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1 Abstract

Developmental neuronal remodeling includes loss of axon branches or den-
dritic spines and is essential to shape neural circuits. The cytoskeleton
plays a central role in this process, as branch-specific microtubule loss is
an early indicator of axon dismantling. The underlying regulatory mecha-
nisms driving these cytoskeletal re-arrangements are partially mediated by
the microtubule severase Spastin’s recruitment to polyglutamylated micro-
tubules. However, whether polyglutamylation plays an instructive role dur-
ing synapse elimination remains elusive. Here, we show that the enzymes re-
sponsible for the removal and addition of polyglutamylation, deglutamylases
(CCP), and glutamylases (TTLL), rheostatically regulate pruning through
Spastin-mediated severing of microtubules.

Motor neurons lacking CCP1/6 accelerate axon dismantling, while the dele-
tion of TTLL1, a chain-elongating glutamylase on a-tubulin, delayed the
remodeling of both PNS and CNS. Surprisingly, deleting TTLL7, which
‘seeds’ the first glutamate residue to S-tubulin tails, did not affect polyg-
lutamylation or pruning, which suggests a functional divergence of glu-
tamylses to selectively modify either of the tubulin dimers. Further measure-
ments of polyglutamylation, microtubule mass, and dynamics corroborate
the predicted branch-specific regulation of microtubule stability. However,
axon pruning outcome might be achieved through different modalities down-
stream of the two enzyme families: CCP1/6 deletion mainly affected MT
dynamics of young motor axons, while our preliminary ultrastructural anal-
ysis hints that TTLL1 might affect organelle redistribution along the axon.
My data further show that synaptic activity coordinates glutamylases and
deglutamylases since blocking neurotransmission to simulate punishment

signals reduces microtubule mass and modulates polyglutamylation, simi-



lary to CCP1/6 deletion. Indeed, polyglutamylation levels are reestablished
to wild-type levels when the effector, Spastin, is also absent in motor axons.
Thus, the ‘tubulin code,” by endowing the microtubule scaffold with specific
and local functionality, could control morphogenic events during the ner-
vous system development through mechanisms conserved across the central
and peripheral nervous systems. Future work will focus on finding paral-
lels between physiological axonal pruning and neurodegeneration, as CCP1
mutations are linked to human infantile-onset neurodegeneration and af-
fect the cerebellum, spinal motor neurons, and peripheral nerves. Our data
show that adult mice lacking functional CCP1/6 in motor neurons present
axonal swellings and display axonal transport defects. Consequently, these
degenerating neurons have impaired organelle trafficking and accumulate
mito-lysosomes in distal axons.

In conclusion, our findings highlight the importance of elucidating the molec-
ular underpinnings of polyglutamylation and its effects on axon stability

during physiological and disease-related remodeling.



2 Introduction

2.1 Developmental synaptic pruning

The mature human brain consists of about 100 billion nerve cells and up to
100 trillion synaptic connections!. An immature neuron has to connect with
its own specific partners, while navigating a complex entangled and imma-
ture environment, crammed with guidance cues. Even more astounding, the
immature brain starts with a surplus of synaptic connections that are later
removed or "pruned’ in an activity dependent manner?. Synaptic pruning is
a large scale recessive event, as exemplified by studies of the neuromuscular
junction (NMJ) of mice, where a ten-fold excess of synapses is rapidly lost in
the two first postnatal weeks in mice and two postnatal years in humans®*
(Figure 2.1). Thus, a first phase of exuberant connections with temporary
targets established during early embryonic development is pruned back at
a second stage to leave only functional connections and a mature nervous
system.

This counter-intuitive and seemingly “wasteful” process consisting of the
generation of superfluous synapses to only discard them at the later stage,
might be instead a fundamental biological strategy to refine and correct mis-
guided connections based on experience and preserve only the appropriate
connections®: which in case of the NMJs, then serve for the rest of the or-
ganisms’ life. A fascinating example of a deliberate and elegant development
strategy to generate only a few general guidance programs instead of several
for each particular connection. A crucial question still remains unanswered:
how is this fine orchestration of signals achieved?

Intuitively, the level of accuracy of brain wiring depends on the accuracy of

the regulation. Improper wiring are linked to deficits such as those observed



2.1 Developmental synaptic pruning
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Figure 2.1: Developmental aron pruning at NMJ is extensive. Schematic
representation of extremely polarized geometry of motoneurons, with somata in the
ventral horn of spinal cord, and highly branched axonal arbor, which undergoes 10-
fold loss of synapses (yellow spots) during the transition from perinatal to adult
stages. Scale bar = 100um. Modified from Tapia et al. (2012)

in autism spectrum disorders (underpruning) and schizophrenia (overprun-
ing)%".

The importance of these elimination programs is also evinced by the perva-
sive presence in several location of the central and peripheral nervous system
including thalamus, cerebellum, hippocampus, autonomic ganglia and the
most extensively researched, the NMJ® 10 The NMJ is the system I have
mainly utilized for my PhD project, thanks to the several advantages it
presents in terms of ease of accessibility, big size and possibility to execute
relatively effortless in vivo and ex-vivo preparations that conserve the 3D

11

structure and endogenous processes', as well as the similarities between

structure, function and development with CNS'2,



2.2 Activity driven synapse elimination at the mammalian NMJ

2.2 Activity driven synapse elimination at the
mammalian NMJ

Mammalian NMJ is a cholinergic tripartite synapse consisting of axon ter-
minal, Schwann cell and skeletal muscle'?. The synthesis of the neurotrans-
mitter Acetylcholine in presynaptic nerve cells is mediated by the enzyme
Choline-acetyltransferase (Chat). Signal transduction downstream of neu-
rotransmitter release from nerve terminals occurs through binding to post-
synaptic Nicotinic acetylcholine receptors (nAChRs), found in abundance
in junctional folds. Each motoneuron soma, located in the ventral horn of
spinal cord, extends a highly branched axon and each of its terminal branch
makes a contact with an individual muscle fiber (Figure 2.1). Several fibers
are thus in contact with branches from the same neuron, and fire together
(motor unit), which allows for precise and coordinated muscle contraction.
At the end of the embryonic development, the NMJ post-synapse receives
up to 10 concomitant inputs from different motor neurons, a phenomenon

termed poly-innervation® 13 (

Figure 2.2a). Therefore, the resolution of
the poly-innervation status that is a characteristic of the immature NMJ,
induces a shrinkage of the motor unit size as the circuitry becomes more
refined'?.

Axonal branches undergo selective dismantling in activity-dependent fash-

ion!'®16  ultimately leaving a one-to-one connectivity between each muscle

412,17~ The level of precision is

fiber and innervating input at maturation
such that no muscle fibers are left denervated when pruning is over, which
speaks to its non-random nature®!®. How neuronal activity determines the
transition from multiple to single axon is still unclear. What is undisputed is
that it is driven by competition between co-innervating inputs for synaptic

15,19 In fact, the winner progres-

territory occupancy at the post synapse
sively takes over the synaptic territory and its axon calibre increases?. The
loser, instead, progressively atrophies, loses attachment to the muscle fiber
and withdraws precisely up until its first axonal branching point (Figure
2.2b), through a mechanisms that involves axosome shedding?!. Indeed,

excluding rare instances of reversal of fate, the percentage of territory oc-
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Figure 2.2: Synaptic competition at the mouse NMJ during prun-
ing. a) Schematic representation of muscle fibers innervated two motor neurons.
Two or more terminal branches innervating same muscle fiber is termed poly-
innervation, otherwise a one-to-one connection of a synapse to a fiber is called
single-innervation. Note how, as losing branches recede, axonal harbor, and thus
motor unit, shrinks. b) Illustration of synaptic takeover between two competing
synapses. As one input loses territory to its partner (i to iii), its axon caliber de-
creases and its contact to muscle fiber is lost. Eventually, one branch atrophies and
recedes ("retraction bulb”, iii), while the other consolidates and expands its terri-
tory and acquires a "pretzel” shape (iv). c) Confocal reconstruction of developing
terminal motor axons branches. Synapses with same color belong to an individual
motor neuron (i-iv: examples of progressive synaptic territory loss). Scale bar is
10um. Modified from Wang et al. (2021); illustration in c) modified from Brill et
al. (2016)



2.3 Molecular pathways involved in synapse elimination

cupation at the post synapse and axon calibre are predictive of competition

20,22,23 " Territory occupancy is synergistic with synaptic strength,

outcome
since the latter increases in the input taking over, and both positively reg-
ulate one-another?*.

A series of seminal studies have highlighted how it is the relative synaptic
strength rather than the absolute amount of action potentials a motoneuron
discharges that determines the “winner”. Blocking the entire post-synapse
through in vivo administration of a-bungarotoxin delays axonal retraction'®,
but partial synaptic blockade, either pharmacological or genetic, dooms the
inactivated synapse to lose and accelerates overall pruning speed!®2°.

How the synaptic strength of competing inputs is compared and decoded
remains largely unresolved. Spike patterns have been shown to play a role
in the removal of supernumerary axon branches. Postnatally, motoneurons,
which first are electrically coupled, commence a divergence of spike timing.
This allows the postsynapse to discriminate among inputs and ultimately
strengthen only those inputs that contract in a concerted fashion with the
muscle fiber?®. Indeed, the postnatal switch from synchronized to asynchro-
nized motor unit activity and motoneuron uncoupling, seems to coincide
with a reduced expression of connexins which are components of gap junc-
tions?”. In accordance, genetic deletion of Cx40 lead to asynchronized motor
neuron activity and faster synapse elimination®®. In the next chapter I list

a number of elucidated signalling pathways involved with pruning.

2.3 Molecular pathways involved in synapse

elimination

2.3.1 The role of guidance cues

Molecules such as Semaphorins and Ephrins are mainly known for their
contribution to axon guidance: the early developmental event where neu-
rites project over long distances to connect to their specific targets while
navigating complex environments. A process elegantly explained by the
chemoaffinity theory, which postulates this to be possible thanks to precise
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molecular matching between targets?”.

Recent studies have highlighted the guidance cues’ versatility by implicat-
ing them in the regulation of axon pruning as well. The multi-faceted mode
of action can be explained by the context dependent expression of their
downstream effectors, activated precisely in time and space. The key to
explaining their involvement in axon pruning relies on their repellent prop-
erties to induce local cytoskeletal collapse in the axon.

For example, in the CNS, a study of stereotyped pruning of the hippocampus
by Riccomagno et al, shows that SemadF leads to the activation of Npn-2,
which triggers the downstream activation of 52Chn, a Rac-specific GAP.
£2Chn, by inhibiting Rac-1 dependent effects on the cytoskeleton, induces
axonal pruning of the infrapyramidal bundle®.

Another recent study confirms the role of Sema3F in this location, medi-
ated by activation of CRMP2, a member of the collapsin response mediator
protein family. Indeed, deletion of the Crmp2 gene in mice lead to synapse
pruning delay of the IPB. The presence of defects of the visual cortex and
altered dendritic spine remodelling, indicates that the pathway might be
used at several locations that undergo pruning. Interestingly however, no
pruning delays occurred at the NMJ of CRMP2 null mice3!.

Involvement of Semaphorins in the axon pruning at some locations, but not
others, might suggest that either the molecular pathways are not necessarily
conserved for all the sites undergoing pruning or that specific isoforms have
specialised to act at different locations. Hints for the latter hypothesis come
from the potential role of Sema3A for pruning at the NMJ. Sema3A recep-
tor, Nrp, has been shown to be expressed in pre-synaptic axon terminals??.
Additionally, Sema3A secreted from Schwann cells participates in NMJ re-
modelling?3.

Similarly to Semaphorins, ephrins are another guidance cue family in-
volved in the pruning of the CNS. In particular, Ephrin-B3-EphB2 reverse
signalling has been shown to mediate stereotyped pruning of murine hip-
pocampal mossy fiber axons through regulation of the actin dynamics®*. At
the NMJ, while the exact molecular cascade regulating motor axon pruning

is yet to be elucidated, there is however some evidence for the involvement
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of Ephrins guidance cues.

During the immediate postnatal period, myofibers innervated by a single
motoneuron which initially are heterogeneous in their fiber type, start to
progressively become homogeneous as the motor unit matures®. Prevailing
models of muscle fiber type specification propose that a "matching" mech-
anism between muscle fibers and motor axons exists and the Eph/ephrin
interaction could facilitate their recognition. Indeed, Ephrin-A3 ligand has
been shown to be expressed specifically by type I (slow) twitch fibers. By
providing a repulsive signal which inhibits the formation of stable synapses
with fast motor neurons®®, they may actively help to determine which axon

should be eliminated.

2.3.2 The role of neurotrophic factors and cell-death
signaling

Target-derived factors need to be continuously supplied to maintain normal
synapses. This is indicated by experiments in which the abolition of protein
synthesis from muscle of live adult mice resulted in rapid disaggregation of
the synaptic structures, loss of nerve contact with postsynaptic sites and
axonal withdrawal, resembling of developmental NMJ pruning®’.

Neurotrophins are a main candidate for a role of trophic support, since not

38740 and can

only are they essential for neuronal survival and differentiation
promote neurite outgrowth and strengthen synaptic transmission, but also
have been involved in synapse elimination.

Members of neurotrophins include Brain derived neurotrophic factor (BDNF),
Nerve growth factor (NGF), Neurotrophin (NT)-3, NT-4/5. Following mat-
uration through proteolysis of the proneurotrophins, each mature neurotrophin
is able to bind p75NTR, a death receptor family member, but exhibits more
specific interactions with three Trk receptors to which they bind with dif-
ferent affinity to elicit a variety of downstream responses*!.

Of interest, BDNF and NGF expression and functional maturation are
activity-dependent*? #°. Additionally, NGF, BDNF, and NT-4 secretion can

be enhanced by neuronal or synaptic activity?9 8. Neurotrophins have been
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shown to modulate the efficacy of synaptic transmission by both pre- and
post- synaptic means. Indeed, at the developing neuromuscular synapses,
BDNEF application increased the frequency of miniature excitatory post-
synaptic currents (mEPSCs), increased Acetylcholine synaptic release, and

influenced paired-pulse facilitation® 2

. Blocking the receptor with the anti-
p75 antibody results in reduced endplate potentials (EPPs), suggesting that
the potentiating mechanism is dependent on the BDNF-p75 axis®.

The ability of neurotrophins released from postsynaptic cells to modify
synaptic functions, combined with the fact that such modifications can be
regulated by synaptic activity, hints at the possibility of their contribution
to the activity-dependent refinement of synaptic connections.

Potentially, at the NMJ, the lack of neurotrophic factors can act as a punish-
ment signal that induces local cytoskeletal disaggregation and axon pruning.
The existence of such local effects by neurotrophins is backed up by the ev-
idence at the developing nerve-muscle synapse: by using a nerve-muscle
co-culture in which a single motor neuron innervates two myocytes, one
of the two myocytes overexpressing NT-4 and the other not, Wang et al.
showed that synaptically released neurotrophin NT-4 has an influence that
is restricted to a spatial synaptic territory of less than 60 um®?.

Further evidence of the role of neurotrophins in axon pruning at the NMJ
come from immunohistochemical stainings of rat tissue during the period
of synapse elimination, which helped to determine the location of the com-
ponents of this pathway. The receptor protein p75NTR is present in the
nerve terminal, muscle cell and glial Schwann cell, whereas trkB mRNA and
proteins and BDNF protein can be detected mainly in the pre- and postsy-
naptic elements®®®!'. ProBDNF protein is found in the muscle®.

Intriguingly, the kind of BDNF has been revealed to be important for
the fate of axons: proBDNF acts as a punishing signal promoting synapse
elimination at the mouse NMJ, whereas, due to its synaptic strengthening

45 These opposite

properties, mature BDNF delayed synapse elimination
outcomes derive from the mature BDNF binding to TrkB receptor, while
pro-BDNF binds to P75 and the coreceptor sortilin® 7.

In accordance with the hypothesis that pro-BDNF must bind concomitantly

10
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to p75 and sortilin to mediate its “punishing signal” effects on pruning, in
vivo experiments in which the NMJs were exposed to antibodies against
p75NTR, which could also impair sortilin binding, delayed synapse elimina-
tion?>?3. However, full KO of p75 did not affect synapse elimination.
Another unexpected result emerging from these studies was that blocking
the BDNF-TrkB pathway, through inhibition of the receptor, accelerated
elimination®®. However, BDNF KO mice had no pruning defects. This lack
of phenotype in the latter scenario may be explained by the notion that
by removing both punishment (proBDNF) and reward (mBDNF) signals,
synapse elimination occurs by default®.

Additionally it appears that also receptor location has a different impact
on synapse physiology. While muscle-derived p75NTR did not play a major
role in postsynaptic organization, motor axon terminals lacking p7b5NTR
resulted in a reduced number of synaptic vesicles and active zones®®. This
indicates that the BDNF from target muscle elicits its action through a ret-
rograde signalling to activate presynaptically located p75NTR receptors.
Downstream, binding of BDNF to the receptor can activate the phospho-
kinase (PK) pathway. In particular, the pathway bifurcates to activate either
PKA or PKC. Interestingly, PKA and PKC have been shown to have oppo-
site effects on the outcome of synapse elimination in the NMJ of mammals.
PKA acts at the pre- and postsynaptic sites to delay axonal elimination and
nAChR cluster differentiation through a mechanism involving BDNF-TrkB
receptors coupled to PLC~Y%%% On the other hand, PKC activity promotes
axonal loss** 61!,

It is unclear how the choice between PKA or PKC activation is made. It
can be envisioned that, while PKA could be activated by the BDNF-TrkB
signaling to reinforce the synaptic connections of the “winner” axon, PKC
could be activated by the pro-BDNF - P75/sortilin pathway in the weak

axons which are to be eliminated (Figure 2.3).
Other neurotrophic factors might contribute to synapse elimination as

well. For example, prolonged periods of synapse elimination has been shown

both in absence of muscle-derived fibroblast growth factor binding protein 1

11
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Figure 2.3: BDNF signaling cascades and pruning. BDNF pathways exerts
opposite outcomes on neuronal pruning. Mature BDNF (mBDNF') has been shown
to increase Acetylcholine synaptic release and enhance axonal and dendritic growth
and survival. BDNF precursor proBDNF or mBDNF arises from a series of intra-
or extracellular proteolytic cleaveages of preproBDNFE through specific metallopro-
teases. mBDNF signals through TrkB to in a cascade that involves PLCvy and PKA
activation. On the other hand, proBDNF' binds presynaptically to p75NTR and
sortilin to induce pruning through cytoskeletal remodelling, possibly by activating
PKC. Illustration modified from Deinhardt et al. (2014)
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(FGFBP1)%2, or when GDNF was transgenically overexpressed in muscle, or
delivered subcutaneously?®%3. Although neurotrophins are thought to me-
diate their effect through an increase in neuronal survival or stabilization of
synaptic connections, GDNF is likely to mediate its effects through induction
of axonal branching. In fact, GDNF exposure produced expansion of motor
units by increasing axon branching and enlarging postsynaptic AChR sites.
This is evidenced by the fact that chronic GDNF exposure from birth forces
even the mature NMJ to a constant state of dynamicity, where instances of
retraction and regrowth were witnessed at the synapse. Interestingly, the
effect of GDNF seems to be temporarily restricted, since when exposure was
initiated from P10 instead of birth, no hyperinnervation occurred?’.

On the other hand, research on the role of NT-3 and NT-4 on axonal prun-
ing is rather lacking. It has been shown that NT-3 increased the frequency
of miniature excitatory postsynaptic currents (mEPSCs), indicative of an
enhancement of neuromuscular transmission*”. Moreover, postsynaptically,
the overexpression of NT-4 in muscle increased the mean burst duration of
Acetylcholine channels and neurotransmitter release®®. Albeit the transgenic
overexpression of NT-3 and N'T-4 were ineffective in producing multiple in-
nervation®, full KO of NT-3 resulted in complete denervation of hindlimb
muscles by P7. The extent to which this is directly caused by the lack of
support to motoneurons or as a secondary effect, is not clear.

Aside from p75NTR receptors, another cell-death related signaling molecule
involved in pruning is the proinflammatory cytokine tumor necrosis factor
a (TNFa). TNFa has been found to be expressed in postsynaptic muscle
cells and is involved in presynaptic axonal elimination at the NMJ. Indeed,
genetic ablation of TNFa globally or specifically in skeletal muscle cells, but
not in motoneurons or Schwann cells, delayed synaptic elimination in mice%*.
This indicates that retrograde signaling from the muscle side is triggering
axonal pruning presynaptically. However, there is still a lack of understand-

ing of the exact molecular components that cause presynaptic axon pruning.

Overall, several neurotrophins and cell-death related factors have shown to

have an effect on axonal pruning to different extents. It is generally accepted
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2.3 Molecular pathways involved in synapse elimination

that neuronal growth factors are able to stabilize synapses by providing
trophic support. On the other hand, neurotrophin deprivation could give
rise to “punishing signal” that triggers axon pruning by activating the cell-
death signaling cascades to eliminate weakened and inappropriate synapses.
Another mechanism which could be paramount in promoting synapse loss
is the one occurring as a consequence of signals that disrupt the adhesion of

the nerve to the postsynaptic site, which I will discuss next.

2.3.3 The role of cell adhesion molecules

Cell adhesion molecules play critical roles in the development and matura-
tion of the NMJ, and such adhesive interactions between prejunctional and
postjunctional sites need to be disassembled during the process of axonal
pruning. The neural cell adhesion molecule (NCAM), a homophilic binding
glycoprotein, is a good candidate to consider at the NMJ for mediating a
bond between pre and post-synaptic structures.

Indeed, it has been shown that denervated muscle fibers upregulate NCAM
on their surface. This could confer a more permissive substrate for up-
coming axons in order to favor re-innervation®. Therefore, the lack of
NCAM could be essential to drive axon pruning. NMJ stability and size
have been shown to depend on NCAM, since NMJs from NCAM null mice
were smaller and postsynaptic junctional fold development was delayed®: 67,
Intriguingly, NCAM null mice displayed a delay in both the withdrawal of
poly-innervation and in the selective accumulation of synaptic vesicle pro-
tein in the presynaptic terminal®’.

The effect of delay is quite counterintuitive if one considered only NCAM’s
adhesive role, but the absence of paired-pulse facilitation and the inability to
maintain effective transmission with repetitive stimuli in NCAM null junc-

tions - most likely due to defects in vesicle docking and release®’

- suggests
that the impaired neurotransmitter release process might contribute to the
innervation delay. It would be interesting to know if other molecules with a
known structural support at the NMJ, such as laminins and collagens, have

a role in axon pruning.
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2.3 Molecular pathways involved in synapse elimination

Another class of molecules affecting axon pruning is the Class 1 major
histocompatibility complex (MHC1) which could serve as recognition tags
for compatible synaptic partners. In the NMJ, MHC1 are expressed at the
NMJ during the period of synapse elimination®®. Although the exact iden-
tity of the cellular location and the isoform type has not been established
yet, deleting MHCI delayed synapse elimination in mice, while overexpress-
ing MHCI modestly accelerated developmental synapse elimination®. One
proposed mechanism is that MHCI levels could render some inputs weaker
and thus more susceptible to elimination, although clear mechanistic aspects

are lacking and necessitate further investigation.

2.3.4 The role of the cytoskeleton

The highly accurate spatial and temporal specificity that occurs in the large
scale reformation of synapses during synapse elimination, which is usually
restricted to single neurite branches, demands likewise tightly controlled
mechanisms able to trigger the process of disassembly, locally. Ultimately,
for certain neurites to disappear, the molecular pathways guiding pruning
need to converge on cytoskeleton dismantling.

The cytoskeleton is composed of microtubules (MT), actin, and neurofil-
aments which together contribute to the morphology and functionality of
all cell types. There is increasing evidence for the central role of the cy-
toskeleton in the pruning process. For example, knocking out neurofilament
light chain (NF-L) from motoneurons causes synapse elimination delay™.
The reduction of NF-L levels and consequent axonal remodelling delays
were also recapitulated as a result of the loss of glial isoform neurofascin
(Nfasc155). This indicates that the molecular underpinnings of synapse
elimination are driven by a combination of cell-autonomous and non-cell-
autonomous means. Possibly, this is a result of external cues providing
rewards (release of trophic factors from target muscle) and punishment (hos-
tile environment driven by terminal Schwann cells or muscle), both of which
could be activity-dependent.
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2.3 Molecular pathways involved in synapse elimination

There is evidence that also actin dynamics drives retraction and is mod-

30,34 " as previously discussed in

ulated by specific semaphorins and ephrins
Section 2.3.1. Interestingly both studies implicate Racl, an actin regulator,
in affecting the stereotyped pruning of murine IPB during postnatal devel-
opment. How opposing activity of Racl (downregulation through Sema3F3°,
or activation through Ephrin reverse signaling®!) both lead to the same out-
come of the IPB pruning, has yet to be clarified, but could be a consequence
of the involvement of different downstream effectors. Alternatively both
pathways might be needed, but at temporally restricted and non-overlapping
instances.

Of the three cytoskeletal components, the role of MT breakdown seems to
be central and conserved across various forms of pruning and different ex-
perimental models and species, from insects to mammals™ 7. MT destabi-
lization is an early event that precedes pruning and could act as local trigger

21,71,74

to determine which neurite to eliminate . Retreating axon branches

21,74 “and MT stabilization through pharmacologi-

have sparser M'T density
cal means protects against MT depolymerization and axon fragmentation”™
and delays pruning’®. Although the molecular machinery that executes MT
breakdown in pruning events is largely unknown, genetic evidence at the
murine NMJ show that impairing MT severing through Spastin-KO de-
lays the removal of redundant axons’™. In addition there are indications in
Drosophila that Katanin-like molecule, Kat60L, is involved in the pruning
of dendrites, but not axons™. Future work should elucidate if Kat60L role
is conserved in mammals as well.

