and 1 % (w/v)
SDS was added. A 10 % (v/v) gel consisted of a resolving and a stacking layer.
For 5 ml of the resolving layer 1.625 ml of 30 % Acrylamide/Bis Solution, 37.5:1
(Bio-Rad), 1.25 ml resolving solution (1.5 M Tris-HCI pH 8.8, 0.4 % (w/v) SDS),
50ul of 10 % (w/v) ammonium persulfate (APS), and 5 pl
tetramethylethylenediamine (TEMED) were combined. Accordingly, for 2.5
ml of the stacking layer 0.375 ml of 30 % Acrylamide/Bis Solution, 37.5:1 (Bio-
Rad), 0.625 ml stacking solution (0.5 M Tris-HCl pH 6.8, 0.4 % (w/v) SDS), 25
ul of 10 % (w/v) APS, and 2.5 pl TEMED were used. Except for lanes with
protein samples, the PageRuler™ Prestained Protein Ladder (Thermo Fisher
Scientific) was loaded into the gels. Gel electrophoresis was performed at 120

V constant for 90 min. For assessing the amount of protein per lane/band,
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proteins were stained with Coomassie Brilliant blue (CBB; Instant Blue™
Protein Stain, CBS Scientific Company, Inc). After being washed overnight in
a de-staining solution (40 % (v/v) methanol, 10 % (v/v) acetic acid) to reduce

background, images of the stained proteins were acquired using a gel scanner.

2.8.2 \Wet transfer

After gel electrophoresis, the gel as well as a Supported nitrocellulose
membrane (0,45 um; Bio-Rad) cut into the appropriate size for the gel (usually
6 cm x 8.5 cm) were soaked for 15 min in transfer buffer, which consisted of
2.5 mM Tris, 19.2 mM glycine and 20 % (v/v) methanol. Several pieces of thin
blotting paper (VWR® Grade 703 Blotting Paper), cut into pieces of size 7 cm
x 9.5 cm, and sponges of the same size were also soaked in transfer buffer for
15 min and stacked together to produce a 0.75-cm-thick layer. Transfer stacks
were prepared in gel holder cassettes consisting of a bottom layer of a sponge
and four blotting papers, the gel, the membrane and a top layer of four blotting
papers and a sponge. Transfer was carried out at 100 V constant for 180 min
on ice. Ponceau S (0.1 % (w/v) in 5 % acetic acid; Sigma-Aldrich) staining was

performed to visualize the total protein content per lane.

2.8.3 Immunostaining

Following transfer, nitrocellulose membranes were blocked in a ratio 1:1
for LI-COR Odyssey Blocking Buffer (PBS):PBS for at least 1 h. After removing
the blocking buffer, membranes were incubated overnight at 4°C rotating with

primary antibody diluted in a ratio 1:1 of Odyssey Blocking Buffer (PBS):PBS
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containing 0.1 % (v/v) Tween-20. Membranes were washed three times with
PBS containing 0.1 % (v/v) Tween-20 and then incubated in dark with
secondary antibody diluted again in 1:1 ratio of Odyssey Blocking Buffer: PBS
containing 0.1 % (v/v) Tween-20 for 2h at room temperature rotating. Three
washes with PBS containing 0.1 % (v/v) Tween-20 were then performed, which
were followed by one additional wash with PBS to remove residual detergent.
In the instances a phospho-antibody was used, PBS and LI-COR Odyssey
Blocking Buffer (PBS) were replaced by TBS and LI-COR Odyssey Blocking
Buffer (TBS), respectively, in all steps. Immunoblotting imaging was
performed by using the LI-COR Biosciences Odyssey Infrared Imaging System
as well as the ImageStudio Lite Ver 5.2 software. Lists of the primary and
secondary antibodies used can be found in Table 2.6. The fluorescence
intensity of protein bands was quantified using either the LI-COR or Fiji
software. For LI-COR quantifications, rectangles were drawn around bands of
interest and the median background fluorescence intensity was subtracted.
For quantification using Fiji, images exported from LI-COR were converted to
16-bit greyscale and rectangles were dawn around bands of interest prior to
plotting their intensities. Using the wand tool, the intensity peaks were

selected for each band excluding the background signal.
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Table 2.6 List of antibodies used for immunoblotting.

Antibody against Host Dilution Manufacturer

Primary antibodies

hCDKL
¢ > Sheep 1:500 Rouse lab (University
Antigen: -
ntigen: aa 350-650 of Dundee)
DKL
msC > Sheep 1:500 Rouse lab (University
Antigen: -
ntigen: aa 300-600 of Dundee)
hCDKL5 Rabbit 1:500 Atlas Antibodies
Antigen: aa 636-758 HPA002847
Amphl Goat 1:500 Santa Cruz
Biotechnology
sc-8536
Endophilin Al Goat 1:1000 Santa Cruz
Biotechnology
sc-10874
a-AP2 (a and c subunits) Mouse 1:1000 Sigma Aldrich
A 4325
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CHC

Syndapin 1

VGLUT1

ATP6V1B2

Dynl

Sypl

PSD95

Goat

Goat

Guinea pig

Rabbit

Goat

Rabbit

Mouse

1:250

1:1000

1:2000

1:5000

1:500

1:500

1:1000

Santa Cruz

Biotechnology
sc-6579

Santa Cruz
Biotechnology

sc-10412

Synaptic Systems

#135 304

Abcam
ab183887
Santa Cruz
Biotechnology

sc-6402

Abcam

ab14692

BioLegend

#810401
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[-actin-peroxidase Mouse

1:30000

Primary phosphoantibodies

pAmph1-5293 Rabbit

Antigen: PVRPRS**PSQTRC

pDyn1-5774 Sheep
pAkt-5473 Rabbit
PMAP1S-5900 Rabbit
pGSK3a/B-59/521 Rabbit

1 mg/ml

1:1000

1:1000

1:50

1:1000

Secondary antibodies

sheep IRDye800 conjugated  Rabbit

1:10000

Sigma-Aldrich

A3854

MRC Protein
Phosphorylation Unit,
University of Dundee

AbD Serotec (Bio-rad)

AHP899

Cell signalling

D7F10

Abcam

BOZ-2-F2-3

Cell signaling

#9331

Rockland

Immunochemicals

# 613-732-168
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guinea pig IRDye 680RD Donkey 1:10000  LI-COR Biosciences

mouse IRDye 680RD Donkey 1:10000  LI-COR Biosciences
rabbit IRDye 680RD Donkey 1:10000  LI-COR Biosciences
goat IRDye 680RD Donkey 1:10000  LI-COR Biosciences
mouse IRDye 800CW Donkey 1:10000  LI-COR Biosciences
rabbit IRDye 800CW Donkey 1:10000  LI-COR Biosciences
goat IRDye 800CW Donkey 1:10000  LI-COR Biosciences

2.9 Synaptosome purification

2.9.1 Crude synaptosome purification

The biochemical isolation of a crude synaptosome fraction from rat brains
was performed according to Huttner et al. (Huttner et al., 1983). Rat brains
excluding the cerebellum were homogenized in ice-cold sucrose/EDTA (0.32
M sucrose, 1 mM EDTA, 5 mM Tris, pH 7.4) to obtain a 10 % (w/v) suspension
with a glass homogenizer (Wheaton). The lysate (L) was centrifuged at 950 x g
for 10 min at 4°C using an Avanti J-25 Beckman centrifuge and the JA 25.50

rotor and the supernatant was collected. The pellet was re-homogenized, and
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after additional centrifugation, the supernatants were combined (S1), and then
spun at 20,400 x g for 30 min at 4°C. The pellet (P2) represents the crude
synaptosome fraction. For pull-down experiments (see 2.10.2.2 Pull-down
assay), the P2 pellets were resuspended in lysis buffer containing 1 % Triton
X-100, 25 mM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, pH 7.4 and

store at -80°C for future use.

2.9.2 Synaptic vesicle isolation

For isolating the SV fraction from rat brains, the P2 pellet was resuspended
in ImL of ice-cold 0.32 M sucrose per brain and incubated with 1 M
HEPES/NaOH solution (pH 7.4) on ice for 30 min. After spinning at 32,900 x g
for 20 min at 4°C, the lysate pellet (LP1) and lysate supernatant (LS1) emerged,
of which LS1 was spun at 135,000 x g for 2 h at 4°C. The pellet (LP2) that
represents the crude SV fraction, was collected and resuspended in 40 mM
sucrose. The protocol followed for the isolation of crude SVs is presented
schematically in Figure 2.5. Aliquots of the intermediate fractions were kept
for analysis. The total protein concentration of the samples was identified and

adjusted to 1 mg/ml prior to immunoblotting. Samples were stored at -20°C.
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Adult rat brain
lysate (L)

950 x g, 10 minutes P1

20,4000 x g, 30 minutes S2

<— Crude synaptosomes

Hypoosmotic lysis in
1 M HEPES/NaOH solution
32,900 x g, 20 minutes

LP1

N

LS1

135,000 x g, 2 hours LS2

—

LP2 <— Crude synaptic vesicles

Figure 2.5 Protocol for the biochemical purification of crude synaptosome and

SV fractions

Adult rat brains (L) were lysed in sucrose/EDTA solution and were subsequently
separated by two successive low-speed centrifugations to produce the crude
synaptosome fraction (P2) followed by a hypoosmotic lysis in 1 M HEPES/NaOH
solution (pH 7.4). Lysed synaptosomes were then subjected to two centrifugation
steps to produce the crude SV faction (LP2). The intermediate fractions that were
produced include: (P1) tissue debris, nuclei, and large myelin fragments, (S2)
microsomes, some small mitochondria, and synaptosomes, (LP1) synaptic
membrane, large mitochondria, and myelin fragments, and (LS2) synaptosomal

cytoplasm.
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2.10 Protein-protein interaction assays

2.10.1 Immunoprecipitation

Adult mouse brains were homogenized in HEPES buffer (50 mM HEPES,
pH 7.5, 0.5 % (v/v) Triton, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM
PMSF, protease inhibitors) using a glass homogenizer. The homogenate was
incubated for 1-2 hours at 4°C rotating and then centrifuged at 75,500 x g for
40 min at 4°C in a Beckman centrifuge using a JA 25.50 rotor. The supernatant
was collected and pre-cleared with Protein G Agarose beads (Sigma-Aldrich)
for 1-2 hours at 4°C rotating. After a low-speed spin, the supernatant was
collected, and the total protein content was assessed by Bradford (see 2.7.1
Bradford assay). The appropriate amount of brain lysate (2 mg of protein) was
incubated with 2-3 ug of the antibody of interest overnight at 4°C rotating. The
following day Protein G Agarose beads (about 20 ul) were added to the
antibody-containing brain lysate and left rotating for 1-2 hours at 4°C before
being centrifuged at 110 x g for 1 min at 4°C. The supernatant was then
discarded and after three washes in HEPES buffer, sample buffer was added
directly to the beads followed by heating at 95°C for 5 min. An antibody
against the endocytic Dyn-like C-terminal Eps15 Homology Domain protein

(EHD; Santa Cruz Biotechnology, sc-23452) was used as a control.
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2.10.2 Pull-down assay

2.10.2.1 Purification of recombinant proteins from bacteria

For generating GST-fused Amph1 recombinant proteins, pGEX-KG vectors
were used with all constructs being inserted C-terminally of the GST tag.
Following the heat shock approach, BL21 DE3 bacteria were transformed with
the recombinant vectors and individual colonies were selected and allowed to
grow overnight at 37°C. This was used to start a large-volume culture of LB
media containing ampicillin (1:1000), which was incubated at 37°C shaking for
1-2 h. The optical density of the culture at 600 nm was regularly measured
until it reached a value around 0.6-0.8. The expression of the GST-fused
proteins was then induced by isopropyl B-D-1-thiogalactopyranoside (1 mM;
Calbiochem; 420322) and incubated at 37°C shaking. Pre- and post-induced
samples were collected and processed for CBB staining to assess the level of
success of the induction step. After 4 h, the induced bacterial cultures were
spun at 5000 x g for 5 min at 4°C and the pellets were stored at -80°C for future

use.

The pellets were resuspended in 40 ml ice-cold sodium chloride/tris/EDTA
(STE) buffer containing 10 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 8.
Protease inhibitors and 1 mM PMSF were also added to prevent any protein
degradation and lysozyme (0.0675 ug/ul; Sigma-Aldrich) to enable the
deconstruction of the bacterial cell wall. The resuspended solution was left on
ice for 30 min with occasional stirring and then dithiothreitol (4 mM; Sigma-
Aldrich) and 4.5 ml 10% Triton X-100 were added. Sonication was performed
at 10 kHz for 30 s on ice followed by a 30 s break and the process was repeated

5 more times. The lysates were spun at 17420 x g for 10 min at 4°C before being
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transferred to prewashed Glutathione Sepharose 4B beads (GE Healthcare)
and left rotating overnight at 4°C to allow binding of the GST tag. Prior to
incubation with the lysates, the beads were successively washed in PBS, 0.1 %
Triton-supplemented PBS and again PBS to remove excess Triton and finally
resuspended in PBS to create a 50 % suspension. The bead-coupled GST-fused
proteins were spun at 27 x g for 5 min followed by 5 washes in PBS, one wash
in NaCl-containing PBS (1.2 M) and two additional washes in PBS. A small
volume of PBS was added to the beads to create a 50 % suspension, where
protease inhibitors were also added to prevent protein degradation. The yield
of purified protein was estimated by gel electrophoresis followed by CBB

staining.

2.10.2.2 Pull-down assay

Based on the level of purification that was achieved, a small volume
(usually 100 pl) of the 50 % suspension containing the GSH-coupled GST-
fused proteins was loaded into a ProbeQuant G-50 Micro Column (GE
Healthcare) and washed once in ice cold lysis buffer. The lysis buffer contained
1 % Triton X-100, 25 mM Tris-HC], 150 mM NaCl, 1 mM EGTA, 1 mM EDTA,
pH 7.4. The beads were incubated with synaptosomal lysates for 2 h at 4°C
rotating to enable the in vitro interaction with possible partners. The columns
were centrifuged at 850 x g for 20 s in a Hettich 22R benchtop centrifuge and
the beads were washed successively in ice cold lysis buffer, in NaCl-
supplemented lysis buffer (500 mM) and in 20 mM Tris, pH 7.4. After being
washed, 50 ul of sample buffer was added into the beads and left for 10 min at

room temperature. The columns were spun at 19,720 x ¢ for 1 min in a Hettich
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22R benchtop centrifuge. The eluted proteins were boiled at 95°C for 5 min and
stored at -20°C.

2.11 Statistical analysis

Statistical calculations were conducted using GraphPad Prism 8.4.2
software (GraphPad Software Inc). The normality of the data distribution was
assessed by performing D’ Agostino and Pearson omnibus normality test with
significance level set at a = 0.05. Datasets following a Gaussian distribution
were presented as mean + standard error of the mean (SEM) and statistical
significance was assessed by unpaired two-tailed t test for comparison
between two groups or analysis of variance (ANOVA) followed by Tukey’s,
Dunnett’s or Sidak’s post hoc analysis for multiple comparisons. Datasets
following a non-Gaussian distribution were presented as median with
interquartile range (IQR) indicating min to max whiskers and statistical
significance was evaluated by Mann-Whitney test for comparison between
two groups or Kruskal-Wallis followed by Dunn’s post hoc analysis for
multiple comparisons. For experiments with a small number of replicates for
a normality test to be performed, a parametric test was assumed. Asterisks
refer to p-values as follows: *; p < 0.05, **; p < 0.005, ***; p < 0.001, ***; p <
0.0001. All experiments consisted of at least three independent biological
replicates and each replicate contained all the conditions being compared. For
comparisons between CDKL5 KO and WT neurons, primary neuronal cultures
were prepared in parallel from CDKL5 KO embryos and littermate controls.

Live-imaging data were analysed blindly for experiments consisting of two
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groups. Random variation or effect size were not estimated. Sample size and

statistical test are indicated in the figure legends.
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Chapter 3: Presynaptic characterization of a Cdkl5
KO rat model

3.1 Introduction

Mutations in the X-linked gene encoding for CDKL5 kinase have been
associated with a severe epileptic encephalopathy in infants known as CDD.
Whilst the range of clinical features is broad, early-onset seizure activity is
admittedly the most profound hallmark and neurodevelopmental impairment
and intellectual disability are the most common outcomes in CDD. In an
attempt to understand the biological importance of CDKL5 in vivo, a few
CDKL5 KO murine models have been developed by targeting exon 2, 4 or 6 of
the mouse Cdkl5 gene causing thus an early truncation (Wang et al., 2012;
Amendola et al., 2014; Okuda et al., 2017). In a CDKL5 knockin murine model,
the CDD-related nonsense mutation R59X has been introduced also resulting
in an early stop codon (Tang et al., 2019). CDKL5 mouse models display
various CDD-like phenotypes such as motor defects, altered social interaction,
limb clasping, anxiety, impaired memory and learning, or increased seizure
susceptibility; however, no spontaneous epileptic activity has been observed
in these models with the exception of a group of aged female heterozygous
Cdkl5 mice (Mulcahey et al.,, 2020). Nevertheless, while human CDKL5
deficiency results in early-onset seizures and profound neurodevelopmental
delay, loss of mouse Cdkl5 generally fails to recapitulate the severity of CDD

phenotypes. Hence, this leads to the notion that loss of CDKL5 might affect
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brain function differently across species and subsequent neural network
complexity imposing the need for the development of non-murine

mammalian model organisms.

In an attempt to identify robust phenotypes that can overcome the species
barrier and allow for study of CDKL5 (patho)physiology, a Cdkl5 KO rat
model was developed by deleting exon 8 (Simodes de Oliveira et al., in
preparation). In support, genetically modified rats provide certain benefits as
an alternative model organism in neurodevelopmental disorders. At first
sight, rats have anatomically similar brains to mice, but they exhibit basic
functional variations, such as different distribution of proteins, that could
possibly affect studies elucidating pathogenic mechanisms of human diseases
(Ellenbroek & Youn, 2016). Interestingly, rats show higher rate of neurogenesis
and maturation in hippocampus than mice, albeit during adulthood,
indicating fundamental divergence in memory and learning potential between
the two organisms (Snyder et al., 2009). Moreover, the enhanced sociability
that characterises rats in combination with efficient cognitive behaviours can
have greater translational relevance with respect to neurodevelopmental
conditions that typically demonstrate social and cognitive deficits (Aitman et

al., 2016; Homberg et al., 2017), such as CDD.

An  established model of epileptogenesis highlights the
excitatory/inhibitory imbalance as the leading mechanism of seizure onset
(Staley, 2015). At the circuit as well as single-neuron levels, neurotransmission
is essential for preserving the excitatory/inhibitory equilibrium and defects in
multiple steps can result in seizures. A large body of work suggests that loss
of CDKLS5 leads to dysregulation of various elements of neurotransmission.
These include altered levels of subunits of postsynaptic glutamate receptors

(Tang et al., 2019; Yennawar et al., 2019), altered frequency of mPSCs and sPSCs
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(Tang et al., 2017; Wang et al., 2021), hyperexcitability in both inhibitory- and
excitatory-conditional Cdkl5 KO mice (Tang et al., 2017; Tang et al., 2019),
increased spontaneous glutamate/GABA efflux ratio (Sivilia et al., 2016), and
impaired serotonergic transmission (Fuchs et al., 2019a; Vigli et al., 2019). In
addition to neurotransmission-related defects, altered plasticity is also
reported upon absence of CDKL5 including both long- and short-term
adaptations, while in most studies the number of synaptic connections is not
preserved (Della Sala et al., 2016; Ren et al., 2019; Tang et al., 2019). In
agreement, elevated LTP and decreased mEPSCs frequency are reported in the
CDKL5 KO rat model (Simoes de Oliveira et al., in preparation). Yet, efficient
neurotransmission depends also on presynaptic mechanisms and reliable SV
recycling. However, whether CDKL5 deficiency impairs aspects of SV

recycling remains largely unknown.

This chapter aims to characterise the Cdkl5 KO rat model presynaptically
by exploring possible phenotypes associated with SV recycling due to loss of
CDKLS5. Initially, we validated different antibodies against CDKL5 by
fluorescent western blotting and immunolabelling. Then, we attempted to
describe the spatiotemporal expression of CDKLS5 in the rat brain. Since there
is no clear evidence that CDKLS5 is delivered to the presynapse, we tested
whether CDKLS5 is sorted to the presynaptic cytoplasm. To explore possible
presynaptic defects, we started by examining whether CDKLS5 loss impacts on
the levels of known presynaptic proteins and/or their phosphorylation or the
preservation of presynaptic boutons. Neuronal cultures were prepared from
embryonic rat hippocampi to explore possible defects in SV recycling with

sypHy-pHluorin imaging assays and dextran uptake.
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3.2 Results

3.2.1 Validation of CDKL5 antibodies

Before describing the expression profile of CDKL5, we validated three
antibodies against CDKL5 that have been previously used with mouse models
in order to assess their immunoreactivity in the rat brain. Two of them were
sheep polyclonal antibodies generated by the Rouse lab (University of
Dundee) using GST-fused antigens adjacent to the CDKL5 kinase domain
comprising aa 350-650 of the human or aa 300-600 of the mouse protein,
respectively (Munoz et al., 2018). An additional antibody was also tested as a
commercially available option reacting with a C-terminal epitope on CDKL5
(Okuda et al., 2017). To evaluate these antibodies, we used cortices from WT
and KO rat brains that were dissected at P14, lysed in RIPA buffer, and
provided by the Kind lab to examine CDKL5 expression. All antibodies
detected CDKL5 as a band of 110 kDa, which was absent from the KO tissue
(Figure 3.1A). Notably, several bands of lower molecular weight were also
detected in both WT and KO tissues. The likelihood these bands to represent
other members of the CDKL kinase group is low, since their molecular weights
do not match those of known CDKLs and, nonetheless, it is the sequence of
the C-terminal tail, where all antibody epitopes reside, that differs amongst
CDKLs. Furthermore, mass spectrometric analysis failed to detect any CDKL5
products in the KO tissue excluding the possibility these bands representing
other isoforms in the rat brain or even truncated versions of CDKL5 also

confirming the validity of the KO rat model (data not shown)2. These bands

2 The mass spectrometric analysis was performed by Matthias Trost’s group (Newcastle
University) in WT and CDKL5 KO synaptosomes prepared by the Cousin and Kind labs.
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possibly result from the antibody polyclonality and/or the high sensitivity
offered by fluorescent visualisation of western blot bands compared to
chemiluminescence that has been previously employed with these antibodies.
Since all three antibodies are specific to CDKL5, we selected the sheep
polyclonal antibody against human CDKLS5 to perform all experiments in this

project.