MT could affect pruning purely through mechanical cytoskeletal stability
means or by providing intracellular resources, such as synaptic vesicles, or-
ganelles (e.g. mitochondria), RNA, trophic factors and so forth*'. In sup-
port of this, axonal transport is virtually absent in losing axons™. Due to
the preponderant role of MTs, their structure and functions will be discussed

in more detail.
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2.4 MT cytoskeleton: structure and functions

Microtubules are mainly known for their role in neuronal transport. Indeed,
motor-driven transport is almost entirely dependent on MTs, as demon-
strated by early experiments using drugs that disrupt the MT cytoskele-
ton’”. Apart from providing the tracks for intracellular cargo transport, the
dynamic remodelling of MTs directs and reinforces cell shape, forms spindles
in mitosis and meiosis, provides force generation, and in the polarized and
excitable neuronal cells MTs contribute to the formation and maintenance

of axons and dendrites, often in an activity-dependent manner’” %3,

2.4.1 MT structure

Structurally, microtubules (MT) are non-covalent polymers of globular «
and [-tubulin assembled into a heterodimer into 1:1 stoichiometry (Fig-
ure 2.4a). These a -f heterodimers polimerize into a linear chain called
“protofilament”. The radial assembly of 13 protofilaments generates a 25nm
diameter long hollow tube®*® (Figure 2.4b). The dimer is incorporated into
the MT lattice from the a-tubulin in a head to tail fashion, a characteristics
that endows the MT with an intrinsic polarity. After a delay, GTP hydroly-
sis occurs from the S-tubulin specifically. The lattice is thus composed of an
inner of GDP-rich domain, and a stabilizing GTP-rich domain at the grow-
ing MT end. This inherent subdivision separates the lattice into a “stabile”
and a “labile” domain (Figure 2.4c).

The MT “minus” end is intrinsically more stable/inert, and bound by cap-
ping proteins such as gamma tubulin and CAMSAPs which further stabilize
the structure’®®. The “plus end, on the other hand, is more dynamic and
undergoes frequent cycles of growth and shrinkage, a.k.a. “dynamic instabil-
ity”87 89 Shrinking events, or “catastrophes”, are frequent when the outer
GTP “cap” is lost™, which causes the protofilament to splay apart in a
fountain-like structure” % (Figure 2.5). On the other hand, growth events
or “rescues” occur naturally in the presence of high abundance of free tubu-

t91

lin in the environment”" . The stochastic exchanges between “catastrophe”

and “rescues” enable MT to rapidly respond to environmental needs, as well
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94,95

as explore the intracellular space , a fundamental characteristic during

early morphogenic events.

a tubulin dimer

tubulin tails

GTP-bound

C ' B-tubulin
GDP-layer GTP-layer

Figure 2.4: MT composition. a) Tubulin is a globular and highly conserved pro-
tein and has an unstructured C-terminal segment protruding from the surface, called
"tubulin tail". MTs assemble dynamically from « and [ tubulin heterodimers. b)
The addition from the + end in a head-to-tail fashion of 13 dimers (pink-violet),
forms a 25nm hollow tube, which conveys the MT an intrinsic polarity. c) The
dimer is integrated into the lattice from the growing plus-end side. After some
time, hydrolysis of GTP-bound p-tubulin to GDP occurs. Thus the MT has a sta-
ble, GDP-layer at the - end, and a more dynamic GTP-layer close to the + end.
Adapted from David Goodsell (2014).
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catastrophe rescue
lost GTP-cap

Figure 2.5: MT dynamic instability. MTs undergo rapid cycles of growth (res-
cue) and shrinkage (catastrophe). Catastrophe is frequent when the stabilizing
"GTP-cap" is lost. This induces depolymerization and causes protofilaments to spay
apart. Modified from Akhmanova and Steinmetz (2015).

2.4.2 MT architecture in neurons

Among their other functions, MTs play a key role in establishing and main-
taining neuronal polarity, which is the basis for the establishment of different
compartments such as axons and dendrites. This polarized morphology un-
derlays its ability to process, receive and transmit signals and to establish
an asymmetric distribution of cargos through axonal transport.

Distinct from other cell types, following differentiation, neuronal MTs be-
come acentrosomal, meaning they lose their contact to the centrosome:
the major microtubule-organizing center (MTOC) and nucleation site? 9.
MTs rely instead on gamma tubulin and on calmodulin-regulated spectrin-
associated family (CAMSAP)/Patronin-mediated minus-end growth!00-102
for nucleation. One known mechanism of nucleation is the formation of a
new MT from the lattice of a pre-existing branch!'%3105,

As such, MTs exist as dense bundles that span the length of axons and
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2.4 MT cytoskeleton: structure and functions

dendrites. They are not single continuous filaments, but rather individual
fragments, spaced in a tiled fashion and cross-linked by MT associated pro-
teins”® 1%, The amount of overlap is dependent on MT length and density,
and has important repercussions in the overall efficiency of axonal trans-
port. Intuitively, the longer and the more abundant the MT filaments, the
more processive the transport. Indeed it was shown in C. elegans, that cargo

07: a consequence of the

pause time inversely correlates with MT abundance!
fact that at the end of the filament, cargos come to a stop and some time
is needed to re-engage with the next MT filament. In silico simulation have

h108

also shown that cargo run length is proportional to MT length'"®. Closely

spaced and parallel MTs enhance the processivity of motor proteins by al-
lowing them to engage simultaneously with more MTs!0% 110,

In vertebrate axons, the MT network is unipolar, meaning MT’s plus-end
tips faces toward the synapse and their minus-end toward the cell body (plus-
tip-out orientation). In dendrites, MT present a mixed polarity, although the
exact proportions change between organisms and throughout neuronal de-
velopment!'!. MTs function as rail roads to transport cargos bidirectionally:
from cell body to nerve terminals (anterograde axonal transport), and back-
wards from nerve terminals to cell body (retrograde axonal transport)™: 112,
It was well understood early that M'Ts” intrinsic polarity is necessary to es-
tablish the directionality of axonal transport, but it was debated whether
structure alone would be sufficient to faithfully direct such intricate events.
Indeed, MTs do not function alone; the effort to better understand how MT
architecture and function could be controlled by the interplay between dif-
ferent 1) tubulin isoforms, 2) MT post-translational modifications (PTMs)
and 3) MT associated proteins (MAPs) saw the emergence of the concept
of the “tubulin code”13:114,

In primis, tubulin isotypes, being the building blocks of MTs, impose specific
properties that dictate the structure and function of the entire M'T polymer.
Eukaryotic cells have multiple tubulin genes. In particular, humans have
nine o and nine § tubulin isotypes with varying expression across develop-
ment and different brain regions'' '8, Not only are tubulin isotypes highly

conserved across species, but their amino acid sequence bears more than
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95% identity among their members, with most variability located on the
unstructured carboxy-terminal tail''? 129 Tt is likely that the distinct func-
tions of the isotypes likely originate from their subtle sequence variations.
In this respect, the C-terminal tail which protrudes from MT backbones,
remains highly accessible to MAPs and is subjected to a range of tubulin
post translational modifications (PTMs) that regulate MT dynamics and
MAP binding!?!.

Seeing how the MT is a blend of isotypes of varying proportions'??, early
studies assumed that the dimer pairs could assemble independently of iso-
type constraints. Recent studies are challenging this view in light of how
some tubulin isotypes are not interchangeable and might require specific
binding partners. For example, mutation in the human S1-tubulin (Tubbl)
leads to disorganized MTs of blood platelets and congenital macrothrombo-

123 " even though six other B-tubulin isotypes are simultaneously

124

cytopenia

Similarly Tubb3 knock-out mice have neuronal

migration defects that cannot be rescued by other isoforms'?°.

abundant in the cells

This suggests that functionality differences could also be imparted through
assembly of specific & and 3 pairs. Thus, the incorporation of specific tubu-
lin isotypes into the MTs may regulate M'T properties by controlling the
accessibility to certain MAPs and may have different susceptibility to PTMs.

2.4.3 PTM of MTs

PTM of tubulin can occur at the C-terminal tail or on the lattice itself. A
variety of modifications exists (Figure 2.6). How they are established, main-
tain and how they can affect MT properties and their ability to interact with
MAPs is under continuous scrutiny!!®!26. Due to their prevalence in neu-
ronal MTs, special attention will be given to acetylation, polyglutamylation
and detyrosination.

Acetylation is found primarily in the axon initial segment and axon shaft,
but it is rare in dynamic structures such as growth cones and synapses'?’.
It is reversibly added to the MT lumen in position Lys40 by oTAT1'2® and

removed by HDAC6 and SIRT2'?130  In light of the results that loss of
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Figure 2.6: Tubulin post-translational-modifications. MT can undergo post-
translational-modifications (PTM) at the tubulin body or at the tubulin tails (in
gray). These modifications are reversibly catalysed by a range of enzyme fami-
lies, as indicated. Abbreviations: TTL, tubulin-tyrosine ligase family; TTLL, tubu-
lin—tyrosine ligase-like family; CCP, cytosolic carborypeptidase protein; a TAT1, -
tubulin N-acetyltransferase 1; HDACG, histone deacetylase; SIRT, sirtuin; SVBP,
small wvasohibin binding protein; VASHs, wvasohibins; MATCAP,microtubule-
associated tyrosine carboxypeptidase; Modified from Janke and Magiera (2020)
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a-tubulin acetylation led to MT instability in axons'!, this modification is
classified as a MT stabiliser. This stabilization is achieved by weakening
intra-protofilament interactions, which enhance MT flexibility and prevent
breakages through repeated mechanical stress!'3? 133,

Another modification affecting MT stability is tyrosination. It is an a-
tubulin C-terminal tail specific event, catalysed by tubulin tyrosine lig-

sel34135 and removed through detyrosination'®® by vasohibins bound to

a
SVBP cofactor'®” 3% and the recently identified, the atypical metallopro-
tease MATCAP!3. Detyrosination is found in long lived MTs and is gen-
erally more abundant in the axon shaft, contrary to tyrosination which is
mainly found in distal axon regions and in MT labile domain. The presence

of detyrosination spares MT from nocodazole-mediated disassembly'*’, as

such is considered a marker for MT stability!'20: 14!,

First discovered in 1990'2, polyglutamylation is a very abundant axonal
modification and consists of a two-step enzymatic addition of glutamate
residues onto the tubulin tails. The first step consists in the addition of a
single glutamate molecule or “seed”; the second step consists in the elonga-
tion of this seed into a chain!*3.

Glutamylation is catalysed by the family of enzymes of tubulin tyrosine
ligase like (TTLL). Excluding TTLL3, TTLL8 and TTLL10 which are gly-
cylases, and TTLL12 whose specific function is yet unknown but predicted
to be inactive for glutamylation, there are as many as 9 functional glutamy-
lases in mammals'3® 1447149~ Albeit both o and 3 tubulin heterodimers can
be modified by this enzymatic family, each TTLL enzyme has a preference
for either 8 or a-tubulin substrate and has acquired a specialized function to

150,151 " Enzymatic

promote either monoglutamylation or polyglutamylation
removal of glutamates to reverse TTLL effects is achieved by cytosolic car-
boxypeptidases (CCP 1 to 6)1%%1%3. Of the six mammalian enzymes, which
catalyse both deglutamylation and generation of A2-tubulin'®*1% CCP1

and CCP6 are the two highest expressed in neuronal tissue!®S.

Polyglu-
tamylation coats the MTs with a negative electrostatic charge, which could
in part enhance the interactions between the MT lattice and the positively

charged protein domains, thus favouring the recruitment of MAPs. Both
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157

Katanin and Spastin bind preferentially polyE MTs*°", and Spastin activity

is modulated by the length of polyE chain!®®.
The polyE chain can reach lengths of up to 13 glutamates in vitro, as well
as form complex “branched” structures, when enzymatic activity of the glu-

d159

tamylases goes un-obstructe How physiological these settings are is

under debate. PolyE could directly and indirectly affect transport by al-

160

tering MT architecture through severing enzymes'*”, or by affecting motor

proteins such as kinesin-1 and kinesin-3'20:145,161,

2.4.4 MT Associated Proteins

Increasingly higher levels of precision and sophistication are achieved through
interaction between cis and trans elements. While PTMs and tubulin iso-
forms are “cis” factors and provide a code and instructions, Microtubule-
Associated- Proteins (MAPs) represent the “trans” factors, which can inter-
act with M'T by binding MT tips, soluble, non-polymerized tubulin subunits
or the entire MT lattice??.

They affect MT stability by promoting growth, depolymerisation, influence
interaction with motor proteins or providing structural support'62-164. One
class of MAPs is the family of plus-end-interacting-proteins (+TIPs): an
evolutionary conserved structural element which has the ability to localize
to the growing plus tip of MTs. Among them, the end-binding (EB) pro-
tein family is composed of three members in mammals (EB1-3). While EB1
and EB2 appear to be expressed ubiquitously, EB3 is strongly expressed in
muscle and brain tissue!®> 169 EBs are known for modulating MT dynamics
and for scaffolding other +TIPs and to regulate the local protein composi-
tion at growing MT tips, by recognizing specific motifs found in interacting
partners, specifically the SxIP (which binds to the homology domain of EB
- EBH) and CAP-Gly domains (which binds to EEY/F motifs of EB)?%167,
EBs belong to the "autonoumous tip trackers" category of +T1Ps, since their
CH (Calponin homology domain) and linker protein domain region are suf-
ficient to independently recognize the GTP-cap structure at growing MT
ends?1: 168169 (Rigure 2.7). A total of couple hundred of EB molecules bind to
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MT ends and display a comet-like appearance in fluorescence microscopy'*°.
EB3’s property to bind to growing MTs has been used to develop genetic
tools that enable real time in wvivo tracking of MTs, for example through
fusion of EB3 to fluorescent proteins such as YFP!7:8%170 Tmaging them
provides critical information on MT dynamics, and an indirect measure of
MT length™.

- T

-TIPs
(eg: CAMSAP)

Figure 2.7: Plus-end MT tracking proteins. Plus-end-tracking proteins
(+TIPs) recognize conformational changes at the growing plus-end of MTs, and
are thus removed from the GDP-rich lattice. They include proteins such as EB1,
EB3 and CLIP-170. Conversely Minus-end-tracking proteins (- TIPs), recognize
minus-end of M'T and through binding stabilize the lattice and prevent its disassem-
bly. Modified from Akhmanova and Steinmetz (2015).

Severing enzymes

Another class of MAPs are the severing enzymes. Severing of MTs is an
ATP-dependent event carried out by a family of AAA-ATPases, which in-
clude the enzymes Spastin, Katanin and Fidgetin'™!" (Figure 2.8). These
severases elicit their effect by producing nicks along the MT lattice, causing

breakage into shorter fragments!”®. These cuts can either serve as new nucle-
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174,175 or conversely

ation sites, promoting a burst in M'T mass and number
induce destabilization and depolymerisation of the original filament, caus-
ing opposite effects on the cytoskeleton'" 178, This ambivalent response to
severing has been reported in several animal models and diverse experimen-
tal conditions™ 17180 The net effect depends, among other factors, on the

181,182
Y

position of the cut along the lattice in the labile or stable structure on

the concentration of free tubulin and/or local MAPs availability to stabilize

180,183°185 © For example,

new emerging structures such as CLASPs or tau
it was observed that catastrophe events induced by the nanoscale damages
inflicted by Spastin can be evaded by spontaneous incorporation of GTP-
bound tubulin into the lattice, as long as the formation of these “GTP-
islands” outpaces Spastin-induced depolymerisation'®*. Notably, these lat-

tice defects arise also by other means, such as through mechanical stress'®?,

t186:187 or even spontaneously'®®. The

through molecular motor movemen
exposed lattice acts as a recruitment signal for the MAP Sjorgen’s syndrom
nuclear autoantigen-1 (SSNA1/NA14), which coats the MT and protects

189

the MT from Spastin activity . This MT “repair” process is thought to

rejuvenate the MT lattice!®*.

The biological function of Spastin

Given that Spastin activity is critical during neuronal development, as it
mediates axon branch loss during NMJ elimination™, and as its catalytic

157,190,191 " special interest will be

activity is dependent on polyglutamylation
given to this particular severing enzyme.

Molecularly, Spastin assembles into a hexamer around the MT filament and
creates nicks by pulling single tubulin subunits by the C-terminal tail in an

17L.192 - Oligomerization through the AAA domain

ATP dependent manner
is triggered by the vicinity to the MT substrate, which confers spatially
regulated and controlled severing. The recruitment occurs by interaction of
the positively charged ring of the severase to the negative charge of the M'T
tails, reinforced by the negative charge of polyglutamylation!'®" 190191,

To avoid severing off-target effects it is paramount that Spastin activity is

tighly regulated. This is achieved in a number of ways. At the transcription
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/) PTMs

severing
* enzyme
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Figure 2.8: MT severing enzymes. Spastin, Katanin and Fidgetin are a class of
severases that cut M'T by creating nicks into the lattice. Recruitment occurs through
binding to specific decorations of tubulin tails. Spastin recruitment and activity,
for example, is triggered by polyglutamylation. Proximity to the MT lattice causes
assembly of the Spastin hexamer, which by pulling onto the tubulin C-terminal tail,
generates lattice defects and leads to MT breakage. Adapted from Kuo and Howard

(2021)
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level, Spastin expression is modulated positively by transcription factors
such as NRF1, Sox1 or negatively by Elk1'%, or by miRNAs such as miR-
192, miR-30, miR-33 and miR-96!%* 196,

Post-transcriptionally, SUMOlation alters Spastin severing activity'®”

, while
Spastin phosphorylation at Ser268 mediated by HIPK2 regulates its proteasome-
mediated degradation'®®. At the protein-protein level, interaction with other
MAPs such as Tau or SSNA1/NA14 can also affect net outcome of Spastin

180,199

activity. Tau overexpression protects MTs from severing possibly by

forming condensates or “tau islands” from which Spastin or Katanin are

d?"0 conversely loss of Tau increases Spastin activity?°!.

exclude
Another regulation is through alternative splicing, which give rise to four
Spastin isoforms. Of the four, the two least abundant have no clear biolog-

202 Of the remaining two, m1 gives rise to

ical function reported as of now
the full length protein, while m87 is the shorter isoform which lacks the N-
terminal domain, responsible for hydrophobic interaction with membranes
and lipids?®3. Albeit both isoforms conserve the capacity to oligomerize, in-
teract and sever MT thanks to AAA and MTDB!?, as well as participate in
endosomal trafficking thanks to the MIT domain?**, m1 has a more prepon-
derant role in membrane remodelling and ER shaping by directly interacting
with the ER proteins REEP1 and atlastin?® 2% It also serves functions in
lipid droplet metabolism and endosomal fission?? 22, On the other hand,
m&87 has a higher solubility, is ubiquitously expressed and more abundant
than m1 in the CNS'™ 213 and might play important roles in endosomes and
axonal transport?!21,

Spastin role exceeds the developmental period, and indeed it was originally
discovered in the context of hereditary spastic paraplegia (HSP), a neu-
rodegenerative disease of the upper motor neurons for which Spastin muta-
tions account for 50% in autosomal dominant familial and 20% of sporadic

215,216 - Mechanistically, the disease could evolve as a combination of

7

cases
loss of function and gain of function modalities?'”, impairing axonal trans-
port and axonal growth and affecting organelle distribution?®'®21?. Further-
more, mutation specifically of the m1 isoform seem to be neurotoxic, possibly

due to the non-soluble nature of the mutated gene product, which causes
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its accumulation in CNS motor neurons or due to dysfunctional spastin-ER

220 Core pathological findings report dying-back degeneration

interactions
of long axonal tracks (lateral corticospinal tracts and sensory neurons of as-
cending dorsal columns)?*2. This raises interesting parallels between disease
and physiological axon pruning where axons retract in a “dying-back”-like
fashion. The nerve-muscle explant is a valuable resource for the under-
standing the modalities of Spastin regulation and its effect on cytoskeleton
and overall cell physiology to shed light on the disassembly of axons and

Synapses.

2.4.5 Molecular motors and transport

Axonal transport is essential for regulating axon composition, neuronal de-
velopment, maintenance and survival?® 180, Understanding transport allows
to comprehend the cellular dynamics of neuronal functioning.

Historically, it was thought that almost all the macromolecular synthesis
occurred in the cell body. In this view, the functional significance of antero-
grade transport is to supply the terminals with organelles, membrane com-
ponents and other biomolecules, while the retrograde transport is a means
to return worn out materials from nerve terminals to the cell body for degra-
dation??!"225_ Although as a general mechanism these concepts still stand,
it is rather simplistic especially in light of evidences of local translation and
synthesis in axons??®. This implies an increased complexity of the biologi-
cal system, of transport regulation and of its biological significance. In this
light, an alternative function of the retrograde motion is to transfer infor-
mation about the axonal status and of the terminal environment to the cell
body in order to coordinate cell responses to external stimuli.

For example, a widespread phenomenon in the developing nervous system is
the retrograde transport of trophic factors, such as the nerve growth factor,
derived either from target cells or from the environment in which the axons
lay. In the context of axonal pruning, neuregulin transport is synchronised
between Schwann Cells and neurons to coordinate myelination®?”. As trans-

port is heavily reliant on the cytoskeleton, it is of value to understand how
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2.4 MT cytoskeleton: structure and functions

MT dynamics and architecture is regulated through PTMs and MAPs and
how these in turn affect transport.

Classically, axonal transport is divided into “fast” and “slow”, depending
on the speed reached by the cargoes; vesicles and mitochondria for example
move by fast axonal transport at speeds of ~1 um/s, whereas cytoskeletal
components move in slow axonal transport at speeds of <0.1 um/s?%%229, In
the past it was thought that these two forms of transport were completely
unrelated and structurally distinct. However, it is now clear that both fast
and slow axonal transport are mediated by the same “fast” ATP-dependent
molecular motors: kinesin and dynein. The slower rate is simply due to pro-

230,231 " Kinesins mediate the transport in

longed pauses between movements
the anterograde direction while dynein moves cargoes in the retrograde direc-
tion??!. The kinesin superfamily comprises 45 genes in the human genome,
38 of which are expressed in the brain?*?. In particular, kinesin-1, kinesin-2,
and kinesin-3 families all contribute to axonal transport. Kinesin-1 family
members are heterotetramers composed of two heavy chains (KIF5A-C),
which comprise the motor domain and the ATP and MT binding motifs,
and two light chains (KLC1/2), which interact with the tails of the KIFs
and regulate cargo binding and motor activity?3%234,

Although kinesin-1 motors are more likely to detach from the MT track
upon encountering obstacles'92163 they are highly processive, taking 8 nm
steps in a straight path along a single protofilament?*>. They are responsible
for the transport of several vesicles, organelles, proteins, and RNA particles
and the slow axonal transport of cytoskeletal proteins. In particular, mito-
chondria are transported by KIF5 and KIF1Ba?%.

Members of the kinesin-2 family (KIF3A/KIF3B/KAP3) mediate the fast

237,238

transport of late endosomes and lysosomes while kinesin-3 motors

(KIF1A and KIF1BD) carry dense core vesicles and synaptic vesicle pre-
cursors23 241,

The dynein motor is encoded by a single gene?*? and it is composed of
two heavy chains and additional intermediate, light intermediate and light
chains. As for kinesins, the heavy chain contains ATP and MT-binding mo-

tifs, while its amino terminus interacts with the additional chains to form
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2.4 MT cytoskeleton: structure and functions

the cargo-binding domain. It is a fast motor, with velocities from 0.5 to
1 pm/s, although unlike kinesins, single dynein motors take frequent back
and side steps during movement along the MT?*3244 This characteristic is
thought to be important in allowing the motor to navigate around obstacles
along its path'6?245 Moreover, when the activity of multiple dynein motors
is coordinated, dynein transport shifts to unidirectional and highly proces-

246,247 Most dynein functions in the cell require the dynein activator,

248,249

sive
dynactin
Cargos are bound simultaneously by different motor types and scaffolding
proteins. Both motors are assisted by adapter proteins, which link them to
their cargoes and regulate their activity and determine which motor will be
used?®. Apart from the biophysical properties of individual motors, it is
also the combination of motor type, adaptors, and scaffolding proteins, and
MT properties which lead to distinct patterns of motility and localization

221,250,251 © For this reason, it is important to consider their

along the axon
competitive or cooperative interaction.

It is evident that axonal transport is crucial for the proper maintenance and
function of a neuron. Its importance is underscored by the findings that im-
pairment of the axonal transport machinery is causative, or is a common fac-
tor, in several neurodegenerative disorders, including Alzheimer’s, Parkin-
son’s, Huntington’s and Upper and Lower motor neuron diseases?®? 2%,
Beyond disease, transport organization during synapse elimination could be
one prominent factor in tipping the balance in winning and losing axons by
providing an asymmetrical distribution of resources. In this respect, more
arborized motoneurons have been shown to be at a disadvantage when com-
peting against motoneurons with more modest arborization, indicating that
availability of resources may be a contributing factor in the competition
outcome®®”. This explains the continuous scientific effort into decoding the
interaction among motors, MT orientations, stability and modifications. By
acting as “road signals”, PTMs represent an elegant way to direct and coor-
dinate axonal traffic. Additionally, motor proteins have been shown to have
specific preference for PTMs. For example, Kinesin-1 favours movement

182,258-262

on stable, detyrosinated and acetylated MTs while Kinesin-2 and
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2.4 MT cytoskeleton: structure and functions

Dynein are recruited to dynamic tyrosinated MTs2627265 Molecular motors
have also been shown to recognize distinct MT properties, including MT
polarity and MT stability. A clue into how these properties are integrated
to regulate transport came from a seminal work by Tas et al. who showed
that MTs with similar orientations and modifications segregate into bundles
within the MT cytoskeleton. For example, in dendrites of cultured rat hip-
pocampal neurons stable and acetylated MTs are mostly oriented minus-end
out, while dynamic and tyrosinated MTs are oriented in the opposite direc-
tion. This induces a bias in transport, as exemplified by Kinesin-1 which,
due to its molecular properties, moves in a plus-end direction and selec-
tively interacts with acetylated MTs. Such organization guides this motor
out of dendrites (mixed polarity) and into axons (plus-end-out polarity) and

explains why kinesins mediate anterograde trafficking?%?