Next, we examined the expression of CDKL5 in primary hippocampal
neuronal cultures in order to evaluate whether the above CDKL5 antibody
could be an efficient tool for immunolabelling. Primary hippocampal neurons
derived from WT and KO animals were fixed at 15 DIV and stained for
endogenous CDKL5 and SV2A as a random staining control between
genotypes (Figure 3.1B). Also, all neuronal cultures were stained
simultaneously to avoid possible staining deviations between different
repeats. The expression level of CDKL5 was estimated by quantifying average
CDKLS5 fluorescence intensity of cell bodies normalised to that of SV2A.
CDKLS5 expression was significantly reduced in CDKL5-deficient neurons in
comparison with WT neurons (Figure 3.1C). Although the CDKL5
fluorescence is not entirely eliminated in the case of KO neurons as it would
have been anticipated, the significant decrease observed suggests that this

CDKLS5 antibody could be used as a reliable tool for immunolabelling.
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Figure 3.1 CDKLS5 protein is absent from Cdkl5 KO LE rat brains

(A) Immunoblots of cortical lysates generated from WT and CDKL5 KO animals at
P14 using three different antibodies against CDKL5. The first two antibodies were
raised against a human (aa 350-650) and a mouse (aa 300-600) epitope on CDKLS5,
respectively, whereas the Atlas CDKL5 antibody was tested as a commercially
available alternative. CDKLS5 is detected as a 110-kDa band that is absent from KO
tissues. All three antibodies detect numerous non-specific bands that are found in
both WT and CDKLS5 KO tissues. In all cases, 3-actin was used as a loading control.
(B) Representative images of WT and CDKL5 KO primary hippocampal neurons
fixed at 15 DIV and labelled for CDKL5 and SV2A. Scale bar, 50 pm. (C)
Quantification of CDKL5 fluorescence intensity normalised to SV2A. Background
was subtracted in all cases. Scatter plots indicate mean + SEM. ***p < 0.0001 by
unpaired two-tailed t test. WT n =39, KO n = 40 fields of view from 4 independent

preparations of neuronal cultures.
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3.2.2 CDKLS5 is expressed in different brain regions during development and

adulthood

A number of studies have described the expression pattern of CDKLS5 in
the mouse brain. In situ hybridization and immunoblotting analysis have
revealed that CDKL5 can be found in several regions, such as the cortex,
hippocampus, striatum, and olfactory bulb (Rusconi et al., 2008; Chen et al.,
2010; Wang et al., 2012; Schroeder et al., 2019). Given that loss of CDKL5
function has been linked to neural circuit deficits in different mouse models of
CDD, it is also critical to characterise the expression profile of CDKL5 in the
rat brain to determine potential variations across species in the level of the
protein. To gain insight into the regional profile of CDKLS5 in the rat brain,
different brain regions were dissected and lysed in RIPA buffer, including the
cerebral cortex, hippocampus, cerebellum, thalamus and archicortex (Figure
3.2A). The different lysates were generated and provided by the Kind lab for
western blot analysis. Exploring CDKL5 expression involves an additional
parameter, that of time. The temporal expression pattern of CDKL5 in the
mouse brain seems to increase during perinatal and mainly early postnatal
stages (Rusconi et al., 2008; Chen et al., 2010). Therefore, we focused our study
mainly on the postnatal developmental stages until adulthood with
dissections occurring at different time points including 0, 7, 14, 21, 28, 35, and
60 postnatal days (P). Fluorescent western blotting revealed that CDKL5 was
robustly expressed in all regions of the rat brain that were examined in this
study (Figure 3.2B). Quantification of the total amount of CDKLS5 at each time
point normalised to [B-actin levels revealed that it was gradually increased
during the early postnatal stages and remained high until adulthood for all

brain regions tested with the only exemption of the cerebellum (Figure 3.2C).
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This suggests that CDKL5 is widely expressed in the rat brain and is essential

for postnatal neurodevelopment and possibly neuromaintenance.

Given that primary hippocampal neuronal cultures were selected as the
experimental system to study the impact of CDKL5 deficiency on presynaptic
mechanisms, we also tested the expression profile of CDKL5 in culture.
Neuronal lysates were collected at different time points including 0, 4, 11, 14,
18, 21, and 25 DIV that mark both developing and mature neurons and
concentrated to increase the total protein amount per sample. The level of
CDKL5 was assessed by western blotting using (-actin as a loading control
(Figure 3.2D). Similarly to mouse cultured neurons, CDKLS5 is expressed in rat
neurons in culture at different time points and this seems to be
developmentally regulated, although additional replicates would be necessary
to obtain a conclusive result. Although CDKLS5 can be found in both excitatory
and inhibitory mouse neurons (Rusconi et al., 2011; Ricciardi et al., 2012; Tang
et al., 2019), primary hippocampal cultures mostly consist of excitatory
neurons and, as a result, we did not proceed further with an analysis of the

CDKLS5 expression with respect to the neuronal type.
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Figure 3.2 Time course analysis of CDKL5 expression in different brain regions

and neuronal lysates

(A) Schematic representation of anatomical brain regions in a sagittal plane of the
rat brain that were dissected and homogenised for time course analysis of CDKL5
expression. (B) Western blot analysis of CDKL5 expression in rat brain lysates
postnatally. Different brain areas including cerebral cortex, hippocampus,
cerebellum, thalamus, and archicortex, were dissected and lysed in RIPA buffer at
the indicated time points. The protein concentration was quantified and adjusted
to 1 mg/ml. The level of -actin was used as loading control. A sample from KO
brain lysate was also included in the analysis to indicate the presence of CDKL5 in
the WT lysates. (C) Quantification of the CDKL5 expression in various brain areas
of the rat brain at different postnatal days normalised to p-actin. CDKL5 is
progressively expressed during the early postnatal time points and is maintained

relatively constant throughout adulthood. Data indicate mean + SD. n = 2 animals
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per time point. (D) Western blot analysis of CDKL5 expression in mouse
hippocampal neuronal lysates at different days in culture. Neurons were lysed in
RIPA buffer at the indicated time points. Lysates were concentrated and the total
protein amount was measured and adjusted to 1 mg/ml. The expression level of 3-

actin was used as a loading control.

3.2.3 CDKLS5 is sorted into nerve terminals

The subcellular distribution of a protein can be informative for both its
functional role as well as its regulation and potential interactions. CDKLS5 is
considered to be primarily sorted into the neuronal cytoplasm and, to a lesser
extent, the nucleus (Rusconi et al., 2011; Wang et al., 2012; Schroeder et al.,
2019). In the cytoplasm, CDKL5 can be found at the postsynaptic density of
dendritic spines (Ricciardi et al., 2012; Zhu et al., 2013), but it is likely to be
widely sorted throughout the neuron including the axon and nerve terminals.
Indeed, previous studies have demonstrated that CDKL5 colocalises with the
presynaptic vesicular glutamate transporter 1 (VGLUTI1) in mouse
glutamatergic neurons (Ricciardi et al., 2012; Wang et al., 2021). To examine the
distribution of CDKLS5 to the presynapse, we double-stained rat hippocampal
neurons fixed at 15 DIV for endogenous CDKL5 and the presynaptic marker
SV2A (Figure 3.3A). We then determined the degree of colocalization between
CDKL5- and SV2A-positive puncta in various fields of view per image by

calculating the Pearson correlation coefficient excluding cell bodies from the
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analysis (Figure 3.3B)%. The histogram of the Pearson correlation coefficient
values indicated that there was colocalisation between CDKL5 and SV2A-
positive boutons with most fields of view falling within the range 0.4-0.55
(Figure 3.3C). Although CDKLS5 can be found in presynaptic boutons, it was
not enriched there, as the overlap of SV2A with CDKL5 is characterised by
lower Pearson correlation coefficient values than with the presynaptic
transporter VGLUT1 (Figure 3.3D). Since primary hippocampal neurons are
not merely glutamatergic, the Pearson correlation coefficient for the SV2A and
VGLUT1 overlap was lower than 1, but it was roughly similar to what has
been previously reported in the rat brain (Bragina et al., 2011). This evidence
recommends that CDKL5 is sorted into the presynaptic terminal in rat

hippocampal neurons, but it is not an exclusively presynaptic kinase.

Given that staining for CDKL5 was not optimal due to the limited efficacy
of the CDKLS5 antibody for immunolabelling, we further tested the presynaptic
localisation of CDKL5 by subcellular fractionation. Adult rat brain was
homogenised and subjected to differential fractionation to generate distinct
subcellular fractions including a synaptosome- (P2) and an SV-enriched (LP2)
fraction according to Huttner et al. (1983). The P2 and LP2 fractions together
with intermediate fractions were analysed by fluorescent western blotting to
test for the presence of CDKL5 in the presynaptic compartment and the
vicinity of SVs represented largely by the LP2 fraction as indicated by the
accumulation of the presynaptic protein synaptophysin 1 (Sypl). Sypl is an
integral SV glycoprotein that is widely used as a marker of nerve terminals
(Wiedenmann & Franke, 1985; Takamori ef al., 2006). The distribution of PSD95

was also examined as a postsynaptic marker. We observed that CDKLS5 is

3 The scatter plot was generated by Python 3.8 using a code provided by Marios
Kalomenopoulos (University of Edinburgh).
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present at the LP2 fraction and also seems to be enriched there compared to
the synaptosomal fraction in contrast to the purification profile of PSD95
(Figure 3.3E). Similar distribution profile for CDKL5 was also obtained in the
case of a mouse brain (Appendix - Supplementary Figure 1). The LP2 fraction
was crudely purified in this study and thus it is not unlikely other vesicle
populations, such as presynaptic endosomes and lysosomes, to be also present
in this fraction but only at low levels (Lee et al., 2001; Corera et al., 2009).
Likewise, the very low levels of PSD95 detected in the LP2 do not support a
considerable contamination with postsynaptic elements. This confirms that
CDKLS5 localises at the presynapse where it possibly associates with or is

adjacent to SVs.

Both immunolabelling and subcellular fractionation indicate a presynaptic
sorting of CDKL5 within the neuronal cytoplasm. For this reason, we next
examined whether CDKLS5 is targeted exclusively to some nerve terminals or
displays a diffuse axonal distribution by coefficient of variance (CV) analysis.
A low CV value indicates that the distribution of a protein along the axon is
homogeneous in contrast to a punctate localization that is characterised by
higher values. Since CDKLS5 is N-terminally tagged with mCer, we labelled
fixed hippocampal neurons overexpressing CDKL5 with a GFP antibody to
amplify the mCer fluorescence (Figure 3.3F). Neurons transfected with either
mCer or Sypl-mCer were used as controls. Sypl-mCer is targeted to the
presynaptic boutons (Li & Murthy, 2001; Pennuto et al., 2002) and, as a result,
it is expected to have a punctate distribution along axons and a high CV value.
Quantification of the distribution profile of CDKL5 in axonal segments (> 15
um) by CV analysis indicated that CDKL5 had a CV value similar to mCer
(Figure 3.3G) pointing that CDKLS5 is diffusely distributed along the axon and

is present but not enriched in presynaptic terminals.
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Figure 3.3 Endogenous CDKLS5 localises at the nerve terminal

(A) Rat hippocampal neurons were fixed at 15 DIV and stained for endogenous
CDKLS5 and the presynaptic marker SV2A. Representative fields of view that were
analysed for determining colocalisation between CDKL5 and SV2A and merged
image. Scale bar, 10 pum. The histogram of the pixel values in a selected ROI (yellow
bar in zoomed image; scale bar, 2 um) indicates colocalisation of CDKL5 with
SV2A-positive boutons. (B) Example scatter plot of the Pearson correlation
coefficient for CDKL5 and SV2A. (C) Example histogram of the Pearson correlation
coefficient values of all the fields of view analysed indicates that they mostly range

between 0.4-0.55. (D) Quantification of the Pearson correlation coefficient for
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CDKL5/SV2A and VGLUT1/SV2A as positive control. Box plots present median
with IQR indicating min-max whiskers. ****p <0.001 by Mann-Whitney two-tailed
t test. + indicates mean value. VGLUT1/SV2A n =43, CDKL5/SV2A n = 56 fields of
view from 3-4 independent preparations of neuronal cultures. (E) CDKLS5 is
detected in the synaptic vesicle fraction. An adult rat brain (H) was homogenised
in sucrose/EDTA solution and fractionated for isolating a crude synaptosome (P2)
and crude SV (LP2) fraction. Subsequent fractions of increased purity were
adjusted to 1 mg/ml and analysed by immunoblotting. The intermediate fractions
that include (P1) tissue debris, nuclei, and large myelin fragments, (S2) microsomes,
some small mitochondria, and synaptosomes, (LP1) synaptic membrane, large
mitochondria, and myelin fragments, and (LS2) synaptosomal cytoplasm were also
analysed. CDKLS5 is enriched in both the P2 and LP2 fractions. Following a similar
fractionation protocol, a LP2 fraction derived from a CDKL5 KO rat brain was also
generated and analysed by immunoblotting. CDKL5 was not detected in the
CDKL5 KO LP2 fraction confirming that the top band (110 kDa) represents indeed
CDKL5. Sypl and PSD95 were used as a pre- and postsynaptic marker,
respectively, and [-actin as a loading control. (F) Mouse hippocampal neurons
overexpressing mCer, Sypl-mCer or mCer-CDKL5 were fixed at 15 DIV and
stained for GFP. Examples of axonal segments > 15 um that were selected for CV
analysis. Scale bar, 5 um. (G) The distribution pattern of CDKL5 was assessed by
CV analysis of GFP fluorescence intensity along > 15 um axonal segments. Scatter
plots indicate mean + SEM. ns, not significant, ***p < 0.0001 by one-way ANOVA
followed by Tukey’s multiple comparison test. mCer n = 48, Sypl n =37, CDKL5 n

= 32 fields of view from 4 independent preparations of neuronal cultures.
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3.2.4 CDKLS5 deficiency does not alter the presynaptic integrity

The presence of CDKLS5 in the presynaptic terminal indicates that it serves
possibly a presynaptic role. Prior to addressing the potential role of CDKL5 in
SV recycling, we investigated whether the absence of CDKL5 causes any
defects in the presynaptic stability. For this reason, we examined two
parameters that determine presynaptic integrity, including the total protein
levels of different presynaptic proteins and the number of presynaptic
boutons. Dysregulation of protein levels as well as altered synapse number
have been both reported in mice lacking CDKLS5 (Della Sala et al., 2016; Ren et
al., 2019; Schroeder et al., 2019; Tang et al., 2019); however, whether this is the

case for the presynaptic compartment in particular has not been addressed.

In the first case, we evaluated whether lysates obtained from WT and
CDKL5 KO neurons display altered total amount of various presynaptic
proteins by western blotting. We analysed a range of presynaptic molecules
including proteins important for SV recycling, such as CHC, Dyn1, endophilin
Al, and syndapin 1; integral SV proteins, such as Sypl, VGLUT1, and the v-
type proton ATPase subunit B (ATP6V1B2); and phosphoproteins that have
been implicated in the regulation of endocytosis, such as pGSK3a/B-59/521
and pAkt-5473. Besides, the PI3BK/GSK3/Akt pathway is one of the most
perturbed signalling cascades linked to CDKL5 deficiency (Wang et al., 2012;
Amendola et al., 2014; Jiang et al., 2019). We found that lack of CDKL5 did not
alter the total protein amount or phosphorylation levels of any of them (Figure
3.4) inferring thus that CDKL5 loss does not dysregulate presynaptic protein

levels in rat hippocampal neurons.

We next examined whether the loss of CDKL5 leads to vulnerable

presynaptic terminals and, consequently a compromised neuronal network.
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To examine any potential loss of presynaptic contacts upon CDKL5 absence,
we double-stained WT and CDKL5 KO neurons for two distinct presynaptic
markers, including SV2A and VGLUTI, to count the number of positive
presynaptic boutons. Since glutamate is an excitatory neurotransmitter,
staining for VGLUT1 can inform about the number of excitatory presynaptic
boutons, while SV2A is a common presynaptic reporter. In this way, we can
assess not only the total number of presynaptic boutons, but also their
subpopulations. Stained presynaptic boutons were counted along multiple
selections of around (50 x 15) um? of dendrites for quantification of SV2A- and
VGLUT1-positive puncta (Figure 3.5A). We found that the loss of CDKL5 did
not alter the number of presynaptic boutons compared to WT neurons
suggesting that CDKL5 deficiency does not cause degradation and/or
defective biogenesis of nerve terminals in rat neurons (Figure 3.5B, C). These
observations recommend that the integrity of the presynaptic compartment
with respect to the parameters examined here was not affected upon CDKL5
deficiency in rat hippocampal neurons. Whether the presynaptic
ultrastructure remains intact in neurons lacking CDKL5 remains to be

assessed in order to have a more complete view of the presynapse status.
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Figure 3.4 The level of presynaptic proteins is not altered in the absence of

CDKLS5 at hippocampal neurons

Hippocampal neurons were lysed at 14-15 DIV and analysed by fluorescent
immunoblotting for different presynaptic proteins with a focus on endocytic
molecules. Loss of CDKL5 does not result in any significant change in the total
amount of any of these proteins. Quantification of protein level was performed by
determining relative band intensities normalised to B-actin. Bars indicate mean *
SEM. ns, not significant, ****p < 0.001 by unpaired two-tailed t test. n = 4 neuronal

lysates per genotype from 4 independent preparations of neuronal cultures.
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Figure 3.5 The number of presynaptic boutons is not altered in CDKLS5 deficient

neurons

(A) Hippocampal neurons derived from WT and CDKL5 KO rats were fixed at 15

DIV and stained for the presynaptic proteins SV2A and VGLUT1. The number of

nerve terminals was quantified in (50 x 15) um? selections along dendrites (dashed

grey boxes) for both SV2A and VGLUTI1. Scale bar, 20 um (neurons), 10 pm

(dendrites). (B) Quantification of the SV2A-positive boutons and (C) VGLUT1-

positive boutons along WT and CDKL5 KO dendrites. Box plots present median

with IQR indicating min-max whiskers. ns, not significant by two-tailed Mann-
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Whitney test, + indicates mean value. WT n = 144, KO n = 142 neurons from 3

independent preparations of neuronal cultures.

3.2.5 CDKLS deficient neurons display impaired SV recycling

3.2.5.1 CDKL5 deficiency impairs SV endocytosis kinetics

The presynaptic localisation of CDKL5 suggests that it might participate in
SV recycling and thus neurotransmission. Indeed, phenotypes reported in
rodents lacking CDKLS5, such as altered frequency of sPSCs and mPSCs (Tang
et al., 2017; Wang et al., 2021; Simdes de Oliveira et al., in preparation), and
aberrant paired-pulse facilitation (Tang et al., 2019), point towards defects in
synaptic transmission that could be due to unreliable SV recycling. To unravel
any presynaptic deficits in SV recycling, we used the genetically-encoded pH-
sensitive reporter sypHy. The pH-sensitive green fluorescent protein
pHluorin (pKa ~7.1) is fused to an intravesicular loop of Sypl to generate
sypHy (Miesenbock et al., 1998; Granseth et al., 2006). Fluorescence of sypHy
is dictated by differences in the pH of the environment with fluorescence being
quenched in the acidic SV lumen (pH ~5.5), unquenched upon stimulus-
dependent SV release and exposure to the neutral extracellular space (pH 7.4),
and once again quenched following endocytosis and reacidification (Figure
3.6A). Importantly, the total amount of Syp was not altered in neurons lacking
CDKLS5 (as shown in 3.2.4 CDKL5 deficiency does not alter the presynaptic

integrity) allowing the use of sypHy in our study.

Owning to the possible participation of CDKL5 in SV release that could

explain the above phenotypes, we examined whether loss of CDKL5 results in
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impaired SV exocytosis. Hippocampal neurons derived from either WT or
CDKL5 KO rats were transfected with sypHy and stimulated at increasing
frequencies including 5, 10 and 40 Hz (Figure 3.6B, E, H). To quantify for the
extent of SV exocytosis, the sypHy fluorescence during stimulation was
expressed as a portion of the total fluorescence revealed by perfusion with
NH.4Cl. Since NH4Cl is cell-permeable, this results in all sypHy signal to be
unquenched allowing therefore an estimation of the total SV pool size. We
found that the extent of SV exocytosis does not differ and across various

stimulation frequencies between genotypes (Figure 3.6C, F, I).