— e afB-GTP-tubulin
?!! !% . aB-GDP-tubulin
anterograde %g y . TIP
transport iﬂ/f;flf I'i-li{ o -+TIPsS
// PTMs

kinesin
08

retrograde ’]_l-& oo .|. _

transport } 551 . dynein
Figure 2.9: M Ts drive axonal transport MT motor proteins, kinesin and dynein,
transport organelles, vesicles, RNA granules, and proteins along the axon. Kinesins
drive anterograde transport while dyneins drive retrograde transport. The density
and dynamics of the MT cytoskeleton have direct repercussions on axonal transport.
A composition of PTMs, MAPs and scaffolding proteins sustain efficient axonal

transport and affect molecular motors. Modified from Kapitein and Hoogenraad

(2015)
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2.4 MT cytoskeleton: structure and functions

It is still unclear whether the same architectural principles of separat-
ing PTM decorations in district MT subsets to affect specific motors and
MAPs are a generalized mechanism to achieve polarized sorting. It is how-
ever worth investigating, particularly for Polyglutamylation, the highest ex-
pressed PTM in neurons, which has been shown to affect motor proteins
such as kinesin-1 and kinesin-3 in single molecule assays and in cultured

neurons 20 145,161,266,267

However, it remains largely unexplored whether
similar results are recapitulated in animal models or how this code trans-

lates into shaping cell- or tissue-level events.
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2.5 Aims and experimental strategy

2.5 Aims and experimental strategy

Several processes contributing to synapse elimination have now been out-
lined, including neuronal activity, neurotrophic or “punitive” factors, gap
junctions, glial or cytoskeletal components. Nevertheless, a comprehensive
understanding of how all the involved pathways are tied to each other and
in which measure they contribute to the mammalian pruning is still lacking.
It is clear, however, that the changing activity patterns and the resulting
molecular signalling events need to converge on intracellular remodelling
processes that allow dismantling of specific presynaptic terminals.
Intuitively, due to the regressive nature of this physiological morphogenic
event, ultimately these signals and pathways must converge into localized
and branch-specific MT cytoskeletal dismantling. Given the required speci-
ficity, the 'tubulin code’ provides a good framework for enabling such lo-
calized regression. Hence, in this study, I explore the role of the tubulin
code’ in guiding synapse elimination in mammals, with a focus on PTMs of
MTs and the enzymes that mediate these modifications. The murine NMJ
is a comparably large and accessible synapse and offers several advantages
to tackle this question, thanks to the possibility of carrying out advanced
imaging, labeling and next generation sequencing. These characteristics
make the study of synapse elimination approachable at the subcellular and
molecular level.

Thus, for my PhD project I focused on the following aims:

« Establish a cell specific RNA sequencing approach to generate a motor
neuron translatome and mine the dataset to discover genes involved in
mammalian pruning, both within and beyond the tubulin code-related

proteins affecting the MT cytoskeleton.

o Genetically manipulate the tubulin code editors and erasers to observe
changes to MT PTMs, MT mass and dynamics, axonal transport and

whether they ultimately affect synapse elimination.

o Manipulate neurotransmission to elucidate if the activity of glutamy-

lation modifying enzymes is under the control of neuronal activity.
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3 Results

In this chapter, content stated with ‘I’ reflects my own opinion and work,
while statements with ‘We’ reflect the collaborative work product of myself

and our collaborators.

3.1 Motoneuron transcriptome of mice
undergoing axonal pruning

Axonal pruning is progressively resolved by the first two postnatal weeks

3,21,268  Neuronal activity plays a crucial role in the process and

in mice
some molecular players have been elucidated, including the MT severase,
Spastin, which has been shown to delay pruning when genetically deleted
due to an increase in the MT mass which stabilizes MT cytoskeleton™ 227,
However, despite decades of studying the NMJ system, clear mechanistic
pathways are still lacking of both the general pruning process and of how
Spastin contributes to pruning. Ribotag?®2™ has been successfully uti-
lized in vivo and in wvitro to characterize the actively translated mRNA

270274 Hence this experimental tool was chosen in an effort

from polysomes
to identify the molecular players in an unbiased and unsupervised fashion.

To achieve motor neuron specific mRNA isolation, ChaT-Cre mice, which
express the Cre recombinase in cholinergic neurons, were crossbred with Ri-

270 'in which the 60S ribosomal subunit is tagged with

boTag knock-in mice
hemagglutinin (HA). Motor-neuron mRNA bound to polysomes were iso-
lated through immunoprecipitation with an HA antibody according to the
protocol described in the Method section (5.7, Figure 3.1a). We have chosen

5 timepoints (Postnatal (P) day 5, 7, 9, 11, 14) of wildtype (WT) samples

35



3.1 Motoneuron transcriptome of mice undergoing axonal
pruning

a b
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Isolation of HA . Motoneuron
Ribotag
tagged motor translatome
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neurons sequencing

Figure 3.1: Strategy to isolate and sequence motoneuron specific mRNA.
a) Schematic of Ribotag technique illustrating the main steps of the protocol. Mo-
toneuron cells are labelled with HA through the breeding scheme of ChaT-Cre X
Rpl22-HA. Spinal cord is dissected, followed by Ribotag immunoprecipitation pro-
tocol and sequencing of resulting mRNA derived from active translating polysomes
of motoneurons. b) Summary table of timepoints used in each category of sam-
ples: WT motoneurons isolated with Ribotag, whole signal cord and motoneuron

Spastin®© isolated with Ribotag; each timepoints consists of biological triplicates

except for when marked with *, which consists of 1 sample.

that span the window of intra branch NMJ competition, where pruning is
naturally resolved by day 14. Additionally 3 timepoints (P5, P9 and P14)
of Spastin®® samples, where pruning is delayed compared to wildtype, and
two total spinal cord samples which serve as control and comparison for the
other samples (P5 and P9) (Figure 3.1b).

We sequenced the ribosome-bound mRNA from the soma of the motor
neurons and obtained the resulting translatome in collaboration with the
Core Facility Next-Generation-Sequencing (Elisabeth Graf, Institute of Hu-
man Genetics, Helmolz Zentrum Munchen). Prior to sequencing, I immunos-
tained the spinal cord sections for HA and the cholinergic neuron marker
Choline Acetyl transferase (ChaT). The broad extent of colocalization of
ChaT and HA confirm the faithful HA-expression solely in motor neurons
(Figure 3.2a). Only samples with mRNA content higher than 100ng and
with a RIN (RNA integrity number) higher than 8.5, indicating negligi-
ble RNA degradation during the immunoprecipitation and RNA isolation,
were further considered for sequencing. Following sequencing, reads passed
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3.1 Motoneuron transcriptome of mice undergoing axonal
pruning

a primary quality control process of fast-QQ files. Through PCA analysis
of transcripts, two distinct groups clearly emerged: the motor neurons and
the whole spinal cord samples. Age was a second component for segrega-
tion, with P5 samples segregating furthest from P14 (Figure 3.2b). These
result highlight the molecular difference between the total RNA from spinal
cord and the efficiency of the immunoprecipitation of motor neuron mRNA.
I further confirmed the specificity of RNA pull-down from motor neurons
by gene ontology analysis and by measuring the relative expression levels
of motor neuron enriched genes in Ribotag pull-down compared to whole
spinal cord RNA.

Indeed, the analysis of enrichment of motor neurons versus spinal cord indi-
cated a negative fold change for markers of oligodendrocytes (Sox10, Olig2,
Cspgd) and astrocytes (Gfap, Slcla3, Aldhlll, Olig2, Cspgd). A positive
fold change was measured instead for motor neuron specific markers (Isll,
ChaT, Mnx1), which became more evident at the P9 stage compared to P5.
This is indicative of continued maturation towards motor neuron identity
(Figure 3.2¢).

I corroborated the sequencing results with RT-qPCR, a standard technique
used to validate sequencing data. The canonical neuron marker Chat was
~20 times more expressed in the ribotagged samples compared to the spinal
cord (Figure 3.2d). On the other hand, Gfap was ~80 times more expressed
in spinal cord compared to the ribotagged motor neuron (Figure 3.2d).
Many categories in accordance with motor neuron development terms also
emerge through Gene ontology (GO) analyses, such as ‘axon develop-
ment’, ‘neuron development’, in the category "Biological Process" when
considering the top 500 differentially expressed genes in motor neurons com-
pared to spinal cord (Table 3.3a). By further increasing the stringency of
the search to the top 150 differentially expressed genes in motor neurons
compared to spinal cord, neuronal cell component terms emerge in the GO
field "Cellular Component', such as "synapse", "axon", "cell body" (Ta-
ble 3.3b). The neuronal identity of the transcripts is also evident from GO
of pathway analysis of the 5316 differentially expressed genes in motor neu-

rons when comparing transcriptional changes from P5 to P14, particularly
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3.2 Expression of glutamylase enzymes during developmental
pruning

in the downregulated group of genes (Figure 3.2e and f). The upregulation
of pathways involved in calcium mediated events and downregulation of "de-
velopmental biology" and "axon guidance' pathways, is in accordance with
the maturation of motor neurons from P5 to P14.

Taken together these data indicate that the sequenced mRNA is of high
purity and specifically immunoprecipitated from motor neurons, hence the
translatomic data were subsequently utilized to mine information regarding

the pruning process.

3.2 Expression of glutamylase enzymes during
developmental pruning

Destabilizing the cytoskeleton is a prerequisite to achieve axonal pruning.
It was previously shown by Brill et al. that the absence of the MT severing
enzyme, Spastin delays axonal pruning in mice™. Together with the fact
that Spastin activity can be regulated by PolyE of MTs!" 158 T explored,
how the enzymes that mediate PolyE were translationally regulated during
the time period that coincides with axonal pruning. The polyglutamylation
of MTs is catalyzed by glutamylases: a set of tubulin-modyfing enzymes
shown to have non-redundant roles and differential tubulin substrate speci-
ficity in the adult brain!3% 144 146-149,151,275 " Tngofar the available expression
data of Glutamylases is derived from RT-qPCR analyses of adult brain ex-
tracts. Thus, several aspects of the glutamylases’ activity and regulation
are still unclear. In particular, the extent to which their expression pattern
and their isoform specific functions are conserved across different cell types,
and how they contribute to Spastin-mediated axonal pruning during devel-
opment still needs to be thoroughly investigated.

Using our translatome dataset I investigated the expression profile of “seed-
ing” and “elongating” glutamylases in motor neurons during the postnatal
synapse elimination period, at different time points: postnatal (P) day 5, 7,
9, 11, 14. "Seeder" glutamylases are enzymes able to add the first glutamate

to tubulin tails (i.e. monoglutamylation), whereas "elongators" are able to

38
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Figure 3.2: Ribotag effectively enables cell-type specific translatome from
young motoneurons. a) Spinal Cord sections stained for Choline acetyltrans-
ferase (ChaT, green) and Hemagglutinin (HA, magenta) colocalize in Rpl22p4 4
mice. No spurious HA expression is noticeable outside of somatic ChaT, motor
neurons cells lying in ventral horn. b) PCA plot of mRNA samples from spinal
cord (sc) and mRNA from IP from motor neurons (mn). Individual dots repre-
sents a single animal, color coded by age. Cell type identity accounts for the highest
degree of variance among samples, with motor neurons segregating furthest from
spinal cord samples. ¢) MA plot at P5 and P9 highlights enrichment of motor neu-
ron specific cell markers in Rpl22g4+ motor neuron translatome samples, compared
to total spinal cord. Genes above cutoff threshold of FDR < 0.05 and a | Logs FC' |
> 1.5 are depicted in red. Genes above the red horizontal line are enriched in pull-
down group, and include motor neurons markers (Mnx1, ChaT, Isl1). (continues
on page 41) 39
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(a) GO "Biological Process" in Motor neuron vs Spinal Cord at P9

GO term Description Bonferroni
GO:0000902 cell morphogenesis 6.25e-11
GO:0006812 cation transport 2.03e-10
GO:0035295 tube development 1.73e-9
GO:0030198 extracellular matrix organization 3.97e-9
GO:0048666 neuron development 4.03e-9
GO:0031175 mneuron projection development 4.13e-9
GO:0061564 axon development 1.97e-8

(b) GO "Cellular Component" in Motor neuron vs Spinal Cord at P9

GO term Description Bonferroni
GO:0045202 synapse 9.21e-6
GO:0043209 myelin sheath 1.73e-5
G0O:0030424 axon 3.39e-4
GO:0098793 presynapse 7.26e-4
GO:0044297 cell body 2.12e-3
GO:0015630 MT cytoskeleton 2.64e-3
GO:0150034 distal axon 6.82e-3

GO:0031252 cell leading edge 1.63e-2

Table 3.3: Gene Ontology Analysis of motor neuron vs spinal cord at P9.
a) GO category "Biological Processes" generated using top 500 most differentially
expressed genes by comparing motor neuron against spinal cord at P9 using a cutoff
of padj < 1,e-7and | Logs FC > 2. b) GO category "Cellular Component', generated

by using top 150 most expressed genes.
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Figure 3.2 (continues from previous page): Conversely astrocytic (Gfap, Slcla3,
Aldh1l1) and oligodendrocitic markers (Sox10, Olig2, Cspg4) are de-riched.d) RT-

gPCR on spinal cord and Rpl22y4, IP samples is used to validate sequencing re-

sults. Results were calculated according to 2° > C* method, using primers of a

tested efficiency > 90%. ChaT is ~ 20 times more expressed in IP mRNA from
motor neurons than spinal cord (**p < 0.01, two-tailed t-test); conversely Gfap is
~ 80 times more expressed in spinal cord than motor neuron samples (****P <
0.0001, two-tailed t-test). The amplification threshold cycle (Ct), was the average
of 2 or 8 technical replicates from each biological sample. A total of 3 animals per
group were used for statistical testing; error bars are mean +s.e.m. e and f) Gene
ontology (GO) enrichment analysis of motoneuron transcripts at P14 over P5, sepa-
rated into uprequlated and downrequlated. Categories with more representation have
higher gene ratios (z-axis). The count reflects the number of genes within the GO
term, and significance is denoted with color scale.

add sequential glutamates onto previously monoglutamylated tubulin tails.
I first quantified the expression profiles of the mammalian glutamylases in
order to assess if and which glutamylase is responsible for Spastin-mediated
pruning.

Among the 5316 differentially expressed neurons, across the 5 tested time
points, TTLL1 (Tubulin Tyrosine Ligase Like 1) was the most expressed
elongator enzyme of the glutamylases family (Figure 3.3a), while TTLL7
was the most expressed motor neuron initiator glutamylase (Figure 3.3b),
also confirmed by RT-qPCR (Figure 3.3c).

To test whether glutamylation has a role in the regulation of MT mass
and synapse elimination in vivo, we generated two mouse models: a) the
first to deplete polyglutamylation on a-tubulin (TTLL1™KC  ChaT-Cre x
TTLL1 conditional knockout); b) the second to deplete monoglutamylation
on B-tubulin (TTLL7™KO),
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3.3 TTLL7 genetic ablation in motor neurons does not affect
axonal pruning
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Figure 3.3: Expression of glutamylases in motor neurons. a) Normalized
read counts of elongator glutamylases in motoneurons at 5 time points of develop-
ment. b) Normalized read counts of initiator glutamylases in motoneurons at 5

time points of development. Data are expressed as mean and s.e.m.

3.3 TTLLY7 genetic ablation in motor neurons
does not affect axonal pruning

Using the motorneuron specific knock-out mouse lines we generated from
floxed lines generously gifted by Carsten Janke’s Lab (Institut Curie, PSL
Research University, France), I first investigated if TTLL7 (TTLL7™"KO),
the highest expressed “seeder” of single glutamates on [S-tubulin, can in-
struct axonal pruning. The polyglutamylation pattern was unchanged in
the TTLL7™"KO compared to controls (Figure 3.4 a & b), while fmonoE
immunofluorescence intensity was significantly decreased in terminal axons
of TTLL7™™O compared to TTLL7T™™WT at P9 (Figure 3.4 d & e). Hence,
TTLL7 can add the first branch point glutamate onto the tail of the (-
tubulin isoform, but it cannot perform the sequential addition of gluta-
mates into a chain. This corroborates the hypothesis of a divergence of the
glutamylases enzymes to be either a “seeder” or “elongator”!%%266  Quan-
tification of tubulin intensities in TTLL7™XO ys TTLL7™WT  showed that

the reduction of fmonoE did not lead to changes in the MT content (Fig-
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axonal pruning

ure 3.4c). Consequently, pruning speed of motor axons was unchanged in
TTLL7™XO compared to control at all three time points analyzed (Figure
3.4f).

MT dynamics were not affected upon genetic deletion of TTLL7, as
evinced from analysis of Thy1-EB3-YFP comets in nerve-muscles explants!!.
In fact, similar EB3 comet density, comet length and EB3 particle veloc-
ity were seen in TTLL7™"KO and littermate controls (Figure 3.5 a & b).
Additionally, the analysis of comet orientation, which can reveal if the di-
rection of growth of MTs is altered, (canonically in mammals, MTs grow
towards synapse, referred as "plus tip out’'!!), was unchanged between the
two genotypes (Figure 3.5 d).

With these results [ show that the glutamate "seed" on 8 tubulin (SmonoE),
alone does not have a strong enough negative charge to electrostatically re-
cruit Spastin to MTs!" 190 To summarize, TTLL7 is the highest expressed
“initiator” in motor neurons and while TTLL7 promotes monoglutamylation

of MTs, it does not affect pruning or cytoskeletal mass.
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Figure 3.4: Deleting TTLL7 in motor neurons does not affect axonal
pruning. a) and d) Immunostaining for MT PTMs in axons of triangularis sterni
muscle fized at P9. TTLL7T"™KC mouse were compared to WT littermates for the fol-
lowing modifications: polyE (magenta), G-monoE (pink) and BIII-tubulin (green).
Inset shows enlarged axonal area. b), ¢) and e) Quantification of immunostaining
intensities of TTLL7™"5O versus WT littermates. b ) Polyglutamylation levels are
normalized to BI-tubulin, p = 0.59 (two tailed Mann-Whitney, n = 65 / 55 az-
ons from 9 animals) and ¢) BIII-tubulin intensity are normalized to neurofilament
staining, p = 0.26 (two tailed Mann- Whitney, n= 65/55 axons from 9 animals) e)
intensity levels of 5-monoE normalized to BIII-tubulin, ****p < 6.8e-11 (two tailed
Mann-Whitney, n = 94/76 from 9 animals). Data are expressed as mean and IQR.
Confocal image of a synaptic field in a fized triangularis sterni muscle at P9 (Thyl-
YFP-16, white; a-bungarotoxin, red; scale bar 50 um). Yellow arrowhead points to
singly innervatd NMJ (sin) and doubly innervated NMJ (din). g)Percentage of
polyinnervated synapses of TTLL1™O versus WT littermates, evaluated on Thyl-
YFP-16 transgene. Statistics calculated independently in each age group, p > 0.05
(two-tailed unpaired t-test). Each dot represents a single animal. Scale bars 10um.
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3.3 TTLL7 genetic ablation in motor neurons does not affect
axonal pruning
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Figure 3.5: Deleting TTLL7 in motor neurons does not affect cytoskeletal
dynamics of pruning axons. No difference was seen in several paramenters of
MT dynamics that were quantified in TTLL7T"™5° and compared to TTLL7™KC
control littermates (a total of 6 animals were used in all experiments). a) Single
frame from a time-lapse recording (20s) in a P11 Thyl-EB3-YFP explant showing
a singly innervated NM.J in TTLL7™"7T and TTLL7"O animals (scale bar 2.5
um) and their associated Eb3 comet density quantification, which is unchanged
between two groups, p= 0.11 (Mann-Whitney unpaired test, n = 34/26 azons).
b) Comet length distribution in the two genotypes was unchanged, p = 0.46 (two-
sample Kolmogorov-Smirnov test, n =2184/2312 respectively from 34/26 axons,
vertical dashed lines consists of mean value). ¢) Comet mean velocity p = 0.88
(two-tailed unpaired t-test, n = 44/41 azxons). d) Comet orientation p = 0.78
(Mann- Whitney unpaired test, n = 44/41 axzons). Data are expressed as mean and

S.e.m.

45



3.4 TTLL1 genetic ablation delays pruning

3.4 TTLL1 genetic ablation delays pruning

The diversification of enzymatic functions of glutamylases but the lack of
involvement of TTLL7 in axonal pruning, prompted me to explore if the
highest expressed "elongator" glutamylase TTLL1 has instead a role. Toward
this end, I performed quantitative immunostainings for polyglutamylation
on P9 as before in TTLL1™XO and the TTLL1™WT littermate controls. I

1mKO mice, as expected from

found a drastic reduction of polyE in TTLL
its putative function (Figure 3.6d-e).
Polyglutamylation has been shown in vitro to act as a docking signal for
the MT severing enzyme Spastin'®"1%°. Consistent with this, the depletion
of the elongator glutamylase TTLL1 in motor neurons led to an increase
in MT mass at P9 (Figure 3.6g). Immunostainings of triangularis sterni
muscles with antibodies against single glutamate seeds on the S-tubulin tails
(fmonoE), showed unchanged levels of S-tubulin monoglutamylation in the
TTLL1™XO (Figure 3.6b and e). This confirms the specificity of the mouse

266

model to solely deplete the long polyE tails*®®. The fluorescence intensity

of acetylated tubulin, a PTM associated with stable and long-lived MTs,

1™2KO compared to control (Figure

was significantly decreased in the TTLL
3.6c and f ). This can be explained by the reduced severing activity of
Spastin in TTLL1™"XO  which gives rise to a surplus of MTs. This younger
MT population did not have sufficient time to accumulate the acetylation,
resulting in the decreased ratio of this PTM over the whole MT mass.

Therefore, the absence of TTLL1 in motor neurons decreases the overall
tubulin polyglutamylation, leading to an increased MT mass and changes the

post-translational profile as a consequence of impaired Spastin recruitment.

3.4.1 Impairing polyglutamylation of a-Tubulin-4A affects
axonal pruning

TTLL1 might not efficiently add the first glutamate onto the tubulin tail.
The unaffected tubulin mass in absence of TTLL7 shown in 3.3 indicates

that this monoglutamylase is not responsible for priming the tubulin with
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Figure 3.6: Deleting TTLL1 in motor neurons delays axonal pruning. a)
through ¢) Immunostaining for post-translational modifications of MTs in azons of
triangularis sterni muscle fived at P9. TTLL1™° mouse were compared to WT
littermates for the following modifications: a) polyE (magenta) and [II-tubulin
(green), b) S-monoE (pink), and c) acetylation (red). Inset shows enlarged axonal
area. d) to g) Quantification of immunostaining intensities of TTLLI™%C versus
WT littermates; scale bars 10um (insets 5um). d) Polyglutamylation levels are
normalized to SIII-tubulin, ****p < 2.2e-16 (Mann- Whitney U unpaired two tailed
test, n = 70/72 azxons from 6 animals) e) intensity levels of B-monoE normalized
to BIII-tubulin, p = 0.71 (Mann-Whitney unparied test, n=58/54 from 6 animals)
and g)intensity levels of acetylation normalized to f11-tubulin, **p< 0.005 (Mann-
Whitney unparied test, n = 88 /177 from 13 animals). g) BIII-tubulin intensity are
normalized to neurofilament staining , ****p < 1.1e-11 (Mann-Whitney U unpaired
two tailed test, n = 70/72 axons from 6 animals) Data from immunostainings are
expressed as mean and IQR.
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3.4 TTLL1 genetic ablation delays pruning

the glutamate "seed" for TTLL1. By plotting translatome glutamylases
expression as fold change in motorneurons over spinal cord at P5, it emerges
that TTLL1, TTLL7, TTLL5, TTLL11 or TTLL2 are enriched in motor
neurons compared to spinal cord (Figure 3.7). Of these, only TTLL5 is
a known monoglutamylase'*® and thus a promising candidate for acting

upstream of TTLL1, which should be interesting to investigate in the future.
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Figure 3.7: Fold change enrichment of glutamylases in motor neurons
over spinal cord at P5. The monoglutamylase, TTLL5 is 1.6 times more ex-
pressed in motor neurons than spinal cord tissue, p-adj < 1.5e-8. Data are expressed
as Logs fold change values from DESeq?2 expression analysis. FEstimated standard
error was done using three biological replicates in both the spinal cord group and mo-
tor neuron group at P5. Asterisc indicates genes did not pass differential expression

cut-off of adjusted p-value Benjamini-Hochberg, p-adj < 0.05.

Additionally, my data and previous literature suggest that TTLL7 uses -

tubulin as a substrate, while TTLL1 uses a-tubulin'®!

, which could explain
the lack of effects of TTLL7. The motor neuron translatome indicate that
several a-tubulin isoforms are expressed during the pruning period (Figure
3.8a) and their expression changes substantially from P5 to P14. Interest-
ingly, although Tubada expression is the lowest in motor neurons (2.3% at
P5 and 4.4% at P14 Figure 3.8a), it is the tubulin isoform with the highest
net increase in the two ages (a 63% increase in P14 compared to P5, Figure
3.8b), followed only by Tubalb with a moderate overall increase of 9% from

P5. Furthermore, Tubada expression steadily increases over time, while the
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3.4 TTLL1 genetic ablation delays pruning

other « isoforms present a drop in expression around P9 (Figure 3.8¢c). To
verify if Tubada is the substrate of TTLL1 and thus its polyglutamylation
can also instruct axon remodelling, we utilized Tuba4a knock-in mice, which
carry a mutation in a-Tubulin tail that hampers its glutamylation'!”. Im-
munostaining intensity for polyE normalized on SIII-tubulin were decreased
in terminal motor axons at P11 as expected (Figure 3.8e &f). Concomi-
tantly, SIII-tubulin intensity normalized on neurofilament increased (Figure
3.8g), reminiscent of the TTLL1™"K® phenotype (Figure 3.6e). Likewise,
pruning speed was delayed in Tuba4a®! compared to control littermates
(Figure 3.6g). Thus we show that hindering polyglutamylation of Tubada
tails delays motor axon remodelling by affecting tubulin levels, and this

a-tubulin isoform is a substrate of TTLLI.

3.4.2 The surplus of MTs in young TTLL1™KO js
abolished in adults

Next I investigated the effects on M'Ts when TTLL1 deletion is protracted
into adulthood. Quite strikingly, reduced polyglutamylation became more
persistent and evident in the adult compared to the young TTLL1™"KO
vs TTLL1™WT mice, suggesting that absence of this enzyme does not get
compensated by the other 7 isoforms present in the system. Of interest, the
surplus of MT mass seen during development was abolished (Figure 3.9 a &
c¢). The unchanged mass between adult KO and WT was also seen in adult
Spast™XO (Figure 3.9 d). The commonalities between these mouse lines
strengthens the notion of these two enzymes acting in concert in the same
molecular pathway. It points to potential homeostatic mechanisms in axons
that reduce the surplus of MTs during young ages, and to a steady-state in
the adult.
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Figure 3.8: Preventing polyglutamylation of Tubaja delays axonal prun-
ing. a) Percentage of tubulin isoform expression at age P5 and P14 in motor neu-
rons from translatome data; B-tubulin color coded in violets, a-tubulin color coded
in greens. b) Relative change of expression of tubulin isoforms at P1j compared to
P5. ¢) Translatome derived normalized read counts of a-tubulin and d) B-tubulin
isoforms across & developmental time points in motoneurons. e) Azonal immunos-
taining of triangularis sterni muscle for polyE (magenta) and SIII-tubulin (green) in
Tubat®S and Tubaf™7T at P9. Dashed area corresponds to enlarged region; scale bar
is 10pm. f) polyE normalized to total BIII-tubulin mass was significantly decreased
in Tubaf¥! compared to controls and g) BIlI-tubulin normalized on neurofilament
was significantly increased in Tuba4®! compared to controls, ****p <0.00001 (both
tests, Mann Whitney, n = 109/127 axons from a total of 11 animals). h) Polyinner-
vation of synapses at NMJs is increased at P11 in Tuba4®" compared to Tubas™'7,
*p =0.02 (Wilcoxon rank sum exact test, n= 3/6 mice). Data in violin plots are
mean and IQR, bar plots are mean and s.e.m.. Figures e) to g) were generated in

collaboration with A.Z. 50
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Figure 3.9: MT cytoskeleton of TTLL1™KO adjusts to steady-state in
adult mice. a)Immunostaining of MTs for polyE (magenta) and [II-tubulin
(green) in axons of triangularis sterni muscle fized at 1 month. b) Quantified polyE

fluorescence intensities were normalized to SII-tubulin, ****p<0.0001(two-tailed

Mann-Whitney test, n=48/61 azons). ¢) & d) [III-tubulin fluorescence intensi-

ties were normalized to neurofilament and were unchanged in adult TTLL1™ KO ys

TTLLI™WT p=0.15 (two-tailed Mann-Whitney test, n=48/61 azons) and adult
Spastin™ O ys TTLL™WT p=0.21 (two-tailed Mann-Whitney test, n=83/93 az-
ons). FEach knock-out mouse was compared to its control littermate. Statistical
testing was performed based on axons for the comparison amongst genotypes from

a total of 6 animals; data are expressed as mean and IQR. Scale bar is 10um.

3.4.3 TTLL1 genetic ablation in motor neurons delays
axonal pruning

Due to the substantial effect on MT cytoskeleton caused by TTLL1 deletion
in motor neurons, I next investigated how MT dynamics were affected in
this knock-out mouse. Although TTLL1 deletion did not affect some pa-
rameters of the dynamics of the MT cytoskeleton of pruning axons, such
as EB3-YFP comet density, velocity and orientation (Figure 3.10 a-c), the
distribution of EB3 comet lengths (Figure 3.10d) was significantly, although
slightly, increased in TTLL1™KO compared to TTLL1™WT,  This indi-

cates that the MT lattice is assembled more persistently in the absence of
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3.4 TTLL1 genetic ablation delays pruning

TTLL1. Indeed, there is a lower density of MTs of around 1um of length
in the TTLL1™"XO and higher density of MTs spanning 3-4 pum of length
compared to TTLLI™WT  Here "length" is intended as the overall length
that a single EB3 comets is consecutively tracked in a given movie, i.e. the
MT filament ‘s persistence of growth. If we consider also the increased MT
mass seen in TTLL1™KO (Figure 3.6a & d), we can deduce that MTs are
more abundant and longer in this knock-out. This is in line with the fail-
ure to efficiently recruit or activate Spastin and sever MTs. In fact, due to
the increased and less prone to be severed MT content, a higher percentage
of neuromuscular synapses persisted in a competitive state in TTLL1™"KO
compared to TTLL1™WT Jittermates throughout the pruning period (Fig-
ure 3.10e & f). It was to the same extent as what seen in Spast™X9 animals
(ref Brill 2016). These data indicate that TTLL1 cell-autonomously orches-
trates axonal pruning of motor axons during development by affecting M'T

mass.

3.4.4 TTLL1 genetic ablation delays axonal and dendritic
pruning in the CNS

Having established that polyglutamylation of MTs drives motor axon prun-
ing, in collaboration with Michaela Ruskova from the Balastik Lab (De-
partment of Molecular Neurobiology, Institute of Physiology of the Czech
Academy of Sciences, Prague, Czech Republic), we investigated if glutamy-
lation of MTs is a generalized mechanism of action that mediates synapse
elimination also in the central nervous system.

For this, we used a mouse line where TTLL1 is neuronally deleted (TTLL1¥O,
Nestin-Cre x TTLL1%®) which, similarly to what found in motoneurons, also
induces hypoglutamylation in the CNS266. We focused on the hippocampal
area, a brain region known to undergo both dendritic pruning in the granule
cell layer3!, and axonal pruning of the infrapyramidal bundle (IPB) of mossy
fibers of the dentate gyrus?7627".

We proceeded to quantify spine density of hippocampal granule cells before
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Figure 3.10: MTs in motor neurons devoid of TTLL1 grow more per-
sistently than controls. Several parameters of MT dynamics were unaltered
in TTLLI™KO and compared to TTLLI™WT, including a) Eb3 comet density,
p= 0.77 (two-tailed unpaired test t-test), b) Comet orientation, p = 0.36 (Mann-
Whitney unpaired test), ¢) Comet mean velocity p = 0.61 (two-tailed unpaired
Mann-Whitney test). d) Distribution of EB3 comet lengths was significantly differ-
ent in TTLLI™XO compared to TTLLI™WT, *p < 0.01 (two-sample Kolmogorov-
Smirnov test, n =2287/1752 EBS3 particle tracks were considered respectively from
45/38 axons; vertical dashed lines consists of mean value). A total of n = 45/38
azons were considered for comparison amongst genotypes from 6 animals. e) Singly
and doubly innervated synapse. Azon (white) is labelled by BIII-tubulin. Synapse
(red) is labelled by a-bungarotozin (10um scale bar). f) Percentage of polyinner-
vated synapses of TTLLI™XO yersus WT littermates, evaluated on Thyl-YFP-16

background. Each dot represents a single animal. Data are mean and s.e.m..
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3.4 TTLL1 genetic ablation delays pruning

(3 weeks of age, P21) and after the pruning phase (8 weeks). While initial
density was similar in TTLL1¥9vs TTLLIW?T (Figure 3.11 a&c), pruning
did not occur at 8 weeks of age in TTLL1¥9(Figure 3.11 b&c). To confirm
that the lack of TTLL1 affects also axon pruning in the CNS, we quanti-
fied the IPB length of 3 weeks old TTLL1X® and WT mice (Figure 3.11
d). Calbindin immunostaining of coronal section of the hippocampus show
an increase in the IPB/CA3 length ratio in TTLL1XO compared to controls
(Figure 3.11 e &f), suggestive of a delayed pruning in the knock-out ani-
mals.

Taken together, these data suggest that polyglutamylation of MTs medi-
ates remodelling, not only in the peripheral nervous system, but also in the
central nervous system. As such, it might be a generalized mechanism of
action, able to have an effect on different cell types as well as different cell

compartments, such as PNS and CNS, dendrites and axons.

3.4.5 TTLL1 genetic ablation does not affect axonal
transport

Next, I investigated the effects of reduced a-tubulin polyglutamylation to

1m2KO 41d con-

axonal transport in terminal motor axon branches of TTLL
trols at P11. Previous reports have shown that mitochondrial transport is
affected in cultured hippocampal neurons of TTLLXC mice!®!, and Spastin
mutations induce lysosomal dysfunctions?”®. This could point to a common
feature in TTLL1 and Spastin deletion. We have used the keima reporter?™,
to examine mitochondrial and lysosomal organelles. A pH drop in the or-
ganelles, resulting from the fusion of mitochondria to lysosomes when these
are targeted for degradation, induces a measurable excitation shift in the
keima reporter (Figure 3.12a). I labeled the motor axons through intraven-
tricular injection of AAV9-mito-keima at P3, then measured the transport
in the intercostal nerve at P11 (Figure 3.12b). Neither anterograde nor ret-
rograde flux of mitochondria (Figure 3.12¢) and mitolysosomes was changed
in TTLL1™XO compared to controls (Figure 3.12d). A possible interpreta-

tion is that at P11, while the TTLL1 deletion increases cytoskeletal mass,
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Figure 3.11: Deleting TTLL1 delays pruning in the CNS. Dendritic spine
density of hippocampal granule cells was calculated at a) 3 weeks and b) 8 weeks in
TTLLI™WT and TTLL1%C (by crossing Nestin-Cre x TTLL1 conditional knockout).
Left side panel is an illustrative high resolution confocal image from brain slice,
right side is an example of spine reconstruction. c¢) The quantification of spine
density was not significantly different among TTLLI"T and TTLL1%C at 3 weeks,
p<0.89(two-tailed Mann-Whitney test, n=14/11 dendrites from 6 animals), but
was significantly increased in TTLL15C at 8 weeks compared to littermate controls,
*xx%p < 0.0001 (two-tailed Mann- Whitney test, n=18/19 dendrites from 8 animals).
d) to f) The axonal length of the Infrapyramidal bundle (IBP) of the hippocampal
mossy fibers is higher in TTLL1%C compared to TTLLI™WT at 8 weeks. IPB and
CA3 lengths were calculated according to the schematic in d) and were generated
from ) TTLL1WT and TTLL1™WT coronal brain sections immunostained with Anti-
Calbindin D-28k. Blue arrows point to infrapyramidal bundle. Scale bars correspond
to 250 um. f) Quantification of IPB length normalized to CAS3 was significantly
increased in TTLL1%C at 8 weeks compared to littermate controls, **p = 0.002 (two-
tailed Mann-Whitney test, n=6/6 brain slices from individual animals). Data are
generated in collaboration with M.R. and expressed as individual points and mean
and IQR for the calculation of spine densities, and individual points and mean and
s.e.m for IPB lengths.
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3.4 TTLL1 genetic ablation delays pruning

the axonal transport might already be at maximum capacity and therefore
the surplus of MTs does not induce an additional increase of transport. Hy-
perglutamylation has detrimental effects on cells, and data from primary
hippocampal cultures and single molecule assays has shown that it affects
transport!4> 151,267 My data highlight the difference in physiology between
adult and young stages.

On the other hand, MT dynamics and MT transport were unaffected,
indicating that pruning defects in the KO were a consequence of cytoskeletal
stability. It is possible that homeostatic mechanisms arise in adult motor
axons to bring the tubulin levels to a steady state level once the pruning

process is over.

3.4.6 TTLL1 genetic ablation might alter the organization
of organelles

The lack of effect on axonal tranport of mitochondria and mitolysosomes
in TTLL1™XO but the striking phenotypic effects both in the PNS and
CNS, motivated me to investigate further the cause for the outcome of these
results. Recent literature has shown that the positioning of organelles and
severases such as Spastin and ER have impactful effects on energy availabil-
ity, distribution of nutrients and local compartmentalization?0% 205-208,211
It is intriguing that Spastin has two main isoforms: a longer isoform (m87)
that severs MT, and a truncated version (ml) that interacts with and lo-
calizes to ER!9%202:203 Using my translatome data I first verified if these
isoforms are expressed in motor neurons during axonal pruning. From these
it emerges that m1 is more expressed than m87 in both motor neuron and
spinal cord tissues (Figure 3.13a). Intrigued by the possible ER-mediated
effects of Spastin, in collaboration with Martina Schaeffer (DZNE, Munich,
Germany), we carried out EM of TTLL1™W?T and TTLL1™2XO of the inter-
costal nerve axons of triangularis sterni muscle of P9 mice. Density analysis
of different organelles such as mitochondria, lysosomes, and ER were com-
parable in TTLL1™"K© and TTLL1™WT (Figure 3.13). However, the pre-

liminary analysis might point to a different distributions of such organelles
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Figure 3.12: Deleting TTLL1 does not affect neuronal transport at P11.
Neuronal transport of mitochondria (green) and mitolysosomes (red) was carried
out by injecting the a) mitokeima reporter b) intraventricularly at P3, as described
in the MEM section 5.6, and imaging intercostal nerves in triangularis nerve-
muscle explants at P11. ¢) mitochondrial fluz was unchanged in TTLLI™WT and
TTLL1™O in both anterograde and retrograde direction, p >0.5 (Ordinary one-
way ANOVA with Holm-Siddk multiple correction post-hoc test, n = 17/17 azons
from a total of 6 animals). d) Mitolysosome flur was unchanged in TTLLI1I™WT
and TTLL1™XO in both anterograde and retrograde direction, p >0.9 (Kruskal-
walliss with Dunn’s multiple correction test, n = 17/17 axzons from a total of 6

animals). Data are mean and s.e.m. AV'V injections were performed in collabora-
tion with N.M.
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3.5 Deleting CCP1 and CCP6 accelerates axonal pruning

in the TTLL1™"KO compared to controls (Figure 3.13).
In the future, efforts will be placed to confirm these results and verify if
Spastin®® induces similar outcomes as TTLL1%¥O in terms of organelle or-

ganization.

3.5 Deleting CCP1 and CCP6 accelerates
axonal pruning

CCPs, cytosolic carboxy-peptidases, are deglutamylases which carry out the
opposite function of glutamylases (TTLLs), i.e. removing glutamates from
tubulin tails (Figure 3.14a)!%2:153:156 We tested if the deletion of deglutamy-
lases reverses the effects indicated above, in order to see if the enzymatic
activities of the glutamylases/ deglutamylases families act in a rheostatic
balance to adjust the function of Spastin. As shown in the motoneuron
translatome data, CCP1 is the highest expressed deglutamylase at all the
postnatal ages tested (Figure 3.14b), followed by CCP6 (Figure 3.14c). All
the other CCPs (CCP2, 3, 4, 5) are also detectable, but at overall lower
levels (Figure 3.14c), as also indicated in previously published data from
adult mice brain lysates!®®.

CCP6 can partially rescue the loss of CCP1, as indicated in an anal-

266 To avoid this compen-

ysis of adult time points in the mouse brain
satory effect, we generated mutant mice with a deletion of CCP1 and CCP6
specifically in motor neurons. We crossbred ChaT-Cre to CCP1 and CCP6
conditional knockout mice (CCP1/6™"K9). Unexpectedly, immunostaining
quantifications of polyglutamylation (polyE) normalized to SIII-tubulin, in-
dicated a significant decrease in CCP1/6™*0 compared to controls (Figure
3.15 a & c¢). The overall MT mass measured by SIII-tubulin fluorescence
was drastically reduced compared to littermate controls at P9 (Figure 3.15
e). Opposite to the results in TTLLI™XO T observed an increase in the
fraction of acetylated MTs in CCP1/6™"KO (Figure 3.15 b & d). The in-
creased ratio of a stabilized MT population but an overall lower M'T mass

suggests that Spastin could be rapidly depleting the pool of polyE-positive
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Figure 3.13: TTLL1 genetic deletion might affect organelle distribution
at nodes or Ranvier. a)Normalized read counts of Spastin isoforms in mo-
toneurons at 5 time points of development. Data are expressed as mean and s.e.m..
b) Ultrastuctural analysis of node of Ranvier in TTLLI1%C and TTLL1"T. Single
electron micrograph are pseudo-colored as follows: paranodal regions in red, nodal
regions in violet; ER in blue; mitochondria in green. ¢) Volumetric quantifica-

150 compared to

tion of ER over the total internodal axoplasmic region in TTLL
TTLLIWT, p = 1 (Mann Whitney unpaired test from n= 3/3 individual azons). d)
Volumetric quantification of ER over the total nodal axoplasmic region in TTLL1%0
compared to TTLL1WT. e) Volumetric quantification of mitochondria over the total
nodal azoplasmic region in TTLL1%C compared to TTLL1™WT. Single data points
in b), ¢) and d) correspond to quantification values from individual azons, each
reconstructed from 20 single micrograph slices. Data are expressed as mean (red)

and IQR. EM reconstruction was done in collaboration with M.S.
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Figure 3.14: Expression of deglutamylases in motor neurons. a) Schematic
of enzymatic removal of glutamates from tubulin tails by deglutamylases. b) Nor-
malized read counts of deglutamylases in motoneurons at 5 time points of mouse
development (mean + s.e.m) and dashed region, ¢) close up on expression of re-

maining CCPs.

MTs. In accordance with an increased efficiency of Spastin severing in the
CCP1/6™"KO | the terminal axon branches pruned faster, as I found a lower
fraction of polyinnervated neuromuscular synapses in the double knock-out
(Figure 3.15 f). These data agree with a higher Spastin recruitment to MTs
as a result of CCP1 and CCP6 absence and highlight how glutamylases and
deglutamylases work in concert to regulate rheostatically the glutamylation

of tubulin tails.

3.5.1 Deleting CCP1 and CCP6 affects MT dynamics

MT dynamics was substantially altered in the CCP1/6™O compared to
controls, unlike TTLL1™"O or TTLL7™O  There was in fact a significant
drop in EB3 comet density in the CCP1/6™"K versus control (Figure 3.16a
& b). Interestingly, this drop in the double knock-out was also evident when
the data were sub setted by age (Figure 3.16¢). Furthermore, similarly to
what previously reported in Kleele et al'', the EB3 density in controls did
not change across time within the controls, indicating that the proportion

of MTs in the growth phase is relatively stable across developmental times
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3.5 Deleting CCP1 and CCP6 accelerates axonal pruning

Figure 3.15 (continues from previous page): Inset shows enlarged azonal area. «¢),
d) and e) Quantification of immunostaining intensities of CCP1/6™50 versus WT
littermates. ¢) Polyglutamylation levels are normalized to SIII-tubulin, *** p< =
0.0003 (two tailed Mann-Whitney, n = 130 / 76 axons from 6 animals), d) intensity
levels of acetylated MTs normalized to BIII-tubulin, **p < 0.0025 (two tailed Mann-
Whitney, n = 86/80 from 8 animals). e) [III-tubulin intensity are normalized to
neurofilament staining, ****p = 0.00013 (two tailed Mann-Whitney, n= 130/77
azons from 6 animals). Immunostaining data are expressed as mean and IQR.
f) Percentage of polyinnervated synapses of CCP1/6™%C versus WT littermates,
evaluated on Thyl-YFP-16 transgene. Statistics calculated independently in each
age group, P8 **p<0.015, P10 p >0.06, P12 ****p < 0.0002 (two-tailed unpaired t-
test with Holm-Siddk multiple comparison correction). Each dot represents a single
animal.

(Figure 3.16¢).

EB3 comet speed, i.e. how fast the MT lattice is assembled, was increased in
the CCP1/6™™O compared to CCP1/6™™WT (Figure 3.16d). In mammals,
MT filaments are predominantly found in the "plus-tip-out" orientation (i.e.
towards synapse) 't

I found an unaltered comet orientation, meaning that the directionality of
growth of the MT lattice in the double knock out had an anterograde orien-
tation (Figure 3.16e). This suggests that the overall structural organization
of MTs was intact in the CCP1/6™*O " Similarly, the length of the EB3
comet, which is a surrogate measure of persistence of growth of the MT lat-
tice, was also unchanged between the two groups (Figure 3.16f). Given the
many alterations in the M'T parameters, in order to get a clear picture of the
MT status in the CCP1/6™%KO T carried out a correlative analysis by com-
bining live imaging data of EB3 dynamics with confocal data of overall M'T
mass through immunostaning. By constructing a map of the triangularis
sterni muscle with sequentially higher magnification during the live imaging
acquisitions, I was able to trace back the same axon (among more than 600)
at the confocal. Analysis of correlation of EB3 comet density, normalized

to immunostaining intensity of S-1I1 tubulin, did not show a change in the
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3.5 Deleting CCP1 and CCP6 accelerates axonal pruning

CCP1/6™%KO compared to control (Figure 3.16f, g &e). This indicates that
the double KO does not affect the overall ability of EB3 to be recruited to
MTs, since similar proportions of EB3 comets to tubulin mass were found
in CCP1/6™"KO and CCP1/6mWT,

Taken together, these data suggest that the absence of deglutamylases
does not significantly modify the ability of MTs to grow persistently, or
to affect the overall structural organization of MTs. However, the higher
MT growth rate but lower overall tubulin mass in the CCP1/6™*X0 might
point out that the MTs (or a subpopulation) are subjected to fast cycles of
assembly and disassembly in the CCP1/6™"KO with a net effect of higher
disassembly. This altered MT dynamics of the double KO mutant mice
could have arisen as a consequence of transient hyperglutamylation due to
the lack of deglutamylases (CCP1 and CCP6) and higher Spastin recruit-
ment. I next tested this hypothesis by concomitantly deleting CCP1 and

Spastin in motor neurons.

3.5.2 Spastin prevents accumulation of polyglutamylation
in CCP1/6™KO at P9

CCP1 deletion induces hyperglutamylation in the Purkije cells of adult
mice?%®, but not in young P9 CCP1/6™*X® mice motor neurons, as shown in
the previous chapter (section 3.5). A possible explanation is that decreased

6™KO motor axons could be due to

glutamylation levels in young CCP1/
Spastin activity itself. Indeed, translatome analysis of motor neurons in-
dicated that the expression of Spastin is highest at P5 and then gradually
decreases over time (Figure 3.17a). This is in agreement with previous re-
ports for remodeling axons?'®. Therefore, I expected that an acute deletion
of Spastin and CCP1 would lead to hyperglutamylation.

I injected AAV vectors encoding Cre under the human Synapsin promoter
(AAV9-hSynCre) into a conditional knockout for CCP1 and Spastin, at P3,
crossbred to TdTomato reporter mice (CCP1%/® x Spast®/# x TdTomato). At

P9, T conducted immunostaining analysis (Figure 3.17b). I subdivided ax-
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of CCP1/6 in motor axons. (continues on next page)
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3.5 Deleting CCP1 and CCP6 accelerates axonal pruning

Figure 3.16 (continues from previous page): a) Single optical slice from a time-
lapse sequence (20s) of a P9 Thyl-EB3-YFP explant showing a singly innervated
NMJ in CCP1/6 ™WT and KO mice (scale 5um). Parameters of MT dynamics
quantified in CCP1/6™%9 and CCP1/6™WT included: b) EBS comet density,
*¥*¥p<0.0006 (two-tailed unpaired test t-test, n= 74/94 azxons from 26 animals),
and ¢) EB3 comet density subdivided into ages, p < 0.04 (unparied one-tailed t-
test. n = 16/17, 6 animals). d) Comet mean velocity **p < 0.008 (two-tailed
unpaired Mann- Whitney test, n= 43/55 axons from 18 animals). e) Comet orien-
tation, p = 0.24 (Mann-Whitney unpaired test, 68/55 from 22 animals), f) Comet
length distribution of EB3 in CCP1/6™K0 was not significantly different compared
to CCP1/6™WT distribution, p = 0.64 (two-sample Kolmogorov-Smirnov test, n
=1913/1780 EBS3 particle tracks were considered respectively from 55/63 arons
from 20 animals; vertical dashed lines consists of mean value). g) Increasingly
higher magnifications of widefield microscopy in order to map the location of single
synapses, enabling a correlative analysis of tubulin mass and EB3 comet density
(scale bar 10um). k) (left) Confocal image of terminal NMJ traced back from live
imaging. Fized and immunostained for BIII-tubulin (white) and a-bungarotozin
(red) Scale bars 10um. (right) Single frame from time-lapse recording (20s) of the
same terminal axon captured in confocal; white arrowheads point to Eb3 comets
(scale Sum). i) Quantification of correlative analysis of EB3 comets density over
BIII-tubulin mass, p = 0.48 (two-tailed unpaired Mann-Whitney test, n= 23/24

azrons).

ons’ TdTomato fluorescence intensities into quartiles, and used the 3rd quar-
tile of the data as a proxy for successful Cre-mediated excision (Spast/CCP1¢%9;
iCre+, CCP1%/% x Spastf/fl x TdTomato). The 1st quartile was instead con-
sidered as not recombined and therefore defined as control axons (¢WT;
iCre-, CCP1/f x Spastf/f x TdTomato). As expected from the acute ab-
lation of Spastin and CCP1, the quantitative immunostainings showed in-
creased polyglutamylation levels, as well as a significant increase in the MT
mass in the Spast/CCP1°¥%axons compared to the subset of non-recombined
branches (Figure 3.17¢, d &e).