Since CDKL5 absence does not impair SV fusion, we next focused on SV
endocytosis. As reacidification is considered a rapid process (Atluri & Ryan,
2006), monitoring the sypHy fluorescence decay in time can be used to
estimate SV endocytosis kinetics following stimulation (Sankaranarayanan &
Ryan, 2000). The sypHy fluorescence was normalised to the stimulation peak
to allow for comparison of endocytosis kinetics. To quantify the kinetics of SV
retrieval, we measured the distance from the baseline at 180 s for 5 Hz
stimulation or 152 s for 10 or 40 Hz stimulation as endocytosis was quite slow
to allow for t or rate decay estimation in certain cases. We observed that
neurons lacking CDKL5 displayed slower SV endocytosis after evoked
stimulation at various frequencies in comparison with WT neurons,
suggesting that CDKLS5 is important for SV endocytosis (Figure 3.6D, G, ]). In
addition, the extent of the slowing of SV retrieval tended to be milder as the

stimulation frequency increased.
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Figure 3.6 Loss of CDKL5 impairs the kinetics of synaptic vesicle endocytosis

but not exocytosis
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Primary hippocampal neurons from WT and CDKL5 KO rats were transfected with
sypHy at 8-9 DIV and imaged at 13-14 DIV. (A) Example responses from sypHy-
expressing axons that were subjected to 300 APs at 10 Hz and perfused with NH.Cl
solution. Representative image slices were selected from the whole time-course that
was recorded from both WT (top) and CDKL5 KO neuronal cultures (bottom). (B)
Mean sypHy response from neurons stimulated at 5 Hz for 60 s (red bar)
normalised to the stimulation peak. (C) sypHy fluorescence at stimulation peak
when total sypHy response is normalised to NH4Cl. (D) sypHy fluorescence
measuring the distance from baseline at 180 s. (B-D) WT n =12, KO n =12 coverslips
from 4 independent preparations of neuronal cultures. (E) Mean sypHy response
from neurons stimulated at 10 Hz for 30 s (red bar) normalised to the stimulation
peak. (F) sypHy fluorescence at stimulation peak when total sypHy response is
normalised to NHiCl. (G) sypHy fluorescence measuring the distance from
baseline at 152 s. (E-G) WT n = 13, KO n = 14 coverslips from 4 independent
preparations of neuronal cultures. (H) Mean sypHy response from neurons
stimulated at 40 Hz for 10 s (red bar) normalised to the stimulation peak. (I) sypHy
fluorescence at stimulation peak when total sypHy response is normalised to
NH4Cl. (J) sypHy fluorescence measuring the distance from baseline at 152 s. (H-])
WT n =12, KO n = 13 coverslips from 4 independent preparations of neuronal
cultures. Scatter plots indicate mean + SEM. ns, not significant, *p < 0.05, **p < 0.01

by unpaired two-tailed t test.
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3.2.5.2 CDKLD5 deficiency does not affect SV exocytosis and total pool size

Whilst the sypHy imaging assay offers insight into the exocytosis kinetics,
the sypHy fluorescence during stimulation is the net effect of exo- and
endocytotic events. To assess the impact of CDKL5 loss on the fusion rate
exclusively, we measured the rate of fluorescence increase during prolonged
stimulation at 10 Hz for 90 s in the presence of 1 uM bafilomycin Al, a v-
ATPase inhibitor, in WT and CDKL5 KO neurons expressing sypHy (Figure
3.7A). The antibiotic bafilomycin A1l blocks the reacidification of newly-
generated SVs preventing thus the quenching of sypHy fluorescence following
endocytosis (Sankaranarayanan & Ryan, 2001). In the presence of bafilomycin
Al, the recycling pool can be depleted in a period shorter than 90 s with the
sypHy signal reaching hence a plateau (Fernandez-Alfonso & Ryan, 2004). The
sypHy fluorescence was normalised to the plateau allowing comparison of the
SV fusion rate. No difference was observed between WT and CDKL5 KO
neurons confirming that SV exocytosis was not altered upon CDKL5 loss
(Figure 3.7B). We also estimated the total SV pool size that consists of the
recycling pool that is entirely exhausted during stimulation in the presence of
bafilomycin Al and the remaining resting pool that emerges after perfusion
with NHiCl. Similarly, no difference in total SV pool size was reported
between genotypes (Figure 3.7C). Since the rate of SV fusion was not altered
either in the presence or absence of bafilomycin A1 (as shownin 3.2.5.1 CDKL5
deficiency impairs SV endocytosis), we did not proceed measuring the
endocytosis speed during neuronal activity with the likelihood any changes to

be negligible.

128



b
w
(o}

~
el
z
I
£
2]
@

100+

’ il
2.0 ¢ -
- Baf e ns ;:2.
w 15 10 Hz P o =
510 T e > 2 4 e s
-] ° . i
© : o
g = . % 504
= & :
= 2 3 ) ke
£ ] e 2 T
5 057 5 2 H :*
4] £
4 = s
=z
0.04+-—- T T 0 T . o - .
0 100 200 250 WT KO WT KO

WT KO Time (s)

Figure 3.7 Loss of CDKL5 does not impact on SV exocytosis or total pool size

Primary hippocampal neurons from WT and CDKL5 KO rats were transfected with
sypHy at 8-9 DIV and imaged at 13-14 DIV. (A) Mean sypHy response from
neurons stimulated at 10 Hz for 90 s (red bar) in the presence of 1 uM bafilomycin
Al (purple bar) normalised to the plateau. (B) Mean exocytosis rate and (C) sypHy
fluorescence at plateau when total sypHy response is normalised to NH4Cl. WT n
=17, KO n = 17 coverslips from 4 independent preparations of neuronal cultures.

Scatter plots indicate mean + SEM. ns, not significant by unpaired two-tailed t test.

3.2.5.3 CDKLD5 deficiency does not affect SV acidification

Since the sypHy signal depends on pH differences in the immediate
environment, we next verified whether neurons deficient of CDKL5 displayed
deceleration in SV retrieval rather than impaired reacidification dynamics.
Since reacidification of newly-endocytosed SVs is a rapid process (Atluri &

Ryan, 2006), the acquisition rate was set at 2 s as this offers sufficient temporal
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resolution. WT and CDKL5 KO neurons expressing sypHy were initially
perfused with acid buffer (pH 5.5) prior to stimulation resulting in all sypHy
molecules residing on the neuronal membrane at resting conditions to be
quenched. Next, neurons were stimulated at 10 Hz for 30 s and perfused once
again with acid solution after the end of stimulation to quench fluorescence of
sypHy molecules residing on the plasma membrane (Figure 3.8A). Therefore,
all the newly-formed SVs (still basic intralumenally) contained sypHy
molecules protected from the acidic surface environment. The fluorescence
quenching of these sypHy molecules can be used to estimate reacidification
kinetics. The reacidification rate was estimated by calculating the poststimulus
rate decay. We reported no significant difference in the reacidification rate in
neurons lacking CDKL5 compared to WT neurons implying that the slowing
in SV endocytosis upon loss of CDKL5 does not result from impaired SV

reacidification (Figure 3.8B).
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Figure 3.8 Loss of CDKL5 does not impair SV acidification rate
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Primary hippocampal neurons from WT and CDKL5 KO rats were transfected with
sypHy at 8-9 DIV and imaged at 13-14 DIV. (A) Mean sypHy response from
neurons stimulated at 10 Hz for 30 s (red bar) normalised to the stimulation peak.
Neurons were perfused with acid solution both pre- and post-stimulation (yellow
bars). (B) Mean rate decay of acidification measured after applying a post-stimulus
acid pulse. WT n = 16, KO n = 13 coverslips from 3 independent preparations of
neuronal cultures. Scatter plots indicate mean + SEM. ns, not significant by

unpaired two-tailed t test.

3.2.6 CDKLS5 deficiency does not affect ADBE

CDKLS5 deficiency leads to slower SV endocytosis in rat hippocampal
neurons after stimulation at both low and high frequencies. However, ADBE
is the leading endocytic pathway during high frequency stimulation, which
sypHy imaging fails to report (Nicholson-Fish et al., 2015). Therefore, it is
crucial to explore the impact of CDKL5 absence on ADBE to obtain a more
complete insight on the role of CDKL5 during intense neuronal activity.
Besides, molecules that have been implicated in ADBE, such as GSK3 and Akt,
display altered phosphorylation levels upon CDKLS5 loss (Fuchs et al., 2014).
To test whether CDKL5 deficiency disrupts ADBE, we used the fluid-phase
marker TMR-dextran to count for presynaptic terminals that underwent
ADBE. TMR-dextran is a fluorescently labelled polysaccharide of high
molecular weight that can be endocytosed in a size-limiting manner during
stimulation. Hence, TMR-dextran is selectively endocytosed by bulk

endosomes following high frequency stimulation rather than SVs (Figure
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3.9A). WT and CDKL5 KO hippocampal neurons at 13-14 DIV were stimulated
at 40 Hz for 10 s in the presence of 50 uM TMR-dextran and z-stacks were
acquired from fields of view of similar neuronal density. TMR-dextran-
positive boutons were counted from maximum z-projections following
thresholding (Figure 3.9B). Unstimulated controls were used to subtract
background signal. We observed that there was a downward trend in the
number of TMR-dextran-positive boutons in CDKL5-null compared to WT
neurons albeit this finding did not reach statistical significance (Figure 3.9C).
This indicates that ADBE was not impaired due to the loss of CDKL5 at the

level of the neuronal population.
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Figure 3.9 Loss of CDKL5 does not alter ADBE

(A) Schematic representation of TMR-dextran (40 kDa) uptake for the selective
detection of ADBE. (B) Primary hippocampal neurons from WT and CDKL5 KO
rats at 13-14 DIV were stimulated at 40 Hz for 10 s in the presence of 50 uM TMR-
dextran followed by acquisition of z-stacks. Representative maximum z-projections
of TMR-dextran-positive puncta (top) were subjected to thresholding (bottom).
Scale bar, 20 pm. (C) Quantification of the number of presynaptic boutons that
underwent ADBE in thresholded images. The number of TMR-dextran-positive
presynaptic terminals from unstimulated controls were subtracted in all cases. WT
n =13, KO n =15 coverslips from 3 independent preparations of neuronal cultures.

Scatter plots indicate mean + SEM. ns, not significant by unpaired two-tailed t test.
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3.3 Discussion

3.3.1 CDKLS5 expression in the rat brain

CDD is a monogenic developmental and epileptic encephalopathy with
onset in early infancy that is caused by mutations in the CDKL5 gene (Fehr et
al., 2013; Mangatt et al., 2016). Autistic-like features are commonly reported in
CDD patients; therefore, in this work, we used a novel CDKL5 KO rat model
due to the social behaviour that rats exhibit in an attempt to pinpoint
phenotypes upon loss of CDKL5 that were previously difficult to identify in
various mouse models. In the rat brain, we found that CDKLS5 is expressed in
several regions, including the cortex, hippocampus, cerebellum, and
thalamus. This pattern is similar to the expression profile of CDKL5 in the
mouse brain (Rusconi ef al., 2008) and correlates with the multifocal and
generalised type of seizures that are reported in CDD (Bahi-Buisson &

Bienvenu, 2012; Fehr et al., 2013).

At the same time, the expression of rat CDKL5 increases during the early
developmental stages highlighting its importance for the early postnatal brain
development and supporting thus the early-onset occurrence of CDD. Recent
findings suggest that CDKLS5 is essential not only for the developing but also
for the aged brain (Mulcahey et al., 2020; Terzic et al., 2021). With the exception
of the cerebellum, we indeed observed that all rat brain regions maintain
CDKLS5 expression throughout adulthood indicating that CDKLS5 is important
for fundamental biological processes that occur during and beyond the early

developmental stages.
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3.3.2 Primary rat hippocampal cultures as an experimental system to study

the role of CDKL5 in SV recycling

The fact that SV release and regeneration are at risk in a number of
neurodevelopmental disorders implies that presynaptic dysfunction might be
the common denominator. To explore any potential presynaptic role of
CDKL5, we selected primary hippocampal neurons derived from CDKL5 KO
rats and WT littermate controls as model system for several reasons. Amongst
the various experimental systems that have been employed to understand the
processes that dictate the presynaptic biology and especially SV recycling,
primary hippocampal neurons are one of the most well-studied (Gan &
Watanabe, 2018). Second, pH-sensitive genetically tagged fluorescent probes
can be used to label endogenous presynaptic proteins, such as Sypl, to study
a number of parameters of SV recycling. Third, we observed that CDKL5
expression in cultured hippocampal neurons exhibits a comparable time
course profile to the rat hippocampus making it a relevant system for CDKL5
research, which agrees with previous report (Schroeder et al, 2019).
Importantly, the hippocampus is characterised by high potential for synaptic
plasticity and controls memory and learning, processes that are often

disturbed upon CDKLS5 deficiency (Wang et al., 2012; Della Sala et al., 2016).

3.3.3 CDKLS5 localisation at the presynaptic terminal

CDKLS is a ubiquitous neuronal kinase; yet little evidence exists for its
presence in the presynaptic terminal, while it has been repeatedly reported at
dendrites and spines (Ricciardi et al., 2012; Zhu et al., 2013). Therefore, this is

the first study that focuses on describing its subcellular sorting into the
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presynapse in more detail. Using an antibody generated against human
CDKL5 that was initially validated by both western blotting and
immunolabelling, we tested the degree of colocalisation of CDKL5 with the
vesicular glycoprotein SV2A. The Pearson correlation coefficient indicated
that CDKLS5 colocalises with SV2A at several but not all presynaptic boutons
in relation to the correlation of SV2A with the vesicular transporter VGLUT1.
Given that SV2A staining cannot distinguish between excitatory and
inhibitory neuronal subtypes, this might explain the proportional presence of
CDKLS5 in nerve terminals. In support of a presynaptic localisation, CDKL5
colocalises with the excitatory VGLUT1 both at the mRNA and protein levels
(Ricciardi et al., 2012; Wang et al., 2021). Furthermore, despite its presence at
the nerve terminal, CDKLS5 is not a presynaptically enriched kinase but rather

displays a diffuse distribution along the axon.

Following an alternative approach, we also examined the presence of
CDKLS5 in presynaptic terminals using a typical fractionation protocol to
purify crude synaptosome and SV pellets from an adult rat brain. To our
surprise, we reported that CDKL5 is enriched at the crude SV fraction.
Presynaptic lysosomes and endosomes can be co-purified together with the
crude SV faction (Lee et al., 2001; Corera et al., 2009), but there has been no
evidence linking CDKLS5 to the endolysosomal membrane trafficking network
so far. However, since endosomal intermediates with attached budding
vesicles have been also detected in LP2 pellets by electron microscopy (Takei
et al., 1996), it is not unlikely CDKLS5 to associate with or surround SVs and/or
sorting endosomes. Regardless of the vesicle population that CDKL5 relates
with in the LP2 fraction, this data reinforces that CDKLS5 is present throughout
the neuronal cytoplasm from dendrites to axons and dendritic spines to

presynaptic terminals.
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3.3.4 The role of CDKL5 in SV retrieval and potential underlying mechanisms

The presynaptic distribution of CDKLS5 led to the hypothesis that it might
serve a role in SV recycling and thus neurotransmission. Using sypHy, we
revealed that SV regeneration occurs more slowly in CDKL5 deficient rat
neurons following stimulation at different frequencies, while SV exocytosis
remains unaltered. The sypHy response at 10 Hz was examined either in the
presence or absence of the antibiotic bafilomycin Al, an vATPase inhibitor,
showing that during stimulation neither SV exocytosis nor endocytosis is
altered in CDKL5 KO neurons limiting the impairment in SV endocytosis to
the poststimulus phase. Since sypHy monitors pH changes through the
neutralisation of the lumen of SVs during exocytosis and their subsequent
acidification following endocytosis, it cannot discriminate whether the newly-
generated non-acidified SVs originate directly from the plasma membrane, an
intermediate endosome or both. Thus, the stage at which CDKLS5 facilitates SV
retrieval is not clear. However, the reacidification kinetics alone is not affected
by the loss of CDKL5 indicating that CDKLS5 participates in the SV reformation
prior to reacidification. Overall, these findings support that CDKL5
participates in SV retrieval following evoked SV release at various frequencies.
This is important since it is the first report to implicate CDKL5 in a purely
presynaptic process inferring also that impaired SV recycling might contribute

to the CDD pathogenesis.

There are several potential mechanisms that underlie the impact of CDKL5
deficiency on SV retrieval. To begin with, the most critical role of CDKLS5 relies
on its kinase activity. In fact, most pathogenic mutations identified in CDD
patients are missense mutations within the CDKL5 kinase domain that result

in its compromised phosphorylation activity. More than one targets may be
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phosphorylated by CDKL5 to regulate SV regeneration either in a direct
manner or not, although this pool of potential endocytic targets remains to be
identified. Up to date, Amph1 is the only potential direct presynaptic substrate
of CDKLS5 in the presynaptic terminal, albeit in vitro (Sekiguchi et al., 2013).
Amphl is a presynaptically enriched BAR-containing protein that is involved
in SV regeneration. CDKL5-facilitated phosphorylation of Amphl has been
suggested to control its interaction for endophilin Al pointing towards a
mechanism through which the lack of CDKL5 may alter SV recycling
(Sekiguchi et al., 2013; Katayama et al., 2015).

CDKL5 phosphorylates and/or interacts with various proteins that
participate in gene expression and regulation (Amendola et al., 2014; Trazzi et
al., 2016). Deleting CDKL5 though does not seem to affect the amount of key
endocytic proteins, such as CHC, Dynl, and endophilin Al, in our rat
hippocampal cultures eliminating the possibility that defective SV retrieval is
due to altered expression of the protein machinery that mediates different
steps of SV regeneration. Furthermore, label-free mass spectrometry of WT
and CDKL5 KO synaptosomes did not reveal quantitative differences between

genotypes (personal communication, M. Trost, Newcastle University).

A few additional aspects should be considered for understanding the
impact of the absence of CDKLS5 in SV retrieval kinetics, although exploring
their part in impairing SV endocytosis is the work of a future study. First,
membrane composition and subsequent fluidity can support a slowing in SV
endocytosis. Indeed, perturbed cholesterol profile is reported in CDD patients
(Pecorelli et al., 2015) indicating that altered membrane composition might
modulate SV membrane trafficking in nerve terminals (Wasser et al., 2007; Yue
& Xu, 2015). Second, Ca* influx is essential for triggering SV release; however,

evidence suggests that the presynaptic Ca* concentration remains an
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important regulator in relation to SV endocytosis (Yao et al., 2009; Leitz &
Kavalali, 2011,2016) despite a number of studies challenging this (Miyano et
al., 2019; Orlando et al., 2019). Aberrant Ca* accumulation in the nerve
terminal resulting from defective mitochondrial Ca?" uptake affects the rate of
SV endocytosis (Marland et al., 2016). At the same time, abnormal
mitochondrial function has been observed in CDKL5-deficient mice (Jagtap et
al., 2019; Vigli et al., 2019; Carli et al., 2021) and, thus, it can possibly explain
delayed SV endocytosis linked to the absence of CDKL5.

CDKL5 has been also linked to MT remodelling and cargo trafficking
(Baltussen et al., 2018; Barbiero et al., 2019a), so the role of axonal MTs may be
worth considering for SV recycling events (Bodaleo & Gonzalez-Billault, 2016;
Bodaleo et al.,, 2016). Amongst the cytoskeletal elements, actin filaments
predominate in both orchestrating the SV cycle and organising distinct SV
pools. However, some evidence supports that the MTs have a more decisive
role to play in neurotransmission, albeit not directly on SV trafficking
dynamics (Piriya Ananda Babu et al., 2020). Despite being a matter of debate,
presynaptic boutons have been shown to act as activity-dependent MT
nucleation centres (Qu et al., 2019) and it has been proposed that transport of
cargos and local signalling rely on such initiation spots (Freal & Hoogenraad,
2019). This could be a mechanism that potentially affects SV recycling by
impeding transport of elements that are necessary for SV endocytosis and/or

affecting local signalling (Yagensky et al., 2016).

3.3.5 Frequency-dependent activity of CDKL5

Another feature that emerges from our data is that the slowing in SV

endocytosis kinetics in CDKL5 deficient neurons seems to be dependent on
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the stimulation frequency with decreasing neuronal firing triggering more
severe impairment. In accordance, little impact is observed on ADBE that
occurs preferably at high frequency in CDKL5-depleted neurons. Remarkably,
CDKLS5 is not the only kinase of the CMGC group that has been reported to
behave in an activity-dependent manner. For example, overexpression of
Dyrk1A results in more augmented delay of SV endocytosis following 5 Hz
stimulation rather than higher frequencies in hippocampal neurons (Kim et al.,
2010). Conversely, Cdk5 is rather required for SV endocytosis following
prolonged release (Evans & Cousin, 2007).

Possible explanations of the frequency-dependent nature of the CDKL5-
related defect in SV retrieval kinetics lie on its catalytic activity. The fraction
of the SV releasable pool that is triggered at low stimulation frequency is
smaller in comparison with more demanding activity rates. This is likely to
provide enough time for CDKLS5 to phosphorylate its putative target(s) at the
presynapse. In accordance, CDKL5 may preferentially facilitate SV
regeneration from the plasma membrane but not a sorting endosome, and
assuming this step is faster and thus more time-critical due to rapid
propagation of membrane tension following exocytosis (Perez et al., 2021),
lower frequencies would allow CDKLS5 to have enough time to act. In contrast
to CDKLS5 being more functional at lower rates, the dephosphorylation activity
of the phosphatase calcineurin might be compromised (Evans & Cousin, 2007).
Calcineurin is responsible for dephosphorylating a number of endocytic
proteins in an activity-dependent manner to enable the next round of
neurotransmitter release. Providing that both enzymes share common targets
or converged signalling pathways, the augmented catalytic activity of CDKLS5,

while calcineurin remains restricted, might inversely control the fate of SV
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endocytosis at lower rates. Of course, similar explanations have been also

proposed for the frequency-dependent activity of Dyrk1A (Kim et al., 2010).

3.3.6 Lack of effect in SV exocytosis and ADBE in CDKL5-deficient neurons

Even though the slow time course of SV endocytosis in CDKL5-null
neurons is not accompanied by any change in the rate of SV exocytosis, it is
likely repetitive neuronal activity to lead to depression of SV release
eventually. Besides, mice deficient of CDKL5 display altered frequency of
spontaneous and miniature postsynaptic currents (Tang et al., 2017; Wang et
al., 2021), and aberrant short-term plasticity (Tang et al., 2019) that can result
from dysfunctional SV recycling. On the other hand, CDKLS5 acts preferably at
lower stimulation frequency indicating that there is enough time for SV
endocytosis to resupply the recycling SV pool even when its kinetics is
impaired. In this case, the efficacy of synaptic transmission may depend on the
quality of the newly-formed SVs with potential mislocalised SV cargo
rendering them inefficient for a subsequent round of release. Although the
protein levels of abundant cargo molecules, such as VGLUT1, Syp and
ATP6V1B2, is not altered in CDKLS5 lacking neurons indicating that the SV
composition remains intact, we have not examined elements that are crucial
for SV fusion, such as SNARE proteins. In support, the total SV population is
preserved after CDKL5 deletion, although we have no information about their
fine organisation and degree of clustering that could be added on the factors

affecting SV release (Reshetniak & Rizzoli, 2021).