It is unlikely that the lack of hyperglutamylation in CCP1/6™"X9 is a con-

sequence of hindered antibody recognition by excessive branches of polyglu-
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Figure 3.17: MTs are hyperglutamylated in motor axons devoid of CCP1
and Spastin. a) Normalized read counts from translatome data shows that
Spastin gene decreases over time in motoneurons at 5 time points of mouse develop-
ment (mean + s.e.m). b) CCP1 and Spastin are deleted in a subset of cholinergic
motor neurons by injecting AAV9-hSyn-Cre vector intraventricularly at P3 into a
CAG-tdTomato reporter mouse crossed to CCP1VR and Spastin™f (as described
in ME&M section 5.6). Terminal azons of triangularis nerve-muscle explants are
then immunostained and imaged at P9. TdTomato fluorescence expression induced
by hSyn-Cre mediated excision of STOP cassette of reporter was used as prozxy for
succesful CCP1 and Spastin deletion in a subset of motor neurons. Azxons with td-
Tomato intensities falling in the upper quantile range (3"d quantile) were categorized
as iCret, those falling in the lower quantile range (15t quantile) were considered
iCre=. ¢) Singly innervated NMJ (boxed azon region is enlarged in the adjacent
image) showing endogenous fluorescence of tdTomato (red) and fluorescence from
immaunostaining for polyE (magenta) and SIII-tubulin (green) and relative fluores-
cence quantification (d-f) in a subset of azons which are either controls (negative
for tdTomato fluorescence; ¢cWT) or knock-out for CCP1 and Spastin (positive for
tdtTomato fluorescence; Spast/CCP1c¢KQO). (continues on next page)
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Figure 3.17 (continues from previous page): d)Polyglutamylation levels are nor-
malized to BII-tubulin, ** p< = 0.0011 (two tailed Mann-Whitney, n = 50 / 50
azons from 8 animals). e) BIII-tubulin intensity are expressed as z-fold of mean
fluorescence of iCre~, **p = 0.0014 (two tailed Mann-Whitney, n= 50/50 azons
from 8 animals). Immunostaining data are expressed as mean and IQR. f) and
g) BmonoE immunofluorescence in CCP1/6M™nKO and control axons was used to
recognize branching glutamates on tubulin tails. Intensities are normalized to BI1II-
tubulin and expressed as z-fold of mean value of CCP1/6™"nWT, p= 0.35 (two tailed
Mann-Whitney, n= 61/63 azons from 6 animals).

tamylated chains, which could arise by the unrestrained TTLL1 activity in
the absence of CCP1'Y. Both quantification of GT335-immunoreactivity to

280,281 and quantification of

detect branching glutamates (data not shown)
BmonoE to detect glutamate seeds, were unchanged in CCP1/6™"KC mice
compared to control (Figure 3.17f &g). Thus, it can be assumed that the

6™KO and control are comparable.

number of branching points in CCP1/
These results, taken together, indicate that the deglutamylases act upstream

of Spastin and induce hyperglutamylation and severing of MTs.

3.5.3 Adult CCP1/6™K? have disrupted axonal transport
and show signs of degeneration

A decrease of Spastin expression over time has important biological conse-
quences. A low Spastin expression and activity in adult axons is sufficient at
homeostasis, but could lead to the accumulation of polyglutamylation and,
in combination with the loss of CCP1 and CCP6, ultimately to neurodegen-
eration?%%. Recent studies have shown that Spastin is not able to rescue the
degeneration induced by the lack of CCP1 in the adult cerebellum?%.

Immunostainings of polyE and SIII-tubulin showed that in adult motor ax-
ons of CCP1/6™™KO mice there is a drastic increase of polyglutamylation in
CCP1/6™%KO compared to controls (Figure 3.18a &b), consistent with lower
Spasting severing in the adult. Moreover, also the MT mass was consider-

ably reduced in the CCP1/6™*X9 motor axons compared to control (Figure
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Figure 3.18: Adult cytoskeletal mass is decreased and hyperglutamylated
in CCP1/6™KC compared to control. a)lmmunostaining of MTs for polyE
(magenta) and FI-tubulin (green) in axons of triangularis sterni muscle fized
at 1 month (scale bar 10um). b) Quantified polyE fluorescence intensities were
normalized to [III-tubulin, **** p<0.0001(two-tailed Mann-Whitney test). c¢)
BIII-tubulin fluorescence intensities are expressed as z-fold of mean fluorescence of
CCP1/6™WT | **%% <0.0001 (two-tailed Mann-Whitney test). Statistical testing
was performed based on axons (n= 42/33) for the comparison amongst genotypes

from a total of 6 animals; data are expressed as mean and IQR.

I investigated the functional consequences of the destabilization of the
MT cytoskeleton in CCP1/6™*9 motor axons. I observed morphological
differences in the adult motor neurons of CCP1/6™"KO  In particular, den-
ervation phenotypes were evident, as evinced from the presence of swellings
at 3 months of age (Figure 3.19a). Moreover, CCP1/6™*0 at month 6
displayed impaired locomotor function (data not shown), indicating a cell-
autonomous driven effect.

I explored the extent that these effects are due to impaired axonal trans-
port. I quantified the transport of mitochondria and mito-lysosome us-

ing the mito-keima reporter, as described before 5.10. The keima reporter
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has been injected in P3 mice intraventricularly, and then analyzed in adult
nerve-muscle explants in vivo (Figure 3.19b &c). I observed an increased
anterograde mitochondrial flux in the intercostal nerve in the CCP1/6™KO
compared to control. Retrograde mitochondrial flux was unaltered (Fig-
ure 3.19 d &e). However, the overall flux of mito-lysosomes was lower in
both anterograde and retrograde directions in the CCP1/6™"KO compared
to CCP1/6™"WT with a net of roughly 3 mito-lysomes less moving toward
the soma each minute (Figure 3.19f). These data indicate that trafficking
is impaired in the double KO and point to a distal accumulation of mito-
lysosome.

The increase of anterograde trafficking in the KO might be a compen-
satory mechanism to boost the delivery of healthy mitochondria, in order to
counteract the increase of dysfunctional ones. To confirm if organelle accu-
mulation occurs in synapses, I measured the mitophagy-index at the NMJ,
consisting in the ratio of keima-red fluorescence over the total fluorescence
(Figure 3.19 g &h). There was a wider extent of mito-lysosome accumu-
lation in CCP1/6™™O compared to CCP1/6™™WT controls (Figure 3.19i),
which was exacerbated with age. Hence, disrupting deglutamylase activity
not only affects axonal transport in adult, but also leads to imbalances in
the axonal homeostasis which could in turn affect neurotransmission.

Further analysis of transport parameters of mitolysosomes show that av-
erage speed, run speed and run length are lower in CCP1/6™"X0  while
pause rate is higher. The shorter run lengths correlate with shorter MTs,
while higher pause rates are and indication of the sparsity of M'T bundles.
These results are in agreement and corroborate overall the lower MT mass
in CCP1/6™"X9 in adult, and further show that apart from being less abun-
dant, the MTs are overall shorter. However, it is unlikely that the the effect
on organelle transport is solely a consequence of MT architecture. Polyg-
lutamylation, for example, has been shown to reduce overall mitochondria
motility in certain experimental conditions'!. The extent of the contribu-

tions and the mechanism need to be elucidated further.
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Figure 3.19: Neuronal transport is altered in adult CCP1/6™K° com-
pared to controls. a) The presence of axonal swellings (yellow arrowheads) in 1
month old CCOP1/6™0 but not CCP1/6™WT, points to a severe cytoskeletal mis-
organization in the knock-out and is a sign of neurodegeneration (azons in white,
BIII-tubulin immunostaining; synapse in red, a-bungarotoxin). b) Cytosolic acidifi-
cation of mitochondria (cyan) from fusion to lysosomes (red) causes a switch in the
spectral fluorescence emission of the mito-keima reporter, allowing for simultaneous
imaging of both organelles. ¢) A mito-keima construct is delivered intraventricularly
in mice at P3 through AAV9 adeno associated viral vectors and expressed neuronally
through hSyn promoter (AAV9-hSyn-Cre mitoKeima). Triangularis sterni is dis-
sected and imaged from 1 month old animals. d) Single optical slice from time-lapse
recording (20s) of triangularis sterni muscle-nerve explant at the intercostal nerve
(icn) of mitochondria (cyan) mitolysosomes (red) of 1 month old in CCP1/6™ %O
and CCP1/6™WT mice. Scale bar 10 um. e) and f) Anterograde and retrograde
organelle fluz of 1 month old COP1/6™KO and CCP1/6™WT mice is substantially

altered in both mitochondria (cyan) and mitolysosome (red) organelles.
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3.6 Neurotransmission is an upstream regulator of glutamylase
activity

Figure 3.19 (continues from previous page): e) Anterogradely moving mitochon-
dria were increased in CCP1/6™%° compared to CCP1/6™WT, **p < 0.005
(Mann Whitney, n= 50/48 axons), while retrograde mitochondria rates were sim-
ilar in the two groups, p = 0.49 (Mann Whitney, n = 50/48 axons 8 animals).
f) Anterogradely moving mitolysosomes were lower in CCP1/6™C compared to
CCP1/6mWT #¥% < 0.0006 (Mann Whitney, n= 50/48 azons), and so were
retrograde mitolysosome rates, *p = 0.025 (Mann Whitney, n = 50/48 axons 8 an-
imals). g) Mazimum intensity projection of NMJ from widefield of CCP1/6m™KO
and CCP1/6™WT depicting mitokeima reporter (cyan is mitochondria, red is mi-
tolysosomes). Scale bar 10 pm. h) NMJ of CCP1/6™C and COP1/6™WT are
pseudocolored ratiometrically according to the mitophagy index, calculated as de-
scribed in 5.11. i) Mitophagy index quantification at NMJ was significantly in-
creased in CCP1/6™50 compared to CCP1/6™WT at 1 month, *p < 0.05 (One-
tailed Mann Whitney U test, n = 10/19 axzons). Data are expressed as median and
IQR.

3.6 Neurotransmission is an upstream regulator
of glutamylase activity

Neuronal activity is one of the main drivers of axonal pruning. Blocking
neurotransmission has the effect of depleting the presynaptic M'T cytoskele-
ton??". To verify that neuronal activity is an upstream regulator of polyglu-
tamylation, we blocked post-synaptic activity with a-bungarotoxin (BTX)
and quantified the pre-synaptic axons. We injected BTX unilaterally in the
thorax at P7 and quantified polyglutamylation and tubulin at P9 (Figure
3.21a).

Treatment with BTX has previously shown to reduce the overall tubulin
mass compared to control untreated animals??’. Here we show a significant
reduction in polyglutamylation in the BTX-injected muscle compared to the
un-injected control (WT™ vs WT™; Figure 3.21¢), suggesting that the lack
of neurotransmission is able to modulate polyglutamylation. This reduction
is reminiscent of what happens in the CCP1/6™"K° mice, where Spastin

depletes polyglutamylation from MTs faster than it accumulates. To distin-
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Figure 3.20: Transport parameters are altered in adult CCP1/6™K° com-
pared to controls in intercostal nerve axons. a) Average run speed, calcu-
lated including pauses, was decreased significantly in the double knock-out compared
to controls (mean and s.e.m of mitolysosomes/min 1.53 +0.10 vs 0.89+0.08), ***p
< 0.0001 unpaired t-test. b) Pause rate was increased significantly in the dou-
ble knock-out compared to controls (mean and s.e.m of mitolysosomes/min 0.021
+0.008 vs 0.054 +0.005). ***p < 0.0001, Mann Whitney test. ¢) Run speed, calcu-
lated excluding pauses, was decreased significantly in the double knock-out compared
to controls (mean and s.e.m of mitolysosomes/min 1.57 +£0.09 vs 0.97 +0.08), ***p
< 0.0001, unpaired t-test. d) Average run length was decreased significantly in the
double knock-out compared to controls (mean and s.e.m of mitolysosomes/min 12.31
+0.78 vs 8.82 +£1.2) *p = 0.035, unpaired t-test. Statistical testing was performed
based on azons (n= 19/26) for the comparison among genotypes from a total of 6

animals; data are expressed as mean and s.e.m. Tracking parameters quantified in
collaboration with N. M.
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3.6 Neurotransmission is an upstream regulator of glutamylase
activity

guish between concerted Spastin-glutamylase activity and glutamylases di-
rectly, we injected BTX at P7 into mice that lack Spastin (Spast¥®). Corrob-
orating previous reports™, higher polyglutamylation was found in Spast®©
compared to control mice (WT- vs Spast¥®- ;Figure 3.21c). Further, mRNA
expression from Ribotagged motor neurons in Spastin conditional knockout
(ChaTCre X Rpl22%/% X Spast/®) did not point to compensatory upregu-
lation of other severing enzyme RNAs, although as expected, Spastin levels
were efficiently depleted in SpastX® transcriptome samples (Figure 3.21d).
Treatment with BTX in Spast®© was able to rescue polyglutamylation to
the levels of the un-injected control (Spast®®* vs WT-; Figure 3.21c). This
is a strong indication that the hypoglutamylation seen in the wildtype in-
jected by BTX (WTT) was driven by Spastin.

Notably, polyE immunofluorescence intensity significantly dropped when

tKO compared to when it was not

neurotransmission was blocked in Spas
(SpastKO' vs Spastin®O+t; Figure 3.21c¢). This indicates that neuronal ac-
tivity controls ‘elongating’ glutamylases. An increased polyE intensity in
BTX-injected motor axon devoid of Spastin compared to BTX-injected WT
mice, corroborates the interplay of Spastin and glutamylases in neuronal
remodeling (Spast®Ot vs WT*; Figure 3.21b &c) . These data indicate
that the lack of post-synaptic transmission caused by BTX is evaluated as
a punishment signal by presynaptic axons, which activate glutamylases to
dismantle the cytoskeleton. In the absence of the downstream effector -
Spastin -, the punishing signal can still activate glutamylases, which add
polyglutamylation to MTs; Spastin however is absent, leading to hyperglu-
tamylation.

Thus, we uncovered a fine-grained regulation of glutamylases via neuro-
transmission that control the pruning of motor axons, possibly via potential

release of punishment factors by the postsynaptic muscle fiber.
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3.6 Neurotransmission is an upstream regulator of glutamylase
activity
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Figure 3.21: Neurotransmission modulates polyglutamylation of MTs. a)
a-bungarotoxin (BTX) is injected unilaterally in the thoraxz at P7 to block the post-

synaptic transmission of Spastin™ T or Spastin®©

mice. The triangularis sterni mus-
cle is isolated and immunostained at P9. b) MTs are stained for polyE (magenta)
in axons of Spastin™T or Spastin®© mice, injected with a-bungarotoxin (BTX+).
The dashed box shows enlarged azon area. Scale bar is 10um. ¢) Quantified polyE
fluorescence intensities were normalized to SIII-tubulin and several pair wise com-
parisons (p<0.0001 Kruskal-wallis general test) were conducted with Dunn’s test
and post-hoc Bonferroni correction, as follows: WT- vs WT+, ***¥p < 0.0001
(n = 183/140 azxons); WT- vs Spas KO-, *p < 0.05 (n =183/91); WT- vs Spas
KO+, p= 0.53 (n =183/65); WT+ vs Spas KO-, ****p < 0.0001 (n= 140/91);
WT+ vs Spas KO+ , *p < 0.02 (n= 140/65); Spas KO- vs Spas KO+ ,* p< 0.05
(n=91/65). Statistical testing was performed based on azons for the comparison
amongst genotypes from a total of 15 animals; data are expressed as mean and
IQR. The experiment was an equal effort between this author, G.W and A.Z. d)
Normalized read counts from translatome analysis of severing enzymes in motoneu-
rons of Spastin™T or Spastin®C mice at 3 time points of mouse development (mean
+ s.e.m).
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3.7 Molecular pathways involved in mammalian axon pruning

3.7 Molecular pathways involved in mammalian
axon pruning

3.7.1 Motor neuron deletion of p75 does not affect
cytoskeletal mass or polyglutamylation

The next goal was to uncover the molecular mechanisms that are estab-
lished downstream of neuronal activity. They ultimately converge into glu-
tamylase/deglutamylase activation and cytoskeletal removal through polyE-
Spastin. The first candidate was the BDNF pathway, well known for its
crucial role in supporting neuronal survival. This neurotrophic factor is re-
leased by the muscle in the form of proBDNF. Following peptidic cleavage,
mature BDNF binds post-synaptically to Trk receptors on neurons.
Specifically at the NMJ, the response to receptor binding depends whether
mature or immature BDNF signals to motor neurons, as well as the type
of Trk receptor found on the post-synaptic neurons. BDNF preferentially
binds to TrkB receptors and this coupling promotes winning of competi-
tion in bound axons, while blocking TrkB accelerates pruning. Conversely,
proBDNF acts as a punishment signal when bound to p75/Ngfr and sortilin
on axons*” 282,

Given the differential responses due to the different receptors present at a
given time during synapse elimination,I first assessed the expression pattern
of these receptors using the translatome data.

As evinced from the expression data, BDNF mRNA was absent in motor
neurons, since it is released from the muscle. On the other hand, the var-
ious BDNF receptors were expressed at different levels, the highest being
TrkB/Ntrk2, follows TrkC/Ntrk2 while TrkA /Ntrkl1 is barely detectable be-
tween P5 and P14 (Figure 3.22a). Both the co-receptor sortilin (Sortl), and
p75/Ngfr are expressed in motor neurons. Of note, the mRNA abundance
of p75 has a sharp decrease at around P9 (Figure 3.22a), the stage at which
around 50% of synapses have terminated competition.

Given the compelling expression pattern and the availability of existing

mouse model, I probed for changes in overall tubulin mass or polyglutamy-
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3.7 Molecular pathways involved in mammalian axon pruning

lation pattern in mice lacking p75 in motor neurons (ChaT-Cre X p75%/8).
No changes were present in singly innervated synapses (Figure 3.22b to d) in
neither tubuling mass (Figure 3.22b &c) nor polyglutamylation levels (Fig-
ure 3.22b &d).

However, BDNF might exert its function prior the resolution of competition,
by giving a selective advantage to one of the competing branches. To assess
this scenario, I analysed competing synapses at the doubly innervated stage,

n

subdividing one of the axons pairs as either "winner" or "loser", according
to the total amount of tubulin mass (Figure 3.22e & f). PolyE over tubulin
ratio was not different in "winner" axons compared to 'loser" axons (Figure
3.22g) and the deletion of p75 did not affect the polyglutamylation ratio
compared to controls (Figure 3.22f).

The lack of phenotype in the p75™"KO could be due to the necessity of
the sortilin co-receptor to be deleted as well, for the pro-BDNF to exert
its "punitive" effects on the cytoskeleton. Indeed, NMJ exposed in vivo to
antibodies against p75 that impair sortilin binding shows delayed synapse
elimination. However, the full genetic KO of p75 in the presence of sortilin
did not affect synapse elimination®®. A mouse model which concomitantly
lacks p75 and sortilin would answer this question, but was lacking at the

time of investigation.

3.7.2 TNFa KO increases mass but has no effect on the
glutamylation of MTs

Another promising pathway involved in synapse elimination which I tested
at the NMJ is the Tumor necrosis factor alpha (TNFa). It has been shown
that muscle, but not motorneuron derived TNF ¢, affects axonal pruning®*.
Transcriptionally active genes associate with the TNFa pathway in mo-
tor neurons spanning the period of axonal pruning are shown in (Figure
3.23a). Notably, the highest expressed receptor is TNfrsf21/DR6, followed
by Tnfrsfla and Tnfrsflb. This pathway is known to signal through caspase
activation. In motor neurons, I found Caspase 3 to be more expressed than

Caspase 6 which might suggest that it is the preferred isoform downstream

76



3.7 Molecular pathways involved in mammalian axon pruning
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3.7 Molecular pathways involved in mammalian axon pruning

Figure 3.22 (continues from previous page): a) Normalized read counts of neu-
rothrophic factors expressed in motoneurons at 5 time points of mouse development
(mean + s.e.m). p75 (also known as Ngfr, orange line) mRNA has a sharp decrease
in expression at around P9. No changes where detected in overall b) BIII-tubulin
normalized on YFP intensities, p = 0.87 (two-tailed Mann- Whitney test) or ¢) ratio
of polyglutamylation on Fll-tubulin, p = 0.91 (two-tailed unpaired t-test) in singly

innervated synapses from p75™KC and p75mWT  d) Azon pairs from doubly in-

7 5mn wT 75mnK (0]

nervated synapses (din) from p and p were segregated into "winners”

(win) or "losers" (lose) based on BIII-tubulin mass normalized on YFP intensities,
FExky < 0.0001 (n= 40 p75™WT dins, paired Mann Whitney), ***p< 0.001 (n=
26 p75™ KO dins, paired Mann Whitney). e) The sorting of dins in "winners" and
"losers" according to tubulin intensity did not affect overall polyE intensities in nei-
ther p75™WT  p=0.23 (n= 40 dins, paired Mann Whitney) nor p75™5C  p=0.6
(n=26 dins, paired Mann Whitney). f) The ratio of polyE over tubulin mass were
not altered in p75™KC compared to 75™KO in neither "loser" azons, p=1 (n=20/13,
unpaired Mann Whitney) nor "winner" azons, p= 0.17 (n=20/13, unpaired Mann
Whitney). Statistical testing of sin was performed based on axons (n= 86/34) for
the comparison among genotypes. A total of 6 control and 4 knock-out animals were
used in sin and din analysis; data are expressed as z-fold of control animals from

staining on the same experimental batch, violin bars are mean and IQR.

of TNFa binding.

Using TNFa full KO mouse, I prepped NMJ at P9 and quantified tubulin
mass and polyglutamylation. In line with previous reports of delayed prun-
ing in TNFaX0%_ there was an increase in tubulin mass in the TNFa%© com-
pared to control littermates (Figure 3.23b &c). However, although polyE
was increased, the overall ratio of polyglutamylation to tubulin was compa-
rable between TNFaX© and TNFaW?! in motor axons (Figure 3.23b &d). It
is thus not clear if TNFa exerts its effects through polyglutamylation and
it should be further studied in the future.
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Figure 3.23: TNF«a deletion does not affect polyglutamylation of MTs.
a) Normalized read counts of genes of the TNF pathway expressed in motoneurons
at & time points of mouse development (mean + s.e.m). b SIII-tubulin normal-
ized on YFP and expressed as fold change of wild type control, was increased in
TNFaX© compared to TNFaWT, **** p = <0.0001 (two-tailed Mann Whitney).
¢) No changes were detected in the ratio of polyglutamylation on SIII-tubulin, p
= 0.81 (two-tailed unpaired t-test) in singly innervated synapses fromTNFa*© and
TNFaWT. Statistical testing was performed based on azons (n= 61/91) for the com-

parison amongst genotypes from a total of 8 animals; data are expressed as mean

and IQR.
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4 Discussion

The shaping of neuronal circuits to form a mature nervous system is a highly
conserved and fundamental occurrence of early postnatal development??.
The establishment of functional neuronal networks requires the fine-tuned
removal of synapses?®3. This process is characterized by two phases, an ini-
tial overproduction, followed by an extensive loss of both pre- and post-
synaptic structures. Despite decades of research, a clear mechanistic un-
derstanding of mammalian pruning is lacking. Taking advantage of the
prominent role of the cytoskeleton in these morphogenic events and using
the well-studied NMJ system, in this PhD project I had the following goals:

« Establish a cell-specific sequencing technique amenable for mining the

paths involved in the pruning process

o Investigate the role of glutamylases and deglutamylases in synapse
elimination and their effect on the MT cytoskeleton

o Identify the intrinsic molecular pathways that guide axonal pruning

9 functional glutamylases in mammals and 6 deglutamylases

4.1 Glutamylases and deglutamylases pace
axonal pruning

To delineate the contributions of the Tubulin Code on synapse elimination,
my first goal was to obtain the expression profile of deglutamylases and glu-

tamylases in motor neurons across the pruning period in mice.
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4.1 Glutamylases and deglutamylases pace axonal pruning

As mammals have 9 functional glutamylases and 6 deglutamylases, the abun-
dance of members in both the CCP and the TTLL families raises the ques-
tion if there is redundancy in their activity. Growing evidence suggests that
these enzymes have acquired specialised activity to either initiate the glu-
tamylation process to form a glutamate "seed", or elongate the glutamates

d13: 155159 - However, it is

into a polyE chain, starting from this initial see
not know if they would exert different outcomes to axon pruning.