Loss of a functional protein can impact on neuronal health in a variety of
ways. A common feature in CDKL5 deficient animal models is the loss of

functional synapses that can result from inefficient synaptogenesis and/or
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maintenance (Zhu & Xiong, 2019). Despite the lack of a time course analysis,
the number of both SV2A- and VGLUT1-positive presynaptic boutons in
mature cultured neurons is preserved after loss of CDKL5 and, therefore, it is
reasonable to expect also similar number of inhibitory synapses across
genotypes. This discrepancy may reflect that CDKL5 activity varies across
species. On the other hand, since immunolabelling cannot distinguish between
functional and inactive synapses, it is likely that the loss of functional synapses
occurs in CDKL5 KO neurons without being able to be detected. Preliminary
work using lumenal-directed Sytl antibodies, as previously indicated
(Ivanova et al., 2021), suggests that there is no difference in the number of
active synapses across genotypes, although this could be confirmed using the

dye FM1-43.

In the above context, our last observation concerns the number of
presynaptic boutons that undergo ADBE that is preserved upon loss of CDKL5
at the level of the neuronal network in culture. Accordingly, key signalling
elements that are involved in ADBE regulation, such as the phosphorylation
levels of Akt-S473 and GSK3a/B-59/21, remained unaffected in contrast to
previous studies in mice (Wang et al., 2012; Amendola et al., 2014). Despite the
limitation of the dextran uptake assay to inform about the degree of ADBE that
occurs in a single presynaptic terminal and the absence of an ultrastructural
analysis, the lack of any changes in signalling molecules implicated in ADBE
makes the likelihood ADBE to be overall altered in the absence of CDKL5

weaker agreeing thus with more limited CDKLS5 activity at higher frequencies.
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3.3.7 Conclusions

Overall, this chapter shows that CDKL5 is expresses widely in the rat brain
and is required for proper postnatal development and throughout adulthood.
In addition, our data describes the presynaptic localisation of CDKLS5 in rat
hippocampal neurons and provides evidence for a role of CDKL5 in SV
endocytosis there possibly regulated in an activity-dependent manner.
Furthermore, a number of parameters, such as SV exocytosis and
reacidification, ADBE, the number of nerve terminals, and the total amount of

various presynaptic proteins remains unaltered in CDKL5 deficiency.
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Chapter 4: Investigating the role of CDKL5 in SV
endocytosis

4.1 Introduction

Protein kinases are a large group of enzymes that modulate numerous
cellular processes by catalysing the reversible phosphorylation of their
physiological substrates. CDKLS5 is a proline-directed S/T kinase with an N-
terminal catalytic domain that bears signature motifs of the CMGC group of
kinases. CDKL5 recognises its protein targets through the RPX(S/T)(A/G/P)
consensus sequence (Canning et al., 2018; Munoz et al., 2018), albeit not all the
reported CDKL5 substrates bear this motif. In addition to the kinase domain,
CDKLS5 consists of a long unstructured C-terminal tail that contributes to the
neuronal performance of CDKLS5 in various ways. It has been suggested that
the C-terminal tail is important for the subcellular sorting (Rusconi et al., 2008;
Zhu et al., 2013) and protein stability of CDKL5 (Lin et al., 2005; Williamson et
al., 2012), mediates protein-protein interactions (Zhu et al., 2013; Nawaz et al.,
2016), and contains putative phosphosites that are likely to regulate CDKL5
activity (Oi et al., 2017; Munoz et al., 2018). Moreover, several kinases possess
distal interaction domains that interact with docking sites of the substrate to
enhance specificity and affinity (Goldsmith et al., 2007; Ubersax & Ferrell, 2007)
and the C-terminal tail could act as a platform for such interactions. However,
whether the C-terminal tail regulates the phosphorylation activity of CDKL5

and through which specific mechanisms is not largely understood.
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So far, only a limited number of in vivo CDKL5 substrates has been
identified that consists exclusively of MT-related proteins, such as MAP1S,
EB2, CEP131, and DLG5 (Baltussen et al., 2018; Munoz et al., 2018). Moreover,
a few proteins have been shown to serve as CDKL5 substrates in vitro, such as
ARHGEF2 and DNMT1 (Kameshita et al., 2008; Baltussen et al., 2018). At the
same time, the phosphorylation levels of additional proteins, often involved
in signalling pathways, are dysregulated upon CDKL5 absence. For example,
CDKLS5 deficiency results in altered phosphorylation of GSK3 and Akt in mice
(Fuchs et al., 2014), although a direct association with the CDKL5 catalytic

activity remains to be confirmed.

A liquid-phase isoelectric fractionation of mouse brain extracts together
with in vitro kinase assays revealed Amph1-5293 as a phosphosite of CDKL5
(Sekiguchi et al., 2013), which is the only potential presynaptic target of CDKL5
up to date. Amphl acts mainly as an interface for various protein interactions
during SV endocytosis with some of the most established ones to be that with
endophilin Al, Dynl, clathrin, and AP2. Deficiency of Amphl results in
occurrence of irreversible seizures in mice and it seems that signalling
pathways modulated by CDKLS5, such as the PI3K/AKT pathway, to be also
affected by Amphl indicating a convergence of the activities of the two
proteins (Di Paolo et al., 2002; Y. Chen et al., 2020). Amph1 bears the consensus
motif of an endogenous CDKL5 substrate with S293 residing within the
sequence RPRS*®P. Furthermore, thanks to its position within the PRD of
Amphl, the phosphorylation dynamics at S293 controls its affinity for
endophilin A1 in vitro (Sekiguchi et al., 2013) indicating its putative functional
role in SV endocytosis. This agrees with mass spectrometric data showing that

the 5293 residue is abundantly phosphorylated in rat brain synaptosomes,
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while it is dephosphorylated during neuronal activity and, thus, it is a

phosphosite of high biological importance (Craft et al., 2008).

As shown in Chapter 3, rat hippocampal neurons lacking CDKL5 display
compromised SV endocytosis kinetics at different frequencies. The main
objective of this chapter is to begin exploring the potential mechanism
underlying this presynaptic deficit. Using primary hippocampal cultures, we
followed a strategy of molecular replacements employing deletion mutants of
CDKLS5 to decipher the elements that may be important for SV endocytosis,
such as its phosphorylation activity. In parallel, we tested the relevance of the
SV endocytosis attenuation to CDD by examining CDKL5 mutations reported
in CDD patients. Given that Amph1 is the only putative presynaptic substrate
of CDKLS5 that has been identified up to date, albeit in vitro, and for the reasons
mentioned above, we hypothesised that CDKL5 exerts its effect on SV
endocytosis through Amphl. To explore the relationship of CDKL5 with
Amphl, we first investigated their potential interaction in vivo. We then
studied the putative CDKL5-facilitated phosphorylation of Amphl at 5293 in
rat hippocampal neurons using a phosphospecific antibody against Amph1-

5293.
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4.2 Results

4.2.1 Molecular replacements to restore the speed of SV endocytosis

4.2.1.1 SV endocytosis rate is restored by CDKL5 expression at 10 and 40 Hz

Rat hippocampal neurons deficient of CDKLS5 display altered SV recycling
due to decelerated SV endocytosis as shown in Chapter 3. This implies that
supplying neurons with the missing kinase should restore the speed of SV
endocytosis providing that the impairment is not an indirect effect. To verify
that the loss of CDKL5 is responsible for compromising SV endocytosis
performance, we co-transfected CDKL5 KO neurons with mCerC1-CDKL5
and sypHy. At the same time, we tested whether overexpression of mCerC1-
CDKL5 in WT neurons influences SV endocytosis kinetics by either
accelerating or decelerating the endocytosis speed. The CDKL5 variant that
was used here (or hCDKL5_1 according to the established nomenclature) is
the predominant isoform expressed in the human brain and refers to a protein
product of 960 residues (Williamson et al., 2012; Hector et al., 2016). Due to its
relevance to CDD, it was selected for all rescue experiments in this study. WT
and CDKL5 KO neurons transfected with the mCerC1 empty vector acted as
control groups. Neurons were stimulated either at 10 Hz for 30 s or at 40 Hz
for 10 s. Analysis of the poststimulus sypHy response showed that expression
of mCerC1-CDKLS5 restored the kinetics of SV endocytosis to WT levels at 10
Hz, whereas overexpression of mCerC1-CDKL5 did not impact SV
endocytosis kinetics (Figure 4.1A, B). In agreement, WT neurons

overexpressing mCerC1-CDKL5 exhibited unaltered SV endocytosis kinetics
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at 40 Hz, although a partial rescue was observed in the case of CDKL5 KO
neurons due to mCerC1-CDKLS5 expression (Figure 4.1C, D). The inability of
CDKLS5 to fully rescue the SV endocytosis slowing at 40 Hz is likely to result
from limited activity of CDKLS5 at higher frequencies or to be due to biological
variance given that this was not always the case as presented in the following
subsections. Therefore, these findings confirm that CDKL5 participates in SV

endocytosis in rat hippocampal presynaptic terminals.
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Figure 4.1 CDKL5 expression restores the speed of SV endocytosis but

overexpression of CDKL5 does not impact SV endocytosis
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Primary hippocampal neurons from WT and CDKL5 KO rats were co-transfected
with sypHy and mCer (WT, dark turquoise; KO, dark pink) or hCDKL5_1
(WT+CDKLS5, light turquoise; KO+CDKLS5, light pink) at 8-9 DIV and imaged at 13-
14 DIV. (A) Average sypHy fluorescence response from neurons stimulated at 10
Hz for 30 s (red bar) normalised to the stimulation peak. (B) Average sypHy
fluorescence measuring the distance from baseline at 152 s. Scatter plots indicate
mean + SEM. ns, not significant, *p <0.05 by two-way ANOVA followed by Tukey’s
multiple comparison test. WT n = 15, WT+CDKL5 n = 14, KO n = 16, KO+CDKL5 n
=15 coverslips from 4 independent preparations. (C) Average sypHy fluorescence
response from neurons stimulated at 40 Hz for 10 s (red bar) normalised to the
stimulation peak. (D) Average sypHy fluorescence measuring the distance from
baseline at 152 s. Scatter plots indicate mean + SEM. ns, not significant, *p <0.05 by
two-way ANOVA followed by Tukey’s multiple comparison test. WT n = 20,
WT+CDKL5 1 = 18, KO n = 21, KO+CDKL5 1 = 19 coverslips from 5 independent

preparations.

4.2.1.2 The kinase activity of CDKL5 is important for requlating SV endocytosis

Structurally, CDKL5 consists of two distinct regions: an N-terminal kinase
domain that has a well-defined tertiary structure and a long C-terminal tail
that occupies the remaining two thirds of the protein and contains multiple
intrinsically disordered regions. Functionally, the catalytic domain mediates
the phosphorylation activity of CDKL5, while the C-terminal tail has been
implicated in many functions possibly including that of supporting the
catalytic activity of CDKL5. To understand the role of each domain in SV
endocytosis and determine whether CDKL5 phosphorylation activity is

important, we generated truncated constructs of CDKL5 comprising either the
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kinase domain (AC; aa 1-297) or the C-terminal tail (Akinase; aa 298-960)

(Figure 4.2A). All constructs were tagged with mCer at their N-terminus.

Hippocampal CDKL5 KO neurons were co-transfected with sypHy and
either full-length CDKLS5 or one of the deletion mutants, whereas CDKL5 KO
neurons transfected with the mCer empty vector acted as control. The
expression level of these mutants is examined in 4.2.1.4 subsection. Their
ability to restore SV endocytosis kinetics was assessed by sypHy imaging
stimulating neurons at either 10 Hz for 30 s or at 40 Hz for 10 s. We observed
that AC was sufficient to rescue the impairment in SV endocytosis similarly to
full-length CDKL5 (Figure 4.2B-E). In contract, Akinase was not able to fully
rescue the SV endocytosis slowing suggesting that the C-terminal tail is less
important for SV endocytosis. As a result, CDKL5-mediated phosphorylation

is essential for SV retrieval in hippocampal nerve terminals.
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(A) Schematic representation of the structural domains of CDKL5. Truncated

versions of CDKL5 were generated comprising either the kinase domain (AC) or

the C-terminal tail (Akinase). All constructs were tagged with mCer at their N-

terminal end. The numbering refers to the human sequence. (B) Primary

hippocampal neurons from CDKL5 KO rats were co-transfected with sypHy and
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mCer (KO, light turquoise), hCDKL5_1 (CDKL5, light pink), the kinase domain
(AC, yellow) or the C-terminal tail (Akinase, blue) at 8-9 DIV and imaged at 13-14
DIV. Average sypHy fluorescence response from neurons stimulated at 10 Hz for
30 s (red bar) normalised to the stimulation peak. (C) Average sypHy fluorescence
measuring the distance from baseline at 152 s. Scatter plots indicate mean + SEM.
ns, not significant, **p < 0.01, **p < 0.001 by one-way ANOVA followed by
Dunnett’s multiple comparison test. KO n =13, CDKL5 n =11, AC n = 18, Akinase
n = 15 coverslips from 4 independent preparations of neuronal cultures. (D)
Average sypHy fluorescence response from neurons stimulated at 40 Hz for 10 s
(red bar) normalised to the stimulation peak. (E) Average sypHy fluorescence
measuring the distance from baseline at 152 s. Scatter plots indicate mean + SEM.
ns, not significant, *p < 0.05 by one-way ANOVA followed by Dunnett’'s multiple
comparison test. KO n =11, CDKL5 n =10, AC n =10, Akinase n = 10 coverslips from

3 independent preparations of neuronal cultures.

4.2.1.3 Impairment of SV endocytosis kinetics contributes to CDD pathogenicity

In CDD, most pathogenic mutations are found within the kinase domain
and have been widely admitted resulting in loss of protein function (Hector et
al., 2017; Munoz et al., 2018). So, we hypothesised that point mutations
introduced within the kinase domain of CDKLS5 are loss-of-function in terms
of SV endocytosis. To address this question, we generated two mutated forms
of full-length CDKL5 bearing the missense mutations K42R and R178P,
respectively (Figure 4.3A). Although K42R has not been identified in a CDD

patient to the best of our knowledge, it is a catalytically-inactive derivative of
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CDKLS5 blocking its ability to bind ATP (Lin et al., 2005). On the other hand,
R178P was initially reported in CDD patients of both sexes exhibiting severe
neurological features (Elia et al., 2008, Nemos et al., 2009). Again, the
expression level of these mutants is examined in 4.2.1.4 subsection. Neurons
lacking CDKL5 were co-transfected with sypHy and either WT CDKLS5 or one
of the point mutants to evaluate SV endocytosis kinetics following stimulation
at 10 Hz for 30 s or 40 Hz for 10 s. CDKL5 KO neurons transfected with the
mCer empty vector were used as a control. We found that neither mutated
version of CDKL5 was able to rescue the defect in SV endocytosis in contrast
to WT CDKL5 (Figure 4.3B-E). These data further support that the
phosphorylation activity of CDKLS5 is essential for sustaining SV endocytosis
kinetics and potentially indicate that defective SV endocytosis may contribute

to the CDD pathogenicity.
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(A) Schematic representation of the structural domains of CDKL5. Point mutations

were introduced into the kinase domain including K42R found within the ATP-

binding region and R178P adjacent to the TEY motif. All constructs were tagged

with mCer at their N-terminal end. The numbering refers to the human sequence.

(B-E) Primary hippocampal neurons from CDKL5 KO rats were co-transfected with

sypHy and mCer (KO, light turquoise), hCDKL5_1 (CDKL5, light pink), K42R
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(purple) or R178P (green) at 8-9 DIV and imaged at 13-14 DIV. (B) Mean sypHy
fluorescence response from neurons stimulated at 10 Hz for 30 s (red bar)
normalised to the stimulation peak. (C) Mean sypHy fluorescence measuring the
distance from baseline at 152 s. Scatter plots indicate mean * SEM. ns, not
significant, **p < 0.01 by one-way ANOVA followed by Dunnett's multiple
comparison test. KO n =17, CDKL5 n = 16, K42R n = 15, R178P n = 15 coverslips
from 4 independent preparations of neuronal cultures. (D) Average sypHy
fluorescence response from neurons stimulated at 40 Hz for 10 s (red bar)
normalised to the stimulation peak. (E) Average sypHy fluorescence measuring the
distance from baseline at 152 s. Scatter plots indicate mean + SEM. ns, not
significant, *p < 0.05 by one-way ANOVA followed by Dunnett’s multiple
comparison test. KO n =13, CDKL5 n = 14, K42R n = 13, R178P n = 14 coverslips

from 4 independent preparations of neuronal cultures.

4.2.1.4 Expression of CDKL5 mutants in hippocampal neurons

From all CDKL5 constructs examined in this chapter for their ability to
restore the speed of SV retrieval, only the kinase domain is able to rescue the
SV endocytosis defect in neurons lacking CDKL5. As a result, this raises the
question whether the inability of the remaining CDKL5 constructs to rescue
SV endocytosis impairment is due to their inadequate activity or a
consequence of limited expression and/or defective subcellular redistribution.
To study this, we initially assessed by immunolabelling the protein levels of
CDKLS5 expression for the full-length protein, its C-terminal tail as well as

K42R and R178P. Primary hippocampal neurons from WT rats were
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transfected with each CDKL5 construct at 8-10 DIV and fixed at 15 DIV prior
to being labelled for CDKL5 and GFP (Figure 4.4A). WT neurons transfected
with the mCerC1 empty vector acted as a control. The CDKLS5 fluorescence
intensity was measured within the region of cell bodies of transfected neurons,
as identified by GFP staining, and normalised to that of untransfected cell
bodies (usually average intensity of 5 cell bodies). Background intensity was
subtracted from both transfected and untransfected neuronal bodies. We
observed that all CDKL5 constructs were elevated with respect to the mCerC1
control with their protein levels being equivalent to WT CDKL5 or even higher

in the case of the C-terminal tail (Figure 4.4B).
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Figure 4.4 CDKL5 mutants are expressed in primary hippocampal cultures
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(A) Primary cultures of hippocampal neurons were transfected at 8-10 DIV and
fixed at 15 DIV. Representative images of neurons and axons expressing mCer
(control) and various CDKL5 constructs labelled for GFP (green) and CDKL5
(magenta). Merged images of GFP and CDKLS5. Scale bar, 20 um (neurons) and 5
pum (axons). (B) Quantification of CDKL5 fluorescence intensity of cell bodies
normalised to untransfected neurons. Background was subtracted in all cases. Box
plots present median with IQR indicating min-max whiskers. ns, not significant, *p
< 0.05, ***p < 0.0001 by Kruskal-Wallis test followed by Dunn’s multiple
comparison test, + indicates mean value. mCer n =191, CDKL5 n = 149, Akinase n =
71, K42R n =71, R178P n =78 neurons from 4 independent preparations of neuronal

cultures.

4.2.2 CDKLS5 interacts with Amph1 in vivo

One way to further understand the role of CDKL5 in SV recycling is to
explore possible interactions with presynaptic proteins. We found previously
that the phosphorylation activity of CDKLS5 is essential for preserving the rate
of SV endocytosis, which suggests that there is at least one CDKL5 substrate
at the presynapse. While it is expected a potential substrate to serve also as an
interacting partner of CDKL5, the opposite is not always necessary. In
agreement, proteins that have been identified as potential interactors of
CDKLS5 through its C-terminal tail, such as PSD95, NGL1, and Racl, have not
been yet confirmed as substrates (Chen et al., 2010; Ricciardi et al., 2012; Zhu et
al., 2013). For this reason, we tested whether Amphl interacts with CDKL5

given that it is an in vitro substrate of CDKL5 and the only presynaptic
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candidate to be identified so far. To do that, an adult rat brain was
homogenised and incubated with an antibody against either CDKL5 or
Amphl. A random antibody against the endocytic protein EHD was used as a
control. The homogenate was pre-cleaned prior to incubation with antibodies
using appropriate amount of agarose beads to enhance specificity. We found
that both Amph1 and CDKL5 were co-immunoprecipitated using a CDKL5 or
Amphl antibody, respectively (Figure 4.5). We also confirmed their
interaction in the adult mouse brain (Appendix - Supplementary Figure 2).
This indicates that CDKL5 binds to Amph1 in vivo, although their interaction

seems to be weak in relation to the input level.
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Figure 4.5 CDKLS5 interacts with Amph1 in vivo

(A) Immunoprecipitation from adult rat brain lysates with CDKL5. Samples were
analysed by immunoblotting for CDKL5 and Amphl. A random antibody against
EHD was used as control. CDKL5 reacted with Amphl in the rat brain. (B)
Immunoprecipitation from adult rat brain lysates with Amphl. Samples were
analysed by immunoblotting for CDKL5 and Amphl. A random antibody against

EHD was used as control. Amph1 reacted with CDKLS5 in the rat brain. n =1 animal.
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4.2.3 Exploring the CDKL5-mediated phosphorylation of Amph1

4.2.3.1 Generation of a phosphospecific antibody targeting Amph1-5293

The identification of Amphl as an in vivo interacting molecule of CDKLS5 in
the rodent brain in combination with previous studies revealing Amph1-5293
as an in vitro target of CDKL5 (Sekiguchi et al., 2013; Katayama et al., 2015)
suggest that it is likely for CDKLS5 to also facilitate phosphorylation of Amphl
in vivo. In order to explore the CDKL5-mediated phosphorylation of Amphl,
we generated a rabbit polyclonal phosphospecific antibody against Amphl-
5293 that is located within the Amphl PRD and is part of the CDKL5
consensus motif (Figure 4.6A). For this, a rabbit was injected with the
synthesised peptide PVRPRS?*PSQTRC to elicit an immune response and
polyclonal phosphoantibodies were obtained from the serum. To test its
specificity, we expressed recombinant GST-conjugated constructs of WT
Amphl (GST-Amphl) and two Amphl phosphomutants including a null
(GST-5293A) and a mimetic version (GST-S293E) in bacteria. Previous studies
in the lab suggested that the N-bar domain of Amph1 makes its expression in
bacteria difficult and, therefore, this domain was omitted in all cases. All GST-
fused constructs of Amphl were incubated with rat synaptosomal lysates and
used as baits for pull-down assays that will be discussed in Chapter 5. A GST-
containing empty vector was used as a control. The specificity of the pAmph1-
5293 antibody was assessed by western blotting. This approach revealed that
the pAmph1-5293 antibody reacted exclusively with the phosphomimetic
GST-S293E version, although all GST-fused proteins were sufficiently
expressed as the CBB staining indicated (Figure 4.6B). This confirms that the

phosphoantibody is highly specific for Amph1-5293.
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Amphl is known to undergo dephosphorylation coupled to neuronal
activity (Bauerfeind et al., 1997; Micheva et al., 1997b). Accordingly, Amphl-
5293 is one of the phosphosites that is dephosphorylated following high
frequency stimulation (Murakami et al., 2006). So, we next focused on
reassessing whether Amph1-5293 was dephosphorylated in an activity-
dependent manner. To do this, we treated hippocampal neurons with 50 mM
KCl for 2 min to induce neuronal depolarisation. We found that
phosphorylation at Amph1-5293 was abolished upon stimulation suggesting
also that the pAmph1-5293 antibody is a sufficient reporter for this. Since the
stimulation-dependent dephosphorylation of various proteins in the nerve
terminal is mediated by calcineurin (Nichols et al., 1994; Bauerfeind et al., 1997;
Marks & McMahon, 1998; Cousin & Robinson, 2001), we next examined
whether Amph1-5293 dephosphorylation occurs via calcineurin or another
phosphatase. In addition to KCl-stimulation, neurons were treated with either
10 uM cyclosporin A or 100 nM calyculin A as an inhibitor of calcineurin and
protein phosphatase 1 (PP1)/2A (PP2A), respectively. PP1 and PP2A are
responsible for the main phosphatase activity in presynaptic terminals under
basal and depolarising conditions, although the major dephosphorylation
activity that is coupled to Ca* influx and, thus, neuronal activity is attributed
to calcineurin (Sim et al., 1991). We found that treatment with cyclosporin A
prevented the activity-dependent dephosphorylation at Amphl-5293
demonstrating therefore that it is mediated by calcineurin (Figure 4.6C). In
contrast, treatment with calyculin A failed to prevent Amphl-5293
dephosphorylation. The phosphorylation profile of Amph1-5293 was similar
to that of pDyn1-5774, an established site that undergoes calcineurin- and
activity-dependent dephosphorylation (Liu et al., 1994; Tan et al., 2003; Smillie
& Cousin, 2005; Armbruster et al., 2013). Overall, these findings suggest that
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Amph1-5293 undergoes calcineurin-facilitated dephosphorylation linked to
neuronal activity and its phosphorylation dynamics are efficiently reported by

the pAmph1-5293 antibody.

Treatment with high KCI concentration represents an intense approach to
trigger neuronal depolarisation. Alternatively, we examined electrical
stimulation during which neurons were stimulated at either 10 Hz for 30 s or
40 Hz for 10 s in the presence or absence of 50 uM AP5 and 10 uM CNQX to
prevent glutamate receptor activity. In this way, the experimental conditions
could be also consistent with the stimulation parameters that were applied
during our functional studies. Western blot analysis showed that Amph1-5293
was dephosphorylated after stimulation at both frequencies with the intensity
of the upper band to be eliminated compared to the control (Figure 4.6D). In
agreement, phosphorylation of the Dynl-5774 was reduced, although not
abolished. The presence of AP5/CNQX inhibitors did not have any impact on
the dephosphorylation level of Amph1-5293 at either frequency implying that
its (de)phosphorylation is independent of any postsynaptic activity or
recurrent spontaneous activity in culture. Hence, depolarisation of primary
hippocampal neurons by field-stimulation was able to reproduce the activity-
dependent dephosphorylation that Amph1 undergoes at S293 at both 10 and

40 Hz stimulation frequencies similarly to KCl stimulation.

163



Amph1:
I ‘
134 248 311 409 620 695 50mMKCl - -+ -
SN CyclosporinA - - + o+
2P SQTRKGP .
S Q CalyculinA - - - - + +
B kDa
6& q”bv’ %'5“" 130 — m— . e— — pAmph1-5293
X \?5(\ o ¥
kDa (\Q‘o 6‘9‘\ (;;\l (DC‘)Q (95«'
LN 130— W — N m— e — AP
130 = T — — — —  pDYN1-5774
100 — ' < pAmph1-5293
70 = 55=—r
o » — B-actin
- =
- -
25 —
. D
10— — — I i
o Stim.(Hz) - 10 40 - 10 40
130 — AP5+CNQX - - - + + +
100 — e | D
a
70 1 130= W s s w— o e  pAMph1-5293
55 = 100 —
130 —
- 100 = T— s s g e e PDDYN1-S774
— — -—
25— 55—
15— . - . — —— — w—  (3-3CtiN
10—-——-s! = - ! CBB

Figure 4.6 Validation of a phosphoantibody targeting Amph1-5293

The pAmph1-5293 antibody reports the phosphorylation dynamics of Amph1-5293
in primary hippocampal neurons. (A) Schematic representation of the structural
domains of Amph1. The sequence PVRPRS**PSQTRC is located within the Amph1
PRD and was used as an antigen for the production of the pAmph1-5293 antibody.
The numbering refers to the human sequence. (B) The GST-fused phosphomutants
of Amphl lacking the N-BAR and SH3 domains, S293A and S293E, were generated
and expressed in Escherichia coli. The pAmph1-5293 antibody detects robustly only
the phosphomimetic S293E fusion protein. All GST-fused proteins were adequately
expressed as the CBB staining indicates. (C) Neuronal cultures at 14-15 DIV were
stimulated with 50 mM KClI for 2 min to trigger neuronal depolarisation resulting

in dephosphorylation of Amphl1-S293. Neurons were treated with 10 uM
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cyclosporin A, a calcineurin inhibitor, blocking the Amph1-5293
dephosphorylation. Treatment with 100 nM calyculin A, an inhibitor of PP1/PP2A
phosphatases, failed to block dephosphorylation at Amphl-5293. The
phosphorylation status at Dyn1-S774 was also tested as this site is known to
undergo activity-dependent dephosphorylation mediated by calcineurin. (D)
Neurons at 14-15 DIV were stimulated with 300 APs at 10 Hz or 400 APs at 40 Hz
in the presence or absence of glutamate receptor inhibitors including 50 uM AP5
and 10 uM CNQX. Neuronal lysates were collected and analysed by western
blotting. Dephosphorylation at Amphl-5293 occurs at both frequencies

independently of AP5 and CNQX similarly to Dyn1-5774.

4.2.3.2  Phosphorylation of Amph1 at 5293 occurs independently of CDKL5

Since the phosphorylation activity of CDKL5 plays a role in SV retrieval,
we next focused on investigating the potential CDKL5-facilitated
phosphorylation of Amphl, the only identified substrate of CDKL5 at the
presynaptic terminal to date. A previous study determined Amph1-5293 as an
in vitro phosphorylation site of CDKL5 (Sekiguchi et al., 2013; Katayama et al.,
2015), while the phosphorylation dynamics at 5293 is thought to control
affinity for the presynaptic protein endophilin A1 (Murakami et al., 2006;
Sekiguchi et al., 2013). This implies that the 5293 residue is a potentially
important target of CDKLS5 at the presynapse. Indeed, 5293 has been identified
as the most abundant in vivo phosphosite on Amphl highlighting the
physiological importance of this site (Craft et al., 2008). In support, 5293 resides

within the consensus motif that CDKL5 preferentially phosphorylates in vivo
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(Baltussen et al., 2018; Munoz et al., 2018). Given that Amphl regulates SV
regeneration, we first examined whether CDKL5 phosphorylates Amphl at
5293 regulating thus SV endocytosis at the presynaptic terminal. WT and
CDKL5 KO neurons at 14-15 DIV were treated with 50 mM KCl and left to
repolarise for different periods of increased duration to determine whether the
absence of CDKL5 impacted on rephosphorylation of this residue prior to lysis
and analysis by western blotting (Figure 4.7A). Neuronal depolarisation was
induced by KCl application to allow a complete dephosphorylation of 5293,
which provided the widest possible dynamic range to visualise changes in its
rephosphorylation. The phosphoantibody against MAP1S-5900 was used as a
positive control given that this site is an endogenous phosphosite of CDKL5
(Baltussen et al., 2018; Munoz et al., 2018). We found that the phosphorylation
levels of Amph1-5293 were not altered between genotypes when normalised
to the total Amphl levels either pre- or post-stimulation (Figure 4.7B)
supporting that Amph1-5293 is phosphorylated in vivo despite the absence of
CDKLS5.

166



WT
5omMKC - + + + + - + + + +
Repol.(min) - - 255 10 - - 25 5 10
kDa
130m= e * g mm e ww — — — pAmph1-5293

130 =
NomrEmEmmEmem ™ Al

100 =—

25 —

55—

PMAP15-5900 LC

—-— esmm [-actin
B
M WT
:| ns
KO
‘;_E- 1.5 -
& E R
T3 . -
2 :_,9 10_ .e ......................................................... T
22 5 y
o -
0w T -
- & 051
£ =
a®
EE
22 oo 25 =
25 5 10

Rest KCI Repol. (min)

Figure 4.7 Amph1-5293 is subject to phosphorylation independently of CDKL5

(A) Primary hippocampal neurons from WT and CDKL5 KO rats were treated with
KCl and allowed to be rephosphorylated for 2.5, 5, and 10 min. Neurons were lysed
at 14-15 DIV and analysed by western blotting for pAmph1-5293, total Amphl,
pPMAP1S-5900 as a positive control, and B-actin as a loading control. The
numbering refers to the human isoforms. (B) Quantification of the phosphorylation
levels of Amphl at 5293 was performed by determining relative band intensities
normalised to the total amount of Amphl. Background was subtracted in all cases.
Bars indicate mean + SEM. ns, not significant by two-way ANOVA followed by
Sidak’s multiple comparison test. n = 3 coverslips/condition per genotype from 3

independent preparations of neuronal cultures.
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4.2.3.3 Phosphorylation of distinct pools of Amphl may be regulated differentially
by CDKL5

Biochemical studies suggest that Amphl can be found both in association
with SVs and as an unbound fraction within the presynaptic cytoplasm (Lichte
et al., 1992; Wigge et al., 1997). These two pools of Amphl at the presynapse
are likely to be differentially regulated. Although Amphl-5293 gets
phosphorylated despite the absence of CDKL5 in neuronal cultures suggesting
that CDKL5 might not phosphorylate this site, these were homogenised and
analysed without a prior separation of Amphl distinct fractions. To test
whether one of the pools of Amphl undergoes phosphorylation by CDKL5,
we performed subcellular fractionation of adult WT and CDKL5 KO rat brains
to crudely purify a synaptosomal P2 and an SV-enriched LP2 fraction.
Synaptosomal subfractions, including the membranous LP1 and cytosolic LS1
fractions, were analysed by fluorescent western blotting to evaluate the
phosphorylation levels of Amph1-5293 between genotypes (Figure 4.8A). We
found that the phosphorylation levels of Amph1-5293 in different subfractions
vary between genotypes in those fractions containing cytoplasmic Amphl
when normalised to the total Amph1 levels (Figure 4.8B). This points towards
the idea that cytoplasmic, but not membrane-associated Amphl
phosphorylation is likely to be regulated differentially by CDKL5, although

additional replicates would be necessary to achieve a final conclusion.
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Figure 4.8 CDKL5 may regulate phosphorylation of cytosolic but not SV-bound

Amphl at presynaptic terminals

(A) WT and CDKL5 KO adult rat brains were homogenised in sucrose/EDTA and
fractionated for the crude purification of LP2 pellets. Synaptosomal subfractions
were analysed by western blotting for estimating the phosphorylation levels of
Amph1-5293, total Amph1 levels, and -actin as a loading control. (B) The levels of
pAmph1-5293 were estimated by measuring band intensities and normalised to

total Amphl. n =1 animal per genotype.

169



4.2.3.4 Several kinases phosphorylate Amph1 at 5293

The elevated phosphorylation levels of cytosolic Amphl-5293 in the
absence of CDKL5 indicates that another kinase is responsible for its
phosphorylation in vivo. The presence of several cytosolic kinases in the nerve
terminal leads to the idea that Amph1-5293 might be phosphorylated by
multiple kinases owning to the fact that this site is abundantly phosphorylated
in vivo (Craft et al., 2008). In agreement, a number of early studies showed that
there are two kinases that possibly phosphorylate Amph1-5293 in vitro in
addition to CDKL5, including DyrklA (Murakami et al., 2006) and MAPK
(Shang et al., 2004), whereas Cdk5 (Floyd et al., 2001; Liang et al., 2007) is also
reported as a kinase of Amphl in mature neurons. In non-neuronal cells,
casein kinase 2 (Doring et al., 2006), and cdc2/cyclin B kinase complex (Floyd

et al., 2001) have been also indicated as possible Amph1 kinases.

In an attempt to unmask any potential phosphorylation of Amph1-5293
that is facilitated by CDKL5 in mature neurons and to determine whether
other protein kinases substitute for CDKL5 in its absence, we treated WT and
CDKLS5 KO neurons at 14-15 DIV with 20 mM EGCG, 100 uM PD98059, and
50 uM roscovitine inhibitors to eliminate simultaneously the kinase activity of
Dyrk1A, MAPK, and Cdk5, respectively (Figure 4.9A). Control WT and
CDKL5 KO neurons were treated with appropriate amount of DMSO (< 1 %)
to control for any neurotoxic effect. KCl-induced depolarisation of WT and
CDKL5 KO neurons was followed by repolarisation for 10 min prior to lysis
and analysis by western blotting (Figure 4.9B). We revealed that the
phosphorylation levels of pAmph1-5293 were not altered between genotypes
when normalised to the total Amphl levels (Figure 4.9C). Moreover, the

cocktail of kinase inhibitors abolished the rephosphorylation of Amph1-5293
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post-stimulation, indicating that kinases other than CDKL5 phosphorylate this
residue in culture and the contribution of CDKLS5 to its phosphorylation is
minor, if any. The phosphorylation of the endogenous substrate of CDKL5
pPMAP1S-S900 (Baltussen et al., 2018; Munoz et al., 2018) in the presence of
inhibitors excludes the possibility these inhibitors to act on CDKL5.
Collectively, these data suggest that defective CDKL5-mediated
phosphorylation of Amphl at S293 is not responsible for impairing SV

endocytosis.
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Figure 4.9 Amph1-5293 is phosphorylated by several kinases

(A) EGCG, PD98059, and roscovitine were combined to block the kinase activity of

DyrklA, MAPK, and Cdk5, respectively. All three kinases phosphorylate Amph1
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in neurons with Dyrk1A and MAPK (continuous lines) also targeting the residue
5293 within the PRD, while it is likely the same residue to be also phosphorylated
by Cdk5 (dashed line). The skeletal structures of the inhibitors were generated by
ACD/ChemSketch, 2021.1.0. (B) Hippocampal neurons derived from WT and
CDKL5 KO rats were treated with 50 mM KCl and allowed to be rephosphorylated
for 10 min. Neurons were treated with the kinase inhibitor cocktail and lysed at 14-
15 DIV to be analysed by western blotting for pAmph1-5293, total Amphl,
PMAP15-S900 as a positive control, and P-actin as a loading control. (C)
Quantification of the phosphorylation levels of Amphl at 5293 was performed by
determining relative band intensities normalised to the total amount of Amphl.
Background was subtracted in all cases. Bars indicate mean + SEM. ns, not
significant by two-way ANOVA followed by Sidak’s multiple comparison test. 1 =
3 coverslips/condition per genotype from 3 independent preparations of neuronal

cultures.

4.3 Discussion

4.3.1 Elements that are critical for CDKL5-mediated SV endocytosis

CDKLS5 is implicated in SV recycling in rat hippocampal neurons, since its
absence results in slower rate of SV endocytosis kinetics as shown in Chapter
3. This deficit can be rescued at 10 Hz by restoring CDKL5 protein levels
suggesting, therefore, that SV reformation requires the actual involvement of
CDKLS5 activity, and its impairment in the absence of CDKL5 is not a side
effect. Overexpression of CDKL5 is also able to rescue the SV endocytosis

impairment at 40 Hz, although partially, which might rise from the less
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preferable activity that CDKL5 displays at higher frequencies. Considering
that gene therapy attempts in order to replace the dysfunctional CDKL5 gene
have already started (Gao et al., 2020), it is critical to be aware of the risks that
non-selective targeting at healthy neurons entails given that most CDD
patients are heterozygous females. However, in the context of cultured
hippocampal neurons where the SV retrieval-related phenotype is observed,
overexpression of human CDKL5 in the WT background does not have any

additional effect in relation to the SV endocytosis speed.

Since the impairment of SV endocytosis kinetics is specific to the loss of
CDKLS5, we examined a number of mutated versions of CDKLS5 for their ability
to restore the speed of SV retrieval in CDKL5 KO neurons in order to shed
some light on the elements that are required for CDKL5 to perform its role in
SV recycling. Immunolabelling analysis of the CDKL5 mutants suggests that
their expression and localisation is not affected. To begin with, we first
examined the role of a truncated mutant of CDKL5 that comprises its kinase
domain. While a few studies investigating the role of the CDKL5 catalytic
activity have selected an extended kinase sequence containing part of the C-
terminal tail (1-352 aa) (Kameshita et al., 2008; Sekiguchi et al., 2013; Baltussen
et al., 2018), we focused on the shorter possible version (1-297 aa) for two
reasons. Firstly, we avoided the risk to have a mislocalised product by
including an NLS (312-315 aa). Secondly, we tried to determine the shortest
CDKLS5 kinase sequence that can be functional in our system considering its
potential application for gene therapy to replace the mutated human CDKL5.
Our data revealed that the kinase domain of CDKL5 alone when expressed in
CDKL5-deficient neurons is sufficient to accelerate SV retrieval following

stimulation at both 10 and 40 Hz. However, the CDKL5 kinase domain corrects
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the SV retrieval deficit at 40 Hz only to a limited extent in agreement with our

previous observations for a frequency-dependent CDKL5 activity.

Despite the physiological importance of the catalytic domain of CDKL5 as
a kinase and its pathological relevance for CDD given that most patient
mutations reside within the kinase domain, the C-terminal tail is also of
importance. Not only it occupies the two thirds of CDKL5, but it also acts as a
hub for interacting partners, controls its subcellular localisation, assists the
catalytic activity of CDKL5, and, lastly, is where CDKL5 can
autophosphorylate itself. For these reasons, the C-terminal tail was tested for
its ability to correct the SV retrieval kinetics in the CDKL5 KO background.
We found that the C-terminal tail of CDKLS5 is not the most critical part of the
protein in relation to its contribution to SV endocytosis, though there is a very
limited extent of rescue presumably due to its role as an interface for potential
interactions in the nerve terminal. However, our data also implies that the C-
terminal tail is not required for assisting the phosphorylation activity of
CDKLS5. Overall, our findings support that the catalytic activity of CDKLS5 is
essential for its involvement in SV endocytosis independently of the presence
of its C-terminus tail. This also endorses the frequency-dependent nature of

CDKLS activity as discussed in Chapter 3.

4.3.2 Inability of R178P and K42R human CDKLS mutants to correct SV

endocytosis

A large number of distinct missense mutations has been identified in CDD
patients and, in their majority, are found within the kinase domain resulting
in a dysfunctional CDKL5 product. Such an example is the missense mutation

R178P that has been reported in patients of both sexes (Elia et al., 2008; Nemos
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et al., 2009). What is interesting about R178P mutant is that is accompanied by
severity of symptoms especially in the case of the male subject, despite the fact
that it is not localised within the characteristic motifs of the CDKL5 kinase
domain. In addition to R178P, different substitutions of the residue R178,
including R178Q and R178W, are also reported in CDD patients (MacKay et
al., 2021) indicating that it is a sensitive location on CDKL5 where multiple
alterations can turn out to be pathogenic. Lastly, examining the role of a
CDKL5 mutation that has been found in a male patient might be more relevant
for our experimental system given that all neuronal cultures were produced
from male rats. We revealed that expression of the full-length human CDKL5
bearing the missense mutation R178P in CDKL5 KO neurons is not able to
correct the speed of SV endocytosis both at 10 and 40 Hz. In these experiments,
we mutated the full-length CDKL5 in an attempt to mimic the disease
conditions, although we would expect a mutated version of the kinase domain

alone to behave in a similar way.

Given that CDKL5-mediated phosphorylation is critical for SV endocytosis,
the inability of R178P to correct its kinetics suggests that it inhibits the catalytic
activity of CDKL5. This occurs possibly by modulating the
(auto)phosphorylation of the neighbouring TEY motif within the activation
loop of the kinase (Lin et al., 2005), although its (auto)phosphorylation is
debatable (Katayama et al., 2020). As the mechanism through which R178P
abolishes the CDKL5 kinase activity is not clear, we also examined the kinase-
inactive mutant K42R that prevents ATP binding to the substrate docking
groove, despite that it has not been reported to a CDD patient to the best of
our knowledge. The inability of K42R to rescue the SV endocytosis deficit at
both 10 and 40 Hz stimulation frequencies confirms the significance of the

kinase activity of CDKL5 for proper SV reformation from the plasma
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membrane. Furthermore, the lack of rescue by both R178P and K42R

highlights the potential contribution of defective SV recycling to CDD onset.