Armed with this dataset I first assessed the expression patterns of glutamy-
lases and deglutamylases in mice across 5 data points spanning from P5
to P14 (Figure 3.4g). From this it merged that TTLL7 was the highest
expressed initiator, while TTLL1 the highest expressed elongator in motor
neurons (Figure 3.3c &g). The lack of effect of TTLL7 in mammalian axon
pruning (Figure 3.4g), but the prominent role of TTLL1 (Figure 3.10f) sug-
gests rather a divergence in function within glutamylases to acquire specific
roles of either “seeders” or “elongators”. This divergence might ensure im-
plementing a step-wise action performed by different enzymes, to coordinate
function and localization of the effectors and thus obtain more control over
the pruning phenotype.

Apart from being segregated into initiators or elongators, glutamylation en-
zymes seem to have a preference to modify either o or S-tubulin substrates.
In particular, TTLL7 catalyzes the addition of the first branch point on the
B-tubulin isotypes'#327. Consistent with this, genetic ablation of TTLL7
glutamylase from motor neuron specifically depleted the S-monoglutamate
signature. Despite being highly expressed, TTLL7 absence in motor neu-
rons did affect axon pruning, nor did it perturb MT mass or MT dynamics
(Figure 3.4 &3.5). It is not however excluded that TTLL7 could have a role
in the mature nervous system, since our motor neuron translatome indicated
that TTLL7 expression increases over time (Figure 3.3c &g) and it is known
to be the highest expressed glutamylase in the adult CNS2™.

My findings confirm that polyglutamylation is catalyzed by TTLL1 (Figure
3.6 a &d). However, contrary to TTLL7, TTLL1 deletion had robust effects
on delaying axon pruning (Figure 3.10e &f), have higher MT cytoskele-
tal content (Figure 3.6a &e) and show more persistent MT growth than
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4.1 Glutamylases and deglutamylases pace axonal pruning

controls (Figure 3.10d). Consistent with the preference for a-tubulin as a
substrate!®!, TTLL1 is unable to add the first glutamate seed on S-tubulin,
since its motor neuron genetic deletion didn’t affect SmonoE abundance
(Figure 3.6g). To date, an antibody specific against amonoE to confirm if
TTLL1 can simply elongate or also function as initiator, is missing. TTLL1
is, however, generally classified as an elongator, which raises the question
of which TTLL would instead add the seed for TTLL1 to elongate. The
translatome sequencing results point to TTLL5S for undertaking this role.
TTLL5 was the only other seeder, apart from TTLL7, enriched in motor
neurons compared to spinal cord tissue (Figure 3.7), and the second most
expressed glutamylase initiator in motoneurons overall (Figure 3.3¢c &g). Of
the other neuronal enriched glutamylases, TTLL11 is classified as an “elon-
gator” while TTLL12 is predicted to lack glutamylation activity?®*. Both
TTLL1 and TTLL5 seem to preferentially modify the a-tubulin isoforms
instead of B-tubulin counterparts'®®. Thus, future work should corroborate
whether TTLL5 is responsible for the addition of the first branch point on
a-tubulin, therefore functioning upstream of TTLLI.

Could TTLL1 specificity not be limited to a general preference to mod-
ify a-tubulin substrates, but rather act on specific tubulin isotypes, such
as Tuba4A? In line with this, impairing the polyglutamylation ability of
TubadA in Tuba4a®! mouse increases MT mass and delays pruning (Figure
3.8g &h), phenocopying the results of TTLL1™"XO (Figure 3.6e & 3.10f).
Despite Tubada not being the most abundantly expressed tubulin isotype in
motor neurons at the developmental age tested (Figure 3.8a), it is however
the isotype with the highest relative increase from P5 to P14 (Figure 3.8b),
namely by 63%. Impairing Tuba4a’s ability to be polyglutamylated has
substantial effects on the MT cytoskeleton, as it led to a significant increase
in overall SIII-tubulin mass (Figure 3.8g). The seemingly unexpected in-
crease of SIII-tubulin, although Tuba4a was manipulated, can be explained
by the nature of the MT assembly: a- and S-tubulin subunits are obligate
heterodimers when assembled into the MT protofilament?®®. One the expla-
nation for the increase in SIII-tubulin, is that they could form heterodimers

with aIV-tubulin. Since Tub4a®! cannot be polyglutamylated, these spe-
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4.2 Synapse elimination is under rheaostatic control of local
PolyE levels

cific type of MT filaments enriched in SIII and aIV-tubulin dimers, could be
spared by Spastin severing.Hence, manipulation of a-tubulin has an indirect
effect on S-tubulin and cytoskeleton, resulting in overall stabilized cytoskele-
ton (Figure 3.8g). However, considering that the a - § heterodimer assembly
occurs with a 1:1 stoichiometry, the results on cytoskeleton are quite strik-
ing and cannot be explained solely through its effects on SIII-tubulin. In
fact, Tubada expression covers for only roughly 5% of the total expression
of tubulins in motorneurons at P14, while Tub3b has the highest proportion
of expression of the 3 isoforms during motor neuron development (16.7% at
P14) and its expression steadily increases from P5 to P14 with a net increase
of 47% (Figure 3.8a &d).

Interestingly, a distinct characteristic of Tubada is that it acts as being per-
manently detyrosinated, due to the lack of the C-terminal tyrosine residue in
its gene sequence!'3. Thus, the interplay between detyrosination and hypog-
lutamylation in this knock-in mouse could alter overall MT mechanics and
behaviour, and/or protein recruitment. The precise mechanism are worth
investigating further and would be instrumental to decipher the underlying
cause of neurodegenerative phenotypes associated with mutation in several
tubulin genes, including three 3 tubulins (Tubb3, Tubb4a, Tubb2a)?86-289
and the « tubulin, Tuba4a, whose mutations are found in familial forms of

amyotrophic lateral sclerosis (ALS)?%.

4.2 Synapse elimination is under rheaostatic
control of local PolyE levels

Deleting TTLL1 delays axonal pruning in the PNS (Figure 3.10e &f) and
the CNS (Figure 3.11). Conversely, deleting CCP1 speeds up the process
(Figure 3.15f). These observations uncovers a rheostatic balance between
these two enzymes’ activity during development. Hence, the winning branch
has a more active set of CCP1 to remove polyE and avoid destabilization,
while TTLL1 in loser branches is activated to recruit Spastin to MTs. I fur-

ther show how CCP1 deletion alone, in the absence of Spastin, is sufficient
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4.3 Commonalities and differences of glutamylases and
deglutamylases in adult and young mice

to induce hyperglutamylation of MTs in young mice when acutely deleted
(Figure 3.17a - e). This suggests that CCP1 is the main controller of polyg-
lutamylation in motor axons, while CCP6 might only contribute to a minor
degree in this cell type and at this developmental stage. This is congruent
with our motor neuron translatome data where CCP6 has 60 times lower
expression than CCP1 (Figure 3.14b). This difference between the develop-
mental stages and the adult can explain why CCP6 deletion in CNS expands
the brain regions that become hyperglutamylated and thus more susceptible
to neurodegeneration, when CCP1 is concomitantly absent?®6. Indeed CCP6
expression increases over time (Figure 3.14c), pointing to a more predomi-

nant role in the mature nervous system rather than in developmental stages.

4.3 Commonalities and differences of
glutamylases and deglutamylases in adult
and young mice

Hyperglutamylation or hypoglutamylation determined different outcomes
for MT cytoskeleton in adult animals compared to young mice undergoing
pruning. In the absence of TTLL1, MTs are hypoglutamylated in both adult
(Figure 3.9a &b), and in young animals (Figure 3.6a &d) and as expected
from its canonical enzymatic activity!#*. On the other hand, MT mass is
unaltered in adult TTLL1™XO and WT (Figure 3.9a &c), but is increased
in TTLL1™XO motor neuron axons compared to their littermate controls.
This suggests that control over MT mass by TTLL1 could be developmen-
tally confined: at older ages, the cytoskeleton in motor neurons is fully
stabilized, hence presumably homeostatic mechanisms come into play when
the pruning period is over, to maintain the integrity of the mature cytoskele-
ton. Similarly, the MT content in Spastin®© is also unchanged compared to
controls in adults (Figure 3.9d), but not in young mice™: a further evidence
that these two enzymes act in concert in the same enzymatic pipeline, which

puts Spastin downstream TTLLI1.
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4.4 CCP1 — Spastin cooperation determines the extent of
polyglutamylation in axons

Absence of CCP1/6 in mature motor axons, on the other hand, causes signif-
icant hyperglutamylation (Figure 3.18a &b) as reported in adult cerebellum
of the Purkinje cell degeneration or ped mouse and in whole brain of mice
lacking CCP1 and CCP62%:291 but fails to do so in young animals (Fig-
ure 3.15a &c). Unlike TTLL1, CCP1/6 deletion also reduced overall MT
mass (Figure 3.18a & ¢) and affected neuronal transport in adults (Figure
3.19). Transport defects are possibly a consequence of hyperglutamylation

154,266 Indeed, abnormal axonal swellings appear as soon as

neurotoxicity
1 month of age in motor neurons lacking CCP1/6 (Figure 3.19a), reminis-
cent of perturbations in axonal transport?*?2%. Furthermore, at 6 months
mice start to present motor deficits, indicating a cell-autonomous role for
this gene deletion, similarly to the Purkinje-cell degeneration induced by
L7-promoter-mediated Cre deletion of floxed CCP12%6. These results also
recapitulate the involvement of the motor neurons in the human disease
caused by the biallelic damaging variants of the CCP1/AGTPBP1 gene,
also known as childhood-onset neurodegeneration with cerebellar atrophy
(CONDCA), affecting cerebellum, spinal motor neurons, and peripheral

294,295 These data further suggest that hypo- or hyper- glutamy-

nerves
lation is handled differently by neuronal cells, with a net susceptibility for
hyperglutamylation. Further, it seems that while tubulin content can be
homeostatically regulated, hyperglutamylation fails to do so, since tubulin
content falls into a steady state in adult TTLL1™XC and to comparable lev-
els as wildtype, but glutamylation doesn’t. This knowledge has important
repercussions for strategies aiming to target neurodegeneration by modulat-

ing glutamylation levels.

4.4 CCP1 - Spastin cooperation determines the
extent of polyglutamylation in axons

The analysis of the cytoskeleton of both adult and young animals was in-
valuable in highlighting the differences in phenotype caused by the absence

of deglutamylases, and obtaining a clearer mechanism of action. While
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4.5 Cytoskeleton organization and dynamics are affected by the
polyglutamylation state of MTs

CCP1/6 deletion in both time points reduced MT mass (Figure 3.15a &e
, Figure 3.18a & c¢), only in the adult this resulted in increased polyglu-
tamylation (Figure 3.18a & b). It is more likely that the discrepancies in
polyE levels between adult and young derive from Spastin activity itself,
rather than CCP1 having a different enzymatic behavior in the two ages.
In fact, Spastin expression decreased over time (Figure 3.17a), stressing the
importance of this severase in the pruning period and only to a marginal
extent in the adult. Accordingly, the high activity of Spastin at P9 does
not allow for polyglutamylation to accumulate in CCP1/6 deletion (Figure
3.15f). Indeed, albeit Spastin deletion is unable to rescue hyperglutamy-

t266 acute deletion of both

lation caused by the absence of CCP1 in adul
CCP1 and Spastin, induced hyperglutamylation at P9 (Figure 3.17¢ &d).
This goes to show how the combination of different expression patterns of
the severing enzymes, directly or in combination with downstream regula-
tory effects that remain to be elucidated, adds a second layer of regulation
that dramatically changes the net effects on MT fate. This could, in part,
explain the different vulnerabilities to neurodegeneration of specific neuronal

populations at specific ages.

4.5 Cytoskeleton organization and dynamics are
affected by the polyglutamylation state of
MTs

The tight enzymatic regulation is not limited to time but also space, as pos-
tulated by the “tubulin code”: a set of positional information placed on MT
thanks to the post-translational decorations to generate a set of instructions
for MAPs and cargos'!3 114,

MT orientation combined with specific PTMs that ultra-structurally tend
to organize in bundles, can bias molecular motor interaction with MTs and
guide directionality of neuronal transport in either anterograde or retrograde
direction®6?. An updated view of the modality of how MTs are posttrans-

lationally modified, aided by more potent super resolution techniques such
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4.6 The tubulin code affects MT dynamics

as motor paint?? and STED?, deviates from seeing the filaments carry-
ing multiple intermingled modifications. Instead, bundles of filaments carry
the same modification for a good span of their length, effectively creat-
ing sub population of MTs™ 3. My findings indicate that decreasing polyE
through TTLL1 genetic deletion reduces the acetylation ratio over MT mass
(Figure 3.6¢ & f). Vice-versa, deleting CCP1/6 increased this ratio (Figure
3.15b &d). This suggests that 1) PTMs affect each other’s abundance, 2)
acetylated MTs could reside in a separate bundles from polyglutamylated

262 This raises

ones, as previously shown for acetylation and tyrosination
the question if this control is direct or indirect. Does one PTM limit the
abundance of another, or is this relative change dependent on other MAPs
recruitments, such as it could be for Spastin and polyglutamylation? How
does the PTM landscape affect M'T dynamics? This will be discussed in the

next section.

4.6 The tubulin code affects MT dynamics

Using mice nerve-muscle explants I monitored dynamics of M'T growth with

297
, and cy-

EB3 imaging, as well as neuronal transport with mito-keima
toskeleton organization with high resolution confocal imaging. Together,
they provided an in depth idea of the status of the cytoskeleton and the
repercussion of manipulating enzymes that change the state of PTM of MTs.
Motor neurons devoid of CCP1/6 have overall reduced MT dynamics (Fig-
ure 3.16a &b). Through comparison of different parameters, it emerges that
there are possibly two different subpopulations of MTs: a highly dynamic
subpopulation with an increased rate of assembly and disassembly which
is presumably highly polyglutamylated; and a more stable population with
overall longer filaments, that could be mainly acetylated (Figure 4.1). In
CCP1/6™"KO MT filaments showed higher persistence of MT growth (Fig-
ure 3.16d), and overall higher run length of mito-lysosomal organelles during
transport (Figure 3.20d), suggesting that MT are longer'®”. Although these
independent experiments suggest that a subset of MTs are longer in the

knockout, a formal confirmation on MT length status needs further vali-
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4.6 The tubulin code affects MT dynamics

dation through direct measures, either ultrastructurally (e.g. through EM)
or via direct labelling of tubulin dimers. These however, are challenging in
the mice nerve-muscle explant model system, due to the 3D nature of their
geometry and the high MT abundance and density in the motor axons (up
to 15 filaments per um?, in axons with diameter of 4 to 50um???). This will
surely be the goal of future research and could be achieved through a com-
bination of exciting new fluorescent probes and emerging techniques which
I discuss in the chapter 4.12. The longer filaments can acquire this length
if protected from the activity of severases, such as Spastin. This can occur
either through acetylation, which allows MT to become more flexible and
resist mechanic stress'2% or alternatively through the ability of polyE
to change affinity for MAP2 or other MAPs such as Tau?°%29%:3%  thereby

altering the electrostatic capacities of the MT lattice.

The existence of a subpopulation with a higher frequency of unstable and
highly dynamic MT in the CCP1/6™"KO is in line with the higher pause rate
seen in the keima transport (Figure 3.20b). There is a correlation between
the pause frequency of organelles and MT length, such that, the shorter the
MTs, the more often an organelle pauses. Pause time is inversely correlated
with the abundance of MT!%7. Pause duration of molecular motors increases
with the lower abundance of MT, since the lack of overlap between MT fil-
aments delays the engagement of motors with the next MT filament!08 110,
This result is consistent with the lower MT mass in the CCP1/6™X© com-
pared to wild-type control mice both in young and adult mice (Figure 3.15a
&e | Figure 3.18a & c).

Given these indications of a highly altered MT architecture, I additionally
investigated how PTM status in de/glutamylases mouse models affects neu-

ronal transport.
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CCP1/6mWT

//

# tubulin dimer

EB3
@ acetylation

/ polyE

45 Spastin
ﬁ kinesin
&dynein

Figure 4.1: The interaction of Spastin and polyE affects MT mass and
dynamics. Model of cytoskeletal differences in CCP1/6mnKO compared to wild-
type controls. The absence of deglutamylases impedes the enzymatic removal of
polyE, which causes polyE amounts to accumulate on a subset of MT filaments.
Spastin is recruited and actively severs MTs. This causes a burst in the availability
of soluble free-tubulin, which might trigger rescue events and allow freshly Spastin-

cut MTs to grow’?!

. EB3 is thus biased to bind on this "dynamic" population of
MTs. Instead, the PTM acetylation accumulates on a different subset of MTs, which
protects from Spastin-severing, thanks to its stabilizing properties. The acetylated
MT are thus more inert and less prone to EB3 binding. This explains the higher
acetylation ratio, but the reduced EB3 comets, polyE ratio and tubulin mass in
the CCP1/6mnKO. Kinesin-1, which is responsible for the majority of organelle’s

182,258, 262

transport, favours movement on acetylated MTs Our transport analysis

suggests that acetylated MTs might be longer on average.
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4.7 Effect of PTMs tubulin code on neuronal
transport and organization during pruning

PTMs affect the recruitment of MAPs, including MT severing enzymes and
motor proteins and their cargos'® 4. To our surprise, organelle flux (either
mitochondria or mito-lysosomes) was not affected in axons devoid of TTLL1
during the pruning period in mice (Figure 3.12). Possibly, this result is due
to the fact that an increase in MT does not boost additional delivery of
organelles. This is either due to the limitation of cargo or motor proteins
availability, which could be the case if the transport is already running at
full capacity in this axonal context.

A second explanation comes from the entity of the experimental paradigm:
axonal transport was characterized through ex vivo muscle-nerve explants
at the intercostal nerve. Differences in transport due to the enzymatic ma-
nipulation of TTLL1 could diverge instead at the terminal axons, and in
particular at doubly innervated synapses where the outcome of the compe-
tition is being decided!®?2. Although technically more challenging, testing
the effects of polyE on transport in competing terminal axons could be
achieved nevertheless by retracing the same axons after post-hoc staining
with SIII-tubulin, and categorizing winner and losers according to the to-
tal amount of cytoskeletal mass. A more accurate alternative method is
sequential photobleaching to determine the extent of the synapse territory

™ since synaptic territory is predictive of competition outcome?,

occupation
Either paradigm are worth investigating in the future.

The obvious delay of axonal pruning in TTLL1™XO (Figure 3.6f &g) im-
plies that this glutamylase affects synapse elimination through a different
modality.

Apart from the effects on neuronal transport, an important consequence of
cytoskeletal organization in axons is MT’s abundance at specific locations.
This affects the availability of resources at metabolically strategic locations
such as synapses in dendrites or axons??®. This can occur by means of MT
architecture, to boost cargo delivery at synaptic boutons and strengthen

specific synapses. In fact, MTs in presynaptic areas are shorter and more
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dynamic, in order to promote cargo pausing and delivery??% 238302 Tn addi-
tion, TTLL1 could play important roles in recruiting Spastin to presynapses.
Spastin, thanks to its property to bind both ER proteins, such as REEP1
and atlastin?0%207:208 " and MT through the MTDB domain'¥?, could redis-
tribute ER by co-aligning MT filaments with ER to drive movement of ER

tubuleg393-305,

This could be potentially occurring in axons at Nodes of
Ranvier of pruning motor axons. While ultrastructural analysis showed no
difference in total ER volume at inter-nodal areas (Figure 3.13c), prelimi-
nary results indicate there was potentially an increase of total ER at nodes
of Ranvier (Figure 3.13d). In this respect, two functional Spastin isoforms
have been detected. M1, which enables interaction with ER through its N-
terminal hydrophobic domain; and m87, which is preponderantly responsible
for MT binding. Previously, it has been shown that m87 is more expressed
than m1 in the adult CNS'" 213 while the translatome data show that the
opposite is true in young pruning neurons (Figure 3.13a). This result un-
derscores the importance of ER at these developmental stages, to possibly
modulate calcium buffering and calcium events at nodes of Ranvier3%. Ter-
minal branches and synapses are subjected to high levels of calcium influx,
thus buffering by ER might be crucial in these locations to maintain home-
ostasis.

To recapitulate, my findings indicate that the change in polyglutamylation
might alter the MT structural organization and cause a redistribution of
organelles, such as ER or mitochondria, by using Spastin as an interaction
node between MT and ER. Regulation of pruning through redistribution
of organelles is a previously unknown mechanism of action contributing to

axon pruning, and is worth exploring and exploring in the future.

4.8 Effect of PTMs tubulin code and neuronal
transport in adult

Axons require both the continuous delivery of new organelles and the clear-

ance of aged ones, both of which rely on a proper axonal transport and MT
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225 Motivated by the compelling evidence that hyperglutamy-

266

organization
lation is associated with neurodegeneration-*, and by the observation that
hyperglutamylation is absent in young mice, I examined how transport is
affected when MTs are hyperglutamylated in the adult in the absence of
CCP1/6 in motor neurons.

My results show the altered neuronal transport of both anterograde and
retrograde mitochondria and mito-lysosomes (Figure 3.19d - f). The higher
rate of mito-lysosomes anterogradely but the lower rate retrogradely (corre-
sponding roughly to 1 lysosome per minute difference between conditions)
indicates that these organelles accumulate at synapses. This is also corrob-
orated by a higher mitophagy index quantified in the distal NMJ (Figure
3.19g - i). The effects on lysosomes are intriguing, since lysosomal dys-
functions have also been reported in Spastin®© models?'%:278:307 and in HSP
models, a neurodegenerative disease where the majority of mutations reside
in Spastin gene3%® 31! Additionally, CCP1 has been shown to physically

312 a key gene involved in mitochondria autophagy and

interact with parkin
quality control®331 This suggests that CCP1 and Spastin might converge
onto the same downstream pathway and, when dysfunctional, affect the
quality control machinery.

Axonal transport abnormalities and axon swelling have also been reported in
patients with HSP3'®. Mitochondria and lysosomes are mainly transported

112,236,317 and mutations in one of its mem-

318,319 It

by the kinesin-1 family of motors
bers, KIF5A, are also associated with hereditary spastic paraplegia
is reported that polyE affects kinesin motility: hyperglutamylation enhances
the motility of kinesin-1 in single molecule assays'?%320 but it decreases
binding affinity and processivity of kinesin-1 motors in mouse cultured hip-

pocampal neurons?67:321

. These discrepancies in transport might in part be
explained by the fact that Spastin MT severing efficacy is graded according
to polyE side chain length!®”. It would be interesting to also test the effects
of polyE length on motor recruitment.

Thus, disrupting deglutamylase activity affects axonal transport, possibly
by changing the binding affinities of MAPs and motors to the cytoskeleton

by changing the electrostatic properties of the MT lattice through hyperglu-
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levels

9 This could also affect mitochondria’s health by interacting

tamylation®
with the mitochondria quality control machinery. Hence, downstream of glu-
tamylation, severing enzymes alter cell physiology through a MT dependent

and independent means.

4.9 Dissecting the role of neuronal activity in
modulating polyE levels

Mechanistically, the combination of neuronal activity!'®, pre- and post- synap-

h27:28,65°67 and the synchronization neuron-muscle ac-

tic connection strengt
tivity?%, play a fundamental part in the recessive phase of synapse elimina-
tion. Especially at the NMJs, neuronal activity has direct effects on pruning.
Post-synaptic blockade through a-btx acts as presynaptic punishment that

22T Here we show

destabilizes cytoskeleton and reduces overall M'T mass
that neurotransmission blockade alters the levels of polyglutamylation on
MTs (Figure 3.21). Only blocking neurotransmission and not also the ef-
fector (Spastin) recapitulates hypoglutamylation, as in the genetic deletion
of CCP1/6. By removing both the effector of polyglutamylation (Spastin),
and the instructor (neuronal activity), thus uncoupling the two, we could
identify the contributions from each signal. We show that neurotransmission
modulates the activity of glutamylases or deglutamylases in such a way that
in losing synapses, the lack of activity prompts hyperglutamylation of MTs.
Our cumulative evidence so far suggests that this process could be mediated
through the activation of the glutamylase TTLL1, which in turn recruits
Spastin that dismantles MT cytoskeleton. Since glutamylases and deglu-
tamylases are in a rheostatic relation, the reversed scenario is also likely:
in winning axons, neurotransmission activates CCP1 to remove glutamyla-
tion from tubulin tails; this prevents cytoskeleton destabilization through
Spastin.

It should be taken into consideration that neurotransmission blockade through
BTX is a pharmacological intervention, and furthermore acts post-synaptically.

A more refined approach to test how neuronal activity affects glutamylation
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modifying enzymes, would be to use genetic models to block axons from the
pre-synaptic side, offering a more direct readout on the axonal cytoskeleton.
This is possible through conditional deletion of Choline-acetyltransferase
(Chat), the enzyme responsible for the production of the neurotransmit-
ter Acetylcholine. Care should be placed so that the deletion targets only
a subset of motorneurons, since total Chat deletion is fatal at birth?% 322,
Furthermore, it is the relative strength of competing synapses that offers a
competitive advantage in one of the motor branches!'®. Such partial deletion
can be achieved by a careful dosage of intraventricular injection of Cre con-
struct®?? to a mouse line where Chat is flozed, as explained in the section
5.6, and could be pursued in the future to corroborate these results.

Overall our data strongly suggest that the activity of CCPs and TTLLs is
under the control of neurotransmission and, likewise, these M'T modifying
enzymes have an instructive role in guiding the outcome of synapse elimi-

nation.

4.10 Roles of glutamylases in CNS pruning

Pruning, either dendritic or axonal, occurs extensively in the nervous sys-
tem® 19, Although we are starting to uncover molecular candidates involved
in the process (Chapter 2.3), it remains an open question how canonical and
generalized these pathways are and whether they occur in different neuronal
locations. To bridge this gap, we set to explore if glutamylases are also
involved in pruning of the CNS.