4.3.3 CDKL5-mediated phosphorylation at the central nerve terminal

CDKL5-dependent phosphorylation is necessary for SV reformation
leading to the idea that CDKL5 has one or more potential substrates at the
presynapse. As discussed in Chapter 3, there are several mechanisms
underlying CDKL5-facilitated SV retrieval with the most prominent involving
its phosphorylation activity towards candidates of the endocytosis protein
machinery. Amphl is the only well-established endocytic protein so far that is
known to be an in vitro substrate of CDKL5 (Sekiguchi et al., 2013; Katayama
et al, 2015). In support, using a co-immunoprecipitation assay, we
demonstrated that CDKL5 and Amphl interact also with each other in the rat
as well as mouse brain. Amphl bears the CDKL5 consensus motif within its
PRD with 5293 being the specific phosphosite targeted (Sekiguchi et al., 2013).
Mass spectrometric analysis of rat brains has revealed that 5293 is abundantly
phosphorylated in vivo emphasizing the significance of its phosphorylation for
proper Amphl-mediated endocytosis possibly via controlling the formation
of a complex with the endocytic protein endophilin Al and recruiting it to the

endocytic pit (Murakami et al., 2006; Craft et al., 2008; Sekiguchi et al., 2013).

The study of the phosphorylation of Amph1-5293 upon loss of CDKL5 in
rat hippocampal neurons required the generation of a phosphoantibody
against Amph1-5293. The specificity of this phosphoantibody at detecting the
phosphomimetic mutant of Amphl, S293E, in contrast to the phosphonull
S293A, reinforces that it is a valid reporter of the phosphorylation status at

Amph1-5293. Using this phosphoantibody, we also demonstrate that Amphl-
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5293 phosphorylation is modulated by neuronal activity, since neuronal
depolarisation induced by either KCI treatment or field stimulation at 10 and
40 Hz leads to its dephosphorylation independently of any postsynaptic or
spontaneous presynaptic activity. Treatment with cyclosporin A, a calcineurin
inhibitor, blocked 5293 dephosphorylation induced by KCI in contrast to
calyculin A, an inhibitor of PP1 and PP2A, indicating that calcineurin is
responsible  for mediating the activity-dependent = Amph1-5293
dephosphorylation. This comes as no surprise given that Amphl is known to
undergo calcineurin-mediated dephosphorylation coupled to neuronal
activity and other endocytosis proteins, such as Dynl, are regulated in a

similar manner (Bauerfeind et al., 1997; Anggono et al., 2006).

Analysis of the phosphorylation levels at Amph1-5293 shows that there is
no change in CDKL5-deficient neurons before or after neuronal depolarisation
with KCl. Similarly, no difference is observed after increasing periods of
repolarisation following treatment with KCIl. Moreover, neurons lacking
CDKL5 undergo calcineurin-mediated dephosphorylation similarly to WT
neurons and thus we expect the loss of CDKL5 not to affect either calcineurin
levels or its dephosphorylation activity at the presynapse. Except for CDKLS5,
a number of other kinases has been reported to phosphorylate Amphl
including Dyrk1A, MAPK, Cdk5 with the first two possible targeting also the
5293 residue according to in vitro assays and/or studies in non-neuronal cell
lines (Tomizawa et al., 2003; Shang et al., 2004; Murakami et al., 2006; Liang et
al., 2007). It is not unlikely therefore that loss of CDKLS5 tiggers the activity of
other kinases of Amph1-5293 that compensate for its absence. For example,
CDKL5 deficiency has been suggested to enhance the activity of DyrklA
providing a putative mechanism through which CDKL5 regulates SV

endocytosis dynamics (Trovo et al.,, 2020). Phosphorylation of several SV
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recycling-related proteins have been attributed to DyrklA in addition to
Amphl, such as synaptojanin, and AP180 (Murakami et al., 2006; Murakami et
al., 2012; Chen et al., 2014), while de novo mutations have been linked to autism
and intellectual disability (van Bon et al., 2016). Lastly, both kinases share a
common preference for events occurring at mild neuronal activity (Kim et al.,
2010). A combination of three different inhibitors, including EGCG, PD98059
and roscovitine, blocked the activity of the above kinases and, as a result, the
rephosphorylation of Amphl-5293 following KCI treatment remains
compromised in WT neurons, albeit not completely eliminated as in the case
of CDKL5-lacking neurons. Therefore, providing that CDKL5 indeed
phosphorylates Amph1-5293, this occurs only to a very limited extent in
primary neurons and other kinases normally undertake this role in the nerve

terminal.

Overall, our work does not provide any evidence that prevents Amph1-
5293 from being a CDKL5 endogenous substate in general. First, it isimportant
to take into account that the potential CDKL5-facilitated phosphorylation of
Amph1 at 5293 was explored at a specific developmental stage when neurons
reach maturity in culture. In addition, different brain regions or neuronal
subpopulations, such as inhibitory neurons, may display different patterns of
CDKLS5 activity and, thus, Amph1-5293 phosphorylation is not unlikely to be
critical for some neuronal networks more than others. Moreover, our
preliminary data from analysis of synaptosomal subfractions proposes that the
membranous and cytosolic pools of Amphl may be differentially
phosphorylated at 5293 in rat nerve terminals, although this is not conclusive
yet. Lastly, CDKL5 exerts its function preferably at milder depolarising
conditions; however, neurons were treated with KCl, which is a strong way to

induce depolarisation. Nevertheless, one thing is certain that CDKL5-
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facilitated phosphorylation of Amphl at S293 does not underlie the
involvement of CDKL5 in SV retrieval from the plasma membrane at
hippocampal boutons. Thus, the underlying mechanism remains the subject
of a future study as the identification of putative endogenous substrates of

CDKLS5 in the nerve terminal.

4.3.4 Conclusions

In conclusion, this chapter reveals that the phosphorylation activity of
CDKLS5 is critical for its role in SV endocytosis at central nerve terminals. In
addition, our findings demonstrate that point mutations within the CDKL5
kinase domain are loss-of-function in relation to endocytosis suggesting that
dysfunctional SV retrieval may contribute to CDD onset. Using a
phosphoantibody against Amphl1-5293, we show that several kinases
phosphorylate  Amph1-5293, whereas its phosphorylation levels remain
unaltered upon loss of CDKL5. Therefore, we conclude that CDKL5-mediated
phosphorylation of Amph1-5293 does not underlie defective SV retrieval upon
loss of CDKLS5.
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Chapter 5: Revisiting Amph1-mediated SV recycling
at central nerve terminals

5.1 Introduction

CME is a well-characterised pathway of vesicular cargo internalisation that
neurons employ to maintain neurotransmission. To date, several components
have been implicated in CME including Amphl, a hydrophilic protein
significantly enriched at presynaptic terminals. The human neuron-specific
isoform of Amphl contains 695 residues and is assembled by an N-BAR, a
PRD, a CLAP, and an SH3 domain. Amphl participates in different stages
during clathrin-dependent membrane retrieval. For instance, it facilitates
cargo recruitment in clathrin-coated pits (Wang et al., 1995), induces
membrane fission (Snead et al., 2019; Zhukovsky et al., 2019), recruits Dyn and
activates its GTPase activity (Takeda et al., 2018), and possibly regulates actin

dynamics during scission (Yamada et al., 2009).

Evidence suggests that depletion of Amphl results in various deficits in
presynaptic boutons emphasizing its importance for reliable SV recycling and
neurotransmitter release. Injection of human Amph-specific autoantibodies in
the rat spinal cord leads to SV depletion and reduced number of CCVs and
endosome-like structures upon high frequency stimulation in GABAergic
terminals (Werner et al., 2016). Furthermore, primary neuronal cultures treated
with autoantibodies against Amph exhibit altered composition of vSNAREs

with enhanced synaptobrevin 2 but downregulated synaptobrevin 7 SV
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subpopulations after prolonged stimulation (Werner et al., 2016). In
agreement, mice lacking Amphl display presynaptic defects including
reduced number of SVs and endosome-like structures as well as less
competent SVs for a repeated round of exocytosis (Di Paolo et al., 2002). Lastly,
Amph seems to control the speed of fusion of dense-core vesicles in a Ca?-
dependent but Dynl-independent manner with Amph favouring fast dilation
and constriction events (Llobet et al., 2008). Based on these findings, it is likely
that Amphl-mediated SV endocytosis not only sustains but also defines
neurotransmitter release by undertaking vigorous cargo sorting, ensuring the
competency of newly-regenerated SVs during increased neuronal activity, and
establishing the speed of fusion events. Therefore, it comes as no surprise that

mice deficient of Amphl are susceptible to seizures (Di Paolo et al., 2002).

The involvement of Amphl in SV regeneration is dictated by various
domain-specific protein-protein and protein-lipid interactions supporting
thus its main functions as a membrane curvature sensor and a scaffolding
protein. To begin with, the N-BAR domain of Amphl is characterised by the
presence of long stretches of amphiphilic «a-helices and can either
homodimerize or form heterodimers with Amph2. Amph? is a 90-kDa protein
with similar tissue expression, subcellular distribution, and structural
organization with Amph1 (Wigge et al., 1997). Amphipathic helices-containing
dimers of Amph sense highly-bend membranes and exhibit fission-inducing
activity (Peter et al., 2004; Snead et al., 2019). The remaining domains of Amphl
interact with some of the most critical players in CME: endophilin Al through
its PRD; clathrin and AP2 through its CLAP domain; and lastly, Dynl and
synaptojanin 1 through its SH3 domain (Wu et al., 2009). Disruption of these

Amphl-mediated complexes after activity-dependent cleavage of Amphl
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leads to short-term depression in hippocampal slices and inhibition of SV

endocytosis in neurons (Wu et al., 2007).

The PRD of Amphl binds with high affinity to the SH3 domain of
endophilin A1 (Micheva et al., 1997b) in a phosphorylation-dependent manner
(Murakami et al., 2006; Sekiguchi et al., 2013), although the precise binding
sequence within the Amph1 PRD has not been defined yet. Endophilin Al is
an additional N-BAR- and SH3-containing protein that acts as a scaffolding
protein during SV endocytosis (Kjaerulff et al., 2011). In addition, owning to
its N-BAR domain, endophilin A1 is associated with membrane remodelling
prior to scission (Gallop et al., 2006), while it facilitates the uncoating of newly-
generated vesicles following scission (Gad et al., 2000; Milosevic et al., 2011).
Except for its role in CME, endophilin has been implicated in fast AP2- and
clathrin-independent endocytosis as well as ultrafast endocytosis (Llobet et al.,
2011; Boucrot et al., 2015; Watanabe et al., 2018). Lastly, it has been linked to
regulation of fusion kinetics in chromaffin cells, independently of its endocytic
roles (Gowrisankaran et al., 2020). However, the impact of the interaction
between Amphl and endophilin Al on SV recycling has not been fully

explored at central nerve terminals.

In the following chapter, we aim to characterise the Amphl-mediated SV
recycling with respect to distinct interactions of Amphl with various
endocytic partners at hippocampal presynaptic boutons. Using GST pull-
down assays, we initially re-assessed known domain-specific interactions of
Amphl in vitro for a holistic view of the Amphl-centric protein network. We
next focused on describing the aspects that determine the interaction of
Amphl with endophilin A1 by mapping its previously unknown binding
motif within the Amphl PRD and also studying the phosphorylation

dynamics at 5293, as an important in vivo phosphosite that resides within the
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PRD. Using sypHy live-cell imaging, SV retrieval kinetics was measured in
mouse nerve terminals where expression of Amphl was silenced.
Subsequently, we pursued a molecular replacement strategy to examine
Amphl mutants that are capable of fully eliminating interactions with CHC,
AP2, SH3, and endophilin Al in order to untangle the function of domain-

specific Amphl complexes in SV recycling at hippocampal boutons.

5.2 Results

5.2.1 Amph1 interacts with different endocytic proteins through distinct sites

Prior to exploring the function of Amphl complexes in SV recycling, we
verified known interactions of Amphl with CHC, a-AP2, and Dynl. The
binding sites of CHC and a-AP2 that have been previously identified within
the CLAP domain of Amph1 (Slepnev et al., 2000; Olesen et al., 2008) were used
in this study in order to generate recombinant GST-tagged Amphl mutants.
The point mutations 3FFE3»->SSR (GST-SSR) were introduced into rat
Amphl to test its binding to a-AP2, whereas the substitutions 3**DLD3->HSR
and 32WD33->SR (GST-HSR/SR) were tested together as the binding site of
CHC. Given that Amphl comprises both a PRD and an SH3 domain, it has
been hypothesised that an intramolecular interaction is likely to develop in-
between preventing each domain from binding to its ligands (Farsad et al.,
2003). In order to test any potential intramolecular binding, we generated
constructs that either contain or lack the SH3 domain. At the same time, since
Amphl binds to Dynl through its SH3 domain (David et al., 1996; Rosendale

et al., 2019), we expected their interaction to be blocked in the case of Amphl
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deletion mutants lacking SH3 (ASH3). The N-BAR domain was excised from
all Amphl mutants to avoid any complications during their bacterial
expression. The reason why we generated constructs devoid of the N-BAR
domain is because BAR-containing proteins have not been reported in
prokaryotes and thus their heterologous expression is likely to disturb
membrane dynamics (Ren et al., 2006; Bohuszewicz et al., 2016). All Amphl
mutants together with the WT sequence (GST-WT) are depicted in Figure 5.1A.

Recombinant GST-fused Amph1 baits were bound to GSH-sepharose and
incubated with rat brain synaptosomal lysates in order to perform pull-down
assays. A GST-containing empty vector was included as a control for any
unspecific binding to GST. The bacterial expression of all constructs was
visualised by CBB staining and the potential interactions of Amph1 with CHC,
a-AP2 subunits, Dynl, and endophilin Al were then assessed by
immunoblotting (Figure 5.1B). The abnormal separation of a-AP2 subunits
resulted possibly from the high protein content of the SH3-lacking GST-
Amphl constructs that run at a similar molecular weight (~100 kDa). The
amount of the endocytic molecules that interacted with Amphl was measured
by densitometry and normalised to the total GST-tagged protein in the sample
as revealed following CBB staining. We observed that the Amphl-HSR/SR
mutation is sufficient to block interaction with CHC independently of the
presence of the SH3 domain (Figure 5.1C). Accordingly, Amph1-SSR lost its
ability to bind to a-AP2 subunits, whereas the binding of a-AP2 to Amphl
was compromised in constructs lacking the SH3 domain (Figure 5.1D).
Furthermore, either mutation within the CLAP domain influenced the binding
of both CHC and AP2 by abolishing the attachment of one and weakening the
binding of the other. We also found that Amph1 devoid of SH3 was incapable

of binding to Dyn1 supporting that their association occurs exclusively via the
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SH3 domain (Figure 5.1E). Whilst both Amph1-SSR and Amph1-HSR/SR
could bind to endophilin Al similarly to Amphl-WT as the PRD domain
remained intact (Figure 5.1F), their interaction was weaker in all constructs
comprising the SH3 domain indicating possibly the formation of
intramolecular bonds. These findings confirm the binding sites on Amphl
through which it associates with CME-related partners enabling therefore the

study of Amphl-mediated interactions in SV recycling.
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Figure 5.1 Mutations within the CLAP domain of Amphl compromise its

binding to CHC and a-AP2 subunits, while the SH3 domain controls interactions

with Dyn

1 and endophilin A1

(A) Schematic representation of the structural domains of Amphl that were used

for generating GST-fused mutants. Point mutations were introduced within the

CLAP domain including FFE to SSR for the a-AP2 binding site (orange

substitutions) and DLD to HSR and WD to SR for the CHC binding sites (yellow
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substitutions). Constructs lacking the SH3 domain (ASH3) were also produced,
whereas the N-BAR domain was omitted in all cases to facilitate bacterial
expression. The residue numbering refers to the rat Amphl protein. (B) Pull-down
experiments were performed using synaptosomal lysates from rat brains and GST-
tagged fusion proteins of Amphl either including or not the SH3 domain. The
binding affinity of purified endocytic proteins including endophilin A1, CHC, a-
AP2 subunits, and Dynl was assessed by immunoblotting. A CBB staining was
performed in parallel to control for GST-fused protein level. (C) Quantification of
the binding efficacy of CHC, (D) a-AP2 subunits, (E) Dyn1, and (F) endophilin A1l
was performed by determining relative band intensities by densitometry
normalised to the level of the total GST-fused proteins. Bars indicate mean + SEM.
ns, not significant, **p < 0.01, **p < 0.001, and ***p < 0.0001 by one-way ANOVA
followed by Tukey’s multiple comparison test. n = 4 synaptosomal lysates from 4

rat brains.

5.2.2 Validation of an Amph1 shRNA

A common way to evaluate the function of a protein is to assess the effects
caused by its absence in the neuron. Silencing or downregulating its gene
expression and blocking or modifying its protein activity are some methods
widely exploited to untangle the activity of a protein. To assess the function of
Amphl in SV recycling, we generated an shRNA vector against mouse Amph1
(shAmphl) in order to downregulate its expression in primary hippocampal
neurons at the post-transcriptional level. Given that it would be used for

sypHy live-cell imaging, shAmphl was designed to also express sypHy in
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order to avoid additional transfections. We initially validated shAmph1 for its
ability to block Amphl expression by immunofluorescence using a scrambled
vector as a control. Primary neuronal cultures derived from WT mouse
hippocampi were transfected with shAmphl or the scrambled control at 8-10
DIV and fixed at 15 DIV prior to labelling for Amphl and GFP (Figure 5.2A).
Quantification of Amph1 fluorescence intensity of transfected cell bodies, as
indicated by GFP staining, normalised to the intensity of untransfected cell
bodies showed that shAmphl led to around 25 % reduction of Amphl
expression compared to the scrambled control (Figure 5.2B). In addition, we
did not observe any profound morphological defects in our neuronal cultures

following silencing of Amph1 expression.

To validate the impact of Amphl in SV recycling and also explore whether
the shAmphl-mediated decrease in Amphl expression is sufficient to cause
any defects in SV recycling, we transfected hippocampal neurons in culture
with either shAmphl or the scrambled control at 8-10 DIV and performed
sypHy live-cell imaging at 14-15 DIV. Neurons were stimulated at 10 Hz for
30 s to trigger slow endocytosis that is mainly attributed to CME. The sypHy
fluorescence was normalised to the stimulation peak to allow for comparison
of endocytosis kinetics (Figure 5.2C). To quantify the kinetics of SV retrieval,
we measured the distance from the baseline at 152 s, since endocytosis was
quite slow to allow for t or rate decay estimation in certain cases by fitting a
monoexponential curve. We found that knocking down Amphl expression
results in slower SV retrieval kinetics following induced stimulation in
comparison with the scrambled control (Figure 5.2D) confirming that Amphl
regulates SV endocytosis. To quantify for the extent of SV exocytosis, the
sypHy fluorescence during stimulation was expressed as a portion of the total

fluorescence revealed by perfusion with NHiCl that is equivalent to total SV
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pool size. We found that the rate of SV exocytosis was compromised in

neurons expressing less Amphl compared to the scrambled (Figure 5.2E)

implicating Amphl in SV fusion. Taken together, these data show that Amph1

is essential for SV recycling and that the extent of shAmphl-facilitated

reduction in Amph1 expression is sufficient to cause defects in the SV cycle.
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Figure 5.2 Validation of an shRNA construct to block Amphl expression in

mouse hippocampal neuron

(A) Primary hippocampal neurons were transfected with shAmphl and a

scrambled control expressing sypHy (scrambled, dark grey; shAmphl, light grey)

at 8-10 DIV and fixed at 15 DIV. Representative images of neurons expressing

scrambled and shAmph1 labelled for GFP (green) and Amphl (magenta). Merged
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images of GFP and Amphl. Scale bar, 20 um. (B) Quantification of the mean cell
body Amphl fluorescence intensity normalised to untransfected neurons.
Background was subtracted in all cases. Box plots present median with IQR
indicating min-max whiskers. ****p < 0.001 by Mann-Whitney two-tailed t test.
Scrambled n = 61, shAmphl n = 55 neurons from 4 independent preparations of
neuronal cultures. (C) Mean sypHy fluorescence response from neurons stimulated
at 10 Hz for 30 s (red bar) normalised to the stimulation peak. (D) Mean sypHy
fluorescence measuring the distance from baseline at 152 s. (E) Mean sypHy
fluorescence normalised to the total pool after perfusion with NH4Cl. Bars indicate
mean + SEM. **p <0.01, **p <0.001 by unpaired two-tailed t-test. Scrambled n =16,

shAmph1 n =17 coverslips from 4 independent preparations of neuronal cultures.

5.2.3 Amph1 non-PRD mutants fail to restore SV endocytosis in Amph1-

silenced neurons

Since downregulation of Amphl results in defective SV regeneration and
release, we hypothesised that this occurs due to restricted formation of
Amphl-mediated complexes. To test this hypothesis, we examined our
validated rat Amphl missense mutants for their ability to restore recycling
defects in neurons expressing less Amph1. To begin with, we used the Amphl
missense mutant SSR that is incapable of associating with a-AP2 and HSR/SR
that blocks the interaction with CHC that were produced as previously
described in subsection 5.2.1. Since we reported that lack of SH3 also affects
interaction with other Amphl partners in addition to Dynl, we avoided

truncating the SH3 domain in order to study the role of the Amphl-Dynl
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interaction. Instead, we introduced the point mutations 2GLFP*>->RLFL
within the SH3 domain that have been shown to eliminate the interaction with
Dynl1 (Grabs et al., 1997). As a result, all the constructs used for our functional

experiments regarded the full-length Amph1 (Figure 5.3A).