We found that both spine density of hippocampal granule cells and axon
length of the infra pyramidal bundle are affected in the TTLL1¥® model
(Figure 3.11). Thus we infer that polyglutamylation not only affects prun-
ing of NMJ in PNS, but guides remodeling of both dendritic spines and
axonal cytoskeleton. These findings widen the scope of action of glutamy-

lases as key drivers of synapse elimination.
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4.11 Translatome-driven search of molecular factors affecting
synapse elimination

4.11 Translatome-driven search of molecular
factors affecting synapse elimination

A final objective of my work was to uncover molecular cues that mediate
the elimination of redundant connections through polyglutamylation.

Neurotrophins and related members are key candidates to explore, due to
their prominent role in providing trophic support and previous evidence in

45,53,55,56,64  N[otor neuron deletion of

being involved in synapse elimination
neurotrophic related factor p75, did not affect mass (Figure 3.22b &c) or
MT glutamylation, in neither singly (Figure 3.22b &d) or doubly innervated
synapses (Figure 3.22 e &h). Possibly, this lack of response is due to the
presence of the p75 co-receptor, Sortilin in this mouse line (Sortl, Figure
3.22a). It was previously shown that concomitant pharmacological targeting
of both p75 and Sortilin are needed to exert pruning effects on NM.J43:55:56
while full p75%© didn’t have any effect®®. At the time of analysis, a genetic
double mutant was lacking, but it could be worth to explore in the future.
I also explored the role of TNFa, a cytokine that acts as a retrograde factor
to induce presynaptic axonal elimination during the development of mouse

64 The lack of expression of TNFa in motor neu-

neuromuscular synapses
rons seen in the transcriptome data is consistent with its derivation from
postsynaptic muscle cells®* (Figure 3.23a). Although this cytokine can bind
to different receptors, it is possible that in young motor neurons it exerts
its function through either TNFRSF1A/TNFR1 (the highest expressed) or
TNFRSF1B/TNFBR (Figure 3.23a). Consistent with TNFa punitive prop-
erties, the full knock-out of TNF« increases overall MT mass in motor axons
(Figure 3.23b &c), which leads to NMJ pruning delays®?.

However, to my surprise, polyE increased proportionally to tubulin (Figure
3.23b &d). An expected linear outcome would have been a lower ratio of
polyE to tubulin in the full knock-out and subsequently less Spastin recruit-
ment and pruning delay. An explanation for this steady state might be due
to the nature of the animal model, which is a complete knock-out of the

W

“punishment” signal. Since at the NMJ, the resolution of polyinnervation

occurs through relative strength of competing synapses'®, the absence of a
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biased synaptic strength between inputs in TNFaX© might prevent trigger-
ing the activation of glutamylases in a branch selective manner. The nature
of this "activity dependent switch", which senses the lack of activity and trig-
gers synapse-selective pruning, is still unknown at the NMJ, but has shown
to be mediated by the JAK2-STAT1 pathway in CNS callosal axons. JAK2
is localized at the inactive presynaptic terminals and transmits punishment
signals from active connections to drive elimination of inactive ones®*. To
understand if the same or more complex mechanisms are at play at the NMJ

still requires further investigation.

4.12 General conclusions and future
perspectives

I highlight a carefully orchestrated sequence of events, where downstream
of neuronal transmission the less active of two competing synapses is elim-
inated'®. 1 show that the fate of the losing branch is marked by recruit-
ment of glutamylases to add polyglutamylation to remove the MT cytoskele-
ton. Through docking to negatively charged polyE, added sequentially to
a-tubulin tails by TTLL1, Spastin dismantles the cytoskeleton of axonal
branches targeted for degradation (Figure 4.2).

I further show that this process affects pruning by regulating cytoskeletal
mass through rheostatic mechanisms of glutamylases and deglutamylases.
Polyglutamylation is not simply a permissive factor but determines the prun-
ing paces instructively, both in the PNS at the NMJ, and in the CNS where
it contributes to the removal of spines in the hippocampal granule cell and
in the shortening of the IBP. This speaks to the importance of this mecha-
nism in affecting these large scale recessive events during development. The
modulation of the activity of this family of enzymes is under the control of
neuronal activity, a known master regulator of pruning which dictates the
competition outcomes according to experience.

It is quite striking how each enzyme of the molecular signaling here de-
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Glutamylases

TTLL1
Deglutamylase:
CCP1

Y

!
microtubule dismantling

> Axon pruning

Figure 4.2: Glutamylases and deglutamylases rheostatically regulate de-
velopmental pruning. Suboptimal neural activity in a losing azonal branch trig-
gers the activation of TTLLI1 glutamylase. This enzyme hyperglutamylates the o-
tubulin tail of M'Ts, a PTM which acts as a recruitment signal for Spastin. Spastin
then severs the MT lattice and causes cytoskeletal dismantling and selective axonal

branch removal. Reconstruction of terminal motor axon branches is modified from
Brill et al. (2016)
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scribed, is linked with neurodegenerative disease: Spastin and HSP, CCP1
and infantile-onset neurodegeneration®**, Tubada with ALS?%. All converge
to the cytoskeleton, underscoring its central role both in physiology and in
pathology, and the importance of obtaining a clear mechanistic understand-
ing of this process.

The cytoskeleton architecture is highly dependent on the molecular con-
text. The motoneuron-specific translatome obtained through the Ribotag
was fundamental to uncover differences in response to the absence of CCP1
in young wvs adult mice and the repercussion for MT architecture, pruning
and axonal transport.

Future effort will be spent to mine and experimentally validate the trans-
latome data across the different ages and conditional knock-out models, in
order to gain new insights into the molecular pathways that drive the prun-
ing process.

It is not excluded that TTLLs and CCPs might contribute to pruning in-
dependently of cytoskeleton. Although no other substrates except tubulin
are currently known for TTLL1, other TTLLs can modify other substrates,
such as the nucleosome assembly proteins NAP1 and NAP2, the MT +TIP
protein EB1, the myosin light chain kinase (MLCK) and others®* 327, Mo-
toneuron transcriptome of TTLL1 or CCP1 knock-out mice could help differ-
entiate between the extent of the contribution of these pathways to pruning.
Ribotag sequencing could be additionally utilized to directly compare “los-
ing” versus “winning” axon branches. This could be achieved by a selective
presynaptic activity blockade of competing synapses (as explained in MM
section 5.6), through deletion of the Chat gene in a subset of motoneurons.
The altered relative synaptic strength of competing terminals by the inhi-
bition of Acetylcholine synthesis, coupled with Ribotag sequencing, would
enable the generation of a dataset of blocked (pulled down) and unblocked
(total input) synapses. Then, the direct comparison of these datasets could
help elucidate which molecular pathways are elicited downstream of neural
activity.

An open question is how these enzymes are able to produce opposite out-

comes to competition, despite sharing a common main axonal branch. Tak-
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ing advantage of the extremely polarized nature of the motoneurons, Ribotag
could also be implemented to generate a compartment-specific translatome
of motor neurons of axons and soma. This can be achieved by dissecting and
separately isolating mRNA from soma, residing in spinal cord, and mRNA
from synapses located in the TRG muscle. This would help extricating the
local contributions and uncover local translation events at synapses. Com-
bined with the dataset of blocked neurotransmission in a motoneuron subset,
we could obtain a direct comparison of compartmentalized and “winner vs
loser” synapses. However, extremely low amounts of in-translation-mRNAs
are expected in synapses, which could be a caveat for the Ribotag technique.
Possibly, this could be bypassed by complementing Ribotag pull-down with
single-cell sequencing mRNA amplification techniques, prior to sequencing.
New and exciting technological advancements are on the horizon and will
help to validate top candidates emerging from the omics datasets: tech-
niques such as STED or Airy-scan that allow for in situ investigation of MTs
at nanoscale resolution in animal models. Coupling them with expansion
microscopy might help to super-resolve MT structure in more challenging
conditions, such as the bundled axonal cytoskeleton of murine NMJ. On
the other hand, other techniques could add the dynamic component of MT

t262

regulation: motor paint“°“ for visualizing molecular motors dynamics, while

328 will help to

new probes amenable for visualization M'T PTMs in real time
elucidate how they affect tubulin dynamics in cells, and possibly in animal
models in vivo. Combined, they provide exciting avenues for the Tubulin

Code and untangle how it shapes large scale morphogenic events.
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5 Materials and methods

5.1 Buffers, Solutions, Reagents and Equipment

5.1.1 Buffers

0.1M NaHsPO4 | 500 ml
0.1 M Phosphate buffer | 0.1 M NayHPO,4 | 500 ml
Total 11

Sodium phosphate

o 18.6 mM | 71505 | Sigma
PBS pH 7.4 | monobasic dihydrate

10 di hosphat
* Sodium phosphate o\ 1\ 1 95136 | Sigma
dibasic
Sodium chloride 1.75 M 3957.1 | Roth

4% Paraformaldehyde | Paraformaldehyde | 4% | 158127 | Sigma

in PBS PBS, pH 7.4, 10x | 1x |- -

DMEM, high glucose, GlutaMax | 61965059 | Thermo Fisher

Fetal bovine serum (FBS) 10100147 | Thermo Fisher

PBS pH 74 10010015 | Thermo Fisher
_ Glutaraldehyde 2.5 % | 16300 | EM Sciences

EM fixative :
H 7o Paraformaldehyde 4 % | 15700 | EM Sciences
PR Sodium cacodylate buffer | 0.1 M | 11654 | EM Sciences
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PFA 40 g Sigma-Aldrich, P6148
4% Paraformaldehyde | NaOH 125 nl Roth, KK71.1
in 0.1 M PB 0.1 MPB|uptoll
Total 11
Gitocher Buffer 15 pl
B-mercaptoethanol | 1.5 pl
Lysis buffer | Proteinase K 0.75 nl
H50O 125.25 ql
Total 150 pl
50 x TAE buffer | 2 ml Roth, CL86.1
Agarose lg SeaKem, 50004
Agarose gel | Gel Red 10 pul VWR International,730-2957
H,O up to 100 ml
Total 100 ml
BSA dg
Blocking | Triton X-100 | 500 pl
solution | 0.1 M PB up to 100 ml
Total 100 ml
Sodium chloride 125 mM | 3957.1 Roth
Potassium chloride 2.5 mM | 7447-40-7 | Merck
Sodium phosphate 1.25 mM | 71505 Sigma
Ringer’s solution | monobasic dihydrate
1x Sodium bicarbonate 26 mM | S5H761 Sigma
C‘alcmm chloride 9 mM 07902 Sigma
dihydrate
Magnesium chloride L M 630628 Sigma
hexahydrate
D-(+)-glucose 20 mM | G7021 Sigma
oxygenate with carbogen
(95% 02 / 5% CO2) ' ) )
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5.1.2 Antibodies

Primary Antibodies

Antigen Species # Dilution Company
ChAT Goat AB144P 1:500 Sigma
Gfap Chicken | ab4674 1:2000 | Abcam
GFP Chicken | ab13970 1:1000 | Abcam
GT335 Mouse | AG-20B-0020 | 1:200 Adipogen
polyE tubulin Rabbit | IN105 1:1000 | Adipogen
acetylated tubulin | Mouse | 611B1 1:1000 | Abcam
Neurofilament | o ven | abacso 1:500 | Abcam
heavy polypeptide
S-monokE Rabbit | - 1:500 gift from Janke Lab
HA Mouse | H6908 1:50 Sigma-Aldrich
BIII-Tubulin AF488 | Mouse | 801203 1:200 Biolegend
SIII-Tubulin AF555 | Mouse | 560339 1:200 BD Biosciences
BIII-Tubulin AF594 | Mouse | 657408 1:200 Biolegend
SIII-Tubulin AF647 | Mouse | 657406 1:200 Biolegend
a-BTX AF488 Mouse | B13422 1:50 Invitrogen
a-BTX AF594 Mouse | B13423 1:50 Invitrogen
a-BTX AF647 Mouse | B35450 1:50 Invitrogen
a-BTX-biotin Mouse | B1196 1:50 Invitrogen

Table 5.1: The primary antibodies.
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Secondary Antibodies

Antigen Species # Dilution Company
a-rabbit IgG-F(ab’)2 AF488 | Goat A-11070 1:1000 | Thermo Fisher
a-rabbit IgG-F(ab’)2 AF549 | Goat A-11072 1:1000 | Thermo Fisher
a-rabbit [gG-F(ab’)2 AF647 | Goat A-21246 1:1000 | Thermo Fisher
a-chicken IgY AF488 Goat A-11039 1:1000 | Thermo Fisher
a-chicken IgY AF647 Goat A-21449 1:1000 | Thermo Fisher
a-goat IgG AF594 Donkey | A-32758 1:1000 | Thermo Fisher
a-mouse [gG AF594 Goat A-21125 1:1000 | Thermo Fisher
a-mouse IgG AF647 Donkey | 715-605-151 | 1:2000 | » 25"

Immunofluorescence
a-rabbit IgG AF555 Donkey | A-31572 1:2000 | Thermo Fisher
a-rabbit [gG AF568 Goat A-11011 1:1000 | Thermo Fisher
a-rabbit IgG AF594 Goat A-11012 1:1000 | Thermo Fisher
a-rabbit [gG AF405 Goat A-31556 1:1000 | Thermo Fisher
a-rabbit IgG AF488 Goat A-11008 1:1000 | Thermo Fisher

Table 5.2: The secondary antibodies.
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5.1.3 Primers
Primer Sequence (5" — 37) Product (bp)
GCCGAAATTGCCAGGATCAG (fw)

Cre 650 bp
AGCCACCAGCTTGCATGATC (1v)
GTTTGCAGAAGCGGTGGG (wt-fw)

Chat-Cre | CCTTCTATCGCCTTCTTGACG (mut-fw) wiz 200 bp
AGATAGATAATGAGAGGCTC (rv) mut: 148 bp

aEp CACGCTTCAAAAGCGCACGTCTG (fw) 250 b
GTTGTGCCCAGTCATAGCCGAATAG (1v)

Pt TTAAGCAGTGGCTGCCGGAGTGC (fw) wt: 206 bp
GTCTACAGCCACGTGCTCAGCAAAGG (1v) mut: 405 bp

. GAATGGCAATGAGATCACCACTCTCCAGC (fw) wt: 202 bp
CTGTTGGGTGTCTGAGGCAAACACTTCC (1v) mut: 337 bp

I CCCAGGTAGACCAGAAGAGGGAGGC (fw) wt: 124 bp
TCTTGGCTTCTCTTGCTTGGGACCC (rv) mut: 310 bp

TTLLLKO | GAACTCGACACCACCTGCAACCAACC (fw) wt: 1300 bp
CAATGTGCTTGGCGGTTCAGGATCCC (rv) ko: 520 bp

LT CGACCGAGAACCTAGCTACTGCTCATT (fw) wt: 317 bp
CGCTATGAAATAACCCTGATGCTGAAG (rv) mut: 422 bp
AAGTCATGGCAGTCTTTCTGGCT (41-fw) wt: 223 bp

Spastin CACATGGTGGCTCATAACCATTTA (89-fw) mut: 270 bp
ATTTGCAAAAACTACTTGCTATTAAATTCC (169- 1v) | ko: 432 bp

- CACATGAAGCAGCACGACTT (wt) 375 b
TGCTCAGGTAGTGGTTGTCG (1v)
TGTCAGGCGTTACAAGAAACA (fw)

P75 GAAGGATCCATAACTTCGTATAGC (mut-rv) wi: 250 bp

mut: 209 bp

TCTTTAAGCTGGAGCAATGACT (wtrv)

Table 5.3: The primers.
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Primer Sequence (5" — 37) Product (bp)
TAGCCAGGAGGGAGAACAGA (fw)
TNFa AGTGCCTCTTCTGCCAGTTC (wt-rv) wi: 183 bp
CGTTGGOTACCCGTGATATT (mut-rv) mut: 318 bp
Ribotag GGG AGG CTT GCT GGA TAT G (fw) wt: 243 bp
TTT CCA GAC ACA GGC TAA GTA CAC (rv) | mut: 290 bp
CTGTTCCTGTACGGCATGG (fw-wt)
AAGGGAGCTGCAGTGGAGTA (rv-wt) wt: 297 bp
CagTomato
GGCATTAAAGCAGCGTATCC (fw-mut) mut: 196 bp
CCGAAAATCTGTGGGAAGTC (rv-mut)
GCCCTGCCAGTCAACTCTA (fw)
Chat GAAATCCTGACAGATTCCAACA (wt-rv) wt: 550 bp
mut: 400 bp

TTTCCGCCTCAGGACTCTTC (mut-rv)

5.1.4 Microscopy reagents and equipment

Item # Company
FV1000 - Olympus
20xO/N.A. 0.85 | UPlanSApo Olympus
FV3000 - Olympus
20x/N.A. 0.75 UPlanSApo Olympus
40x/N.A. 0.95 UApo N340 Olympus
60xO/N.A. 1.42 | PlanApo Olympus
100xW/N.A. 1.0 | LumPlanFL Olympus
10x/N.A. 0.4 UPlanSApo Olympus
20xW/N.A. 0.5 | LumPlanFL Olympus
Lambda 10-3 LB10-NWIQ Sutter
4x/N.A. 0.16 UPlanFL N Olympus
4x/N.A. 0.28 XLFluor 4x/340 | Olympus

Table 5.4: Microscopy reagents.
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5.1.5 Other equipment

Item +# Company
Vibratome | VT1200 Leica
Cryostat CM1860 Leica
Injector Nanoliter 2000 | World Precision Instruments
Bioanalyzer | RNA 6000 Nano | Agilent
Ultrasound | Vevo 2100 Visualsonics

5.1.6 Softwares

Table 5.5: Other equipment.

Item # Company
GraphPad Prism | 8.2.1 GraphPad Software
[lustrator CS5 15.0.2 Adobe
ImagelJ /Fiji 1.52f Schindelin et al. (2012)
Microsoft Excel | 2016 Microsoft Office
Photoshop 12.0.4 Adobe
nManager 1.48v WWW.MICro-manager.org
RStudio 2022.07.1 Build 554 | github.com /rstudio/rstudio
R 4.2.1 WWW.Tr-project.org

Table 5.6: The
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5.1.7 Chemicals and other reagents

Item +# Company
DAPI D9542 Sigma
DNA polymerase I MO0209 New England BioLabs
GoTaq(R) G2 Hot Start Green Master Mix | M7423 Promega
Heparin sodium salt H3149 Sigma
Hoechst 33342 H3570 Molecular Probes
Proteinase K 351100902 | Biozym
Streptavidin-Alexa Fluor 405 S32351 Thermo Fisher Scientific
Vectashield Mounting medium H-1000 Vector Laboratories
B-Mercaptoethanol M6250 Sigma
RNAsin Plus Inhibitor N2615 Promega
M-MLV Reverse Transcriptase Buffer M170A Promega
Reverse Transcriptase M-MLV M170A Promega
QIAEX II Gel Extraction Kit 20021 Qiagen

Table 5.7: The chemicals.
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5.2 Mouse lines, husbandry and genotyping

The experiments were carried using mice of both sexes. The animals were
housed in individually ventilated cages with food and water ad libitum, and
kept together with littermates. Every experiment was performed conform to
the regulations of the local authorities of the government of upper Bavaria.

By crossbreeding conditional knock-out mice with a line of mice with
Cre-recombinase expression under the Chat promotor®? (ChAT-IRES-Cre,
Jackson #6410), we have generated motor neuron KO mice for the following

genes:
« p75 (Jackson #031162)

o Glutamylases (gifted from Dr. C. Janke, Institut Curie, Paris, France):
— TTLL1%66
— TTLL7Y!

e Deglutamylases (gifted from Dr. C. Janke, Institut Curie, Paris, France):
— CCP13%
— CCP62%

Additional mouse lines used were:
o TNFa full knock out (Jackson #005540)

o full neuronal deleted TTLL1 (Nestin-Cre derived deletion by crossing
to TTLL11/8266)

o Tubada knock-in, mutation that prevents polyglutamylation of tubulin

tails?3!

Homozygous conditional mutants (which were at least heterozygous for
Cre), or constitutive mutants (homozygous for deletion) were used as experi-
mental animals, and referred to as CCP1/6™*K0 TTLL1™"KO TTLL7mmKO,
p75™KO - TTLL1KO, TNFaK©, Tuba4dAK!: while homozygous conditional

littermates (Cre-negative) or full wild-types were used as controls, named
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hereafter CCP1/6™WT TTLL1™WT or TTLL7™WT p75maWT TTLLIWT,
TNFaWVT, TubadAWT.

The mice have been used for the quantitative immunohistochemistries, fol-
lowing the protocol indicated in the section 5.3. They have also been used for
the study of axonal transport following injections of AAV9-hSyn-mitoKeima
(CCP1/6™™WT  TTLL1™WT), Thyl-YFP transgenic mice®? (cytoplasmic
YFP in all motor neurons, Jackson #3709) were used to assess pruning speed
in CCP1/6™WT TTLL1™KO TTLL7™"KC compared to their littermates
CCP1/6™WT TTLL1™WT TTLL7™WT,

MT dynamics of EB3 comet density has been analyzed on Thyl-EB3-
YFP-J045! transgenic animals, either CCP1/6™"W T TTLL1™WT or TTLL7™WT
and littermates CCP1/6™"WT TTLL1™KO or TTLL7™RKO,

Conditional knockout of CCP1 and Spast™ in motor neurons, monitored
by ROSA-CAG-TdTomato reporter3®? (Jackson; #7914; CCP18/f gpasti/f
TdTomato) was generated by injection of AAV9-CMV-iCre. Block of neu-
rotransmission was analyzed in constitutive spastin knockout™ (Spast®©)
mice and wild-type controls injected with a-BTX. ‘Ribotagging’ of motor
neurons was conducted in homozygous Rpl22 mice?™ (Ribotag™/®; Jackson,
#11029) crossbred to Chat-IRES-Cre mice.

Genotyping was performed to discriminate between hetero and homozy-
gous mice. The genomic DNA has been extracted from biopsies of the tail,
using lysis buffer containing 67 mM Tris, pH 8.8, 16.6 mM (NH,4)2SOy, 6.5
mM MgCly, 5 mM S-mercaptoethanol, 10% Triton-X-100, and 50 pg/ml of
Proteinase K. The sample was incubated for 5 h at 55 °C, followed by an
inactivation step of 5 minutes at 95 °C. PCR was then performed using a
standard protocol and the amplificated DNA was separated on a 1.5 or 2%

agarose gel.
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5.3 Immunofluoresce staining of triangularis
sterni muscle

Immunohistochemistry is a technique that allows the detection of specific
proteins by exploiting the principle of antigen-antibody conjugation, associ-
ated with a detection system (usually a fluorophore). The immunostaining
of the mouse muscles has been prepared as following. The mouse thorax has
been fixed in 4% paraformaldehyde (PFA) for 1 hour in phosphate buffer
(PB) 0.1 M put on ice, and the triangularis muscle was dissected and ex-
tracted®**. Muscles were then incubated in 5% CHAPS detergent in 0.1 M
PB for 1h at 37 °C. The primary antibody (see table 5.1) has been diluted
in a blocking solution made of 5% BSA, 0.5% Triton in 0.1 M PB, and in-
cubated at 4°C. The incubation times were dependent on the type of tissue
and antibodies used. In particular, overnight for postnatal muscles, 3 days
for adult tissues or when the antibody against anti-acetylated tubulin was
used.

To label postsynaptic nicotinic AChRs, x-fluorophore conjugated a-BTX
(5.2) was added to the primary antibody mixture. All antibodies used in this
study are listed in table 5.1 and 5.2. The muscles have then been washed in
PB 0.1M and incubated for 1h at room temperature with the correspond-
ing secondary antibodies. The sample was then washed in PB 0.1M, and
the muscles then mounted on glass slides (Vectashield from Vector Labo-
ratories or Prolong-Glass from Thermo Fisher). At this point, the samples
were imaging ready and the image stacks have been recorded by confocal

microscopy (more details in section 5.9.2).

5.4 Immunohistochemistry and analysis of the
infrapyramidal bundles

Immunostaining was carried out as described previously®!. Briefly, mice
were transcardially perfused with PBS and ice-cold 4% PFA in PBS and
brains were post-fixed in 4% PFA in PBS overnight, embedded in paraf-
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spine density analysis

fin blocks and 7 pm thick coronal sections were cut. Sections were boiled
in unmasking solution (Citrate-Based Antigen Unmasking Solution, Vector
Laboratories), blocked with 1% BSA and incubated overnight at 4°C with
primary antibodies in PBS with 1% BSA and 0.2% Tween 20. Subsequently,
samples were washed 3 times with PBS with 0.2% Tween 20 and incubated
for 2 hours at room temperature with fluorescent secondary antibodies in
PBS with 1% BSA and 0.2% Tween 20, washed three times with PBS with
0.2% Tween 20 and embedded in Mowiol with 1 pug/ml Hoechst. Fluores-
cent images were taken using a confocal microscope (Leica SP8 and Leica
Stellaris).

IPB was visualized by anti-calbindin D28K (Swant, 1:300) immuno-staining
of 7 ym coronal sections of P56 WT and TTLL1X® mouse brains embed-
ded in paraffin. Images taken using a confocal microscope (Leica SP8 and
Leica Stellaris) were analyzed by ImagelJ software. IPB length was quan-
tified using the ratio of IPB length to the length of the CA3 as described

previously?7.