Primary cultures of hippocampal neurons were transfected with the
shAmphl and one of the Amph1 missense mutants at 7-8 DIV and imaged at
13-15 DIV. All mutants were tagged with mCerN1 to allow for their
visualisation during imaging and were adequately expressed in the shAmphl-
silenced background as confirmed by immunolabelling (Figure 5.4A, B).
Neurons transfected with mCerN1 were used as control. As previously,
neurons were subjected to stimulation at 10 Hz for 30 s to evoke
neurotransmitter release and subsequent SV regeneration. The sypHy
fluorescence was normalised to the stimulation peak to allow for comparison
of endocytosis kinetics (Figure 5.3B,E). We found that expression of the mutant
HSR/SR in Amphl knockdown neurons is able to restore the SV retrieval
kinetics partially in comparison with WT Amphl, but it can fully rescue the
defect in the rate of SV exocytosis following NHCl perfusion (Figure 5.3C, D).
Moreover, neither SSR nor RLFL mutants were able to restore the SV
endocytosis speed in contrast to WI Amphl, but the rate of SV exocytosis
returned almost to the WT levels (Figure 5.3F, G). Taken together, these
findings indicate that Amphl-facilitated complexes with CHC, a-AP2 and
Dynl are critical for SV retrieval but not exocytosis following a single

stimulation.
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Figure 5.3 Amphl-mediated endocytosis occurs via interactions with multiple

endocytic proteins
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(A) Schematic representation of full length rat Amphl. Amphl was mutated to
block domain-specific interactions with AP2 (SSR; orange substitutions), CHC
(HSR/SR; yellow substitutions), and Dynl (RLFL; green substitutions). (B, E)
Primary hippocampal neurons from WT mice were co-transfected with shAmphl
and mCer (light grey), Amphl (black), HSR/SR (yellow), SSR (orange), or RLFL
(green) at 7-8 DIV and imaged at 13-15 DIV. Average sypHy fluorescence response
from neurons stimulated at 10 Hz for 30 s (red bar) normalised to the stimulation
peak. (C, F) Average sypHy fluorescence measuring the distance from baseline at
152 s and (D, G) after normalisation to the total pool following perfusion with
NH:Cl. Bars indicate mean + SEM. ns, not significant, *p < 0.05, **p < 0.01, *p <
0.001 by one-way ANOVA followed by Dunnett’s multiple comparison test.
shAmphl n =16, Amphl n =19, HSR/SR n =18, SSR n = 18, RLFL n = 19 coverslips

from 5 independent preparations.
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Figure 5.4 CLAP-related mutants of Amphl are sufficiently expressed in neurons

(A) Primary cultures of hippocampal neurons were transfected at 8-10 DIV and
fixed at 15 DIV. Representative images of neurons and axons expressing mCer
(control) and various Amphl constructs labelled for GFP (green) and Amphl
(magenta). Merged images of GFP and Amph1. Scale bar, 20 um. (B) Quantification
of Amphl fluorescence intensity of cell bodies normalised to untransfected
neurons. Background was subtracted in all cases. Box plots present median with
IQR indicating min-max whiskers. ns, not significant, *p < 0.05, ***p < 0.0001 by
Kruskal-Wallis test followed by Dunn’s multiple comparison test. mCer n = 52,
Amphl n =53, SR n =45, SSR/HSR n = 43, RLFL n = 52 neurons from 3 independent

preparations of neuronal cultures.
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5.2.4 Amph1 interacts with endophilin A1 through a PPVPP motif within its
PRD

Whilst Amphl PRD interacts with the SH3 domain of endophilin Al
(Micheva et al., 1997b), the specific interaction site on Amphl remains
unknown. To examine the role of the Amphl-endophiln A1 complex in SV
recycling following a similar approach to the study of CLAP- and SH3-related
interactions, it was essential to pinpoint the exact binding site on Amphl. In
contrast to Amphl, the binding site of endophilin A1 on Amph2 has been
mapped and consists of a RKGPPVPPLP motif within its PRD domain
(Micheva et al., 1997b). Amongst other roles, Amphl and Amph2 share
common interacting partners including endophilin Al and, as a result, we
hypothesised that Amphl is likely to associate with endophilin Al through an
analogous motif. Indeed, a similar sequence is present within the PRD of
Amphl (**RKGPPVPPLPK®*®). To test the binding affinity of endophilin Al
for this motif, we generated three GST-conjugated mutants of Amphl bearing
the point mutations PPVPP>AAVAA (GST-A1A2VAs3A4), PPV>AAV (GST-
A1A2), and VPP>VAA (GST-AsAs).

Amphl is a phosphoprotein with most of its potential phosphorylation
sites located within the PRD, including S293 that consists its most abundant in
vivo phosphosite (Craft et al., 2008). We showed previously that Amph1-5293
undergoes calcineurin-mediated dephosphorylation coupled to neuronal
activity indicating its functional importance. In addition, phosphorylation
dynamics at 5293 is critical for the formation of Amphl-endophilin Al
complex (Murakami et al., 2006; Sekiguchi et al., 2013). For these reasons, we
generated two additional GST-fused constructs including a phosphonull and

a phosphomimetic mutant bearing the missense mutation S293A (GST-5293A)
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and S293E (GST-S5293E), respectively. Although the sequence PPVPP is close
to the 5293 residue, we examined another PxxP motif that can be found in the
vicinity of this phosphosite for its SH3 recognition potential (Cestra et al.,
1999). Therefore, we generated the GST-fused Amphl mutant
BPVRP?'>AVRA (GST-AVRA). All constructs that are depicted in Figure
5.5A were devoid of the N-BAR domain to facilitate bacterial expression as
well as the SH3 domain to prevent the potential formation of an intramolecular

loop as discussed in subsection 5.2.1.

Recombinant GST-tagged Amphl versions were used as baits to perform
pull-down assays from brain synaptosomal lysates. A GST-containing empty
vector was included as a control for any unspecific binding to GST. The
bacterial expression of all constructs was visualised by CBB staining and the
potential interactions of Amphl mutants with endophilin Al as well as a
number of other SH3-containing molecules were then assessed by
immunoblotting (Figure 5.5B). The endophilin Al binding to Amphl was
measured by densitometry and normalised to the total GST-tagged protein in
the sample as revealed following CBB staining. We revealed that all three
PPVPP-related mutants (A1A2VA3A4, A1Az, and AsAs) disrupt the binding to
endophilin Al, whereas the mutant AVRA also exhibits compromised
binding, albeit this did not reach statistical significance (Figure 5.5C). As a
result, these data show that endophilin Al preferentially interacts with the
motif ¥'PPVPP3® on Amphl with all proline residues being critical. In
addition, we observed that the phosphomimetic mutant S293E abolished the
Amphl-endophilin Al interaction, in contrast to the phosphonull substitution
S293A, implying that the interplay between phosphorylation and
dephosphorylation at 5293 is key for regulating the formation of the Amph1-

endophilin A1 complex. Lastly, we confirmed the specificity of these elements
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for endophilin Al binding as the association of Amphl with other SH3-

containing endocytosis proteins remained unaffected.

In agreement, co-immunoprecipitation of endophilin Al from an adult
mouse brain using either an antibody against Amphl or the phosphoantibody
PAmph1-5293 confirmed that while endophilin Al interacted with Amph1 in
vivo, their interaction was weaker in the case of phosphorylated Amphl at
5293 (Figure 5.6). A random antibody against EHD was used as a control and
the homogenate was pre-cleaned prior to incubation with antibodies using

appropriate amount of agarose beads to thus enhance specificity.

197



A B

(@]

Rat Amph1l: __mu Amphl
K 248 311 409 \ WW <
- RN ! A
1L ;oA RN S St
AR & e B e VS
2/ \ s 693 W& @ ¢ @
i 3\
/ \ . - —— — -_— Endophilin Al
WT: 2PASPAPVRPRSPSQTRKGPPVPPLPKVT? 5=
AVRA:  PASPAAVRARSPSQTRKGPPVPPLPKVT bl C e~ N
AAVAA:  PASPAPVRPRSPSQTRKGAAVAALPKVT
A PASPAPVRPRSPSQTRKGAAVAALPKVT :Zs_ N e M Nl Bt N
- — —— —
Adfe:  PASPAPVRPRSPSQTRKGAAVAALPKVT — -
S293A:  PASPAPVRPRAPSQTRKGPPVPPLPKVT 100 — - PSD95
“—Pbwee BT
S293E:  PASPAPVRPREPSQTRKGPPVPPLPKVT
55— : b
— . Syndapin1
=y ns
=]
8 2.07 180 —
a'u-) 130 —
|0 o— s s b
gs 0t
£z 55— j .
- w
o =
©
é g 25— ‘ . —— -
£ 0 - -
oz 5 — S
3 S Il LTI
2 - = = W =
. A
b P P pr o o
AR SN e S e
A S A S

[c)

Figure 5.5 Endophilin Al binds preferentially to the 3"PPVPP** motif located
within the Amph1 PRD and phosphorylation of Amph1 at 5293 is critical for this

binding

(A) Schematic representation of the structural domains of Amphl that were used
for generating GST-fused mutants. Point mutations were introduced within the
PRD domain including substitutions of proline into alanine residues for AVRA,
A1A2VAs3As, A1Az, and AsAs mutants (pink- and red-shade substitutions). Also,
substitution of 5293 with an A or E residue resulted in the generation of the
phosphonull S293A (purple substitution) and phosphomimetic S293E mutant (lilac
substitution). All constructs lack the SH3 domain, whereas the N-BAR domain was
omitted in all cases to facilitate bacterial expression. Residue numbering refers to
the mouse Amphl protein. (B) Pull-down experiments were performed using
synaptosomal lysates from rat brains and GST-tagged fusion proteins of Amphl

lacking the SH3 domain. The binding ability of purified endophilin Al and other
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SH3-containing proteins, such as CHC, a-AP2, PSD95, and syndapin 1 was

assessed by immunoblotting. A CBB staining was performed in parallel to control

for GST-fused protein level. (C) Quantification of the endophilin binding efficacy

was performed by determining relative band intensities by densitometry

normalised to the level of the GST-fused proteins. Bars indicate mean + SEM. ns,

not significant, *p < 0.05 by one-way ANOVA followed by Dunnett’s multiple

comparison test. n = 4 synaptosomal lysates from 4 rat brains.
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Figure 5.6 Amph1 interacts with endophilin A1, but its phosphorylation at $293

weakens their association

Co-immunoprecipitation from adult mouse brain lysates with Amphl and

PAmph1-5293. Samples were analysed by immunoblotting for Amphl and
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endophilin Al. A random antibody against EHD was used as control. Amphl but

not pAmph1-5293 reacted with endophilin A1l in the mouse brain. 7 =1 animal.

5.2.5 Amph1 PRD-related mutants fail to restore SV endocytosis in Amph1-

silenced neurons

The GST pull-down assay using different PRD-related mutants of Amphl
revealed putative elements that are responsible for the recognition of the SH3
domain of endophilin Al. Subsequently, the functional role of these mutants
in regulating SV recycling was determined. For this, we tested whether
Amphl PRD-related mutants, presented in Figure 5.7A, were able to restore
the defects in SV recycling in hippocampal neurons, where Amphl was
previously downregulated. Neurons were transfected at 7 DIV with sypHy-
expressing shAmphl and one of the PRD-related mutants or mCerN1 as a
control prior to imaging at 13-15 DIV. All mutants were tagged with mCerN1
to allow for their visualisation during imaging and adequately expressed in
the shAmphl-silenced background as confirmed by immunolabelling (Figure
5.9A, B). Neurons were subjected to stimulation at 10 Hz for 30 s and the
sypHy fluorescence was normalised to the stimulation peak to allow for
comparison of endocytosis kinetics (Figure 5.7B). To quantify the kinetics of
SV retrieval, we measured the distance from the baseline at 152 s as previously.
Except for AVRA, we found that no other PRD-related mutant was able to
rescue the SV endocytosis delay in Amphl-knockdown neurons in contrast to
WT Amphl (Figure 5.7C). Intriguingly, A1A2V AsAs together with AsAs mutant

resulted in more pronounced delay in SV endocytosis implying a potential
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dominant negative role. Furthermore, we observed that both mutants caused
slower SV exocytosis rate (Figure 5.7D), thus pointing towards the idea that
the disruption of the Amphl-endophilin A1 complex may be required for
neurotransmitter release as well as SV regeneration. Taken together, these data
support that the association of Amphl with endophilin Al occurs primarily
through the *PPVPP** motif and this is required for proper SV endocytosis,

whereas PP js essential albeit secondary binding site.
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Figure 5.7 Amphl-mediated SV endocytosis occurs via its interaction with

endophilin through the 3"PPVPP3% motif
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(A) Schematic representation of full length rat Amph1. Proline residues (P) within
the PRD of Amphl were substituted by alanine (A) to generate various mutants.
(B) Primary hippocampal neurons from WT mice were co-transfected with
shAmphl and mCer (light grey), Amphl (black), AVRA (fuchsia), A1A2VA3A4
(cherry), AiAz (rose), or AsA4 (salmon) mutant at 7 DIV and imaged at 13-15 DIV.
Average sypHy fluorescence response from neurons stimulated at 10 Hz for 30 s
(red bar) normalised to the stimulation peak. (C) Average sypHy fluorescence
measuring the distance from baseline at 152 s and (D) after normalisation to the
total pool following perfusion with NH4Cl. Bars indicate mean + SEM. ns, not
significant, *p < 0.05 by one-way ANOVA followed by Dunnett's multiple
comparison test. shAmphl n =16, Amphl n =13, AVRA n =17, Ai1A2VA3Asn =13,

A1A2 n =15, AsAsn =21 coverslips from 5 independent preparations.

5.2.6 Phosphorylation at S293 is essential for Amph1 function in SV

endocytosis

The two phosphomutants of Amphl at S293 (Figure 5.8A), S293A and
S293E, differ in their ability to bind to endophilin Al implying that the
phosphorylation dynamics at this site regulates SV recycling through the
assembly/disassembly equilibrium of the Amphl-endophilin A1 complex. To
test this hypothesis, neurons were initially co-transfected with sypHy and
S5293A, S239E or mCerN1 as a control to assess the impact of their expression
on SV recycling following stimulation at 10 Hz for 30 s (Figure 5.8B). All
mutants were tagged with mCerN1 to allow for their visualisation during

imaging. We found that both SV endocytosis kinetics (Figure 5.8C) and the
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rate of SV exocytosis (Figure 5.8D) remained unaffected in the presence of
either excess S293A or S293E similarly to WT Amphl eliminating the

possibility of any dominant negative activity.

Next, neurons were co-transfected with sypHy-expressing shAmphl to
suppress Amphl expression and one of the phosphomutants, Amphl or
mCerN1 as a control prior to imaging at 13-15 DIV. Neurons were subjected
to stimulation at 10 Hz for 30 s to evoke SV release followed by SV
regeneration (Figure 5.8E). We observed that neither S293A nor S293E was
able to restore the speed of SV endocytosis in Amphl-silenced neurons in
contrast to the partial rescue observed in the case of WT Amphl (Figure 5.8F).
In addition, we reported that all constructs seemed incapable of restoring the
rate of SV exocytosis, although this needs to be examined further (Figure 5.8G).
Their expression was examined in the shAmphl-silenced background by
immunolabelling confirming that their levels were adequate (Figure 5.9A, B).
Moreover, the Amph1-5293 phosphomutants did not appear to affect the
localisation of Amphl in agreement with previous findings in non-neuronal
cells (Murakami et al., 2006). Taken together, these data point towards the idea
that the phosphorylation interplay at Amph1-5293 may be important for SV

recycling at hippocampal synapses.
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Figure 5.8 Phosphorylation at Amph1-5293 is critical for SV endocytosis
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(A) Schematic representation of full length rat Amphl. Amphl was modified at
5293 to generate the phosphonull and phosphomimetic mutants, S293A and S293E,
respectively. (B) Primary hippocampal neurons from WT mice were co-transfected
with sypHy and mCer (dark grey), Amph1 (black), S293A (purple) or S293E (lilac)
at 8-9 DIV and imaged at 13-15 DIV. Average sypHy fluorescence response from
neurons stimulated at 10 Hz for 30 s (red bar) normalised to the stimulation peak.
(C) Average sypHy fluorescence measuring the distance from baseline at 152 s and
(D) after normalisation to the total pool following perfusion with NHCl. Bars
indicate mean + SEM. ns, not significant by one-way ANOVA followed by
Dunnett’s multiple comparison test. mCer n=11, Amph1 n =12, S293A n=14, S293E
n = 12 coverslips from 5 independent preparations. (E) Primary hippocampal
neurons from WT mice were co-transfected with shAmphl and mCer (light grey),
Amphl (black), S293A (purple) or S293E (lilac) at 8-9 DIV and imaged at 13-15 DIV.
Average sypHy fluorescence response from neurons stimulated at 10 Hz for 30 s
(red bar) normalised to the stimulation peak. (F) Average sypHy fluorescence
measuring the distance from baseline at 152 s and (G) after normalisation to the
total pool following perfusion with NH4Cl. Bars indicate mean + SEM. ns, not
significant by one-way ANOVA followed by Dunnett’s multiple comparison test.
mCer n = 13, Amphl n = 11, 5293A n = 13, S293E n = 14 coverslips from 4

independent preparations.
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Figure 5.9 PRD-related mutants of Amphl1 are sufficiently expressed in neurons

(A) Primary cultures of hippocampal neurons were transfected at 8-10 DIV and

fixed at 15 DIV. Representative images of neurons and axons expressing mCer

(control) and various Amphl constructs labelled for GFP (green) and Amphl

(magenta). Merged images of GFP and Amph1. Scale bar, 20 pum. (B) Quantification

of Amphl fluorescence intensity of cell bodies normalised to untransfected

neurons. Background was subtracted in all cases. Box plots present median with

IOR indicating min-max whiskers. ns, not significant, ****p < 0.0001 by Kruskal-

Wallis test followed by Dunn’s multiple comparison test. mCer n =51, Amphl n =
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35, AVRA n=43, A1A2VA3Asn =51, Ai1A2n =48, AsAsn =36, S293A n=49, S293E n

=47 neurons from 3 independent preparations of neuronal cultures.

5.3 Discussion

5.3.1 Amph1 as an interface for various interactions with presynaptic proteins

Several proteins have been reported to interact with Amph1 in a domain-
specific manner, including some of the most well-established CME molecules,
such as Dynl, a-AP2, and CHC. Initially, we validated the specific binding
locations for these interacting partners performing pull-down experiments
with various GST-conjugated Amphl mutants that were known to eliminate
these interactions (Slepnev et al., 2000). We confirmed that substitution of the
motif ¥FFE?» within the CLAP domain eliminates the binding of Amphl to
a-AP2 but also reduces the binding affinity for CHC. Similarly, modification
of the sequences DLD%5/3?WD?3 within the CLAP domain results in
disruption of the Amph1-CHC complex as well as weakening of its association
with a-AP2. These observations reinforce that Amphl-centric complexes are
multi-protein and their formation occurs in a coordinated manner that entails
the simultaneous binding of all three partners to ensure the optimal
performance in CME (Slepnev et al., 2000). At the same time, lack of the SH3
domain, that prevents the formation of the Amphl-Dynl complex, leads to
compromised interaction with a-AP2 but not CHC, whereas Dynl1 is recruited

independently of any prior interaction with either a-AP2 or CHC. In addition
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to Dynl, synaptojanin 1 also interacts with the SH3 domain of Amphl
(Micheva et al., 1997a; Cestra et al., 1999). Therefore, the interaction of a ligand
with the Amphl SH3 domain is critical for the association of a-AP2 that

appears to be recruited later to the tertiary cluster.

Downregulation of Amphl in primary neurons leads to defective SV
recycling reminiscent of phenotypes that are observed in Amph1 KO mice (Di
Paolo et al., 2002). Examining the functional role of Amphl mutants that are
unable to form complexes with CHC, a-AP2 or Dynl in this context, we
confirmed that they all play central role in Amphl-mediated SV endocytosis
with the exception of the CHC mutant that restores SV endocytosis kinetics
partially. Therefore, our data support distinct endocytic roles that have been
attributed to Amphl-mediated interactions, including Dynl recruitment
(Takei et al., 1999; Meinecke et al., 2013), Dynl-mediated fission (Takeda et al.,
2018), and the AP2-dependent cargo recognition at the plasma membrane.
Since Amphl has been reported to also interact with AP1 that acts in
compartments other than the plasma membrane, such as the trans-Golgi
surface (Huser et al., 2013), it is likely that the interaction of Amph1 with CHC
is of secondary importance and merely enhances the stabilisation of the
tertiary assembly at the endocytic pit. In agreement, early observations
reported that Amphl is not enriched in a CCV fraction in contrast to clathrin
and AP2 subunits proving that Amphl is not a major component of CCVs
(David et al., 1996).

Lastly, our data indicate that the disruption of Amphl-mediated
complexes does not alter the extent of SV exocytosis following a single
neuronal stimulation, although this could be also confirmed by treatment with
bafilomycin Al. One possible explanation is that the inability of Amphl to

form complexes with a-AP2, Dynl and, to a lesser extent, CHC may lead to
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activation of other compensatory endocytosis routes, while it is likely an
impairment in SV exocytosis to emerge only after repeated rounds of
stimulation. In agreement, it has been proposed that disruption of the Amphl-
AP2 complex may trigger alternative endocytosis pathways, such as clathrin-
independent and AP3-dependent SV regeneration resulting in differentiated
v-SNARE composition in GABAergic synapses (Werner et al., 2016).
Accordingly, downregulation of AP2 expression in primary neurons is

functionally substituted by AP1 (Kim & Ryan, 2009).