5.5 DiOlistics labeling of hippocampal granule
cells and dendritic spine density analysis

For the visualization of dendritic spines in WT and TTLL1X® brains Di-
Olistic approach was used as described previously®'. In brief, mice were
perfused with 20 ml of 4% PFA/PBS, and brains were isolated and post-
fixed in 4% PFA /PBS for 30 minutes. Then, brains were washed in PBS for
30 minutes and incubated in 15% sucrose for 30 minutes then again other
30 minutes in 30% sucrose. 250 pm thick coronal slices were cut with vi-
bratome, washed in PBS and incubated for 5 minutes in 15% sucrose and
subsequently in 30% sucrose. The solution was removed and Dil was intro-
duced into the brain slices by Dil-labeled tungsten particles with the use of
a Gene Gun helium-powered system from Bio-Rad and 120 Psi pressure®! .
After the labeling, the slices were washed in PBS to remove residual tung-

sten particles and kept for 30 minutes in PBS in the dark to let the dye

111



5.6 Neonatal AAV9 or a-BTX injections

diffuse. Slices were mounted onto a glass slice in 0.5% n-propyl gallate/90%
glycerol/PBS (NPG) and the next day imaged by Leica Stellaris confocal
microscope. Analysis of the dendritic spines density was performed using
Neurolucida software (MBF Bioscience) in 3 different WT and TTLL1KO

brains (at least 10 labelled granule cell dendrites were analysed per brain).

5.6 Neonatal AAV9 or o-BTX injections

I injected viral vectors into neonatal pups following the same procedures as
previously published”227:323,335 and as shown in Figure 5.1. First of all,
P3 pups have been anesthetized with isofluorane (Abbott). 3ul of viral vec-
tor was then injected into the right lateral ventricle, by a nanoliter injector
(World Precision Instruments; Micro4d MicroSyringe Pump Controller con-
nected with Nanoliter 2000) connected to a fine glass pipette (Drummond;
3.57, #3-000-203-G/X). The injection rate, at a rate of 30 nl/s, was guided
by ultrasound (Visualsonics, Vevo® 2100). Trypan blue 0.05 % (wt/vol) was
added to the viral solution in order to visualize the process of filling of the
injected ventricles. Only whole litters were injected. The pups have then
been let recover on a heating mat before being returned to their mother into
the home cage. At appropriate age, they were sacrificed for the experiments.
AAV9-hSyn-iCre, AAV9-mito-Keima viral vectors have been injected at a
titer of 1x10'® to 2x 10,

The expression of TdTomato reporter allele (homozygous) in the motor
neurons of the triangularis sterni muscle has been used to verify the Cre-
mediated deletion in conditional knock-out of CCP1 and Spast. The re-
combination was considered positive when the fluorescence intensity of Td-
Tomato was in the upper 25 % range. On the other hand, it was considered
negative when the fluorescence level was in the lowest 25% quartile. The

other axons were excluded from the analysis.
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AAV9 - hSyn - xxx

3 6 x-age

postnatal days

Figure 5.1: Intraventraventricular injection of wviral vectors. Motor neu-
ron expression was obtained through the use of human Synapsin promoter (hSyn)
and the adeno-associated capsid serotype of AAVY9 to drive the expression of the
construct of interest (such as iCre, mito-keima etc.) in neuronal cells, specifically
motor neurons of triangularis sterni muscle. Injection was executed at P3 to achieve
broad targeting of neurons, followed by tissue preparation at specific age according

to the experimental requirements.

The postsynaptic neurotransmission in the triangularis sterni muscle of
BI6 or Spast®© and Spast“Tmice was inhibited with 1 pl of 50 mg/nl a-
BTX conjugated to Alexa Fluor 594 (purchased from Invitrogen; B13423),
injected in the thorax (at P7) using a pulled glass capillary, as previously

d™ 227,323 and as shown in schematic 5.2. Visualization was possible

describe
because a-BTX was conjugated to Alexa Fluor 594 (purchased from Invit-
rogen, B13423). As control, we used the contralateral side of the thorax,
untreated.

To verify the degree of blockade and the level of the absence of denerva-
tion, we performed a post-hoc staining of the triangularis sterni muscle with
BTX-AF488 or AF594 (>100 NMJs per mouse, n=3). The immunostaining
was conducted following the protocol indicated in the the section 5.3, with

anti-SIII-tubulin and anti-polyE antibodies.
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postnatal 5 7 9
day 1 ! ! \ I -

Figure 5.2: Unilateral injection into Triangularis sterni muscle with B-BTX. Injec-
tion was executed on P7 old mice followed by triangularis sterni muscle extraction
and staining at P9. In some cases, post-hoc staining using a different fluorochrome
conjugated B-BTX was used to confirm extent of blocked synapses.

5.7 Ribosomal pull down and RNA sequencing

The ribotagging protocol allows for the isolation of cell specific mRNA in
translation as shown in Figure 5.3. For each group we have dissected three
spinal cords, from homozygous Rpl22 mice?” crossbred to Chat-IRES-Cre
mice. The samples were kept at -80°C. The spinal cords have been homoge-
nized in the following buffer: 50 mM TrisCl (pH 7.5), 100 mM KCI (Sigma
#P9541), 12mM MgCl, (Sigma 63068), 1%NP-40 (Roche, #11332473001),1
mM DTT (Sigma #646563), 1X Protease Inhibitors (Sigma #11697498001),
Img/ml Heparin (Sigma #H3393), 100pg/ml cycloheximide (Sigma # C7698),
RNAse OUT (Thermofisher #10777019). The mRNA-ribosome complex
was then precipitated using the polyclonal HA-antibody (Sigma #H6908)
and Dynabeads Protein G (Life Technologies 10004D)?™. The mRNA bound
to the ribosome has been isolated using the RNeasy Plus Micro Kit pur-
chased from Qiagen (#74034), following the manufacturer instructions. The
non-precipitated fraction was used as “input” spinal cord control.

RNA was then checked for quantity and integrity (RIN > 9) with the
Bioanalyzer (Agilent RNA 6000 Nano). We then sequenced the motor neu-
ron mRNA in pair-end using the Illumina HiSeq4000 Kit, at a depth of 40
million reads per sample. The raw sequencing data (fastq files) have been
aligned to the mouse genome (mm9). The read counts were extracted with

the htseq-count (option “intersectionStrict”). The low expressed RNAs (less
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than 10 reads) have been excluded from the analysis. We used the DESeq2
software package®3% to analyse the differential gene expression. We per-
formed a likelihood ratio test on the timeline analysis. Plots were created

using ggplot2 and custom statistical software scripts in R.

Chat-Cre X Rpl22"**

»f

’ ~~
A4 A4 e
motor neuron spinal cord IP with motor neuron
ribosomal isF;Iation anti-HA translatome
tagging with HA antibody sequencing

Figure 5.3: Ribotag protocol schematic. To achieve precipitation of the mo-
tor neuron derived mRNA, the L22 ribosomal subunit encoded by Rpl22 gene, is
tagged with hemagglutining (HA). Toward this, the Chat-Cre mouse line is crossed
to Rpl22V R mouse line, where the C-terminal exon of endogenous Rpl22 gene has
the HA cassette flanked by two loz-P sites. Isolated spinal cord are subsequently
immuno-precipiated with anti-HA antibody to obtain ribosome-bound mRNA from
motor neurons. The purified mRNA is sequenced and analysed. Reconstruction of

terminal motor azon branches is modified from Brill et al. (2016)

5.8 Reverse Transcription (RT)-qPCR

The Reverse Transcription Polymerase Chain Reaction (RT-PCR) is an
amplification technique to measure the amount of specific RNA molecules

(in our case, gene expression). It consists in the reverse transcription of
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RNA into complementary DNA (cDNA), followed by its amplification and
quantification using the quantitative Polymerase Chain Reaction (qPCR)
method. The RNA template is converted into its cDNA form by using the
Reverse Transciptase (RT) enzyme, and then used as the template for the
exponential amplification by qPCR.

In our case, the cDNA was obtained with the following protocol: 100 ng
of ribotagged motor neurons mRNA, 100 ptM of random hexamer primers
(Roche, # 11034731001) 1 pl RNAsin Plus Inhibitor (Promega #N2615)
have been filled up with water to a final volume of 14 pl. The mixture was
incubated at 70 °C for 5 minutes, followed by a cooling step for 10 minutes
on ice. We then added to the mixture 5 pl of M-MLV Reverse Transcrip-
tase Buffer (Promega, #M531A), 10 mM of NTPs and 200 units of reverse
transcriptase M-MLV (Promega, #M170A). The mix was then incubated
for 1.5 hours at 37 °C. The cDNA was purified using QIAEX II Gel Extrac-
tion Kit (Qiagen, #20021). It was mixed with 2 pl of QiaEX-II suspension
(Silica-Matrix) and 80 pl of QX-I buffer, incubated for 20 min at 25 °C in a
shaker at 1000 rpm and then centrifuged at 13.000 x g for 2 minutes. The
supernatant was discarded and the matrix has been washed two times with
90 nl of PE buffer. The column was then again centrifuged at 13000 g for
2 minutes. The supernatant was discarded and the pellet was left to dry
shaking at 300 rpm at 25 °C for 10 minutes, with the lid open. The cDNA
was then eluted with 20 pl of elution buffer (1 mM Tris, pH 8.5), incubated
at 25 °C shaking at 1000 rpm to homogenize the pellet. Finally, the sample
was centrifugated at 13000 g for 2 minutes and the supernatant containing
the clear cDNA was collected. All steps have been conducted on ice in order
to limit the degradation of the oligonucleotides.

The qPCR reactions have been performed in a LightCyler 1.3 Real-Time
PCR system, (Roche, S/N: 140 6143). MgCl, concentration varied between
1-3 mM and the annealing temperature was dependent on the primer pair

178 and confirmed through primer effi-

used, as optimized in a past study
ciency curves. The primer sequences that we utilized were the following (5’
to 3’):

For each reaction well, we mixed the cDNA template at a concentration of
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Gene Accession # Primer sequence Tm Size | Efficiency

(°C) | (bp) | (%)

Chat NM_ 009891.2 TTCTAGCTGTGAGGAGGTGC (fw) | 64.6 145 03
CCCAAACCGCTTCACAATGG (rv) | 65.2

Gfap | NM_001131020.1 TCGCACTCAATACGAGGCAG (fw) | 65.3 151 90
TTGGCGGCGATAGTCGTTAG (rv) | 65.3

Myodl | NM_ 010866.2 TACAGTGGCGACTCAGATGC (fw) | 65 117 90
GTAGTAGGCGGTGTCGTAGC (rv) | 64.8

Olig? NM 016967.2 ATTACAGACCGAGCCAACACC (fw) | 65.5 502 99
GGGCGGGCAGAAAAAGATCA (1v) | 66.4

Sqor NM 021507.5 GTCCTTGTCAGTCCGTTCCA (fw) | 65 160 99
CAGCTGGATTCCAAGAGCGA (rv) | 65.4
AGAA AACATCCAAG (f 4

Sydel | NM_027875.1 GAAGGCCCCAACATCOAAG (fw) | 654 1)
GGCCTGTGCGAGTACTTCTT (rv) | 65.3

Table 5.8: The primers for qPCR.

1 ng/yul, the forward and reverse primers to 0.5 uM, 2 pl of FastStart DNA
Master SYBR Green I (Roche, #03 003 230 001), 1-3 mM MgCl,; and water

to a final volume of 20pl. Each sample was run in duplicate or triplicate.

The controls with no cDNA and no RT were always included for each primer

pair.

5.9 Microscopy

5.9.1 Live imaging of axonal transport or EB3 comet

densities in nerve-muscle explants

The live imaging of EB3 comet and mitochondrial or mito-lysosome trans-

port analyses have been performed on acute explants of the triangularis

sterni muscle-nerve tissue, as previously indicate

dll,3377 338

. The thorax of

euthanized mice has been obtained by removing the skin over the rib cage,

severing the ribs close to the spinal column and removing the diaphragm to
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release the explant. Oxygenated cold Ringer’s solution (in mM: 125 NaCl,
2.5 KCl, 1.25 NaH,POy, 26 NaHCOg3, 2 CaCly, 1 MgCls, and 20 glucose,
oxygenated with 95% Os / 5% CO2) has been used for the further dissec-
tions. In particular, we removed the remains of thymus, pleura, lung and
pectoral muscles over the rib cage to avoid muscle contraction during imag-
ing. The explant was then fixed with 0.25mm insect pins (purchased from
Fine Science Tools) on Sylgard-coated 3.5 cm petri dish. The inside of the
thorax faced up to expose the intercostal nerves and the terminal motor
neuron branches, and synapses. During imaging, the sample was continu-
ously and steadily perfused with oxygenated Ringer’s solution at 33-36°C,
maintained constant thanks to a heated stage connected to an automatic
temperature controller (Warner Instruments; TC- 344C).

An Olympus BX51WTI epifluorescence microscope has been used to per-
form live imaging, equipped with x20/0.5 NA and x100/1.0 NA water-
immersion objectives, an automated filter wheel (Sutter Instruments; Lambda
10-3), a charge-coupled device camera (Visitron Systems; CoolSnap HQ2),
and controlled by pManager version 1.4(Edelstein, Tsuchida et al. 2014).

For MT dynamics EB3 imaging studies, we usually acquired 200 frames
per movie at 0.5 Hz and with an exposure time of 500 ms, with the YFP
filter set (F36-528; AHF Analysentechnik). Total imaging time never ex-
ceeded 2 hours.  For mito-lysosome tracking and mitochondria, the time
lapses were acquired at a 0.9 Hz frame rate for 60 min with an exposure
time of 300-400 ms, using the Keima filter set (AHF, #F76- 504).

5.9.2 Confocal microscopy

The confocal microscope is an optical microscope which makes use of a
spatial pinhole to eliminate the interference of scattered light from the out-
of-focus planes of the specimen, therefore increasing optical resolution and
contrast. The image is detected by a point-by-point scanning, also allowing
for a 3D reconstruction of the object. The confocal microscope that we have
used is an Olympus FV1000 (or FV3000) equipped with x20/0.8 NA and
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a) b)

thyl = EB3 YFP

i

Figure 5.4: Dissection and live imaging of muscle-nerve explants. a) MT
dynamics are quantified from transgenic line where Thyl promoter drives neuronal
expression of a fused EB3-YFP cassette. b) Murine thoraz is dissected and pinned
to a Sylgard dish facing up to expose the most superficial nerves of M. triangularis
sterni. The explant is submerged in 37°C Ringer’s solution which is continuously
perfused and oxigenated throughout the live imaging protocol. Image taken from
Kerschensteiner et al. (2008). ¢) Example of EB3 comets (bright dots) on a ter-

minal axon of Triangularis sterni muscle.
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x60/1.42 NA oil-immersion objectives. Tissue sections have been scanned
either on an upright confocal microscope (Olympus equipped with 1x/0.28,
10x/0.4, 20x0/0.85, 40x0/1.35 and 60x0O/1.42 objectives, or using an in-
verted confocal microscope (FV3000 from Olympus) equipped with 4x/0.16,
20x/0.75 and 40x/0.95 objectives.

5.9.3 Electron microscopy

P11 TTLL1™XO and TTLL1I™WT mice have been perfused with 5 ml of
HBSS and heparin (19.6 U/ml), and 30 ml of EM fixative. Triangularis
sterni muscle was isolated and fixed with EM fixative for 8 hours at 4°C and
subsequently moved to 2% OsO 4 and 1.5% ferrocyanide solution, and then
dehydrated with ethanol/acetone and Epon embedded. The sections have
been stained with 4% uranyl acetate for 30 minutes, and with lead citrate
for 5 minutes. Images have then been taken with transmission electron mi-
crosopy at 20000x magnification.

Data have been analyzed in blind for genotype state. EM images have been
analyzed with the software VaST?3*? (Volume Annotation and Segmentation
Tool). Total mitochondrial volume and total ER volume were quantified
from 20 micrograph slices for each axon, and consisted of um?® area of or-
ganelle of interest, normalized on total axoplasmic area (either internodal

or nodal area).

5.10 Data analysis

We have used the software ImageJ / FiJi to analyse the images. First of
all, movies of EB3 comets have been filteret to remove the out-of-focus
frames. Images were then aligned with the TurboReg plugin that corrects
the shifts during the image acquisition with the following parameters: rigid-
nody (to avoid image distortions); quality set on “Accurate”. The EB3
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trajectories were analyzed manually with the MTrackJ plugin (from E. Mei-
jering, Biomedical Imaging Group, Erasmus Medical Center, Rotterdam).
We only considered the EB3 comets that appeared for at least 3 consecu-
tive frames, otherwise discarded. To determine the “transport flux”, namely
the number of anterogradely and retrogradely transported mitochondria or
mitolysosomes, we measured the number of fluorescent particles that per
minute crossed a vertical line placed across the axon.

The tracking of the particles (mitochondria and mito-lysosomes) has been
performed manually with the “Manual Tracking” plugin. We also deter-
mined several transport parameters using a custom made Python script: av-
erage speed (total distance travelled divided by total the observation time);
average moving speed (average speed excluding the time spent pausing); run
length (distance travelled between the stops). The stop was defined when a

previously moving particle moved less than 0.091 pm/s.

5.11 Calculation of the mitofagy index

340,341 is a metric that describes the extent of mitochon-

The mitofagy index
dria targeted for degradation through fusion with lysosomes. This quan-
tification was obtained by injecting the mitoKeima reporter as described
in section 5.6. The mitoKeima reporter?™ (Figure 5.5) allows concomitant
examination of mitochondrial and lysosomal organelles in vivo. A drop in
pH resulting from the fusion of mitochondria to acidic lysosomes when the
latter are targeted for degradation, induces a measurable excitation shift.
This allows to measure not only the extent of mitophagy that occurs in a
cell, but also the intracellular location of these events.

In neutral environments, such as healthy mitochodria, Keima’s excitation
optimum is around 440 nm wavelengths (Keima-‘green’). In an acidic envi-
ronment, such as mitolysosomes, this excitation shifts to 586 nm wavelengths
(Keima-‘red’). Concomitant acquisition of both excitation wavelenghts al-
lows for a ratiometric calculation.

To calculate the mitofagy index in NMJs, nerve-muscle explants were pre-

pared as described in section 5.9.1. Live imaging acquisitions were conducted
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Mitophagy marker (Keima) pH.
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Figure 5.5: Schematic of mito-Keima reporter. The fluorescence spectral shift
from 440 nm (Keima-‘green’) to 586 nm (Keima-‘red’) induced by an increase in
acidity, allows for a ratiometric quantification which is proportional to amount of

mitophagy within a cell.

as in 5.9.1 using a Keima filter cube (AHF, #F76-504) and with a 0.75 -
0.9 Hz frame rate. A z-stack was acquired during live imaging by sequential
acquisition of the short (440nm) and long (586nm) wavelengths at each z-
position. The z-stack was required to obtain a 3D image of the NMJ since
its thickness is such that the entire synapse cannot be obtain from a single
frame. This also implies that all z-positions are only partially in focus, and
many parts remain blurry due to the limitations of widefield microscopy.
Even though this could be overcome through optical sectioning of confocal
microscopy, it was not possible with our fixation protocols to preserve fluo-
rescence of the keima reporter.

It is therefore important to limit the analysis to only those regions which
are in focus throughout the z-stack. This must be performed on each image
of the stack. Prior to the analysis, every image was first cropped and back-
ground subtracted. Each image of the stack has been thresholded to create
a “mask” (a binary image) that identifies the focused regions. I have used

the following thresholding algorithms:

« Niblack thresholding?*2.

t=mn -+ (/{3 X Sth)
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The algorithm computes thresholds (t) for each pixels based on the sum
of the mean (mN) and standard deviation (stdN) of the neighbouring
pixels. The neighbouring pixels were set as the ones in a subregion of

the image 10 times smaller than the original image. k was set to 0.2.

« Background correction®®?. The algorithm performs background cor-
rection to eliminate uneven illumination effects, and then performs

thresholding by clustering using the Otsu’s method®*.

The choice the algorithm was determined based on the context of each
image and the amount of blurriness it contained. An example of the thresh-

olding process is shown in Figure 5.6a-b.

Figure 5.6: Image thresholding image by Niblack algorithm. a) Single frame of 2-
channel composite z-stack of NMJ from live imaging widefield acquisition (blue: 440
nm excitation keima; red: 586 nm excitation keima). Note that the picture is only
partially in focus, with many parts being blurry. b) Binary image displaying the
focused parts of the original image. This image will be used as mask to select the

pizels in focus.

The binary image (mask) is made of pixels which have a value of 0 (dark
pixels) or 1 (bright pixels). By directly multiplying each image of the stack

with its corresponding binary mask, all the out of focus parts of the stack

123



5.11 Calculation of the mitofagy index

are removed.

In the next step, each thresholded 3D stack is transformed into a single
image by maximum intensity projection4®346(MIP). The result of MIP is
an image, one per channel (blue and red), where each pixel represents the
maximum value at that pixel position along the stack. The red and blue
MIPs are shown in Figure 5.7a-b. The two MIPs are then divided (blue /
red) to calculate the ratio between the blue and red pixel intensities. The
values are then binned and displayed in a histogram (Figure5.7c). The

discrete histogram is then fitted with a Gaussian function of the form:

a x exp(—(z — u)?*/(2 x 0?)))

where a corresponds to the maximum height of the Gaussian, p is the
mean and o is the standard deviation. The mitofagy index is defined as the
fraction of the number of “red” pixels over the total number of pixels (“red”
+ “blue”). I defined “red” pixels as the ones whose value (blue / red ratio)
is more than 40 away from the Gaussian mean fitted on the histogram. The
division of the pixels in the two categories is shown in Figure 5.7d. The

mitofagy index, in this particular example, resulted 0.098.

124



5.11 Calculation of the mitofagy index
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Figure 5.7: Calculation of the mitofagy index on NMJs. Max intensity
projection of the blue (a) and red (b) channels. c¢) Histogram of the ratio between
red and blue pizels (black bars). The Gaussian fit is displayed as a red continuous
line. d) Scatter plot of blue vs red pizels after the determination of the Jo threshold.
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5.12 Image quantification and processing

Figure 5.8 is an example of the resulting image processing where extent
of mitophagy can be visually assessed. Yellow regions in the NMJ indicate
areas of high mitophagy, whereas violet regions indicate a low red/blu ratio,

i.e. low amount of mitophagy.

| |

01  Red/Blueratio 17

Figure 5.8: Extent of mitophagy at NMJ with ratiometric analysis. Maxi-
mum intensity projection of the red/blue ratio of an NMJ. High levels of mitophagy

result in yellow areas, while neglegible mitophagy results in violet areas.

5.12 Image quantification and processing

The pruning speed was determined by analyzing the images with ImageJ347,
counting the number of innervating terminal branches at which end we could
measure BTX-stained NMJ. We quantified the tubulin and PTM content by
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5.13 Statistics and reproducibility

averaging three background subtracted mean gray values per axon. The ROI
was determined from the optical sections, as described in previous work™.
The maximum intensity projections (MIP) have been generated from the
image stacks (obtained by confocal microscopy) using ImagelJ, and further
processed in Adobe Photoshop for visual purposes only.

Importantly, all analyses have been performed in blind, with the experi-
menter blinded to the treatment and the genotypes, both during imaging

and scoring.

5.13 Statistics and reproducibility

Data have been statistically analzsed using the softwares R and Graph-
prism. Every experiment included at least 3 biological replicates. Normal-
ity was assessed visually with QQ plot of residuals, and density plots, and
with Shapiro-Wilk’s test. We have used a two-tailed Students t-test for
normally distributed data, otherwise the Mann-Whitney test was used for
non-Parametric data. P < 0.05 was considered significant. Bar graphs show
mean + SEM. Violin plots depict mean and IQR. Multiple comparisons were
assessed statistically with One way ANOVA for parametric or Dunn’s test
for pairwise comparison for non parametric data, followed by Bonferroni

post hoc test correction.
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AAV9
AChR
AF
APLP
APP
BDNF
BSA
BTX
CcCp
cDNA
ChaT
CNS
CRMP2
DAG
DNA
Dock180
DR6
DTT
EB3
EPPs
FGFBP1
GAP
GDNF
GO

GT

6 Abbreviations

adeno-associated virus serotype 9
acetylcholine receptor

alexa fluor

APP-like protein

amyloid precursor protein
brain-derived neurotrophic factor
bovine Serum albumine
bungarotoxin

cytochrome ¢ peroxidase 1
complementary DNA

choline acetyl transferase

central nervous system

collapsin response mediator protein 2
diacylglycerol

deoxyribonucleic acid

dedicator of cytokinesis 180kDa
death receptor 6

dithiothreitol

end-binding protein

end plate potentials

fibroblast growth factor binding protein 1

GTPase activating protein

glial cell line-derived neurotrophic factor

gene ontology
glutamylated tubulin
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1IP3

IPB

KO
mEPSCs
MHC1
MIP

MT

NA
NCAM
NF-L
NGF
NMDA
NMJ

NT

PAK

PB

PCA
PDK1
PK
proBDNF
PTM
RT-PCR
SNAP25
SNARE
TNF
trkB
TTLL
WT
YFP

inositol triphosphate

infra pyramidal bundle

knock-out

miniature excitatory postsynaptic currents
major histocompatibility complex 1
maximum intensity projection
microtubule

numerical aperture

neural cell adhesion molecule
neurofilament light chain

nerve growth factor

R

neuromuscular junction

neurotrophin-3

Serine/threonine-protein kinase
phosphate buffer

principal component analysis
phosphoinositide-dependent kinase 1
protein kinase

precursor BDNF

post-translational modifications

reverse transcription polymerase chain reaction
synaptosomal-associated protein 25 kDa
SNAP receptor proteins

tumor necrosis factor

tropomyosin receptor kinase B

tubulin tyrosine ligase like

wild type

yellow fluorescent protein
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