5.3.2 Amph1 interacts with endophilin A1 to control SV endocytosis

Performing pull-down assay with GST-fused Amphl mutants lacking the
SH3 domain, we showed that its absence acts positively on the binding affinity
of endophilin Al possibly due to the prevention of an intramolecular
interaction with the Amphl PRD (Farsad et al., 2003), although respective
intermolecular interactions between Amph1/2 molecules cannot be excluded.
Similar intramolecular loops have been reported in other endocytosis proteins,
such as endophilin 2 and syndapin 1 (Chen et al., 2003; Rao et al., 2010). This
mechanism that appears to be common amongst SH3-containing proteins can
have an autoinhibitory role on BAR-mediated interactions of Amph1 with the
plasma membrane that is blocked by the binding of Dyn1 to its SH3 domain
(Rao et al., 2010). Hence, it is likely the activity of Amphl to be regulated in a
similar way triggering the recruitment of endophilin Al in the neck of the
budding vesicle after the attachment of Dynl to its SH3 domain and
subsequent release of its PRD to ensure timely completion of the Dyn-
mediated fission (Hohendahl et al., 2017). In support, depletion of Dyn1 results

in compromised endophilin recruitment to membranes in vitro (Meinecke et
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al., 2013). Since Dynl recruitment depends on the formation of multiple
interactions with the Amph1 SH3 domain through distinct motifs (Rosendale
et al., 2019), the efficacy of autoinhibitory intramolecular loops to attract Dynl,
especially in an environment that Dynl molecules are not in favour

stoichiometrically, needs to be assessed further.

Previous studies determined the motif PxxP (where x is any amino acid)
with a positively-charged amino acid adjacent to either side as the SH3 domain
binding consensus site (Ren et al., 1993; Yu et al., 1994). Based on the orientation
of the positively-charged amino acid in relation to the PxxP motif, proline-
enriched SH3-binding sites are categorised into two groups: class I (RxxPxxP)
and class II (PxxPxR) (Teyra et al., 2017). We showed that the binding of the
endophilin A1 SH3 domain to the Amphl PRD depends on the presence of a
class I binding motif within the sequence **RKGPPVPPLPK3%, which
coincides with that on Amph2 (Micheva et al., 1997b). Mutagenesis of the
sequence ¥'PPVPP% (underlined above) showed that both proline pairs,
either separately or combined, affect the binding affinity for endophilin Al. In
addition, our functional experiments indicate that the first pair PP appears
to be less critical than the second pair 3PP, despite its location at the centre

of the class I motif.

The above class I motif is the only canonical sequence that can be found
within the PRD of Amphl. However, non-canonical sequences have been also
reported to interact with SH3 modules (Teyra et al., 2017), and therefore we
investigated an additional PxxP-core motif, 2PVRPRSP?*, for its ability to
form a complex with endophilin Al. While its mutagenesis manages to
weaken slightly its binding to endophilin Al in vitro, the formation of the

Amphl-endophilin A1 complex seems to occur regardless of the *PVRP>!
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motif (underlined above). Indeed, sypHy fluorescence imaging agrees that it

is not critical for either SV retrieval or exocytosis.

The same is not true for the neighbouring residue 5293, however, that
displays different ability to associate with endophilin Al according to its
phosphorylation status. Our data support previous observations that the
phosphonull mutant S293A maintains its ability to associate with endophilin
Al in contrast to the phosphomimetic mutant S293E that fails to interact with
it (Sekiguchi et al., 2013). The regulation of Amphl-mediated interactions by
phosphorylation is not limited to endophilin Al as a similar mechanism has
been also proposed for the binding of AP2 subunits, whereas other endocytic
proteins, such as Dyn1 and syndapin 1, also form complexes that are dictated
by phosphorylation (Shang et al., 2004; Anggono et al., 2006; Murakami et al.,
2012; Yuan et al., 2019).

Despite the opposing roles of the two phosphomutants in relation to their
binding to endophilin Al in vitro, both S293A and S293E appear unable to
restore either the kinetics of SV endocytosis or the SV exocytosis rate in
neurons where Amph1 has been silenced. Although these data do not reach
statistical significance, both S293A and S293E tend to have a loss-of-function
effect in relation to SV retrieval. On the other hand, their overexpression in the
WT background does not impact SV recycling. Since both phosphorylation
states of Amphl-5293 seem to be loss-of-function, this suggests that the
phosphorylation interplay at S293 is essential for sustaining subsequent
rounds of SV recycling and this is regulated in a stimulus-dependent manner
as shown in Chapter 4. Therefore, the phosphorylation-regulated
assembly/disassembly equilibrium of the Amphl-endophilin A1 complex
possibly determines the SV recycling performance overall in an activity-

dependent manner via regulating clustering of endophilin A1 at the endocytic
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pit (Werner et al., 2016), controlling the availability of endophilin Al to
perform its roles in SV exocytosis, and coupling SV exocytosis to endocytosis
(Chen et al., 2003). This is also the case for Dyn, where both phosphonull and
phosphomimetic versions are dominant negative in WT neurons (Anggono et

al., 2006; Clayton et al., 2010).

5.3.3 Potential limitations

The inability of Amph1 to fully restore the defects in SV recycling in some
datasets following shAmphl-mediated downregulation of its expression
might originate from various causes. First, Amphl forms both homodimers
and heterodimers with Amph?2 through their N-BAR domains. Although the
N-BAR domain is well conserved between mouse and rat Amph1 with only a
single mismatch at the protein level, this divergence may result in less optimal
formation of complexes between exogenously expressed rat Amphl and
endogenous mouse Amphl and/or Amph2. However, SV recycling remains
unaltered when rat Amphl is overexpressed in WT neurons. Second, the use
of small interfering RNAs and subsequent silencing of protein expression can
cause a degree of neurotoxicity that can impact membrane dynamics across
presynaptic boutons. Indeed, from previous experience, it has been observed
that unhealthy synapses expressing sypHy occasionally lack their ability to
return to baseline following stimulation remaining thus to a neutral state
indefinitely. Lastly, shAmphl targets a sequence on mouse Amphl mRNA
that displays approximately 95 % identity with that of rat Amph1 indicating
that shAmphl might induce an off-target effect on rat Amphl. However, small
interfering RNAs can distinguish between sequences that differ even by a

single nucleotide (Schwarz et al., 2006), therefore it is more likely shAmph1 to
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suppress specifically the expression of mouse Amphl. In support,
immunofluorescent analysis shows that both WT Amphl and its modified

versions are overexpressed in the shAmph1l-silenced neurons.

Another parameter that is worth considering is that all our functional
studies were performed at room temperature. As SV endocytosis is highly
dependent on temperature with CME prevailing only at lower, non-
physiological degrees at the nerve terminal (Sato et al., 2009; Watanabe et al.,
2014), the inability of the Amphl mutant HSR/SR (no binding to CHC) to
restore the SV endocytosis kinetics at room temperature may argue either that
Amphl-mediated SV endocytosis is clathrin-independent or that the
interaction of Amph1 with CHC is not critical for CME to occur. However, our
data indicate the importance of the Amph1-CHC complex for SV endocytosis
rather than the absence of a role for clathrin in SV retrieval at room
temperature. Firstly, HSR/SR achieves to rescue the speed of endocytosis only
partially implying that the Amphl-CHC interaction has a role in SV
endocytosis, albeit subtle. Secondly, the interaction of Amphl with a-AP2,
which relies in part on the interaction with CHC and is its major adaptor
protein at the plasma membrane, is required for proper SV endocytosis despite
the non-physiological temperature. Lastly, the changes observed in fluidity
and protein conformation in the range between the room temperature to the
physiological temperature are subtle (Chanaday & Kavalali, 2018). In support,
the formation of the clathrin-coated pit can occur thermodynamically in a
temperature-independent manner (Chanaday & Kavalali, 2018). Furthermore,
clathrin maintains a role in SV endocytosis at physiological temperature,
although this is limited to the regeneration of SVs from intermediate
endosomes, highlighting that the functionality of the CME-related machinery

is maintained at the presynaptic bouton (Watanabe et al., 2014). On the other
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hand, endophilin is important for clathrin-independent endocytic routes and
fast neurotransmission (Llobet et al., 2011; Boucrot et al., 2015), inferring
potentially an additional role for the Amphl-endophilin A1l complex. In
conclusion, the role of Amphl-centric complexes needs to be further
investigated considering the impact of factors that trigger different
endocytosis routes (e.g. temperature, stimulation frequency) to fully untangle

their involvement in neurotransmission.

5.3.4 Conclusions

In summary, this chapter offers a complete map of the most critical Amph1-
centric interactions in brain synaptosomes, including confirmation of
established interacting sites for CHC, a-AP2, and Dynl and identification of
the endophilin Al binding location. We also verify that downregulation of
Amphl in primary neurons results in compromised SV recycling. Following a
molecular replacement strategy, we show that the domain-specific
interactions of Amphl are unable to restore defects in SV regeneration.
Furthermore, we reveal that the Amphl-endophilin A1 complex is critical for
SV retrieval at hippocampal synapses. Finally, we provide evidence that the
phosphorylation interplay at S293 of Amphl possibly controls the Amphl-

mediated SV recycling via mediating its interaction with endophilin Al.
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Chapter 6: Conclusions and future directions

CDKLS5 has been previously implicated in various neuronal functions,
including neurite outgrowth, MT remodelling, and cargo trafficking.
However, our insight into the potential presynaptic roles of CDKL5 has been
elusive. Overall, our findings support for the first time that CDKL5 is involved
in SV recycling at the presynaptic terminal and that loss of CDKLS5 results in

presynaptic dysfunction that may contribute to the pathogenesis of CDD.

In Chapter 3, we used a novel CDKL5 KO rat model attempting to identify
phenotypes associated with the loss of CDKL5 in the nerve terminal. After
demonstrating that CDKL5 localises at the presynapse, we explored different
aspects of SV recycling in rat hippocampal neurons. Using the fluorescently
tagged reporter sypHy, we showed that loss of CDKLS5 results in slower SV
endocytosis kinetics across different stimulation conditions with more
profound impairment reported at lower neuronal activity. Except for SV
endocytosis, CDKL5 deficiency does not seem to affect any other presynaptic
parameter, including the rate of SV exocytosis, the number of terminals
undergoing ADBE, the levels of endocytic proteins, or the number of

presynaptic boutons.

In Chapter 4, following a molecular replacement approach, we revealed
that the kinase activity of CDKLS5 is critical for reliable SV endocytosis. We
hypothesised that CDKL5 is implicated in SV recycling through
phosphorylating a protein that is directly related to the SV endocytosis

machinery. Since the presynaptic protein Amphl has been identified
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previously as an in vitro substrate of CDKL5 at 5293, we examined whether
CDKLS5 exerts its presynaptic role through phosphorylation of this site. Using
a phosphospecific antibody for Amph1l-5293, we showed that CDKL5-
facilitated phosphorylation of Amph1-5293 does not regulate the kinetics of
SV retrieval. Furthermore, we demonstrated that kinase-inactive mutants of
CDKL5 reported in CDD patients fail to restore deficits in SV endocytosis

kinetics.

Lastly, in Chapter 5, we explored the role of Amphl-related complexes in
SV endocytosis in hippocampal neurons where Amphl expression was
downregulated. We confirmed that the interactions of Amph1 with AP2, CHC,
and Dynl1 are critical for SV retrieval. Moreover, we showed that the PPVPP
motif on Amphl PRD is the binding site of endophilin Al and that their
interaction is required for SV endocytosis. Finally, we confirmed in primary
neurons that the formation of the Amphl-endophilin A1 complex depends on
the phosphorylation interplay at S293 with both phosphomimetic and
phosphonull mutants of Amphl being unable to restore the kinetics of SV

endocytosis.

6.1 Compromised SV endocytosis and neurotransmission

Defective SV endocytosis can lead to synaptic dysfunction through
different ways, such as SV depletion, formation of fusion-incompetent SVs or
disturbance of the membrane equilibrium in the active zone. SV regeneration
is critical for maintaining continuous neurotransmission through retrieval of
both SV membrane and cargo that resupply subsequently the recycling vesicle

pool. CDKL5 deficiency leads to slower SV regeneration indicating that this
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might lead to SV shortage under conditions of prolonged neuronal activity
decreasing potentially the number of functional release sites. Although we
observed no difference in the rate of SV exocytosis upon loss of CDKL5 at both
lower and higher stimulation frequencies, further studies are required to
unravel whether SV exhaustion occurs eventually, such as investigating
potential defects following multiple trains of stimuli (Kokotos et al., 2019).
However, our findings suggest that SVs that are reformed in CDKL5 KO
neurons are competent for fusion suggesting that the endocytosis impairment

is a global defect and not due to sorting of specific SV cargoes.

Slower SV retrieval might also influence the size of the active zone in
CDKL5-depleted neurons. This parameter has been shown to strongly
correlate with release probability (Pr) determining therefore the reliability of
neurotransmission (Matz et al., 2010). Accumulation of membrane and cargo
in the active zone that results from slower endocytosis can impair SV fusion
after sustained neuronal activity. Both reduction of functional release sites and
altered P: due to SV depletion and dysfunctional active zone homeostasis can
explain the reduced frequency of mEPSCs reported in a mouse CDKL5 KO
model as well as our rat model (Wang et al., 2021; Simdes de Oliveira et al., in

preparation).

Altered paired-pulse ratio is an additional phenotype associated with
CDKLS5 deficiency that is mainly attributed to presynaptic mechanisms. In
particular, paired-pulse depression is observed in mice where CDKLS5 is
depleted from forebrain excitatory neurons and, conversely, paired-pulse
facilitation is reported in mice with CDKL5 deficient forebrain inhibitory
neurons (Tang et al., 2019; Wang et al., 2021). This indicates that P: is altered in
the absence of CDKL5 as regards both the synapse and the intraneuronal
network. Although the CDKL5 KO rat model does not exhibit altered paired-
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pulse ratio (Simdes de Oliveira et al., in preparation), it is likely that different
neuronal subpopulations need to be assessed separately to untangle any
potential changes. This discrepancy with our findings might originate from
the fact that primary hippocampal neurons consist mainly of glutamatergic
synapses and for this reason questions about defects in neurotransmission in
CDKLS5 deficiency are addressed in a less complex network. Considering the
molecular mechanisms of epileptogenesis, the premise is that the onset of
seizure activity results from an excitatory/inhibitory imbalance. Therefore,
further work is required to explore SV endocytosis deficits in inhibitory
synapses and in what way deficits in glutamatergic neurons might affect the

signalling towards inhibitory neuronal populations.

6.2 Future work

The catalytic activity of CDKL5 proved to be essential for SV recycling,
indicating that CDKL5 phosphorylates at least one substrate at the presynapse.
Although we showed that the phosphorylation dynamics at Amph1-5293
control the interaction of Amphl with endophilin and regulate the rate of SV
recycling in hippocampal presynaptic terminals, our data support that
CDKL5-facilitated phosphorylation of Amph1-5293 is unlikely to regulate the
speed of endocytosis. As a result, it is critical for future research on presynaptic
CDKLS5 to pinpoint potential CDKL5 substrates in the nerve terminal that
either can be involved directly in the recycling protein machinery or regulate
processes that affect eventually SV endocytosis kinetics. Therefore, we
propose that CDKL5 regulates SV endocytosis kinetics through

phosphorylation of an endocytosis-related protein that facilitates SV retrieval
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preferably from the plasma membrane and, to a lesser extent, an intermediate
endosome; or a non-endocytosis protein that may be important for either
mitochondrial function and regulation of intracellular Ca* accumulation in
the cytoplasmic region adjacent to the periactive zone; or, finally, a non-
endocytosis protein that is responsible for regulation of MT dynamics and
trafficking of material necessary for SV endocytosis at axonal presynaptic
terminals (Figure 6.1). Although there is an established CDKL5 consensus
motif, it would be extremely challenging to predict putative CDKL5 substrates
based only on this piece of information as many presynaptic proteins might
contain it without being CDKL5 substrates necessarily. Besides, additional
CDKLS5 consensus motifs might exist that are yet unknown. Substrate profiling
by mass spectrometry in combination with bioinformatic tools utilizing the
CDKLS5 consensus motif(s) can elucidate potential phosphorylation targets of
CDKLS5 presynaptically, including sites of autophosphorylation. This would
be beneficial for elucidating further the basic biology of CDKL5 and,
simultaneously, for generating potential biomarkers and/or druggable targets

for CDD diagnosis and treatment.

Given that CDD onset is related to the disturbances at the circuit level,
another angle of future research into CDKL5-mediated SV endocytosis has to
focus on alternative systems in order to complement our findings with
observations at higher levels of organisation. To begin with, it is necessary to
dissect the impact of SV recycling deficits on excitatory and inhibitory
neuronal populations to elicit any potential deregulation that could underlie
neuronal hyperexcitability and synchronisation explaining thus any
epileptiform activity. Exploiting the advances in the optogenetic toolbox or
other technologies, such as nanoparticles, it would be interesting to explore

the reliability of neurotransmission between the hippocampus and
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neighbouring brain regions in CDKL5 KO rats to unmask altered neuronal
interactions (Benfenati & Lanzani, 2021; Mahn et al., 2021). However, as there
are few CDD cases that display CDD-related symptoms but no seizures this
suggests that epilepsy is not a de facto clinical feature in CDD (MacKay et al.,
2020). Therefore, focusing on the hypersynchrony in CDKL5 research while
disregarding other phenotypes that are linked to neurodevelopmental delay
and intellectual disability would be a restricting approach. Lastly, when
research is conducted in rodent models that differ in brain structure and
complexity in comparison to the human brain, any extrapolation of the
preclinical outcomes to the human neurophysiology should be treated with
precaution. A way to overcome this limitation is to perform further research
on patient-derived iPSCs or organoids that could be enlightening with respect
to its relevance to humans, despite these systems being relatively unstable and
thus not directly comparable to primary neurons (Mertens et al., 2016; Amin &

Pasca, 2018).
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Presynaptic microtubules

Presynaptic mitochondria

Sorting endosome

Synaptic vesicle

Figure 6.1 Proposed model of the impact of CDKL5-facilitated phosphorylation

on SV endocytosis

CDKL5-mediated phosphorylation is vital for SV regeneration in hippocampal
nerve terminals. Due to its frequency-dependent activity, we speculate that CDKL5
facilitates retrieval from the plasma membrane and, to a lesser extent, a sorting
endosome via phosphorylation of an endocytic protein. Alternatively, CDKL5-
mediated phosphorylation of a non-endocytic protein either associated with

mitochondrial function or presynaptic microtubule dynamics might regulate SV
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endocytosis indirectly through controlling presynaptic Ca? concentration or

trafficking of endocytosis material, respectively.

6.3 Translational perspective

Today, CDD is currently untreatable with conventional methods including
administration of antiepileptic drugs (Moseley et al., 2012; Fehr et al., 2016b),
natural products, such as cannabidiol (Devinsky et al., 2018; Dale et al., 2019),
and ketogenic diet therapy (Lim et al., 2017). Moreover, translational read-
through (TR)-inducing drugs, such as ataluren and aminoglycosides, that
represent an RN A-based therapeutic approach to suppress CDKL5 nonsense
mutations have not been successful (Fazzari et al., 2019; Devinsky et al., 2021).
Therefore, it is more than necessary for CDKL5-related research to have a

translational orientation especially considering the severity of CDD.

The main finding of this work that CDKLS5 is implicated in SV endocytosis
also means that a novel monogenic disorder, CDD, is added to the long list of
NDs that are associated with defective SV recycling. Despite the broad
phenotypic range of CDD, understanding the basic biology of CDKLS5 in the
nerve terminal can enhance our insight into the occurrence of conserved and
relevant phenotypes across distinct NDs conditions. This is critical not only to
develop new pharmacological targets for diagnosis and treatment of CDD but
also make use of already available options to subside epileptic activity and
related comorbidities. Moreover, the description of a novel role of CDKL5 in
axonal terminals can contribute to our understanding of the impact of gene

replacement strategies for CDD treatment. For instance, we found that a
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shorter version of human CDKL5 encompassing only the CDKL5 kinase
domain can reverse the slowing in SV retrieval in CDKL5 KO neurons. We
also demonstrated that additional CDKL5 does not harm healthy neurons in
relation to SV recycling. Nevertheless, given moral, accessibility, and cost
concerns that come with gene therapy application in combination with
scientific limitations such as the insufficient delivery, non-target effects, and
impact on healthy neurons, it would be reasonable to also aim in the

development of more traditional strategies in parallel.

On this basis, one of the benefits of using embryonic hippocampal neurons
as a preclinical model of epileptic conditions is that they grow into a functional
network in culture within 2 weeks approximately. Seeking CDKL5-associated
phenotypes, as the SV retrieval dysfunction reported in the absence of CDKLS5,
in such a system can have a valuable contribution on translational efforts
because it can untangle molecular and cellular mechanisms of CDKL5 with
limited confounding factors. At the same time, this system can be utilised as a
primary method for screening drugs, neuroprotective compounds, or even
natural products in a rapid manner (Spicer et al., 2018). In addition, the
identification and characterisation of novel substrates of CDKL5 in the nerve
terminal can be beneficial for biomarker and/or drug development.
Independently of the translation approach, this study achieves to enhance our
insight on the activity of CDKL5 in the neuron and, in particular, at the
presynaptic terminal paving hence the pathway for novel therapeutic

treatments in CDD.
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Appendix
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Supplementary Figure 1 CDKLS5 is detected in the SV fraction derived from a

mouse brain

An adult mouse brain (H) was homogenised in sucrose/EDTA solution and
fractionated for isolating a crude synaptosome (P2) and crude SV (LP2) fraction.
Subsequent fractions of increased purity were adjusted to 1 mg/ml and analysed
by immunoblotting. CDKLS5 is enriched in both the P2 and LP2 fractions. Syp1 and
PSD95 were used as a pre- and postsynaptic marker, respectively, and B-actin as

loading control.
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Supplementary Figure 2 Immunoprecipitation of Amphl in the mouse brain

(A) Immunoprecipitation from adult rat brain lysates with CDKL5 antibody raised
against a human and (B) a mouse epitope. Samples were analysed by
immunoblotting for Amphl. A random antibody against EHD was used as control.

Amphl reacted with CDKL5 in the mouse brain.
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